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Abstract 

Advancing climate change threatens the supply of water and sediment resources provided by the 

Tibetan Plateau for most Asian countries. This could expose one-fifth of the global population to 

significant societal, ecological, and economic adversity. Accurate climate models based on data of 

past climatic changes are, therefore, essential to prepare best for the effects of climate change. 

However, prolonged and continuous datasets on the Tibetan Plateau are rare. A promising and yet 

undeveloped climate archive is Nam Co (Co= Tibetan for Lake).  

This doctoral thesis contributes substantially to the sedimentary, climatic, and tectonic 

understanding of Nam Co and its vicinity as part of the evaluation of Nam Co's potential as a high-

resolution and extensive climate archive. In detail, this thesis investigates 1) sedimentary structures, 

distribution, and deposition processes of the last 20.5 kyrs, 2) long-term climate-driven lake-level 

variations throughout the last 700 kyrs, and 3) the transtensional tectonic setting of Nam Co.  

High-resolution hydro-acoustic data, comprising sediment echo sounder (SES) and 

multichannel reflection seismic (MCS) data, build the basis of the presented studies.  

1400 km of SES profiles recorded the upper 25 m of Nam Co's subsurface with decimeter 

resolution. Combined with the chronology and logs of the sediment core NC01/08 from the center 

of Nam Co, the SES dataset enabled a detailed spatial study of the recent sediments and the 

uppermost seven meters of deposits, reaching 20.5 ka in age. The youngest clayey and silty 

sediments (<1 ka) start to deposit at a water depth of 66 m. This indicates a dominant distribution 

of fine-grained sediments via interflows, steered by a boundary layer in the water column (e.g., a 

pycnocline). The reconstruction of paleo-lake-levels from older sediment onlaps implies that the 

pycnocline depth was stable throughout the Holocene and had a similar depth during a high lake-

level stand around 12.2 ka. During climatic periods with a lower lake level than today, lake 

stratification was potentially unstable, and hyperpycnal flows controlled the transport and 

distribution of suspended material in the lake basin. The identified sediment onlaps from 20.5 ka 

until 16.7 ka are linked to paleo-beach ridges, implying a lake-level rise from ~80 m to ~58 m below 

lake level (mbll). During cold but moist climatic conditions between 16.5 and 13.4 ka, the sediment 

onlaps represent relative lake-level variations in the range of 60 to 20 mbll. Around 12.2 ka, the 

water level rose to a maximum of +16.1 m above lake level. During the Holocene, the lake level 

oscillated quickly, as short lake-level minima occurred during a general high water level.  

To extend our comprehension of lake-level variations at Nam Co to long time-scales, MCS data 

were analyzed. The MCS dataset spans more than 860 km of profiles and indicates that the sediment 

infill at Nam Co exceeds 670 m in thickness. The presented detailed facies analysis revealed a cyclic 

alternation in seismic reflection amplitude, directly correlated to lake level (e.g., low seismic 
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amplitudes indicate the sedimentation of fine-grained material in a low energy environment during 

a high lake level). This relation was used to establish a relative lake-level curve representative for 

Nam Co. The seismic stratigraphic framework, derived through the correlation of the lake-level 

cycles with the global glacial cycles (Marine Isotope Stages; MIS), indicates the unique record of 

eight glacial-interglacial cycles back to 712 ka. The findings reveal further that the environmental 

influences at Nam Co were similar for individual glacial cycles, as the calculated linear 

sedimentation rates (LSR) show almost constant values of 0.52 mm/yr for full glacial-interglacial 

cycles. Interpolating this LSR for the entire sediment infill indicates that the deepest sediments in 

Nam Co may exceed more than one million years in age. Comparing the relative lake-level curve 

with climate-proxy records of global and supra-regional scale exposed that the lake-level behavior 

of Nam Co correlates to the shift of the Asian summer monsoon on short (20.5 kyrs) and long 

(700 kyr) time scales. Deviations possibly indicate local climate feedback caused by enhanced 

meltwater supply and thawing permafrost and triggered quick, high amplitude lake-level variations 

as observed for the interglacial substages of MIS 5. Overall, precipitation steered lake-level 

variations at Nam Co. 

The MCS data moreover exposed a previously unknown amount of faults in the lacustrine infill 

of Nam Co and documented, for the first time, tectonic extension since the Middle Pleistocene in 

southern Tibet. The analysis of the fault structures revealed 1) primary strike-slip faults along a 

NW-SE directed wrench zone, parallel to the dextral Beng Co Fault, NE of Nam Co, and 2) 

secondary faults with normal or strike-slip faults characteristics. A transtensional regime with a 

dominating extensional W-E direction is proposed to represent the overall tectonic setting at Nam 

Co. Calculated cumulative throw rates stay in the range of 0.3 mm/yr in WSW-ENE direction to 

0.9 mm/yr in WNW-ESE direction and are similar to rates reported from the southern Yadong-

Gulu rift system. The cumulative throw along the WNW-ESE direction sums up to a total of 315 m. 

Lateral extension rates range between 0.5 and 0.7 mm/yr and comprise nearly half of the total 

extension compared to the southern Yadong-Gulu rift system, or ~7% compared to the whole south 

Tibet extension. Faulting was initiated in Nam Co at ~350 ka. This result is a novel perception of 

the tectonic extension in southern Tibet. Faulting was continuously active with short exceptions for 

periods of very high lake levels during wet, interglacial conditions in MIS 5e and since the Holocene.  

Overall, this thesis comprises new findings regarding the seismo-stratigraphic framework, 

precipitation-driven lake-level variations, and extensional regime of Nam Co and set the essential 

basis for selecting suitable drill sites for the ICDPdrilling campaign 'NamCore'. 
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Zusammenfassung 

Der voranschreitende Klimawandel bedroht die Versorgung der meisten asiatischen Länder mit 

Wasser und Sedimentressourcen, die vom Tibetischen Plateau bereitgestellt werden. Dies könnte 

ein Fünftel der Weltbevölkerung enormen sozialen, ökologischen und ökomischen Notlagen 

aussetzen. Aussagekräftige Klimamodelle basierend auf Daten vorheriger Klimaveränderungen 

sind daher wesentlich um auf die Folgen des Klimawandels bestmöglich vorbereitet zu sein. Lang 

zurückreichende, kontinuierliche Klimaarchive vom tibetischen Hochland sind jedoch rar. Ein 

vielversprechendes und bisher unerschlossenes Archiv stellt der tibetische See Nam Co (Co= 

Tibetisch für See) dar.  

Im Rahmen der Untersuchungen zur Eignung der Seesedimente als hochauflösendes und weit 

zurückreichendes Klimaarchiv trägt diese Doktorarbeit wesentlich zu einem Ausbau des 

sedimentären, klimatischen und tektonischen Grundverständnisses des Nam Co und seiner 

Umgebung bei. Im Detail untersucht diese Arbeit 1) sedimentäre Strukturen, Verteilungs- und 

Ablagerungsprozesse der letzten 20,5 tausend Jahre (ka), 2) lang-zeitige, klimabedingte 

Seespiegelveränderungen bis 700 ka und 3) das transtensionale, tektonische System des Nam Co. 

Die vorliegenden Forschungen basieren auf hochauflösenden hydroakustischen Daten, welche 

Sedimentecholotdaten und Mehrkanalseismik (MCS) umfassen.  

1400 km lange SES-Profile bilden die oberen 25 m des Untergrundes dezimetergenau ab. 

Zusammen mit der zeitlichen Abfolge und den Messungen des Sedimentkerns NC08/01 aus dem 

Zentrum des Nam Co, erlaubt dieser Datensatz eine detaillierte, räumliche Erforschung der 

jüngsten Sedimente und der obersten sieben Meter der Ablagerungen, welche bis zu 20,5 ka alt sind. 

Die jüngsten tonigen und siltigen Sedimente (<1 ka) fangen ab einer Wassertiefe von 66 m an 

abzulagern. Dies deutet darauf hin, dass die vorherrschende feinkörnige Sedimentverteilung von 

‚Interflows‘ (Zwischeneinströmungen) dominiert wird, welche durch eine Sprungschicht in der 

Wassersäule (z.B. eine Pycnokline) gesteuert wird. Die Rekonstruktion der Paleo-Seespiegel, 

basierend auf älteren Sedimentanlagerungen (sediment onlap) weist darauf hin, dass die Pycnokline 

im Holozän stabil und während eines Seespiegelhochstands um 12,2 ka ähnlich tief war. In 

Klimaperioden mit einem niedrigeren Seespiegel als heute war die Stratifikation hingegen 

vermutlich instabil und Trübeströme kontrollierten den Transport und die Verteilung der 

Suspensionsfracht im Seebecken. 

Die erkannten Sedimentanlagerungen im Zeitraum von 0,5 bis 16,4 ka stehen in Verbindung 

mit Paleo-Strandkämmen und weisen auf einen Seespiegelanstieg von ~80 m auf 58 m unter 

Seespiegel (m u.S.) hin. In den kalten aber feuchten Klimabedingungen im Zeitraum von 16,5 bis 

13,4 ka zeigen die Sedimentanlagerungen relative Seespiegelveränderungen im Bereich von 60 bis 
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20 m u.S. an. Um 12,2 ka stieg der Wasserstand auf ein Maximum von 16,1 m über Seespiegel. 

Während des Holozäns schwankte der Seespiegel schnell, da kurze Tiefstände während eines 

generell hohen Seespiegels auftraten.  

Um unser Verständnis der Seespiegelveränderungen auf langzeitliche Skalen auszudehnen, 

wurden MCS Daten ausgewertet. Die MCS Daten umfassen mehr als 860 km und deuten an, dass 

die Sedimentfüllung Nam Cos die Mächtigkeit von 670 m übersteigt. Die hier präsentierte, 

detaillierte Faziesanalyse zeigt eine zyklische Abwechslung der seismischen Reflektionsamplituden, 

welche direkt mit dem Seespiegel korrelieren (z.B. weist eine niedrige seismische Amplitude auf 

feinkörniges Material hin, das in einer niedrig-energetischen Umgebung während eines 

Seespiegelhochstandes abgelagert wurde). Diese Beziehung wurde genutzt um eine relative 

Seespiegelkurve zu entwickeln, welche repräsentativ für Nam Co ist. Der seismo-stratigraphische 

Rahmen, abgeleitet aus der Korrelation der Seespiegelzyklen mit den Zyklen der globalen 

Vergletscherung (Marine Sauerstoff-Isotopen-Stufen) stellt eine einzigartige Aufzeichnung von 

acht Glazial-Interglazial-Zyklen dar, die bis auf 712 ka zurückreicht. 

Diese Ergebnisse zeigen des Weiteren, dass sich die Umwelteinflüsse der einzelnen Zyklen am 

Nam Co ähnelten, da die berechneten linearen Sedimentationsraten (LSR) beinahe konstante Werte 

von 0,52 mm/yr aufweisen. Interpoliert man diese Rate für die komplette Sedimentfüllung, so ergibt 

sich, dass die tiefsten Sedimente im Nam Co mehr als eine Million Jahre alt sein könnten.  

Der Vergleich der relativen Seespiegelkurve mit regionalen und überregionalen 

Klimaproxyaufzeichnungen zeigt, dass das kurz-(~20,5 ka) und langzeitliche (~700 ka) 

Seespiegelverhalten des Nam Co mit der Verschiebung des asiatischen Sommermonsuns korreliert. 

Abweichungen deuten möglicherweise lokale Klimarückkopplungen an, die durch verstärkte 

Schmelzwasserbeiträge und tauenden Permafrostboden freigesetzt wurden und schnelle 

Seespiegelschwankungen hoher Amplitude auslösten, wie sie auch während der interglazialen 

Substadien von Sauerstoff-Isotopen-Stufe 5 beobachtet wurden. Folglich steuert der Niederschlag 

die Seespiegelveränderungen des Nam Co. 

Die MCS Daten zeigen außerdem eine zuvor unbekannte Anzahl an Störungen in der 

lakustrinen Verfüllung des Nam Co und dokumentieren zum ersten Mal die tektonische Dehnung 

des südlichen Tibets seit dem Mittelpleistozän. Die Untersuchung der Störungsstrukturen ergab 1) 

primäre Verschiebungsstörungen entlang einer NW-SO ausgerichteten Verwerfungszone, parallel 

zur dextralen Beng Co-Störung nordöstlich von Nam Co und 2) sekundäre Störungen mit Ab- oder 

Verschiebungs-Charakteristika. Für das gesamte tektonische System des Nam Co wird ein 

transtensionales Regime mit vorherrschender W-O-Ausdehnung vorgeschlagen. Die berechneten 

kumulativen Versatzraten bewegen sich im Rahmen von 0,3 mm/yr in WSW-ONO-Richtung bis 
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zu 0,9 mm/yr in WNO-OSO-Richtung und sind dokumentierten Raten aus dem südlichen Yadong-

Gulu Rift ähnlich. Der gesamte vertikale Versatz entlang der WNW OSO Richtung beläuft sich auf 

315  m. Laterale Ausdehnungsraten bewegen sich im Rahmen von 0,5 bis 0,7 mm/yr und umfassen 

somit im Vergleich zum Yadong-Gulu Rift ca. die Hälfte oder im Vergleich zum gesamten 

südlichen Tibet ca. 7% der gesamten Ausdehnung. Die Störungen wurden um 350 ka ausgelöst. 

Dieses Ergebnis stellt eine neuartige Auffassung der tektonischen Ausdehnung im südlichen Tibet 

dar. Die Störungen sind, bis auf kurze Ausnahmen, während sehr hoher Seespiegelstände und 

feuchten, interglazialen Bedingungen in Sauerstoff-Isotopen-Stufe 5e und des Holozänes 

kontinuierlich aktiv. 

Diese Arbeit liefert neue, aufschlussreiche Erkenntnisse in Bezug auf den seismo-

stratigraphischen Rahmen, die niederschlagsgesteuerten Seespiegelstände und die 

Ausdehnungstektonik des Nam Co und bildet eine wesentliche Grundlage für die Auswahl 

geeigneter Bohrstandort für das ICDP Bohrprojekt ‚NamCore‘. 
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Thesis outline and declaration of co-author contributions 

This thesis is written in the cumulative format. It comprises an introductory chapter (Chapter 

1), which highlights the general scientific context, the objectives and aims of this thesis, as well as 

the geological background of the working area. Chapter 2 describes the utilized datasets, their 

acquisition, the processing of multichannel seismic data, and the data integration in detail. Chapters 

3 to 5 represent the body of the thesis in the form of three joint-authorship manuscripts. The three 

stand-alone research manuscripts will additionally be submitted as joint-author articles to 

international peer-reviewed journals. The last chapter of this thesis (Chapter 6) summarizes the 

main conclusions, points out future research opportunities, and provides an outlook on the ICDP 

drilling Project 'NamCore'. An additional joint-authorship manuscript comprising the scientific 

opportunities and logistical framework of an ICDP drilling (Haberzettl et al., 2019) is provided in 

the Appendix. 

 

The following section provides information on the individual contributions of each co-author 

to the individual manuscripts and the current manuscript status: 

 

Chapter 3: Sediment distribution processes and lake-level variations since the LLGM in the 

Tibetan lake Nam Co - reconstructed from high-resolution hydro-acoustic data 

Authors: Nora Schulze, Thomas Kasper, Gerhard Daut, Volkhard Spieß, Junbo Wang, and 

Liping Zhu 

Status: to be submitted to The Journal of Quaternary Science 

This chapter focuses on the modern sediment distribution and deposition processes in Nam Co and 

complies with reconstructing the lake level back to the last local glacial maximum. 

The utilized hydro-acoustic sediment echosounder data (SES) originate from several research 

cruises. In 2005 and 2006, the SES data were acquired by the Friedrich-Schiller University of Jena 

in cooperation with the Institute of Tibetan Plateau Research of the Chinese Academy of Sciences 

(ITP-CAS). Gerhard Daut provided the dataset. In 2016, SES data were recorded in a joint 

expedition by the Universities of Jena and Bremen and the ITP-CAS. All authors except for Thomas 

Kasper and Liping Zhu participated in the 2016 cruise. Junbo Wang and Liping Zhu were leading 

and coordinating the fieldwork. Gerhard Daut was responsible for the SES acquisition.  

I confirm that I processed the SES data from 2016, interpreted the entire dataset, developed the 

scientific concept, created all figures/tables, and wrote all sections of the manuscript. The overall 

idea development was a flowing process, which benefited from discussions with the co-authors. 
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Furthermore, Volkhard Spieß, Thomas Kasper, and Gerhard Daut made significant intellectual 

contributions and reviewed the manuscript. (Personal contribution: 90%). 

Chapter 4: Climate-induced lake level variations of the Tibetan lake Nam Co since the Middle 

Pleistocene - inferred from seismic stratigraphic analysis 

Authors: Nora Schulze, Volkhard Spiess, Gerhard Daut, Junbo Wang, and Liping Zhu 

Status: to be submitted to Geochemistry, Geophysics, Geosystems 

This chapter discusses the seismic stratigraphy of multichannel seismic data and the cyclic lake-

level changes in Nam Co compared to global and supra-regional climatic indicators and 

atmospheric circulation. 

The utilized multichannel seismic data (GeoB14 & GeoB16) were acquired during pre-site 

surveys on Nam Co in 2014 and 2016. The research cruises were a joint effort of the Universities of 

Jena and Bremen and the ITP-CAS. Junbo Wang and Liping Zhu were leading and coordinating 

the fieldwork. In 2014, Fabian Meisenbacher (formerly known as Fabian Gernhardt), Volkhard 

Spieß, and Stefan Wenau were responsible for the multichannel seismic data acquisition. Fabian 

Meisenbacher conducted the processing of the data set in the scope of his master thesis. In 2016, 

Fenna Bergmann, Fabian Meisenbacher, Julia Haberkern, Volkhard Spieß, and I were responsible 

for the multichannel seismic data acquisition.  

I confirm that I processed and interpreted all multichannel seismic data from 2016, developed 

the scientific concept, created all figures/tables, and wrote all sections of the manuscript. Bor 

Gonzalez Usach provided a python script to facilitate the age interpolation for the correlation steps. 

The development of the overall idea was a flowing process, which greatly benefited from practical 

advice and discussions with the co-authors. Furthermore, they made significant intellectual 

contributions and reviewed the manuscript. (Personal contribution: 90%) 

Chapter 5: The transtensional tectonic system at Nam Co, SE Tibet - Results from high-

resolution 2D seismic data 

Authors: Nora Schulze, Jerôme van der Woerd ,Volkhard Spieß, Junbo Wang, and Liping Zhu 

Status: to be submitted to Journal of Geophysical Research: Solid Earth 

This chapter discusses the activity and regime of the local tectonic system in Nam Co as well as its 

setting in the regional context.  

The seismic datasets (GeoB14 & GeoB16) utilized in this study originate from two research 

cruises. The research cruises were a joint effort of the Universities of Jena and Bremen and the ITP-

CAS. Junbo Wang and Liping Zhu were leading and coordinating the fieldwork. The GeoB14 

dataset was acquired in 2014, during which Fabian Meisenbacher (formerly known as Fabian 
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Gernhardt), Volkhard Spieß, and Stefan Wenau were responsible for the acoustic data acquisition. 

Fabian Meisenbacher processed the 2014 MCS profiles in the scope of his master thesis. 

The GeoB16 data are from the pre-site survey on Nam Co in 2016. Fenna Bergmann, Julia 

Haberkern, Fabian Meisenbacher, Volkhard Spieß, and I were responsible for the multichannel 

seismic data acquisition.  

I confirm that I processed the GeoB16 seismic data, carried out the interpretation of all utilized 
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figures/tables, and wrote all sections of the manuscript. In cooperation with Carlos Ramos Cordova, 

a Python script was written to extracted fault properties from the interpreted seismic data. 

The overall scientific concept benefitted greatly from regular discussions with Volkhard Spieß 

and Jerome von der Woerd, who also made significant intellectual contributions and reviewed the 
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Chapter 1: Introduction 

1.1 Motivation and Objectives 

1.1.1 Climate change threatens vital resources 

One of the most pressing concerns of our future will be the demand for water. Water is an 

essential element for the daily life of every human, animal, and plant and, at the same time, an 

equally important material for the industry. However, the rapid increase in population on earth, 

industrialization, and climate change threaten water security (Rodda, 2007). 

The Tibetan Plateau (TP), for example, provides freshwater from the so-called 'Water Tower of 

Asia' to more than one-fifth of the world's population (Cuo & Zhang, 2017; Immerzeel et al., 2010, 

2020). The largest rivers of Asia (Yangtze, Huang He /Yellow River, Mekong, Salween, Irrawaddy, 

Brahmaputra, Ganges, and Indus) have their headwaters in Tibet (Figure 1.1). Each river transports 

several thousand cubic meters of freshwater per second (Gupta, 2008) into China, India, Nepal, 

Bhutan, Bangladesh, Pakistan, Vietnam, Myanmar/Burma, Cambodia, Laos, and Thailand. Besides 

water, the rivers also transport sediments to the associated mega deltas covering areas of more than 

10,000 km2 (Cruz et al. 2007). These mega deltas accommodate megacities like Tianjin, Shanghai or 

Dhaka, and are home to millions of people (Figure 1.1). 

Figure 1.1: Geographical location of the Tibetan Plateau. The eight largest rivers originate in Tibet and distribute 
freshwater and sediment toward their deltas (highlighted by red triangles). The prevailing atmospheric circulations are 
indicated with orange arrows (AWM= Asian Winter monsoon; IOSM= Indian Ocean Summer Monsoon; EASM = East 
Asian Summer Monsoon). Geographical extent of the TP (Zhang et al., 2002), glacier extent (ice-blue, GLIMS & NSIDC 
(2005), updated 2020); GEBCO topography (GEBCO-Compilation-Group, 2020), Projection in WGS84. 
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The 5th assessment report of 2014 and the special report on 'The Ocean and Cryosphere in a 

Changing Climate' of 2019 by the International Panel of Climate Change (IPCC) highlighted how 

prone the hydrological cycle on the TP is to future climate change (Hijioka et al., 2014; Hock et al., 

2019). Presently, the TP contains the world's third-largest amount of ice (Qiu, 2008) with about 

54,429 glaciers and a total ice volume of 3,270±850 km³ (in 2017; Farinotti et al. (2019)). Even 

though glacial melt varies significantly on the TP (e.g., Sun et al. (2018)), the observed retreat could 

result in the loss of two-thirds of the glaciers by 2050 (Qiu, 2008). Subsequently, rivers like the 

Ganges, Brahmaputra, and Indus might become seasonal (Cruz et al., 2007).  

So far, no confident projections on how climate change will impact, e.g., future precipitation on 

a sub-regional scale or the availability of water and sediment resources have been established 

(Hijioka et al., 2014).  

However, the vulnerability assessment of the ‘Water Tower of Asia’ (Immerzeel et al., 2020) 

showed that rapid melting of glaciers and enhanced climate variability threatens water and home 

security for millions of people in many Asian regions (Hijioka et al., 2014) and will, therefore, have 

a significant societal, ecological, and economic impact.  

1.1.2 Research effort on past climate change 

Major questions on the system’s responses to climate change arise, regarding the glacier melting, 

river discharge, the sediment transport downstream as well as the effect on the monsoon system 

and changing precipitation patterns. This lack of knowledge highlights the need for detailed 

investigations of the climate evolution on the TP. Based on our understanding of the past, it will 

then be possible to assess the extent of climate pattern dynamics and their impact in the future (Hou 

et al., 2017; Sun et al., 2015).  

One crucial puzzle piece in this system is studying the Tibetan Plateau's reaction to climate 

changes in the past and the former influence on the hydrologic system. Essential in this effort is our 

understanding of thresholds, timing, pace, and intensity of past climatic changes (Haberzettl et al., 

2019). Initiated by this significant scientific and societal interest, many studies have taken place on 

the TP in the last decades to understand the recent and the past climate.  

Lake sediments have proven to be sensitive archives for studying the effects of climate variability 

in general as they offer an abundant spectrum of physical, chemical, and biological proxies (e.g., De 

Batist & Chapron, 2008) that can be used to reconstruct paleoclimate. The sediments of endorheic 

lake basins on the TP provide valuable insights into past lake levels and hence the interplay of 

precipitation, evaporation, and glacier melting in the past (Günther et al., 2016). Many short, 

lacustrine paleoenvironmental records exist on the TP, covering the Holocene to the last glacial 

period. To date, the longest record spanned 32 cal kyrs BP and was retrieved in Lake Qinghai in NE 



Chapter 1: Introduction 
 

23 

Tibet (An et al., 2012; Figure 1.1). Hence, a continuous record covering several glacial-interglacial 

cycles is still lacking; however, it is highly desired to understand climate variability fully. 

1.1.3 ICDP effort 

The search for a long and continuous record has brought attention to the third-largest and 

~100 m deep lake Nam Co in the center of the Tibetan Plateau (Figure 1.1). Recent research on this 

lacustrine system (see Chapter 1.2.4) has highlighted the unique potential of its sediments as a high-

resolution archive for palaeoclimate, -ecology, and –environment (Haberzettl et al., 2019). 

In that context, Nam Co has become a scientific drilling target with multi-purpose requirements, 

e.g., understanding the Asian monsoon and the biological response of fauna at high altitudes. Joint 

Sino-German seismic pre-site surveys were carried out in 2014 and 2016 to constrain the 

sedimentary and tectonic architecture of the lacustrine Nam Co basin. Expeditions and data 

acquisition were realized and partially funded by the Universities Jena and Bremen and the Institute 

of Tibetan Plateau Research of the Chinese Academy of Sciences (ITP-CAS), supported by the 

DFG's ICDP Priority Programme and the Strategic Priority Research Program of the Chinese 

Academy of Sciences and the Chinese Ministry of Science and Technology. 

During the research cruises, high-resolution multichannel 

reflection seismic profiles were acquired, building the foundation 

of this thesis. Data processing and interpretation were carried out 

as part of the DFG project 'Seismic Pre-Site Survey for ICDP 

Drilling Locations at Lake Nam Co, Tibet' funded within the 

ICDP Priority Programme. 

The conduced work contributed to the ICDP workshop in Beijing 

in 2018 (see Haberzettl et al., 2019, Appendix) and reinforced the 

revised full drilling proposal submitted to ICDP by twelve 

principal investigators from seven different countries under the leadership of T. Haberzettl. The 

proposal was accepted in 2020. Dependent on appropriate co-funding, drilling is planned to be 

conducted within the next three years.  

Besides the aim of this work to support the ICDP effort with a high-grade processed seismic dataset, 

several scientific goals were set to enhance the comprehensive understanding of Nam Co’s 

sedimentary and tectonic environment. 

 

 

Figure 1.2: NamCore Logo of the 
ICDP Nam Co Drilling Project.  



Chapter 1: Introduction 

24 

1.1.4 Scientific objectives 

The main scientific objectives of this thesis are enumerated in the following: 

(1) Improved comprehension of lacustrine sediment distribution and deposition processes 

(Chapter 3) 

Modern sediment distribution processes and depositional patterns have to be apprehended in 

the context of contemporary climate. This is an essential prerequisite before performing 

interpretations for similar climate periods in the past or drawing conclusions about 

paleoenvironmental and paleoclimatic conditions during cold climate periods.  

While most variables (e.g., grain size, n-alkanes, 210Pb and 137Cs activities), analyzed in 67 surface 

samples throughout the basin (Wang et al., 2015a, 2012) exhibited spatial variability associated with 

water depth (Wang et al., 2015a), a detailed model on the sediment distribution parameters is 

lacking. 

The analysis of high-resolution sediment echo sounder (SES) data enables a detailed spatial 

study of the recent deposits. Combined with the lithological and chrono-stratigraphic information 

from the 10.4 m long sediment core NC08/01, the dataset permits an acoustic facies and 

stratigraphic analysis reaching from the recent sediments back to the last local glacial maximum 

(LLGM). Hence, we can test the application of the modern sediment distribution and deposition 

processes back to the LLGM.  

(2) Development of a seismo-stratigraphic concept of the lacustrine sediments (Chapter 4 ) 

The stratigraphy of the lacustrine sediment in Nam Co is uncertain except for the coring depth 

of ~10.4 meters (NC08/01). However, low-reflectivity seismic units similar to the Holocene are 

reoccurring at depth in the acquired multichannel datasets. As derived from SES, multichannel 

seismic of 2014, and core data, the low-reflectivity units represent low energy depositional 

environments and distant shorelines during high lake levels (=interglacial climate conditions), e.g., 

during the entire Holocene. In contrast, low lake levels resulted in shortened transport paths and 

the deposition of coarser grain sizes in the center of the basin during dry glacial climate conditions.  

The deep penetrating MCS dataset indicates an extensive sediment infill, potentially spanning 

several glacial-interglacial cycles. Seismic facies analysis and thickness maps reveal how the modern 

interglacial and glacial patterns repeat in the past. Thus, the conduction of seismic stratigraphy of 

higher and lower lake levels allow for a novel estimate of the evolution history in Nam Co.  
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(3) Understanding the variability of lake level on long time scales and its climatic control 

(Chapter 4) 

Reconstructions of paleo-lake-levels were conducted for many lakes on the TP on deglacial to 

Holocene timescales. However, the conclusions on paleoclimatic conditions drawn from these 

studies vary significantly (e.g., Alivernini et al., 2018; Fan et al., 2012; Wang et al., 2016; Yu et al., 

2019). It remains debated whether precipitation, temperature changes, the extent of monsoonal 

influence, or glacier melting have been dominant features of the observed environmental changes 

(Saini et al., 2017; Jia et al., 2001). 

Sediment core analyses from the 10.4 m long record NC08/01 revealed that the availability of 

fine-grained material is controlled by higher precipitation during associated interglacial conditions 

(Doberschütz et al. 2014; Kasper et al., 2015). Also, the sediment accumulation rate during 

interglacial conditions is lower than during glacial conditions (Kasper et al., 2015).  

A detailed seismic facies analysis of the MCS data provides insights on the sediments deposited 

during high or low lake-level stands and allows for a relative lake-level reconstruction, covering 

several interglacial-glacial cycles. By comparing the lake-level reconstruction to other paleoclimate-

proxy records, we disentangle local and supra-regional effects of the paleoclimate on the lake level 

of Nam Co in the southern Tibetan Plateau. 

(4) Providing insights on the link between regional and supra-regional tectonics (Chapter 5) 

Nam Co is located north and west of the extensional Yadong-Gulu rift system and south-west of 

the dextral strike-slip Beng Co fault. The fault system is exemplary for the southern Tibetan Plateau 

between the suture zones of Bangong-Nujiang in the North and the Indus Tsangpo in the South. 

Yet, the interaction of the Nam Co basin, the Nyainqêntanglha Mountain Range, and the graben 

structures of the Yadong-Gulu rift has not been appraised in much detail. However, a 

comprehensive understanding of the fault system is essential for evaluating the induced 

accommodation space and the assessment of modern seismicity. Faults in the vicinity or through 

Nam Co are tenuous or even contradictory in the literature (e.g., Tapponier & Molnar, 1977; Armijo 

et al., 1986; Schneider et al., 2003) and mostly inferred from satellite images as fieldwork is 

challenging in this remote area. The superior quality of lake seismic data elucidate details of the 

tectonic setting, the Nam Co basin development, and an estimate of tectonic movement rates, which 

cannot be determined from land-based investigations. 
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1.2 Tectonic, climate, and regional setting 

Nam Co (30° 30' –30° 35'N, 90°16' –91° 05'E) is an endorheic basin situated on the central TP 

north of the Nyainqentanglha Mountain Range at an altitude of 4724.5 masl (meters above sea level; 

in 2016 (Hydroweb, n.d.) (Figure 1.1).  

The development of the Tibetan Plateau, the location of the Nam Co basin as well as the climatic 

circulation with a focus on the influence of the monsoon are briefly introduced in this chapter. 

Finally, the recent studies at and on Nam Co are summarized. 

1.2.1 Tectonic evolution of the Tibetan Plateau 

The Tibetan Plateau (TP) is the largest (2.5 million km²) and highest (average ~4500 masl) 

plateau on earth. The geological history of the TP is closely related to that of the Himalayas. Both 

formed due to the collision of the Indian and the Eurasian continental plates in the Cenozoic (Figure 

1.3). Current age estimates of the collision are based on stratigraphic, sedimentological, 

paleomagnetic, or U/Pb zircon dating analysis and range between 50 and 60 Ma, as summarized by 

van Hinsbergen et al. (2019). After the plate collision, India continued its movement further north 

into Asia, causing forceful folding, thrusting, and crustal thickening along the Indian continental 

margin leading to the elevation of the Himalayas. According to recent GPS measurements, the 

continental collision still accounts for about 36-40 mm/yr of north-south convergence (Zhang et 

al., 2004). The Indian crust has been traced up to 31°N beneath central Tibet (Nábelek et al., 2009), 

resulting in a current crust thickness of 75 to 80 km under central Tibet (Searle, 2020), twice as thick 

as regular continental crust. 

 

 
Figure 1.3: Tectonic reconstructions of the India-Eurasia-Collision at 50 Ma, 20 Ma, and today, major tectonic 
units are generalized by color, taken from Royden et al. (2008). 

Like the collision itself, the exact timing and pace of the uplift of the TP are still debated (Guillot 

& Replumaz, 2013). Topics of discussion include, e.g., the stability, thickness, temperature of the 

lithospheric mantle beneath Tibet, and the mechanical coupling of the upper and lower crust and 

the mantle. Hence, different models on the subduction dynamic of the lithosphere exist.  
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The first and still widely accepted perspective is the model of underthrusting of Eurasia by India 

(Argand (1924) as cited in Webb et al., 2017; DeCelles et al., 2002)(Figure 1.4A). More recent studies 

derived tectonic models of lower crustal flow (e.g., Copley & McKenzie, 2007; Royden et al., 2008; 

Ryder et al., 2014)(Figure 1.4B), distributed shortening (e.g., England & McKenzie, 1982)(Figure 

1.4C), extrusion (e.g., Molnar & Tapponnier, 1975) (Figure 1.4D), or intracontinental subduction 

(e.g., Guillot & Replumaz, 2013; Tapponnier et al., 2001) (Figure 1.4E). 

  
Figure 1.4: Sketches of proposed tectonic models, explaining uplift and thickening of the continental crust (modified 
after Özacar (n.d.)). 

The advancing continental collision built the TP and the Himalayas from four tectonic zones, which 

extend over the length of the Himalaya and comprise from north to South: The Himalayan units, 

the Lhasa unit, the Qiangtang unit, and the NE Tibetan units (Royden et al., 2008)(Figure 1.3). 

The Nam Co basin is located within the Lhasa Block (Lhasa unit in Figure 1.3, Figure 1.5), 

representing the Cretaceous Eurasian continental margin and hence an early, relatively stable and 

less deformed collisional unit (Kapp et al., 2007). The Lhasa Block is framed by the significant 

Indus-Tsangpo (ITS, Figure 1.5) and Bangong-Nuijiang Sutures (BNS) to the S and N, respectively 

(e.g., Pullen et al., 2008) (Figure 1.5), which were responsible for most of the shortening since the 

collision (e.g., Taylor et al., 2003). In the South of the Lhasa Block, the Gangdese batholiths belt 

intruded the folded marine sediments of early Mesozoic origin (Guillot & Replumaz, 2013). These 

Gangdese batholiths were formed during the Cretaceous to early Tertiary in an Andean-type 

subduction of the Tethys Ocean (e.g., Ding et al., 2014). The continental collision unearthed the 

Gangdese batholiths, which now form the Nyainqêntanglha Mountain Range (NQTL) to the South 

of Nam Co (Kapp et al., 2005)(Figure 1.7).  

So far, no research has been done on how and when the Nam Co Basin was established. Nam Co 

has likely reached its present altitude in the upper Miocene (12-0 Ma) (Kapp et al., 2005a). Theories 

exist that the Nam Co basin evolved as an extensional or a pull-apart basin. This indicates a 

relatively recent development starting in the Upper Miocene or Pliocene. Also, the evolution as a 

foreland basin of the NQTL is possible as hinted at by Pullen et al. (2008) as the NQTL is interpreted 

as a part of a dextral restraining bend along NW thrusting fault zone during the Oligocene to Lower 

Miocene (Armijo et al., 1989; Tapponnier et al., 1986; Wu et al., 2007).  

 



Chapter 1: Introduction 

28 

 

The TP's recent tectonic activity is characterized by normal and strike-slip faulting (Elliott et al., 

2010) (Figure 1.6). These dominant E-W directed movements indicate extension and, hence, 

thinning of the upper crust. Related to the ongoing discussions on the uplift of the TP, the beginning 

of the E-W extension is not unambiguously resolved. In southern Tibet, onset times of middle to 

late Miocene ages are documented (e.g., Blisniuk et al., 2001; Kali et al., 2010; Leloup et al., 2010; 

Mahéo et al., 2007). The total ESE-WNW extension of 22 mm/yr in the TP is compensated by 

dextral and sinistral strike-slip faults and 15 

to 20% by normal faults (Elliott et al., 2010) 

(Figure 1.5). Large N-S trending grabens 

south and numerous small graben 

structures north of the Bangong Suture 

characterize the modern appearance of the 

TP (Figure 1.5) (Armijo et al., 1986). Active 

tectonics of the Nam Co area are 

characterized by E-W extension with N-S 

directed faults in the Yadong-Gulu rift 

system and oblique NW-SE dextral faulting 

(Beng Co fault) in the north and SW-NE 

sinistral faulting close to Damxung (Figure 

1.7) (Armijo et al., 1989). 

Present-day tectonics and earthquake data indicate the current strain regime in the vicinity of 

Nam Co. Large earthquakes with magnitudes M>6 occurred in 1924, 1951, 1952, and 2008 (U.S. 

Geological Survey, n.d.)(Figure 1.7). Amplified seismicity focused on the area of three meeting 

strike-slip faults in the East (Figure 1.7) (U.S. Geological Survey, n.d.). In the NW and N of the lake, 

Figure 1.6: Distribution of earthquakes in and around the 
TP, indicating the correlation of normal and strike-slip 
fault movement with surface height of the TP (after 
Elliott et al., 2010). 

Figure 1.5: Tectonic map of the 
Tibetan Plateau, showing suture 
zones, GPS movements and rates 
(from (Zhang et al., 2004)), late 
Cenozoic faults. ITS = Indus 
Tsangpo Suture zone, BNS = 
Bangong- Nuijiang Suture, JRS = 
Jinsha River Suture. 
Compilation from Blisniuk et al. 
(2001), Taylor & Yin (2009), 
Langille et al. (2014) and Zhang 
et al. (2004) on a World Terrain 
Map from Esri, USGS, NOAA.  
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shallow, crustal earthquakes (< 15 km focal depths, red dots) occurred. Modern crustal motion 

measurements based on GPS (Figure 1.5, thin black arrows) further revealed that the movement of 

the upper crust begins to deflect to the East in the Nam Co region (90°E)(Zhang et al., 2004).  

 

 
Figure 1.7: Catchment area of Nam Co (modified after Wang et al., 2009b) superimposed on the geologic map of the 
area (modified after Kidd et al., 1988). Fault compilation by Jerome van der Woerd (modified after Armijo et al., 
1989; Kidd & Molnar, 1988). Documented earthquakes of magnitudes >5 are marked with red (focal depth <15 km) 
and green (focal depth ~30 km) circles (retrieved from U.S. Geological Survey, n.d.). Core site locations are marked 
with orange stars. Map extent as indicated in Figure 1.5. 

1.2.2 Atmospheric circulations and climate 

A complex interplay of multiple atmospheric circulations influences the climate on the TP and 

thus, the geographical and seasonal moisture supply and heat advection (An et al., 2001; Yao et al., 

2013). These circulations include the Asian Summer Monsoon system (ASM), comprehending the 

East Asian Summer Monsoon (EASM) and the Indian Summer Monsoon (ISM), the subtropical jet 

stream (i.e., the Westerlies), as well as polar air masses (i.e., winter monsoon) (An et al., 1991, 2011; 

Chen et al., 2008; Zhu et al., 2015) (Figure 1.1). 
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The monsoon winds are caused by the migration of the sun's zenith between the tropics and the 

temperature differences between land masses and the ocean. Due to the increased solar radiation in 

the summer season, the air over large landmasses warms up more than the air over oceans, and 

humid air masses move from the sea to the land during (e.g., Wang et al., 2017). Additionally, the 

Coriolis force causes a large wind deflection.  

The tectonic uplift of the Tibetan Plateau is thought to have a significant effect on the monsoon 

system (e.g., An et al., 2001; Chen et al., 2014; Prell & Kutzbach, 1992; Wang et al., 2003). In contrast, 

Boos & Kuang (2010) propose that not the heating of the plateau but the heating of the Indian 

subcontinent and the orographic effect of the Himalayas are the critical factors for the formation of 

the Asian monsoons (Figure 1.8). The monsoon has been variable in the past on long and short time 

scales, and the underlying mechanisms and their interplay are under ongoing investigation (Wang 

et al., 2017; Webb et al., 2017). The reconstruction of the monsoonal variability and the extent of 

the monsoonal influence on the TP in the past are of substantial interest since the ASM precipitation 

provides the main humidity supply to the TP during the summer months.  

Nam Co is located at the current intersection of the Westerlies and the ASM air masses. In the 

past, the extents of the Westerlies and the ASM shifted over Nam Co (Figure 1.9).  

 
Figure 1.9: Basic pattern of summer circulation during the Last Glacial and the Holocene, displaying the interaction 
of the Westerlies and the Indian Ocean Summer Monsoon (IOSM). The Tibetan Plateau and the location of Nam Co 
are highlighted. From Günther et al. (2015). 

Figure 1.8: Sketch depicting 
the summer monsoon 
circulation, the orographic 
uplift effect due to the 
Himalayas, and the water 
cycle on the Tibetan 
Plateau, modified after Yao 
et al. (2013). 
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1.2.3 Modern settings and characteristics of Nam Co 

The Nam Co region is subject to arid to semi-arid continental climate (Wang et al., 2019). The 

mean annual temperature at the Nam Co Research Station is 0°C (min -21.5, max 13.3°C) (Anslan 

et al., 2020; Wang et al., 2020). The mean annual precipitation between 2006 and 2017 was about 

406 mm/yr (291-568 mm/yr)(Anslan et al., 2020), of which >90% falls during the summer monsoon 

season from May to September (Huang et al., 2017). Nam Co is fed by >60 small streams sourced 

from the southern and eastern mountain chains. Lake water of Nam Co has a specific conductivity 

of 1850 μS/cm and a pH of 9.2 (Wang et al., 2009b). Zhu et al. (2010b) calculated the entire lake 

volume to include about 86.4 km³ (in 2004). The Nam Co basin is morphologically divided into a 

western subbasin and an eastern subbasin with maximum water depths of 98 m and 60 m, 

respectively (Wang et al., 2009b). Since the last decades, the lake level has been rising by 0.3 m/yr 

on average (Kropácek et al., 2012). This accounts for about a third of the seasonal variability 

(Hydroweb, n.d.).  

Nam Co is defined as a dimictic lake with a stable thermal stratification from June to November 

(Huang et al., 2017). Lake ice covers its surface for ~90 days during the winter season (Wang et al., 

2019).  

The modern sedimentation is mainly influenced by allochthonous input. Grain sizes of surface 

sediments in the shallow lakeshore areas are fine to very coarse, whereas, in the central basin areas, 

only clay and silt are found (Wang et al., 2015a). Recent autochthonous sedimentation includes 

carbonate precipitation due to the formation of Monohydrocalcite (Li et al., 2008, 2012) and the 

biological components of diatom and ostracod species (Zhu et al., 2010a). 

Bedrock geology was mapped by Kidd et al. (1988) and Wu et al. (2011). According to their work 

(Figure 1.6, Figure 2.1), Cretaceous carbonates dominate the vicinity of Nam Co. Jurassic sediments 

occur to the East and Permian and Carboniferous bedrock occur to the South. Volcanic intrusions 

(granites, phonolites) disrupt these formations, particularly close to the lake's northeastern shore. 

Metamorphic rocks of the Gangdese batholith belt form the Nyainqêntanglha Mountain Range 

(NQTL) in the South. Deposits near the lakeshore are composed of unconsolidated Pleistocene to 

Holocene sediments of glacial, glaciofluvial, and fluvial origin (Schütt et al., 2008).  

Glacial remains of valley glaciers were found in the southwestern part of the catchment (Keil et 

al., 2010; Lehmkuhl et al., 2002; Schütt et al., 2008). However, the corresponding terminal and 

ground moraines of the last maximum glacier advance are drowned under the current lake level 

(Schütt et al., 2008). Thus no accurate timing of the glacial advance, but an estimate of MIS 2 or 4 

is available (Keil et al., 2010). In the southeast of Nam Co, no indications of valley glaciers reaching 
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into the present lake area were identified (Lehmkuhl et al., 2002; Schütt et al., 2008). Today, glaciers 

cover 2 % of the lake's catchment (Adnan et al., 2019; Biskop et al., 2016). 

1.2.4 Paleoenvironmental studies at Nam Co 

Several studies on the contemporary properties of the Nam Co basin were conducted in the last 

two decades. These studies range from the recording of current climate data at the Nam Co 

meteorological station or cataloging and  the fauna and flora in and around Nam Co (e.g., Frenzel 

et al., 2010; Herrmann et al., 2010; Li, 2019; Lu et al., 2010; Yang et al., 2014b) to physicochemical 

analysis of lake and stream water (Keil et al., 2010; Wang et al., 2019, 2020) and glacial inventory 

studies (e.g., Bolch et al., 2010; Buckel et al., 2020; Zhou et al., 2010) or water balance modeling (e.g., 

Biskop et al., 2016; Zhou et al., 2013). These studies also support the comprehensive understanding 

of the steering mechanisms on proxies, essential for paleoclimate reconstructions (Haberzettl et al., 

2019).  

Table 1.1: List of sediment cores from Nam Co with conducted multiproxy studies. 

Core Name NC08/01 Nam Co 1 Nam Co 8 NMC09 NMLC-1 

Position 
30°44’14.70N 
90°47’25.20’’E 

30°53’7.81’’N 
90°51’34.24’’E 

30°53’32.89’’N 
90°54’6.31’’E 

30°51’0.14’’N 
90°51’53.58’’E 

30°50’29.32’’N 
90°54’10.43’’E 

Water depth 93 m 26.5 m 31 m  59.5 m 

Core length 10.4 m 4.47 m 2.7 m (?) 0.2 m 3.32 m 

Coring 
type/system 

gravity corer & uwitec 
piston corer (90 mm) 

uwitec piston 
corer (63 mm) 

uwitec piston 
corer (63 mm) 

gravity coring  

Oldest 
measured age 
(method) 

23180±330 cal a BP 
(AMS14C, 210Pb, 137Cs) 

8996 ± 51 a BP  1857 AD 
(210Pb) 

8510±40 a BP 
(AMS14C) 

Publications 
 

Doberschütz et al., 
2014; Günther et al., 
2015, 2016; Kasper et 
al., 2012, 2013, 2015; 
Su et al., 2013; Witt et 
al., 2016; Zhu et al., 
2015 

Daut et al., 2010 
Mügler et al., 
2010 

Cong et al., 
2013; Li et al., 
2017 

Li et al., 2008, 
2011; Lin et al., 
2008; Zhu et al., 
2008, 2010a 

 

In the last two decades, five sediment cores were collected in Nam Co, which allow insights into 

the climatic past of Nam Co via a broad range of paleoenvironmental proxies. Four short cores were 

retrieved from the eastern subbasin and one long core from the center of the western subbasin 

(Table 1.1). Multiproxy studies were conducted on the cores, NMLC-1, Nam Co 8, Nam Co 1, and 

NC08/01, as has been summarized by Haberzettl et al. (2019). These include research on inorganic 

geochemistry, sedimentology, and mineralogy (Doberschütz et al., 2014; Kasper et al., 2015; Li et 
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al., 2008, 2012; Mügler et al., 2010; Zhu et al., 2008), organic geochemistry and n-alkanes (Günther 

et al., 2015, 2016; Witt et al., 2016), paleomagnetic and environmental magnetic examinations 

(Haberzettl et al., 2015; Kasper et al., 2012; Su et al., 2013), and modern and fossil pollen composite 

(Zhu et al., 2015). Micropaleontological analyses were also conducted on additional short cores in 

the eastern subbasin (Frenzel et al., 2010; Wrozyna et al., 2012; Yang et al., 2014b). The studies on 

ostracod and diatom ecology comprise ostracod-based transfer functions, stable isotopes, and trace 

elements from shells (Frenzel et al., 2010; Zhu et al., 2010a). 

As the cores from the eastern subbasin are not exceeding core lengths of 4.5 m, the long core 

NC08/01 was used as a reference core in this thesis (Figure 1.10). Sediments retrieved with NC 08/01 

are dark to light grey and consist mostly of silt and clay with single thin intercalated sandy layers 

and some dropstones (e.g., Kasper et al., 2015). The chronologic frame of NC 08/01 was established 

on radiometric dating (210Pb, 137Cs) and 24 reservoir-corrected radiocarbon ages (Kasper et al., 

2015). Reservoir effects are known to complicate the development of trustworthy dating lakes on 

the TP (Wang et al., 2015b). However, for NC08/01, the reservoir corrected radiocarbon ages were 

verified by magnetostratigraphic studies (Haberzettl et al., 2015; Kasper et al., 2012) and OSL dating 

(Long et al., 2013; Haberzettl et al., 2019). Overall, the chronology of NC08/01 indicates a 

continuous sedimentation throughout the last 24 kyrs.  

 

 
Figure 1.10: Right: Lithology, chronology and sediment accumulation rates (SAR) from NC08/01 modified after T. 
Haberzettl and Kasper et al. (2015); Left: Section of SES Profile Jena06-13 with the projected core length. 
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Chapter 2: Data and Methods 

The hydro-acoustic datasets utilized in this thesis were acquired during four joint Sino-German 

research expeditions (Table 2.1).  

Table 2.1: Overview of all hydro-acoustic surveys, their sources, and configurations, interpreted in this thesis. SES: 
sediment echo sounder, MCS= Multichannel Seismic.  

Year 
Acquisition 

method 
Device 

Source 
frequency range 

(main 
frequency) 

Recording 
channels 
(channel 
spacing) 

Max. vertical 
resolution 

Horizontal 
resolution / 

bin size 

No. of 
profiles / 

length 

2005 
2006 

SES 
Innomar SES-96 
& SES-2000 light 

4-12 kHz 1 
Setting 

dependent  
(12.1 - 73 cm) 

~7% of water 
depth 

~530 km 

2014 MCS 

GI-airgun 
(2x0.1L) 

50-500 Hz  
(250 Hz) 32 channels 

(2 m) 

~1.6 m 3-5 m 
13 profiles 
~110 km Falmouth Bubble 

Pulser 
10-1700 Hz  

(320 Hz) 
~1.3 1 m 

2016 
SES 

Innomar SES-
2000 light 

Mainly 10 kHz 1 ~ 7.3 cm 
~7% of water 

depth 91 profiles 
~860 km 

MCS 
GI-airgun 
(2x0.1L) 

50-500 Hz  
(250 Hz) 

32 channels 
(2 m) 

~1.6 m 
 

1 m 

 

 

 
Figure 2.1: Survey tracks of Sino-German research cruises from 2005 to 2016, embedded on the geological map of the 
Nam Co area (Wu et al., 2011, modified); Location of Core NC08/01 is marked with a dot. Bathymetric isolines taken 
from (Wang et al., 2009), respective color scale is extending from 0 to -98 m water depth; Map-projection in UTM 46N. 
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In September 2005 & 2006, two expeditions using a parametric sub-bottom profiler were 

conducted by the University of Jena, Germany, and the Institute of Tibetan Plateau Research of the 

Chinese Academy of Sciences (ITP-CAS). The seismic profiles surveyed in the years 2005 and 2006 

sum up to a total length of approx. 530 km (blue & purple profiles, Figure 2.1). 

In June/July 2014, the Universities of Jena and Bremen and the ITP-CAS conducted a 

multichannel seismic pre-site survey expedition under funding support of the DFG priority 

program TiP coordination. 13 multichannel (MCS) and eight single-channel seismic (SCS) 

profiles of approx. 160 km length were recorded (pink & yellow profiles, Figure 2.1). 

In June /July 2016, a comprehensive survey was jointly carried out by the same cooperation 

partners as part of a DFG funding proposal to support the ICDP initiative 'NamCore'. During the 

expedition, MCS and parametric sub-bottom profiler data were acquired simultaneously onboard 

a small vessel. More than 860 km of profiles were recorded (orange profiles, Figure 2.1). 

2.1 Parametric sub-bottom profiler  

The parametric (non-linear) Innomar SES-96 light and SES-2000 light (Innomar Technologie 

GmbH, Rostock, Germany) are dual-frequency subbottom-profiler devices. A parametric sediment 

echosounder (SES) simultaneously transmits two primary signals of slightly different high 

frequencies (e.g., 100 and 110 kHz). Their interaction generates a secondary low frequency by 

interference (in this case, 10 kHz). This secondary frequency can be chosen between 4 and 15 kHz. 

For the survey in 2005 and 2006, the SES-transducer was mounted on a rubber boat. In 2016, 

the SES-Transducer was mouthed port side of the small vessel and recorded simultaneously to the 

MSC acquisition. The recording parameters were adjusted during the surveys. A sample rate of 50 

kHz (10 μs) and varying gain (around 50 dB) were applied during recording. In 2005 and 2006, the 

mid-frequencies vary between 4-12 kHz, and the recorded pulse length between 2 and 5. The 

vertical resolution of the SES depends on the sound velocity in water and the effective pulse 

duration. The sound velocity in lake water was calculated, according to Sheriff (1991), for different 

depths, temperatures, and salinities (Mügler et al., 2008), resulting in an average velocity of 

1460 m/s. Hence, the vertical resolution depends on the specific setting but may vary between 12.1 

cm and 73 cm for the 2005/2006 survey. The 2016 data were commonly recorded with a secondary 

frequency of 10 kHz and one pulse, ensuing in a vertical resolution of 7.3 cm. The horizontal 

resolution of the SES depends on the driving speed and is approx. 7% of the water depth (Innomar, 

n.d.). The acquired data were stored in the .ses format and handled with the Innomar ISE Post-

Processing Software and later converted into standard SEG-Y format. The 2016 SES data were 

stored in the RAW data format and converted to SEG-Y. The 2016 data were filtered, and the 

envelope was calculated within the Kingdom Software by IHS. No motion sensor correction was 
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applied to the datasets. The SES datasets were integrated into the Kingdom Software (see Chapter 

2.4). 

2.2 Multichannel Seismic 

For the multichannel surveys, equipment of the working group MTU (Marine 

Technology/Environmental Research, Bremen University) was used. As seismic source, a Sodera 

generator/injector (GI) airgun was utilized. The GI-gun chambers were operated with a chamber 

volume of 0.1 L each, resulting in an emitted frequency range of 50-500 Hz (main frequency 

250 Hz). Pressurized air was provided by two diving compressors (Bauer Mariner 320) combined 

with an air buffer bottle to ensure a constant air pressure of ~100 bar. However, the low atmospheric 

pressure at an altitude of 4725 masl led to compressor failures/inefficiencies, resulting in irregular 

drops in gun air pressure down to 50 bar. Thus, the shot rate was adjusted depending on the 

available air pressure and the vessel's speed. 

A conventional analog streamer (Teledyne Marine) with a total length of 64 m, comprising 32 

channels at 2 m spacing, was towed for signal recording. Onboard, data were recorded with the 

custom-designed Marine Multi-Channel Seismic Acquisition System (MaMuCS; Dr. Hanno Keil, 

MTU, University of Bremen). The sample rate in 2016 was set to 125 μs and the recording length 

to 2000 ms. The raw data were stored in the standard seismic format SEG-Y.  

Navigation data were acquired with a portable GPS onboard the vessel and were processed and 

corrected for GPS data scatter and outliers. 

In 2014, MSC profiles were recorded in parallel with two seismic sources. Besides the GI-air gun, 

a Bubble Pulser (Falmouth) of the University Jena with an emitted frequency range of 10-1700 Hz 

(main frequency ~300 Hz) was operated. Additional 50 km of single-channel recordings of a low 

signal-to-noise ratio were acquired in 2014, which are not incorporated in this thesis. The MCS 

dataset recorded in 2014 was processed by Fabian Gernhardt (now Meisenbacher) in the progress 

of his master thesis. The MCS dataset recorded in 2016 was processed in the course of this thesis. 

For a detailed description of data processing, see Chapter 2.3. 

2.3 Multichannel seismic data processing 

Multichannel seismic data processing aims to improve the seismic image quality and the reliable 

interpretation of the geological subsurface. These goals are achieved by enhancing the signal to 

noise (S/N) ratio and migrating seismic events to their correct subsurface position. 

The advantage of MCS compared to single channel seismic (SCS) is given by recording reflected 

seismic waves with several receivers (channels) and the consequent manifold coverage of the 

subsurface. By using the technique of common midpoint (CMP) binning and stacking, all signals 
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with the common reflection point on the subsurface 

are gathered and stacked. In this process, incoherent 

noise is significantly reduced, and hence the S/N ratio 

is enhanced (Yilmaz, 2001).  

The sequence of all processing steps applied to the 

NamCo-GeoB16 dataset is schematically shown in 

Figure 2.2. Standard processing steps were applied, as 

documented in Yilmaz (2001). The steps were 

executed with Schlumberger's VISTA 2014 Desktop 

Seismic Data Processing Software (Version 

2014.002.5433). In general, all profiles of GeoB16 

followed the same routine. However, all profiles 

required individual boundary conditions. These were 

adjusted according to the acquisition parameters 

during variable weather conditions, air pressures, or 

shot-rates of the GI gun.  

2.3.1 Pre-Processing 

The location of each source and receiver pair and 

their midpoint on the subsurface were calculated for 

each shot using the custom-made program 

WinGeoapp (© Hanno Keil, Marine Technology – 

Environmental Research, Department of Geosciences 

at the University of Bremen). WinGeoapp calculates these geographic coordinates by combining 

GPS navigation data, shot times, and relative distance between GPS and source/receiver.  

Midpoints were then grouped along the profile track in defined 2D area patches (bin) on the 

subsurface to create common midpoint (CMP) gathers. All traces assigned to a CMP gather are 

assumed to image the same point on the subsurface and will be summed-up during CMP-stacking 

to enhance the S/N ratio. The CMP bin size is set based on a compromise between sufficient noise 

attenuation (larger bins) and the high horizontal resolution (smaller bins) and depends on the 

channel spacing, the ship's speed, and the GI-gun shot-rate. For this dataset, a bin size of 1 x 5 m in 

along and across-track direction, respectively, was chosen in the attempt to preserve the highest 

possible horizontal resolution in the shallower subsurface. This bin size left the possibility to be 

adjusted during interpretation by creating 'multi-stacks' and stacking a chosen amount of CMP bins 

(see Chapter 2.3.4 for details). 

Figure 2.2: Schematic multichannel seismic 
data processing sequence applied on the 
NamCo-GeoB16 dataset. 
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After CMP binning, a 'debias' was applied in order to center the amplitudes of each trace. In the 

same processing step, noisy channels were deleted, and the recording delay between trigger time 

and shooting time was corrected. As the channel quality and the gun delay varied during data 

acquisition, the channel selection and bulk shift correction was adjusted for each profile. With the 

spherical divergence correction, the loss of energy due to the spherical spreading of the source signal 

was readjusted using a constant water velocity of 1460 m/s. 

In the next step, an Ormsby frequency bandpass filter (filter flanks: 10-20 and 500-1000 Hz) and 

a '2D-despiking' were applied to suppress coherent noise from ship and wave action and remove 

random, high amplitude noise bursts, respectively (Figure 2.3A). 

2.3.2 Pre-Stack Processing 

A realistic subsurface velocity model is needed for seismic processing in order to enhance the 

multiple suppression, correct the subsequent normal moveout, and conduct a reliable time 

migration at the end of the processing sequence. Thus, an interactive velocity analysis was 

performed for all profiles with variable lake floor morphology, visible acoustic basement reflectors, 

or large fault throws. For profiles with uniform strata, a laterally constant velocity model was created 

and applied. 

Due to the shallow water in the study area (< 100 m) and the partly high reflectivity of the lake 

floor, the MCS data contain several multiple reflections, which significantly hinder data 

interpretation. A surface-related multiple elimination (SRME) method was applied to reduce 

multiple energy. SRME is a 4-step, resource, and time-consuming procedure. It includes the 

interpolation of the data set to equal offsets, the prediction of a multiple model, and the subtraction 

of the predicted model from the pre-processed data (Verschuur, 2006). Theoretically, only 

primaries and interbed-multiples remain after SRME (Verschuur, 2006). SRME application proved 

to be particularly useful for multiple suppression in the western sub-basin of Nam Co (Figure 2.3B). 

A narrow Ormsby bandpass filter (30-60 and 500-1000 Hz) was applied to attenuate low-

frequency coherent noise further after multiple-suppression. 

In MCS data, the traces assigned to the same CMP gather inhabit travel-time differences due to 

the individual source-receiver distances of each trace (offset). The normal moveout (NMO) 

describes the travel-time difference between a seismic event at zero offset and any other offset. In a 

CMP gather, the NMO eventuates in a hyperbola with increasing offset depending on the seismic 

velocities and has to be corrected before CMP-stacking. 
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Figure 2.3: Seismic Processing steps visualized on the example of Profile GeoB16-400. A) Constant 
velocity CMP stack (1600 m/s) after pre-processing, containing multiples; B) CMP Stack after multiple 
energy suppression with SRME; C) Time migration and noise attenuation (4D-Dec, THOR), and TVSCS; 
D) Bandpass filter application to enhance the acoustic basement reflector. 
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In general, the acquisition of the GeoB16 dataset was made in fair weather conditions. Hence, 

relative vertical movements between source and receiver due to waves could be neglected for most 

profiles. Residual statics correction was only necessary in three profiles. 

Time variant surface consistent scaling (TVSCS) was chosen to preserve uniform energy 

distribution in the scaling of traces. An alternative sequence without the application of TVSCS was 

additionally performed for individual profiles to secure information for further amplitude 

interpretation (e.g., Chapter 4). 

The non-linear VISTA tool 'THOR' is especially useful in eliminating random noise and 

preserving the coherent signal along the entire traces. THOR uses a threshold-based median 

replacement of a defined amount of neighboring traces in the frequency domain to detect noise 

based on its incoherence (Butler, 2012). THOR was applied to all profiles just prior to CMP-

Stacking.  

2.3.3 Post-stack Processing 

CMP-stacking was achieved by averaging all traces within one CMP gather. This processing step 

enhances the S/N ratio by preserving coherent signal and suppressing incoherent noise. 

In some cases, trace interpolation was necessary before CMP-stacking to fill single empty bins. 

Equidistant trace-spacing ensured smooth operation of post-stack noise attenuation and migration. 

Surface coordinates of the interpolated traces were calculated using a Python code. 

After CMP-stacking, the tool '4D Dec', which eliminates incoherent noise overlying all 

frequencies, was applied. 4D-Dec identifies and removes energy, which cannot be cross-correlated 

to energy peaks of continuous reflections in neighboring traces. The algorithm utilizes user-defined 

windows in time and space direction and a maximal expected dip angle in order to remove white 

noise without neglecting dipping geological structures. Especially in the deeper section, 4D-Dec 

significantly improved the noise removal and thus image quality. 

As a final processing step, the Finite-Difference (FD) Migration was applied to move dipping 

events into their supposedly true subsurface positions and collapse diffractions (Yilmaz, 2001). 

Using the velocity models created during the interactive velocity analysis, the FD migration 

increased the spatial resolution and yielded a seismic image of the subsurface (Figure 2.3C). 

However, the streamer length limited the imaging of steeply dipping events at depth. 

2.3.4 Basement processing 

Depending on the necessary signal enhancement and available fold, several 1x5 meter bins can 

be stacked together ('multi-stacking'). This stacking can also be applied after migration to enhance 

special geological features, particularly at depth. In combination with an Ormsby bandpass filter 
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with a low high cut frequency (30-60 and 90-180 Hz), the multi-stacking significantly improved the 

identification of a bedrock reflection (see Figure 2.3D).  

2.4 Data integration and interpretation 

Multichannel seismic data, SES data, and core data were integrated into the IHS Kingdom 

software package. Further, geographic information system (GIS) applications, like QGIS and 

ArcGIS, have been utilized to facilitate the correlation of geological features with published 

information and conduct various data analyses. 

2.4.1 Seismic Stratigraphy 

An essential step within the seismic interpretation is the application of sequence stratigraphy 

and facies analysis. Each reflector coincides with a short period of similar depositional conditions 

in a geological sense. That implies they correspond to conformable changes in depositional regime, 

like energy level, sedimentation rates, deposition environment, input source, or pore contents 

(Veeken, 2006). 

In all seismic profiles, seismic facies are distinguished based on reflection parameters, such as 

configuration, continuity, relative amplitude, and frequency following the seismic-stratigraphic 

interpretation techniques described by Mitchum Jr et al. (1977) and Brown Jr & Fisher (1980). 

Examples of principle and modified internal configurations as introduced by (Mitchum Jr et al., 

1977) are included in Chapter 3 for SES and Chapter 4 for MCS data.  

2.4.2 Horizon maps, calculations, and grids 

The Kingdom Software enables the identification and mapping of seismic reflectors and faults. 

The calculation of seismic attributes like similarity, average energy and coherence supported this 

identification process. After the picking process, the time-based horizons are converted into grids 

of 10 by 10 meters by applying the 'flex gridding' algorithm, which creates a smooth surface 

constrained by the smallest possible distance to the data points. By applying a time-depth-

conversion using an average velocity of 1600 m/s and simple math operations, depth and thickness 

grids were created. Thickness maps reveal not only information on the distribution of facies due to 

the identification of paleo-depocentres; they also indicate the timing of faults. Various factors have 

to be considered for interpreting thicknesses, such as former accommodation space, influence of 

erosion, deposition process, and lithology (Einsele, 2000; Miall, 2010). 

2.4.3 Fault database 

The recognition of faults is a product of the initial horizon tracing process restricted to single 

profiles. Faults, which are continuing across multiple profiles, have to be assigned to fault planes to 
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visualize their 3D behavior. To incorporate all faults into this process, a database including various 

faults characteristics, e.g., dip, dip direction, fault displacement, throw, heave, the according rates, 

or the overall extension along profiles (see Chapter 5) was set up. The according characteristics were 

calculated via python scripts, based on the extracted fault and horizon information from the 

Kingdom Software. This approach allowed fast data computation for the comprehensive data set 

and allowed quick data reproduction in case of changed interpretation while reducing human error.  

2.4.4 SES and Core intergration 

As the SES surveys were acquired over a period of 10 years and before or after the summer 

monsoon season, the data hold dissimilar lake-level references. To ensure comparability throughout 

the dataset, the same base level for all profiles was adjusted to the relative depth of the Core NC08/01 

(93 mbll).  

In 2008, the 10.4 m long piston core NC08/01 was retrieved in the center of the western subbasin 

(30.73°N, 90.78°E) (Doberschütz et al., 2014; Kasper et al., 2015). Published analyses include, e.g., 

AMS-14C dating, grain size distribution, XRF scanning, geochemical and micropaleontological 

analysis (e.g., Doberschütz et al., 2014; Kasper et al., 2012, 2015). 

The core was integrated in the Kingdom Software based on the fundamental assumptions of 

faster sound velocities in sediment than in lake water and correctly measured core depth. According 

to the identified acoustic units in the SES data (see Chapter 3, Figure 3.3), a velocity model was 

created (Table 2.2; average velocity = ~1540 m/s). Water content and density measurements from 

NC08/01 were considered (Kasper pers. comm.). Sound velocity in the lake water was calculated to 

be 1460 m/s (see Chapter 2.1) and perfectly fit the sound velocity at the core location. In general, 

reflections in the SES Profile Jena06-13 correlate with silt content variations (Chapter 3, Figure 3.3). 

Detected increased sand contents at a core depth of, e.g., 2.8-3 m may be deposited in thin layers 

not detected by the SES. 

Table 2.2: Sound velocities used to integrate Core NC08/01 with the hydro-acoustic data. 
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Highlights: 

- Interflows and hyperpycnal flows drive sediment distribution in Nam Co  

- Stable summer stratification and lake level steer sedimentation  

- 100 m lake-level variation in the last 20.5 kyrs 

- Supra-regional paleoclimate and regional meltwater impact influence lake level 

3.1 Abstract 

Under the aspect of global warming, glacier thawing, and precipitation changes, the 

reconstruction of former lake level responses to climate change has gained focus. Here, we present 

a lake level reconstruction from Nam Co for the last 20.5 kyrs based on geophysical data. We 

investigated sediment echo sound data from 2006 to 2016, acquired on the third-largest lake on the 

Tibetan Plateau. By performing an acoustics stratigraphic analysis, we gained new insights into the 

modern sedimentation processes. Interflows and hyperpycnal flows affected by a stable summer 

stratification steer the sediment distribution in the lake. Eventually, modern sediment deposition is 

restricted to a water depth greater than 66 m below lake level (mbll). Based on the current situation 

(lake level at 4724.5 meters above sea level (masl), we tested the reconstruction of absolute lake-

level variations from 20.5 ka to today. The first-order estimate of a stable stratification for the onset 

of fine sedimentation during the Holocene and high lake-level periods fits lacustrine sediment core 
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and onshore observations of paleo-shorelines. For low lake level situations, the sedimentation is 

predominantly steered by hyperpycnal flows. During the LLGM and the Late Glacial, the onlapping 

sedimentation is connected to morphological paleo beach ridges. Hence, we identified absolute 

lake-level stands of ~80 to 58 mbll from 20.5 ka to 16.9 ka and relative variations for the sediments 

onlaps between 16.5 and 13.4 ka. Around 12.2 ka, the water level rose to a maximum of +16.1 m 

above lake level (4740.6 masl) and dropped again to a minimum at. 11.4 ka. During the Holocene, 

short lake-level minima occurred during a general high water level, indicating severe oscillation. 

The sediment accumulation rated increased drastically during the Holocene, which emphasizes the 

enhanced input derived from the Nyainqêntanglha Mountain Range.  

3.2 Introduction 

3.2.1 Motivation 

The Tibetan Plateau (TP) is well known as the 'Third Pole' or the 'Water Tower of Asia', which 

underlines its importance as a water source for the Asian population (Immerzeel et al., 2020). In 

order to study how climate variability affects the terrestrial water resources, sediments of endorheic 

lake basins on the TP offer unique opportunities. The sensitive lacustrine archives present valuable 

insights into past lake levels and hence the interplay of precipitation, evaporation, and glacier 

melting in the past (Günther et al., 2016).  

High-and low amplitude variations of paleo lake-levels have been detected on various time 

scales, and the drawn inferences about paleoclimate vary over the TP (e.g., Alivernini et al., 2018; 

Fan et al., 2012; Wang et al., 2016; Yu et al., 2019). One reason for this variability is related to 

atmospheric circulation. Depending on the geographic location, the interplay of Indian summer 

monsoon (ISM), East Asian monsoon, Westerlies, and polar air masses can differ. Moisture 

availability and evaporation are, therefore, not uniform over the TP (Herzschuh, 2006). Further, 

local glacier melting may overprint the regional influence of the atmospheric circulation (Jia et al., 

2001). Ongoing paleoclimate research is compulsory to disentangle local and over-regional effects 

on the paleoclimate. However, some paleoclimate periods are of significance on the entire TP, like 

the Heinrich-Event 1 from ca. 16 to ca. 14 ka, and help validate climate reconstruction based on 

different proxies. 

In recent years, lake level research on Nam Co focused on beach remnants and lake terraces (e.g., 

Daut et al., 2010; Lehmkuhl et al., 2002; Schütt et al., 2008; Zhou et al., 2020; Zhu et al., 2002), bio-

geochemical studies on sediment cores (e.g., Doberschütz et al., 2014; Kasper et al., 2013, 2015; 

Mügler et al., 2010; Zhu et al. 2015) or recent changes observed via remote sensing (e.g., Kropácek 

et al., 2012; Zhu et al., 2010). Onshore terraces are excellent evidence for former lake levels stands. 
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However, time constraints are limited, as dating is challenging (Yu et al., 2019). Moreover, the 

preservation of all beach terraces onshore is not always given, e.g., by erosion during repeated 

transgressive-regressive lake level fluctuations (Kong et al., 2011).  

So far, only Daut et al. (2010) studied submerged beach remains in Nam Co, demonstrating 

lower lake-level variations. Based on hydro-acoustic data, the authors defined four acoustic units 

and detected five paleo-shoreline indicators at 10/15 m, 30 m, 45 m, 70 m, and 95 m below lake level 

(mbll). Only the shallowest beach remains have been matched to the Little Ice Age, whereas all 

deeper lake levels were conjectured to have formed prior to the Holocene (Daut et al., 2010).   

Lake sediments have been studied on short cores (<4.5 m) in the shallow eastern subbasin and 

one 10 m long piston core (NC08/01) in the center of the main basin dating back 24 kyrs (Figure 

3.1). The sedimentation rates from NC 08/01 confirm Nam Co being a high-resolution paleoclimate 

archive. Implications on paleoclimate and relative lake level variations have been drawn from, e.g., 

granulometric parameters, minerogenic input indicators, leaf-wax biomarkers (n-alkanes) and 

compound-specific stable isotopes, as well as pollen assemblages (Günther et al., 2015; Kasper et al., 

2015; Zhu et al., 2015). Analysis of ostracod assemblages, giving absolute lake-level variations, is 

limited to 4 kyrs BP (Kasper et al., 2013). While Wang et al., (2015a) have analyzed surface 

sediments across Nam Co, no focused study on lake recent and paleo-sedimentation processes has 

been conducted, which would be urgently needed to draw conclusions about paleoenvironmental 

and paleoclimatic conditions.  

Here, we utilize seismo-acoustic data ground-truthed by sediment core information from 

sedimentary records to investigate temporal variations in the sedimentary regime of the past 24 ka. 

This study aims to conceptually understand the sediment distribution processes in Nam Co and 

their possible relation to water column stratification. In this way, we target absolute lake-level 

fluctuations since the Local Last Glacial Maximum (LLGM) and discuss the positive and negative 

lake-level variations regarding observed oscillations in other Tibetan lakes. Further, we deliver 

detailed estimates on sediment fluxes, sediment sources, and depocenters for low lake level stands 

during the Holocene.  

3.2.2 Study site / Geologic and climate setting 

Nam Co (30° 30' –30° 35'N, 90°16' –91° 05'E) is an endorheic basin situated on the central TP 

north of the Nyainqêntanglha Mountain Range at an altitude of 4724.5 masl (meters above sea level; 

in June 2016; (Hydroweb, n.d.) (Figure 3.1). More than 60 small streams feed the lake, with most 

input sourced from the southern and eastern mountain chains. The total catchment area of the Nam 

Co basin is ~10,680 km² (Zhou et al., 2013), and the surface area of Nam Co is ~2,021 km² (in June 

2016; Hydroweb, n.d.).  
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Figure 3.1: A) Location of Nam Co and its drainage area (red outline) on the Tibetan Plateau. B) Drainage area of the 
Nam Co basin with its inflow water network (dark blue; Wang et al. (2009a), modified) and draining glaciers (cyan). 
Glaciers draining outside the basin are marked in dark cyan. Glacier dataset retrieved from GLIMS & NSIDC (2005). C) 
Acquired SES profiles in 2005, 2006, and 2016 by the Universities of Jena and Bremen in collaboration with the ITP. 
Profiles Jena06-13 (Figure 3.3) and GeoB16-442 (Figure 3.4) are highlighted in yellow. All maps in UTM projection. 

Morphologically, Nam Co can be divided into the western or main basin with a maximum water 

depth of 98 m, and the eastern sub-basin with a maximum water depth of about 60 m. The entire 

lake volume was calculated by Zhu et al. (2010b) to be about 86.4 km³ (in 2004). Deposits near the 

lakeshore are composed of unconsolidated Pleistocene to Holocene sediments of glacial, 

glaciofluvial, and fluvial origin. Lehmkuhl et al. (2002) have found glacial remains in the lake's 

vicinity in the southern part of the catchment, but moraines are reported to have not reached the 

lake (Schütt et al., 2008). Surface sediments in the shallow lakeshore areas are fine to very coarse, 

whereas, in the central basin areas > 80 mbll, the main fractions are silt and clay (Wang et al., 2015a).  

The Nam Co region is dominated by arid to semi-arid continental climate (Wang et al., 2019) 

and the mean annual temperature at the Nam Co Research Station is 0°C. The annual precipitation 

is approximately 450 mm/yr (Zhu et al., 2010b), of which >90% is received during the summer 

monsoon season from May to September (Huang et al., 2017). Nam Co is a dimictic lake with stable 
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thermal stratification from June to November (Huang et al., 2017). Measured specific conductivity 

and pH are 1850 μS cm-1 and 9.2, respectively (Wang et al., 2010). For approximately 90 days during 

the winter season, Nam Co is covered by lake ice (Wang et al., 2019). Glaciers cover 2 % of the lake's 

catchment and recently contribute about 20-40 % to the total lake input water volume (Adnan et 

al., 2019; Biskop et al., 2016). On long time scales, the influence of meltwater run-off changes on 

the lake level is still debated (e.g., Zhou et al., 2013). In the last decades, the lake level is rising on 

average by 0.3 m/yr, about a third of the seasonal variability (Adnan et al., 2019; Kropácek et al., 

2012). This behavior on different time scales emphasizes the sensitivity of Nam Co's lake level to 

changes in the water balance (Haberzettl et al., 2019).  

3.2.3 General lake sedimentary processes 

Rivers and streams are, besides aeolian 

input, the primary conveyors of terrestrial 

sediment into the Nam Co basin (Dietze et 

al., 2014). In general, sediment is further 

distributed via gravitation-driven processes 

(Parsons et al., 2007). At a river mouth, flow 

evolution depends besides viscosity and flow 

dynamics on the density difference between 

the inflow (rf) and the standing water-body 

(rw) (Mulder, 2011) (Figure 3.2). Originally, 

Bates (1953) defined three flow types: 

overflow (hypopycnal flow, Figure 3.2A) if 

rf < rw, homopycnal flow if rf = rw, and 

underflow (hyperpycnal flow, Figure 3.2B) if 

rf > rw. Hyperpycnal flows dilute on their 

way into the basin and gradually lose the 

ability to transport load. At the lofting point 

(LP, Figure 3.2B), the hyperpycnal flow 

reverses its negative buoyancy as a 

consequence of the progressive loss of suspended load by deposition out of the flow (Zavala et al., 

2011). In alpine lakes, it is often observed that sediment-rich water enters a well-stratified lake as 

an intraflow (mesopycnal flow, Figure 3.2C) (Mulder & Alexander, 2001; Scheu et al., 2018). The 

sediment-rich river water has a higher density than the preheated surface water of the lake but lower 

density than the lake water due to the high amount of cold freshwater (Cortés et al., 2014; Scheu et 

Figure 3.2: Comparison between hypopycnal (A, inflow 
density < lake-water density), hyperpycnal (B, inflow density 
> lake-water density) and mesopycnal flows (C, inflow 
density = lake-water density). After Mulder (2011) and Zavala 
et al. (2011). 
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al., 2015). Thus, the suspension cloud propagates above a pycnocline (Mulder, 2011). Particle 

settling out of suspension is related to particle diameter and shape, turbulence, and viscosity within 

the water column (e.g., Ferguson & Church, 2004). 

3.3 Methods 

3.3.1 Sediment Echo Sounder data 

In summer 2016, a Sino-German research-team from the Universities of Bremen and Jena and 

the Institute of Tibetan Plateau Research - Chinese Academy of Science (ITP-CAS) jointly carried 

out a seismo-acoustic survey on Nam Co. We acquired an extended high-resolution sediment echo 

sounder (SES) data set of ~860 km length during the expedition. About 530 km of SES data had 

been previously acquired by the University of Jena and the ITP-CAS in 2005 and 2006 (Figure 3.1). 

Similar parametric sediment echosounder devices (Innomar 96 and 2000-light; Innomar 

Technologie, Rostock, Germany) were used for all surveys. We calculated seismic velocities in lake 

water, according to Sheriff (1991), for different depths, temperatures, and salinities (Mügler et al., 

2008), resulting in an average velocity of 1460 ms-1. For the 2016 data set, we achieved a maximum 

subbottom penetration of 18 m. The vertical resolution of the SES depends on the sound velocity in 

water and the effective pulse duration. During the 2016 cruise, we commonly used the setting of 10 

kHz and one pulse, ensuing in a vertical resolution of 7.25 cm. The vertical resolution of the 

2005/2006 SES data is minimum 12 cm (Daut et al., 2010). The horizontal resolution for the device 

used is <7% of the water depth (Innomar, 2015). The 2016 SES data processing included filtering 

and despiking, but no motion correction due to the lack of a motion sensor. To ensure the correct 

integration of the three surveys, we took the water depth at core site NC 08/01 (93 mbll; Figure 3.1) 

as reference.  

3.3.2 SES data interpretation 

We based the identification of reflectors on their acoustic properties. For data interpretation and 

mapping, we used 'The Kingdom Software' Version 2016 and 2019 by IHS. Further, we computed 

seismic attributes envelope and average energy for optimal reflector tracing. Tools like flattening of 

older horizons, based on the idea of a flat lake floor at the time of high lake level deposition, were 

applied to ensure a consistent process and best performance. We calculated standard error 

deviations of the onlapping-depths for the uppermost reflectors (RIX-XII) based on the deviation 

from the average depth of a reflector for all profiles and the picking precision of ±0.0001 s (TWT). 

A basinwide clear identification of reflectors older than RVIII was not possible due to the variable 

profile spacing.  
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Within the Kingdom Software, we performed gridding of thickness maps with a flex gridding 

algorithm. Based on the extent of the sediment units, their thicknesses, and ages, we calculated 

estimates for total sediment accumulation rates. We use a simple approximation by adding up the 

squared grid cells columns of 50 ×50 m by their thickness value.  

3.3.3 Age Model and Integration of SES and Core data 

Hitherto, sediments comprising the past 24,000 years have been retrieved in the 10.4 m long 

piston core NC08/01 retrieved in the center of the main basin (Figure 3.1). The age model was based 

on 24 AMS 14C ages and a reservoir effect correction of 1,420 years (Doberschütz et al., 2014; Kasper 

et al., 2015). The top 30 cm were corrected with 137 Cs and 210 Pb radiometric data (Kasper et al., 

2012). 

Integrating the SES data with the available core data enabled us to generate a stratigraphic frame 

with reliable age markers. We utilized the calculated sound velocity of 1460 m/s for the water 

column and a gradually increasing velocity model for the lake sediments for the depth-time 

conversion of the core logs (see Chapter 2.4.4).  

3.4 Results 

The hydro-acoustic dataset comprises five acoustic facies (AF1-5, Table 1), which build up four 

acoustic units (AU1-4). Moreover, we identified 13 reflectors (R0- RXII). These horizons mark 

either top or bottom of the acoustic units (R0, RVIII, RXII) or subdivide AU3 and AU4 internally 

(Figure 3.3). 

3.4.1 Description of Acoustic Facies 

We identified five acoustic facies (AF) based on continuity, internal reflection configuration, 

amplitude, and frequency (Mitchum Jr et al., 1977) (Table 3.1). AF1 is characterized by continuous, 

parallel, very low amplitude reflections with low frequency. AF2 is represented by continuous, 

parallel, and low to medium amplitude reflections with medium to high frequency. AF3 has a 

similar character as AF2. However, reflectors are less continuous, the configuration is hummocky 

with high amplitude spots or patches, and the frequency is medium. Features of AF4 are continuous, 

parallel, high amplitude reflections with medium frequency. AF5 is characterized by discontinuous, 

partly disrupted, or contorted reflectors. AF5 has low amplitude reflections of varying frequencies.  

3.4.2 Description of Acoustic Units 

Based on the shape of sequences and acoustic facies, we defined four acoustic units (AU) (Figure 

3.3):  
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AU1 is generally built up by well-layered reflectors, which occur basinwide with local variations. 

In the western and northern central basin, AF1, 2, and 4 are alternating. The unit top is conform 

and shows no sign of erosion. In the west, a few (normal) faults penetrate the unit. In contrast, the 

south-east central basin AU1 is built up by AF5. Depressions occur in varying sizes in a range of 

several hundred meters width and ~3 to 5 m depth with exceptions of up to 14 m depth. In the 

south-central basin, the top of AU1 shows erosional truncations of folded sediment packages.  

 

Table 3.1: Acoustic facies recognized in SES data of Nam Co and their geological interpretation. 

 
 

AU2 is built up by AF4 and AF3 and shows patches of irregular, high amplitude reflectors. In 

the west, reflectors are conformably overlying AU1. The detected faults in AU1 also penetrate AU2. 

However, only a few endure above the top of the unit. In the south-eastern part of the basin, AU2 

infills the depressions of the underlying AU1. Therefore, thickness is very variable with values up 

to 14 m (e.g., at the core position in Figure 3.1). The incisions are filled stepwise with either AF2 or 

AF3. The basic topography is not leveled out entirely after AU2 deposition. The top of AU2 is a 

prominent high-amplitude reflector (R0) and represents an unconformity. In the south-east, R0 has 

an irregular behavior, while in the west, it has a shallow angle, and its unconformity is less distinct.  
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AU3 is onlapping AU2. The unit is built up by horizontally alternating AF1 to 4. Locally, minor 

facies variations occur in this unit as AF3 transforms smoothly into AF2. AU3 inhabits a basin 

intern constant thickness of ~3 m, thinning towards the lake flanks. A local exception with a 

thickness of 6 m occurs in the south-east. The top of AU3 is a high-amplitude conform reflector 

(RVIII).  

AU4 is conformably overlaying AU3. The unit is remarkably uniform throughout the entire 

basin. Internally, the unit is exclusively composed of AF1. The unit thickness is varying between 2 

and 3 m in the main basin. In the north-east and north-west small depocenters with thicknesses of 

up to 4.5 m exist. Internal sediment packages thin out towards the lake flanks (Figure 3.4). The top 

of AU4 is the modern lake floor (LF =XII).  

3.4.3 Additional reflectors and amplitude anomalies 

AU3 comprises seven internal reflectors (RI-RVII), while AU4 includes three internal reflectors 

(RIX-RXI) (Figure 3.3). These reflectors onlap underlying deposits and show decreasing amplitude 

variations basinward along the reflector (Figure 3.4B). Over a distance of one kilometer, the 

amplitude can decrease, and reflectors become indistinguishable.  

3.4.4 Integration of Core data and hydro-acoustic data 

Figure 3.4 shows the SES profile Jena06-13, with 12 of the 13 reflectors used in this study. The 

determined acoustic reflectors RII and RVII correlate perfectly with the formation tops LGM and 

H1, respectively, as defined by Kasper et al. (2015). All other reflectors in the hydro-acoustic data 

relate very well with silt content changes in the core (core logs, Figure 3.3). We used these 

congruencies to pinpoint the ages of the reflectors directly to the age assignment by Kasper et al. 

(2015). Therefore, the 12 interpreted reflectors are dated relatively to ages between 20.5 ka and 

today (see 3.4.5). As we could not trace the reflector RV in this SES section, we calculated the 

respective age of 16.5 ka based on linear interpolation. Hence, AU3 comprises the period from 20.5 

ka to 12.2 ka and AU4 from 12.2 ka to today.  
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3.4.5 Sediment distribution characteristics 

As the AU1 and 2 are either deformed or infilling existing topography, we focus here on AU3 

and AU4 to describe the sedimentation behavior observed in the SES data. Figure 3.4 depicts an 

exemplary SES profile reaching the south-eastern flank of the central basin and shows the onlapping 

characteristics of the reflectors (RI to RXII).  

The lowermost reflector in Figure 3.4 is the top of AU2 (R0) with an age of 20.5 kyrs. Sediments 

of AU4 onlap on R0. In detail, these are RI of 20.1 ka at a depth of 95.7 mbll. RII of 19.2 ka at a 

depth of 92.9 mbll, RIII of 18.2 ka at a depth of 88.1 mbll, and RIV of 16.7 ka at a depth of 72.9 mbll. 

These onlaps correlate with morphological steps of the underlying topography. RV to RVII onlap 

the respective younger reflector. RV of 16.5 ka onlaps RIV at a depth of 77.3 mbll. The 16.2 ka old 

RVI onlaps RV at a depth of 89.7 mbll, and RVII of 13.4 ka onlaps RVI at a depth of 87.6±2.66 mbll. 

RVIII of 12.2 ka covers all sediments, and its termination could be identified (on one profile) at a 

depth of 46.1 mbll. Onlapping the 12.2 ka reflector, RIX of approximately 11.4 ka was recorded in 

five profiles with an average depth of 84.5±1.2 mbll. We could identify the reflectors younger than 

RIX in all 40 coastal profiles. They onlap onto the 12.2 ka reflector. The 3.9 ka old RX onlaps at a 

depth of 79.3 ±2.7 mbll, the 1 ka old RXI onlaps at a depth of 74.4±2.4 mbll, and the modern 

sediments (RXII) onlap at a water depth of 65.9±1.8 mbll  

3.4.6 Sediment extents and thicknesses during the Holocene   

 

 
Figure 3.5: Extent of Holocene reflectors in the Nam Co basin. Dotted lines are interpolated sections.  
Bathymetric isopachs in grey represent the interpolated modern lake floor water depth, derived from SES 
2005-2016; uncertainties are dotted.  
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The extents of the three topmost reflectors of AU4 (RX, RXI, RXII) and an interpolation of the 

modern lake floor bathymetry are mapped out basinwide due to their identification on all shore-

near SES profiles (Figure 3.5).  

Compared to the modern bathymetry, the outline of RX shows local deviations. Along the lake's 

southern flank, the RX onlap is parallel to the modern isolines of about -85 m. RX runs along the -

80 m isolines in the east but diverts by more than 10 m in the northern tip. In the north, the reflector 

onlaps onto a scarp feature trending from NW to SE, reaching into the basin between -85 and -80 

m. In the north-west and west, the RX extent strays by -10 to -5 m from the modern -80 m isoline. 

RX represents the top of a sub-layer 

with RVIII as the bottom reflector. On 

the thickness distribution map (Figure 

3.6A) for this sub-layer from 12.2 ka 

(bottom) to 3.9 ka (top), we can 

identify maximum thicknesses, 

reaching 2.2 m in the north of the 

basin and ~ 1 m in the south.  

The maximum extent of RXI 

roughly follows the 75 mbll isoline and 

is, besides small exceptions, parallel to 

the maximum size of RX. In the north-

east, RXI's outline has a curvier shape 

than the RX outline and onlaps in 

shallower water depth. The most 

significant difference to the RX border 

is visible in the west and south-west. 

The outline diverges +15/+20 m from 

the 75 mbll isoline, which may be 

affected by scarce data in the 

bathymetric model, unable to mirror 

the real bathymetry. For the thickness 

of the sub-layer from 3.9 ka to 1 ka 

(Figure 3.4B), we measured values 

exceeding 1 m in the north-west, while 

Figure 3.6: Thickness distribution for the three time-slices, 
highlighting the shift of enhanced sediment deposition 
from the north to slightly more deposition along the 
southern flanks of Nam Co through the past 12.4 ka. A) 12.4 
to 3.9 ka B) 3.9 to 1 ka C) 1ka to today. The same color bar 
is applied for A, B, and C. 
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the rest of the basin shows minor variations between 0.6 and 0.9 m.  

The extent of modern sedimentation generally follows the isoline of 66 mbll water depth. 

Exceptions occur in the north-east and west, where the border of the modern sedimentation extent 

reaches up to +15 m shallower. The thickness of this uppermost layer from 1 ka to today (Figure 

3.4C) is very uniform, with an average of 0.6 m but a slightly increased thickness along the southern 

flank of the basin. 

The calculated sediment deposition rates vary significantly from 12.2 ka to today. We calculated 

the lowest rate of 9.5 *104 m³/yr for the oldest part of AU4, a rate of 19 *104 m³/yr for the time-slice 

of 3.9 to 1 ka, and 45*104 m³/yr for the most recent sediments (Table 3.2). 

Table 3.2: Calculated sediment volumes and total accumulation rates for three time-slices of AU4. 

Unit Sediment Volume Total accumulation rate 

1 ka to today 0.45 km³ 45 * 104 m³/yr 

3.9 ka to 1.0 ka 0.57 km³ 19.7 * 104 m³/yr 

12.2 ka to 3.9 ka 0.81 km³ 9.8 * 104 m³/yr 

 

3.5 Discussion 

3.5.1 Correlation of AF and AU with sediment characteristics 

Reflections in the hydro-acoustic data are created by changes of impedance caused by changes 

in sediment physical properties, like variable amounts of sediment components, porosity, or pore 

fluid. Amplitude and continuity changes of hydro-acoustic reflectors are often directly correlated 

to lithology and may represent, e.g., changing energy level during deposition (Veeken, 2006). 

During high lake levels, fine-grained sediments are deposited with uniform thickness over large 

areas in a low energy lacustrine environment (Wu et al., 2006; Xiao et al., 2013) and eventuate in 

low-amplitude seismic facies. During lake-level low stands, high-amplitude seismic facies found in 

deeper areas of the basin indicate coarser material deposited in a high energy environment 

proximate to the shoreline (Wu et al., 2006; Xiao et al., 2013).  

Accordingly, we interpreted our defined facies (see 3.4.1) as follows: AF1 correlates with 

lacustrine sediments deposited during a lake-level highstand. AF2 and AF3 correlate with lacustrine 

sediments deposited during the transition from a lake-level highstand to a low lake-level lowstand 

or vice versa. High amplitude spots or patches may be related to dropstones and ice-rafted material. 

AF4 correlates with lacustrine sediments deposited during a lake-level lowstand. AF 5 correlates 

with lacustrine sediments deformed after deposition. 
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The here-defined units of acoustic units coincide well with the units described by Daut et al. 

(2010). With the exception that we separated the second unit of Daut et al. (2010) into two 

distinguishable units, AU1 and AU2.  

The facies distribution indicates significant lake-level variations during the deposition of AU1, 

AU2, and AU3. The low amplitude facies of AU4, however, was deposited in an environment with 

a significantly higher lake level than the prior units (see 3.5.3).  

3.5.2 Sedimentation in Nam Co 

3.5.2.1 Main sediment transport via intraflows 

The investigated SES data lack erosional features as well as indicators for tectonic influence on 

sediment distribution within AU3 and 4. Thus, the onlapping behavior of the observed reflectors 

(RI-RXII) (Figure 3.4) must be a result of sedimentation processes, either depending on the lake 

level or inflow events.  

We observed no modern deposits of clay and silt-sized sediments above a water depth of -66 m. 

This restriction of sedimentation to deeper water could be connected to the stratification of the 

water column in Nam Co, which under current conditions establishes from early June to early 

November (Wang et al., 2019). Moreover, it emerges that allochthonous and autochthonous 

sediment settling in water depth shallower than 66 m is hampered due to the high flow velocity of 

the incoming sediment or due to internal waves (Figure 3.7). 

Cold meltwater and (monsoonal) precipitation with high amounts of suspended load or 

dissolved load enters Nam Co primarily during the summer and fall season, with mean summer 

flow rates 200–300 m3 s−1 (Zhou et al., 2013). Therefore, we expect that the sediment-rich river-

water has a higher density than the preheated surface water of the saline standing water-body but a 

lower density than the deeper lake water due to the high amount of cold freshwater (e.g., Scheu et 

al., 2015). When reaching the lake water, sand size and coarser particles will deposit close to the 

shore. The remaining suspended fine silt and clay sediment will be transported in a density-driven 

flow downslope until the density equilibrium is reached (Mulder & Alexander, 2001). The intraflow 

will then distribute its load in a suspension cloud along the pycnocline (Figure 3.7).  

The assumption of intraflows acting as the primary sedimentation process within Nam Co 

correlates well with the overall fine-grained sediment in the basin (in NC08/01 average grain size: 

~15µm; Kasper et al., 2015) and the observed basinward amplitude loss within seismic units (e.g., 

SU4, Figure 3.4). With increasing shore distance and the expansion of the flow, the flow velocity 

decreases, and particles settle dependent on their grain size and density (Zavala et al., 2011). This 
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leads to the basinward increase in sediment thickness shore (Figure 3.7) and, at the same time, 

allows draping of the sediment deposits over existing topography in the basin.  

Anthropogenic 137Cs distribution from the slopes to the center of the basin (Wang et al., 2015) 

correlates to the proposed conditions of sedimentation. The smaller concentrations along the slopes 

can be explained by grain size fractioning or the age of the sediments as the 137Cs in older sediment 

already depleted. The same can be estimated for the distribution of 210Pb in the surface sediments 

(Wang et al., 2015). However, the distribution of 137Cs in all samples indicated that fine sediment is 

initially deposited basinwide to some minor extent. 

 

 
Figure 3.7: Combination of possible sedimentation processes in Nam Co. Interflows (mesopycnal flows) transport 
suspended, fine-grained material along the pycnocline into the basin, where particles fall out with decreasing flow velocity. 
No modern sedimentation takes place above the pycnocline. Sketch not to scale. 

3.5.2.2 Modern pycnocline depth 

Several studies support the hypotheses of an existing boundary layer in Nam Co: The surface 

sediment distribution examined by Wang et al. (2015a) showed a striking correlation of sediment 

grain size to water depth. The authors indicated a border at approximately 60 m water depth below 

which the variation of mean grain size markedly decreased (Wang et al., 2015a). 60 m is also the 

depth below which Li (2019) observed pollen assemblages. Above 60 m, no deposition or 

preservation of pollen occurred. Time-limited monitoring data from Wang et al. (2020) and Kai et 

al. (2020) show a thermocline at 50 m water depth for October 2011. However, turbidity 

measurement data from Kai et al. (2020) display a small variation in turbidity in the interval from 

60 to 70 m water depth. As the highest turbulence occurs in this time-limited data at the lake bottom 

from 75 to 93 m water depth (Kai et al., 2020), this points to a weak interflow and a simultaneous 

hyperpycnal flow at the measurement location (Figure 3.1). This fits well with the observed 

restriction of sedimentation to 66 m.  
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3.5.2.3 Sedimentation events by hyperpycnal flows 

High amplitude reflectors, which show a decreasing amplitude downslope (Figure 3.4B inlay) 

but are no laterally spacious features, are potentially a result of sustained hyperpycnal flows (Zavala 

et al., 2011) (Figure 3.7). These have been observed in many lakes (e.g., Mulder & Chapron, 2011). 

The correlation of the grain size log from core NC08/01 and the high amplitude reflectors indicate 

the occurrence of sediment layers with >10% sand content. Á sustained hyperpycnal flow, which 

forms at river mouths as a quasi-steady extension of the stream, can transport sand into the basin 

(Mulder, 2011; Zavala et al., 2011). Usually, sustained hyperpycnal flows are connected to flood 

events or (tectonic active) basins with steep slopes (Milliman & Syvitski, 1992; Mutti et al., 1996). 

The slopes in Nam Co are generally flat (<2° slope) at the river mouths, and fine-grained material 

is prevailing in the Nam Co basin (Wang et al., 2015a). Thus, sustained hyperpycnal flows have 

rather been events in the past 24 ka than standard sediment input process and might have increased 

during dry glacial conditions with low lake level stands.  

3.5.3 Lake level reconstruction based on primary sedimentation process  

The sedimentation processes in Nam Co (intraflows and hyperpycnal flows (see 3.5.2.1 and 

3.5.2.3; Figure 3.7) are presumably independent of the lake level. However, the onlap of 

sedimentation and the associated lateral grain-size grading are subject to the lake level, and hence 

the depth of the pycnocline.  

While Nam Co behaves dimictic and the lake turns over twice a year, we assume that the 

contemporary pycnocline establishes at a depth of 66 mbll due to stable thermal conditions. Based 

on the first-order estimate of a stationary pycnocline depth of 66 mbll, we test the applicability of 

the onlap-depth of the identified reflectors (RI-RXII) in AU3 and AU4 towards an absolute lake 

level reconstruction. Further, we compare our implications for AU1-2 and our results for AU3-4 

with lake-level reconstructions from other Tibetan lakes (Figure 3.1) to highlight controversies and 

over-regional similarities associated with paleoclimate variations.  

AU1 

Based on the internal acoustic structure of AU1 sediments, we expect lacustrine deposition 

under varying lake-level conditions. Subsequently, the sediments of AU1 were deformed and 

partially eroded. This could be the result of glacier impact, grounded lake ice, or permafrost 

conditions, as proposed by Daut et al. (2010). Ensuing flooding events connected to ice melting 

during the glacier retreat led to the filling of incisions (for more details, see Chapter 5).  
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AU2 -  prior 21 ka 

The sedimentation at the base of AU2 results from rapid flooding and very high lake level, as the 

fill is draping the former topography and not stepwise infilling and onlapping on top of AU1. Only 

in some steep incisions we observe a focused, divergent filling. This behavior fits very well with the 

highest proposed lake level and the associated lake level terrace of +30 mall (Lehmkuhl et al., 2002). 

Around 30 ka, various lakes on the TP show indication of high stands as well, e.g., Toson Lake (Fan 

et al., 2012) or Selin Co (Li et al., 2009). Jia et al. (2001) identified 16 lakes with records of a lake-

expanding event from 40 to 28 ka. The high lake stands are associated with a period of enhanced 

Indian monsoon on the TP (Shi et al., 2001).  

The amplitude change in the acoustic data implies that the lake level decreases from the bottom 

to the top of AU2. This indicates that the climate became cooler and drier during the 'youngest 

glacial stage' (Lehmkuhl & Haselein, 2000). The paleoclimate shift is also in agreement with Kasper 

et al. (2015), who propose a low lake level for Nam Co until 20 ka. Further, we associate the detected 

submerged lake level terraces of –85 m and -90 m (Daut et al. 2010) to the top of AU2 and, therefore, 

to the lake level drop during the cooling phase of the youngest glacial stage (Figure 3.8B). The lake 

level decline to this very shallow lake resulted in the strong reflector R0, which we identified as an 

unconformity. 

Indication of a dry and cold LLGM is widespread on the TP as suggested by the mean effective 

moisture curve (Herzschuh, 2006) and speleothem data (Dutt et al., 2015; Dykoski et al., 

2005)(Figure 3.8 F&G). Some lakes on the TP desiccated or evolved into salt lakes during the LGM, 

while other lakes remained relatively stable (Jia et al., 2001 and references therein). Drier conditions 

until ca. 20.5 ka BP are the result of the enhanced influence of the Westerlies bringing cold and dry 

air masses to the TP (Porter & Zhisheng, 1995) and the reduced summer monsoon intensity 

(Sirocko et al., 1993). 

AU3 (RI – RVIII) - 21ka -12.4 ka 

The lake-level reconstruction from R0 to RVIII (Figure 3.8A) shows two low and two high lake-

level phases within this unit, which we associate with cold/dry and warm/moist climatic periods. 

The first cold phase lasts until ~19 ka, which correlates with globally reported LGMs between 23-

19 ka. The second cold phase starts after the Late Glacial, around 16.7 ka, and ends with Heinrich 

event 1 (H1) at 13.4 ka (Figure 3.6). These separate lake-level phases illustrate a higher climatic 

variability within the proposed continuous 'youngest glacial stage' from 24 to 15 ka by Lehmkuhl & 

Haselein (2000).  

From 20.5 ka to 16.7 ka, the onlap depths of RI-RIV from 95.7 mbll to 72.9 mbll indicate a 

constant lake level rise by about 25 m. The onlap depths correlate to morphological steps in the 
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lake-floor topography, representing paleo-beach ridges. Thus, the onlaps indicating absolute water 

depths beneath the wave base. Hence, our first-order estimate of a 66 m water column above the 

onlap depth is not applicable during shallow lake levels. Consequently, assuming a wave base of ~15 

m, the lake level from 20.5 to 16.7 ka rose from about 80 to 58 mbll. Increased terrigenous sediment 

input and increasing clay and decreasing silt content at Core Site NC08/01 also support a rapid lake 

expansion (Kasper et al., 2015). Therefore, our results constrain the timing of enhanced deglaciation 

at Nam Co between 19.2 and 16.7 ka. A recovery of lake level after the LGM was shown for 73 lakes, 

not only on the TP but in entire China by Fang (1991). Most of the rapid lake level rises are 

associated with glacial meltwater input (Jia et al., 2001) but also, the increasing strength of the ISM 

(Zhu et al., 2015) is influencing the hydrological balance. 

Our reconstruction shows a short and distinct highstand around 16.7 ka. After 16.7 ka, the lake 

level drops quickly until 16.2 ka (Figure 3.8A). The Inflow-Evaporation-Index (Kasper et al., 2015) 

shows a small peak at 17 ka and decreases quickly after (Figure 3.8D). Other lakes in the vicinity 

express no evidence of lake level dropping (Kotlia et al., 2017). Applying the first-order estimate, 

the lake-level variation would make up to 16.8 m. As we lack further indication of a local 

phenomenon capable of a lake level change four times the increase of the last three decades, we 

confound the strict application of a stable pycnocline depth for the Late Glacial and during Heinrich 

1. Instead, we assume a relative lake level increase associated with an inflow event at 16.7. A 

recorded peak in sediment accumulation rate (Figure 3.3) and terrigenous mineralogic input 

(Kasper et al., 2015) at the Core Site NC08/01 support this. 

From 16.2 ka to 13.4 ka, the reconstructed lake level appears to be low (Figure 3.8A). Fitting our 

curve, speleothem data from the Mawmluh Cave record lowest δ18O values from 16.5 to 15.5 ka 

(Dutt et al., 2015) (Figure 3.8K). Sediment accumulation rate in the core NC08/01 remained low 

while the silt content decreased by 10 %, and clay content increased (Kasper et al., 2015). Hence, we 

assume a reduced fluvial input due to dry and cold climate conditions. This corresponds to Zhu et 

al. (2015), who infer a northward shift of the ISM at 16.5 ka, which brought only limited moisture 

to the TP.  
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Ice coverage of the lake is very likely in this period as dropstones occur in the core (Kasper et al., 

2015). Neither our acoustic data nor the core sediments imply lake level high stands of +32.5 m 

(4754 masl; 19.9±1.9 ka) or +16.5 m (4741 masl; 15.2 ±0.4ka), as dated by Zhou et al. (2020) (Figure 

3.8C). Instead, Nam Co's low lake level and associated cold climate around 16-14 ka BP are 

supported by several lacustrine records on the TP, e.g., Pumoyum Co (Wang et al., 2016), Tangra 

Yumco (Günther et al., 2016), or Lake Qinghai (Figure 3.8G) (Ji et al., 2005b). These lakes show a 

subsequent increase in lake level after 14 ka.  

We reconstructed the most significant reflector onlap shift between RVII and RVIII (Figure 

3.8A). Consequently, we infer a rapid rise in lake level between 13.4 and 12.2 ka BP. This period 

correlates with the Bolling-Allerod warming. The sediment onlap of RVIII at 46.1 mbll matches the 

terrestrial lake terrace at 4737 masl observed by Lehmkuhl et al. (2002) (Figure 3.8C). This supports 

our assumption of a stable pycnocline, steering sedimentation processes during highstands similar 

to the modern situation.  

AU4 (RIX – RXII) – 12.4 – 0 ka 

Our reconstruction infers a similar rapid drop of lake level between 12.2 and 11.4 ka than the 

rise between 13.4 and 12.2 ka. From RVIII to RIX, the lake level drops by about 35 m. Hence, our 

lake level curve shows a short and distinct high stand at about 12.2 ka and a low stand at 11.4 ka. 

The lake-level maxima correlate very well to Sumxi Co and Longmu Co, where Gasse et al. (1991) 

and Liu et al. (2016) found evidence for a distinct high lake level from 12.8 to 11.3 ka as a reaction 

of a warm, humid pulse at 12.5 kyrs followed by a short cold and dry condition until 10 ka. The lake 

level of Siling Co had a low stand from 12 to 10 ka (Gu et al., 1994). Wang et al. (2002) report a 

severe Younger Dryas (YD) event at 11.5 kyr BP in Zabuye Salt Lake, fitting to our curve. Other 

authors (e.g., Kasper et al., 2015; Herzschuh, 2006; Dutt et al., 2015; or Dykoski et al., 2005) propose 

a colder and dryer climate from 13 ka on (Figure 3.8). 

AU4 has the lowest relative amplitude and represents high lake level deposition (see 4.5). After 

the lake level minimum at 11.4 ka, we, therefore, assume a rapid lake level rise (dotted line, Figure 

3.8A) and a subsequent comparably high lake level with only minor fluctuations, indicating a 

relatively long-term (Holocene) stable lacustrine environment. After 10 kyr BP, most lake-level 

proxy curves (Figure 3.8) trend to their maxima, indicating available moisture and rising lake levels 

on the TP. This episode is often referred to as the 'Holocene Climate Optimum' (Kotlia et al., 2017). 

The Lakes Sumxi Co, Tso Kar in the NW, Donggi Cona, Lake Qinghai in the NE, and Siling Co, 

Tangra Yumco in the center TP had their highest lake levels in the middle Holocene as confirmed 

by many multiproxy studies (Ahlborn et al., 2016; Alivernini et al., 2018; Avouac et al., 1996; Dietze 

et al., 2013; Ji et al., 2005a; Shi et al., 2017b; Wünnemann et al., 2010). 
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The identified reflectors RX and RXI are embedded in AU4 and occur basinwide. Thus, we 

assume a stable high lake level with fast, short lake-level drops rather than extreme inflow events 

between the lowstands. The lake level dropped to 79.3±2.7 mbll at 3.9 ka and 74.4±2.4 mbll at 1 ka. 

Also, the reflectors at 3.9 ka and 1 ka align perfectly with units in core Nam Co 8 (Figure 3.8E) 

(Mügler et al., 2010), which the authors interpreted as indicators of arid conditions representative 

for the entire Tibetan Plateau (Mischke & Zhang, 2010; Mügler et al., 2010). According to (Mischke 

& Zhang, 2010), the cold event around 4.2 ka is stated to be the most widespread climatic cooling 

over the TP during the Holocene. In Core Nam Co, short, low lake-level events down to 10-15 mbll 

were observed around 1.5 ka and during the Little Ice Age (Daut et al., 2010). 

Analyzing the sediment extent and the thickness distribution of these subunits (Figure 3.5), we 

infer that the sediment input 3.9 kyrs ago arrived from the tributaries in the west and the eastern 

sub-basin into the basin. Deposition focused in the northern part of the main basin and a small 

depocenter east of the scarp feature, striking NW-SE. From 12.2 to 3.9 ka, the total accumulation 

rate is small, indicating a small discharge from the catchment.   

After 3.9 ka, sediment deposition was predominantly sourced from the southern flanks. The 

total accumulation rate doubled in comparison to the last time slice from 12.2 to 3.9 kyrs. This could 

be attributed to more erosion in the Nyainqêntanglha Mountain Range due to enhanced glacial 

melting or more precipitation. Since 1 ka, the main basin has not experienced significant sediment 

input from the eastern subbasin. Along the southern slope, more material reached the flanks in the 

west than in the east. Likely, this sediment originated from the drainage of the glaciated areas in the 

Nyainqêntanglha Mountain Range. The significant increase in the total accumulation rate indicates 

enhancing meltwater supply through the Holocene.  

Taking only the snapshot of the low lake-level events, one could interpret rising lake-levels for 

the Holocene. These would contradict other local results from Mügler et al. (2010) or Schütt et al. 

(2010), who report decreasing lake levels for the past 200 years. Instead, our results are evidence of 

short term lake level variability on millennial scales. This highlights that, e.g., the observed lake 

terraces do not necessarily imply a continuous decline in water level (Lehmkuhl et al., 2002; Zhou 

et al., 2020), but that a high-frequency oscillation is more likely (Schütt et al., 2008).  

3.6 Conclusion 

The investigation of ground-truthed hydro-acoustic data has given us new insights into the 

sediment distribution processes in Nam Co. The modern sedimentation in the lake basin comprises 

clayey and silty sediments, creating a very low acoustic amplitude. A detailed facies analysis and 

reflector tracing on nearly 1400 km of SES profiles revealed a limitation of modern sedimentation 
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to water depth below 66 m. We inferred that interflows and turbiditic underflows control the 

modern sediment distribution and transport dissolved material derived by the rivers into the lake 

basin. The height of a contemporary boundary layer, most likely a pycnocline, steers the prevailing 

interflows and limits fine sediment deposition to below 66 mbll.  

By correlating the SES data to the core logs of NC01/08, we extended our analysis back in time. 

We identified 13 individual seismic reflectors, assigned with ages reaching back to 20.5 ka. Further, 

we tested the first-order estimate of a stable boundary layer steering the onset of fine sedimentation 

over this period. 

During the LLGM, the sediment onlaps correlate with paleo beach ridges and indicate an absolute 

water depth of about 15 m below past lake level. Thus, the lake level was lowest from 20.5 ka until 

19.2 ka with about 80 mbll. Deglaciation at Nam Co occurred synchronously with other lakes on 

the TP and reached 58 mbll at 16.7 ka. For dry paleoclimatic episodes and lower lake levels than 

today, the parameters for establishing a water column stratification require additional investigation. 

Thus, the sediment onlaps from 16.5 to 13.4 ka relate to relative lake-level variations between ~60 

and ~20 mbll. However, the onlap depths of seismic reflectors at 12.2 ka and during the Holocene 

correlate with observed paleo-shorelines onshore and fit a stable boundary layer at 66 m water 

depth. In the Early Holocene, during a general high water level, lake-level drops occurred at 11.4 ka 

to18.6±2.99 mbll., at 3.9 ka to 13.4±4.4 mbll, and at 1 ka to 8.5±4.2 mbll. Eventually, our first-order 

estimate of a stable pycnocline depth for the last 20.5 kyrs is restricted to the high lake-level periods. 

Generally, lake-level variations at Nam Co are associated with atmospheric circulation changes. 

However, we perceive fast variations in lake level between 13.4 ka and 11.4 ka, which are more likely 

resulting from the interaction of local meltwater and the climate-induced P/E variability. Sediment 

deposition shifted its focus from the northern part of the basin before 3.9 ka to a modern, very 

uniform sediment distribution. The significant increase in total accumulation rate during the past 

12.2 kyrs emphasizes sediment input growth derived from the Nyainqêntanglha Mountain Range 

due to enhanced glacier melting.  
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Highlights:  

- Seismic stratigraphy based on >860 km high-resolution multichannel profiles  

- Cyclic alternation of lacustrine high and low lake-level sediments  

- Record over eight glacial-interglacial cycles back to 712 ka 

- Moisture availability regulated by the atmospheric circulation steers lake level 

4.1 Abstract 

The endorheic lake Nam Co is the third largest lake in the central Tibetan Plateau and is located 

at the modern intersection of Asian Summer Monsoon, Westerlies, and Asian Winter Monsoon air 

masses. Thus, the lacustrine sediments of Nam Co offer an essential archive in order to assess the 

extent of climate pattern dynamics in response to past climate change. Here, we introduce a detailed 

and prime seismic stratigraphy study based on identifying and mapping seismic units down to more 

than half of the sedimentary infill, utilizing more than 860 km of high resolution multichannel 

seismic data. In this study, we deduce the depositional environments during dry and wet periods, 

which aid in understanding the temporal and spatial climatic conditions in the Tibetan Plateau. 

Our investigations revealed cyclic lacustrine high and low lake level sequences, which correlate with 

the global glacial cycles. The derived age model indicates the unique record of eight glacial-

interglacial cycles back to 712 ka. Significant high or low lake-level stands result from the local 
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input-evaporation-ratio, which is strongly dependent on the moisture availability regulated by the 

atmospheric circulation. By comparing the lake-level record of Nam Co with global and supra-

regional records, we investigate the importance of precipitation and temperature variability within 

periods of wet, interglacial, and dry, glacial conditions. We conclude that the hydrology of the Nam 

Co basin is primarily steered by the precipitation of the Asian Summer monsoon. The local 

contribution of enhanced meltwater or potentially thawing permafrost is notable during the high 

amplitude lake-level variation of MIS 5. The lacustrine sediments of Nam Co offer, all in all, an 

extensive climate archive and a promising prospect for the future ICDP NamCore drilling project. 

4.2 Introduction 

4.2.1 Paleoclimate reconstructions on the Tibetan Plateau 

The Tibetan Plateau (TP) is the highest and largest Plateau on Earth. It is commonly referred to 

as the 'Third Pole' or the 'Water Tower of Asia' as it comprises an extensive amount of mountain 

glaciers and constitutes the primary freshwater source for more than one-fifth of the world's 

population (Immerzeel et al., 2010). The potential vulnerability of current and future water 

resources is of significant concern to society. This strengthens the importance of investigating the 

climate evolution on the TP in order to assess the extent of climate pattern dynamics in response to 

future climate change (Hou et al., 2017; Sun et al., 2015). 

The climate of the TP is influenced by a complex interplay of multiple atmospheric circulations 

including the Asian Summer Monsoon system (ASM), comprehending the East Asian Summer 

Monsoon (EASM) and the Indian Summer Monsoon (ISM), the subtropical jet stream (i.e., the 

Westerlies), as well as polar air masses (i.e., winter monsoon) (An et al., 1991; Chen et al., 2008; Zhu 

et al., 2015). This configuration is steering the geographical and seasonal moisture supply (An et al., 

2012; Hou et al., 2017). Remarkably, the ASM precipitation during the summer months provides 

the main supply to the TP. Hence, the reconstruction of the monsoonal variability and the extent 

of the monsoonal influence on the TP in the past are of significant interest to enhance climate 

predictions.  

In vicinity to the TP, monsoonal sequences based on wind-proxies in the Arabian Sea (Clemens 

& Prell, 2003) and the Chinese Loess Plateau (An et al., 1991; Sun et al., 2006, 2015) or based on 

precipitation-proxies in speleothems (Cai et al., 2012; Cheng et al., 2016a, 2016b) and ice cores 

(Thompson et al., 2018) have been investigated. 

Regardless of the progress in revealing ASM variability on orbital and millennial scales, the 

paleo-spatial and -temporal extent of the AMS is still under debate (Tang et al., 2017; Wang et al., 

2014, 2017).  
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Lake sediment records from the TP are particularly sensitive to climate variations and provide 

excellent key climate archives (Street & Grove, 1979). Many deglacial to Holocene lacustrine 

paleoenvironmental records exist on the TP, proving a close relation of moisture evolution on the 

TP and lake-level fluctuations (Saini et al., 2017) and a tight coupling between summer insolation 

and Holocene moisture records (Mayewski et al., 2004). However, it is still unclear whether the 

precipitation or temperature changes have been dominant features of the observed environmental 

changes (Saini et al., 2017). Moreover, only a few records from the TP cover several glacial-

interglacial cycles. Sediment cores from Salt Lake Zabuye cover the last 128 kyrs (Zheng et al., 2007). 

In the Tianmen cave, speleothems grew periodically during interglacial stages, allowing 

precipitation reconstruction of MIS 5 a, c, and e. Scattered terrestrial paleo-shoreline datings have 

been reported from various lakes. The most ancient lake-level high stands on the TP were dated by 

Kong et al. (2011) at Lake Tangra Yum Co to 271 ka (+365 m) and Siling Co to 216 ka (+66 m). 

Other high stands are attributed to MIS 5 or MIS 3 interglacial stages, and a discussion on plateau-

wide connected lakes (Zhu et al., 2004) or synchronous respectively asynchronous high stands of 

single lakes on the TP is ongoing (Jonell et al., 2020; Long et al., 2015; Shi et al., 2017a; Zhang et al., 

2020). The modern extent of the monsoonal influence on the TP (Wang et al., 2014) (Figure 4.1) 

depends on the strength of the monsoonal winds and the position of the Intertropical Convergence 

Zone (ITCZ) (Cheng et al., 2012; Wang et al., 2014). It is generally accepted that in times of 

intensified ASM, the influence of the cold and dry Westerlies is weakened, and more humidity from 

the Indian Ocean trespasses the Himalayas (An et al., 2011), reaching the Tibetan Plateau. The 

temperature rise during strong summer monsoon leads to an increase in precipitation but at least 

in the Holocene, not necessarily to an advance of the glacier snowline while increasing meltwater 

runoff (Schäfer et al., 2002). In general, increased rainfall and melting glaciers are the driving factor 

for lake waxing on the plateau by shifting the inflow–evaporation ratio to more positive values 

(Fang, 1991). While some authors state a synchronous climate response of lakes over the TP (e.g., 

Shi et al., 2001; Yang et al., 2004), other authors see spatial and temporal variations in responses to 

temperature or precipitation (Kong et al., 2011). 

To date, continuous, late Quaternary records from the TP are lacking. Hence, the observed > 680 

m of lacustrine sediments in the Nam Co basin promise an extensive climate archive. The endorheic 

lake Nam Co is the third largest lake in the central Tibetan Plateau and is located at the modern 

intersection of East Asian, Indian monsoon and cold Westerlies and polar air masses (Figure 4.1). 

The extent of the air systems are expected to have shifted over Nam Co in the past (Günther et al., 

2015; Zhu et al., 2015).  
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Figure 4.1: A) Location of monsoon records (see text for details); Cave locations indicated speleothem δ18O records, the 
Summer Monsoon Index (Clemens and Prell, 2003) is retrieved from ODP 722 in the Arabian Sea. Influencing 
atmospheric circulation systems of the Tibetan Plateau are indicated with black arrows, IOSM= Indian Ocean Summer 
Monsoon, EASM=East Asian Summer Monsoon, AWM= Asian Winter Monsoon. The solid orange line depicts the 
recent extent of the Asian Summer Monsoon (ASM), the dotted red line the maximal ASM extent during the early to 
middle Holocene, and the blue dotted line the ASM extent during the Last Glacial Maximum (LGM). B) Multichannel 
seismic profiles acquired on Lake Nam Co (grey lines) and location of sediment cores of prior studies (Kasper et al., 2015; 
Doberschütz et al., 2014; Li et al., 2008). The vertical profile (Figure 4.5) and the Arbitrary Profile of GeoB16-393 and 
GeoB16-446 (yellow line) are highlighted. 
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This study focuses on high resolution multichannel seismic reflection data to highlight the long 

and high-resolution climate archive Nam Co offers. We present the seismic stratigraphy and the 

reconstruction of the relative lake level since the Middle Pleistocene. Moreover, we deduce the 

depositional environments during the glacial and interglacial periods, which aid in understanding 

the temporal and spatial climatic conditions on the Tibetan Plateau.  

4.2.2 Geologic and climatic setting of the Nam Co region 

Nam Co (30°30' –30° 35'N, 90°16' –91° 50'E) is an endorheic lake on the central Tibetan Plateau 

north of the Nyainqêntanglha Mountain Range at an altitude of 4718 m above sea level (masl) 

(Figure 4.1). The modern lake covers an area of ~2,026 km² (in 2010) (Zhang et al., 2014) and 

reaches a maximum water depth of 98 m. The lake volume was calculated by Huang et al. (2017) to 

be about 86.4 km³ for 2004. More than 60 streams feed the lake from all sides, with most input from 

the southern and eastern mountain chains. The total catchment area is ~10,680 km² (Zhou et al., 

2013). The surrounding terrain consists of Permian to Cretaceous sedimentary and ultramafic 

intrusive rocks and Tertiary granites (Keil et al., 2010, and references therein). Deposits near the 

lakeshore are composed of unconsolidated Pleistocene to Holocene sediments of glacial, 

glaciofluvial, and fluvial origin (Schütt et al., 2008). Also, lacustrine and aeolian sediments occur 

within the catchment (Doberschütz et al., 2014; Lehmkuhl et al., 2002). Glacial geomorphological 

studies by Schütt et al. (2008) found inundated moraines of MIS 2 or 4 in the southwest of Nam Co. 

In the southeast, glacial remains have not reached the lake (Lehmkuhl et al., 2002). The Nam Co 

region is dominated by an arid to semi-arid continental climate and a mean annual temperature of 

about 0°C (Wang et al., 2019). Annual evaporation from the lake surface is challenging to assess, 

and values vary from 635 mm to 832±59 mm (Lazhu et al., 2016; Ma et al., 2016). The yearly 

precipitation is approximately 450 mm (Wang et al., 2019), with 90% of the rain falling during the 

summer monsoon season from May to September (Huang et al., 2017). During monsoon season, 

mainly southern wind directions are recorded, while westerly winds prevail from January to May 

(Keil et al., 2010). The annual mean wind speed is 4 m/s (Wang et al., 2019). The strongest winds 

occur during wintertime with 45 storm days of > 32 m/s wind speed (Keil et al., 2010).  

4.2.3 Research results on Nam Co's lake-level variation 

The inflow (precipitation and meltwater) to evaporation (I/E) ratio is steering the response of 

Nam Co's lake level (Kasper et al., 2015). Modern water balance observations show that runoff from 

unglaciated areas accounts for 55–65% of the total water input, whereas direct precipitation 

accounts for 23–28% and meltwater inflow for 7–22% (Zhou et al., 2013). Modeling results from 

Biskop et al. (2015) for the period from 2001 to 2010 indicate that the relative contribution of glacier 
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runoff plays a relatively minor role. In contrast, according to Zhou et al. (2013), meltwater runoff 

changes have the most substantial impact on the lake level variations on long time scales.  

Sediments covering the past 24,000 years have been recovered in the 10.4 m long piston core 

NC08/01 retrieved in the center of the western subbasin of Nam Co (Figure 4.1). Sedimentation 

rates (SR) between 0.13 mm/yr for the Holocene and ~2.4 mm/yr for the early glacial have been 

measured (Kasper et al., 2015; Doberschütz et al., 2014). Changes in sedimentation patterns 

correlate to lake level variations in the past 20.5 kyrs (see Chapter 3). Core information on the 

history of the lake older than 24 ka is lacking.  

Ages and heights of Late Pleistocene shoreline deposits have been documented around Nam Co 

partially contradictory. With respect to the present lake level (4824.5 masl), Zhu et al. (2004) 

propose a lake level high stand of 136 m (4860 masl) 115.9±12.1 ka (MIS 5e) ago. This was refuted 

by Kong et al. (2011), who state that lacustrine deposits occur clearly below 4750 masl. At 4750 m, 

the Nam Co discharges to small lakes in the NW and then to Siling Co (Kong et al., 2011). The 

authors dated lacustrine pebbles from 4740 masl to 53-36 ka (MIS 3). Lehmkuhl et al. (2002) 

propose a high stand of about 24 m (4748 masl) between 32 and 40 ka. The latest research by Zhou 

et al. (2020) dates a bedrock terrace at 4751 masl to 81.5±9 ka (MIS 5a) and a terrace at 4747 masl 

to a period from 29 to 57 ka (MIS 3).  

4.3 Methods 

4.3.1 Acquisition and processing of MCS data  

In total, 89 high-resolution seismic profiles with a combined length of over 860 km were 

obtained in June/July 2016 using a Sercel air gun (in Mirco mode setting with 0.1 l volume, 250 Hz 

main frequency) and a 32 channel streamer with 2-meter channel spacing. This data accompanies 

~160 km of single and multichannel data from a prior survey in 2014. The multichannel seismic 

surveys have been jointly carried out by the Universities of Bremen and Jena and the Institute of 

Tibetan Plateau Research - Chinese Academy of Sciences. All seismic profiles were digitally 

recorded in SEG-Y format and processed in VistaTM software by Schlumberger. Processing 

included: trace editing, geometry, binning, bandpass filtering, CMP-sorting, interactive velocity 

analysis, multiple suppression using SRME, normal move-out correction, time-variant surface 

consistent scaling, stacking, and time-migration. Bin distance is 1 m, which defines the maximal 

horizontal resolution. Defined by the main frequency of the source, the data's vertical resolution is 

~2 m.  
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4.3.2 Interpretation procedures of MCS data 

We performed the seismic interpretation, including horizon and fault management and 

gridding, within the IHS Kingdom Suite 2016/2019 software packages. Thickness values calculated 

with IHS Kingdom Suite are apparent thickness values based on the subtraction of two gridded 

reflector maps in two way travel time (TWT). However, the discrepancy of apparent to true 

thickness due to inclined horizons by faulting is considered negligible. Gridding was performed for 

10x10 m cells using a flex gridding algorithm. We defined fault polygons for each unit before 

creating horizon and thickness maps in order to prevent miscalculated thicknesses at faults.  

The MCS dataset is converted from TWT to depth by a constant velocity of 1460 ms-1 for the 

water column and an average velocity of 1600 ms-1 for sediments.  

We created a super-gather amplitude curve (Figure 4.5A) by stacking the envelope (absolute) 

amplitude data of ten neighboring common midpoints (CMPs) at a representative location (90° 36' 

21" E, 30° 45' 54" N; Figure 4.1). The amplitude curve was smoothed by a running average of 4 ms 

for reasons of presentation. 

4.4 Results 

4.4.1 Perceptions from Multichannel seismic data  

Multichannel seismic surveys conducted in 2014 and 2016 prove the existence of more than 680 

meters of sedimentary deposits as the mostly undisturbed layers with continuous sedimentation 

allowed a signal penetration of >1 s TWT (Figure 4.2A). All MCS profiles show a cyclic alternation 

of high and low reflection amplitudes throughout the record (Figure 4.2A). The sediments are 

disrupted by faulting, especially in the western basin (Figure 4.2B). The faults are not penetrating 

the most recent deposits.  

In the 2016 MCS data, we detected acoustic basement reflectors (Figure 4.2B). By using adapted 

low-frequency processing (see methods), we were able to amplify reflections at greater depth that 

are partially overprinted by multiple energy (Figure 4.2B).  

Moreover, we confirmed two subbasins in the Nam Co basin morphology proposed by Daut et 

al. (2010). A tectonic sill trending NW-SE, from a small peninsula in the NW to the Zhaxiduo 

Peninsula, separates the lake basin into the eastern and the western subbasins (Figure 4.1) (Chapter 

5). In this study, we focus on the western subbasin. 
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4.4.2 Seismic stratigraphy 

Four main seismic facies (Table 4.1) occur in the MCS dataset. Following the seismic-

stratigraphic interpretation techniques described by Mitchum Jr et al. (1977), we assigned these 

seismic facies using reflection amplitude, frequency, continuity, and configuration (Table 4.1). As 

a result of this seismic facies classification, we define 17 seismic units (SU1-17) (Figure 4.3). The 

seismic reflectors (SR0 to 17) are designated boundaries of the interpreted seismic units (Figure 

4.3). 

4.4.2.1 Seismic Facies 

Table 4.1: Seismic facies recognized in the 2D seismic data set. Date examples taken from Profile 
GeoB16-393. Scale and vertical exaggeration of 10 applies for all examples. 

 
 

SF1a is characterized by low amplitude reflections. Reflection frequency is low, and the 

reflections are continuous and even parallel.  

SF1b is characterized by medium-low amplitude reflections. Reflection frequency is medium to 

high, and the reflections are well-stratified, continuous, and even parallel to wavy parallel.  

SF2a is characterized by high amplitude reflections. Reflection frequency is high, and the 

reflections are well-stratified, continuous, and even parallel.  
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SF2b is characterized by medium-high amplitude reflections. Reflection frequency is medium to 

low, and the reflections are well-stratified, continuous, and even parallel to wavy parallel.  

SF3 is characterized by discontinuous reflections and a varying reflection frequency. SF3a has 

medium to high amplitudes, and the internal reflection configuration is hummocky. SF3b has 

medium to low amplitudes, and the internal reflection configuration is hummocky to chaotic. 

SF4 is characterized by medium to high amplitude reflections. Reflection frequency is medium 

to high. The reflections are semi-continuous, and the internal reflection configuration is stratified 

and parallel. The external form is oblique- or complex- obliquely-shaped.  

4.4.2.2 Seismic Units and Reflectors 

The seismic units were identified and defined within the western basin. An NW-SE-striking 

tectonic zone prevents the validation of continuous seismic units between the western and the 

eastern basin. Except for the bedrock reflector (SR0) and the youngest reflectors (SR15 to SR17), all 

reflectors are disrupted by faults (e.g., Figure 4.2).  

SR0 represents the top of the acoustic basement (Figure 4.3B). By adapted low-frequency 

processing, we could identify a bedrock reflector close to the northern shore of the western basin of 

the lake. Signal penetration below the bedrock reflector is diminished. The unit beneath SR0 has no 

internal structure, and the acoustic facies appears transparent in the low-frequency seismic images. 

However, the energy of multiples overprints the facies. The basement has a significant topography. 

In the NW of the basin, SR0 dips with an angle of ~13° steeply towards the center (Figure 4.2B), 

indicating the bedrock at greater depth. In the south of the basin, we could not identify any bedrock 

reflectors. 

SU1 includes all sediments above the acoustic basement (SR0) to the first continuous reflector 

(SR1). Multiple reflections superimpose real reflections, which constrains the seismic facies 

classification. The top of SU1 (SR1), however, onlaps topographic bedrock highs (Figure 4.3). As 

the bedrock inhabits significant topography, this unit varies significantly in thickness, with sections 

up to 380 m thick. 

SU2 lies conformal on SU1. The unit is built up by SF1b. On the survey profiles covering the 

NW part of the lake, the unit top (SR2) and internal facies are recognized straightforward, while in 

the center, multiple energy masks the internal structure of SU2 at depth. SU 2 is about 10 ±2 m 

thick. 
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Figure 4.3: Seismic-based unit definition. A) Example of MCS Data of Profile NamCo16-393 (zoom as shown in Figure 
4.2) and corresponding line drawing, showing all identified seismic reflectors (colored horizons) and seismic units (SU); 
B) Table of all seismic reflectors (SR), seismic units (SU), attributes seismic facies (SF), and the mean thickness and 
standard deviation for each SU. 

SU3 lies conformal on SU2. The unit is built up by SF2b. SU3 shows a thickness gradient with 

20 m thickness in the north and around 30 m thickness in the western center of the basin. On 

average, SU3 is 27 ±7 m thick. 

SU4 lies conformal on SU3. The unit is built up by SF1b. SU4 is very uniform and about 15 ±4 m 

thick. 

SU5 lies conformal on SU4. The unit is built up by SF2b. SU5 is very uniform and about 12 ±5 m 

thick. 

SU6 lies conformal on SU5. The unit is built up by SF1b. From N to S, SU6 shows a slight 

thickness gradient from 25 to 35 m. On average, SU6 is about 30 ±6 m thick. 
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SU7 lies conformal on SU6. The unit is built up by SF2a. The top of SU7 (SR7) shows local 

unconformities, indicating a truncation of underlying reflectors. The most prominent truncation 

in the NW and northern center of the basin show a maximum of 4 m of erosion within limited 

extents. On average, SU7 is 27 ±7 m thick. 

SU8 lies mostly conformal on SU7. Exceptions are the unconformities of SR7, especially in the 

NW and northern center of the basin. The unit is built up by SF1b. A noticeable transition into SF1a 

occurs for the upper third of the unit. SU8 is about 33 ±8 m thick. 

SU9 lies conformal on SU8. The unit is built up by SF2a. SU9 is uniform and about 16 ±4 m 

thick. 

SU10 lies conformal on SU9. The unit is built up by SF1a. The top of SU10 (SR10) shows local 

minor unconformities, resulting in a stronger reflector but not necessarily an erosional truncation. 

Towards the East, SR10 is conformal to SR9 and not continuously traceable. SU10 shows an 

increasing thickness trend from 10 to 30 m towards the center of the basin. On average, SU10 is 21 

±9 m thick. 

SU11 lies unconformably on SU10. The unit is built up by SF2b. The top of SU11 (SR12) behaves 

similarly to SR11, also showing local minor unconformities. On average, SU11 is 5 ±2 m thick. 

SU12 lies conformal on SU11 towards the E, while for the rest of the basin, SU12 rests on the 

minor unconformity of SR11. The unit is built up by SF1b. SU12 is about 12 ±5 m thick. 

SU13 lies conformal on SU12. The unit is built up by SF2a. Internally an uncontinuous and 

unconformable reflector occurs. This unconformity shows local erosional truncations in the 

western center of the basin of a maximum of 18 m. The unconformity created a strong reflector in 

some areas. Sediments directly beneath the unconformity appear hummocky in their reflection 

geometry. SU13 inhabits a significant thickness gradient towards the E, with thickness increasing 

by 40m. On average, SU13 is 44 ±17 m thick. 

SU14 lies conformal on SU13. The unit is built up by SF1a. SU14 is very uniform, with a 

thickness of 6±2 m.  

SU15 lies conformal on SU14. The unit is built up by a mixture of SF2a, SF2b, SF1b, and two 

internal uncontinuous and unconformable reflectors. The first unconformity indicates local 

erosional truncations of maximal 8 m in the eastern center of the basin. In the west, the reflector 

lies conformably above SR14. The sediments below the unconformity have a greater reflection 

amplitude, while the overlying sediments can be attributed to SF1b. The second unconformity is 

restricted to the eastern center of the basin. The sediments below the unconformity are even parallel 

and can be attributed to alternations of SF1b and SF2b. Above the unconformity, the facies shifts to 

high amplitude facies SF2a and the hummocky geometry of SF3a. Local erosional truncations are 
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limited vertically to a few meters. The top of SU15 (SR15) is truncating SU15 and expresses an 

irregular, high amplitude reflector. SU15 inhabits a significant thickness gradient towards the East, 

with thicknesses increasing by 80 m. On average, SU15 is 50 ±25 m thick. 

SU16 rests unconformably on SU15. In the west, the bottom reflector (SR15) is parallel to the 

lake floor, while in the eastern center of the basin, SR15 truncates SU15 by up to 20 m. Sediments 

of SF4 and SF1 infill the incisions. SF1 is also found in the rest of the basin. The top of SU16 (SR16) 

is parallel to the lake floor. On average, SU16 is 3 ±3 m thick. 

SU17 lies conformal on SU16. The unit is built up by SF1a. SU17 is a very uniform unit with a 

thickness of 3±1 m.  

4.4.2.3 Seismic reflectivity and sedimentation rates 

The integration of Core NC08/01 with the MCS data showed that the reflectivity changes in the 

acoustic data coincide with variations in grain size and sedimentation rate at the core location 

(Chapter 3). Low seismic reflectivity of SU17 in the MCS data correlates with a low sedimentation 

rate of 0.2 mm/yr, descriptive for the Holocene (approximately MIS 1). High seismic reflectivity in 

the MCS also correlates with higher sedimentation rates at the core location. However, Core 

NC08/01 (see Figure 4.1) is situated in an infilled erosional structure of SR15. Sedimentation rates 

for sediments older than the LGM may be biased by focused deposition. Therefore, the 

sedimentation rates at the core location corresponding to SU16 are not representative of the entire 

basin. 

4.5 Interpretation and Discussion 

4.5.1 Depositional environments of seismic facies 

All seismic profiles investigated in this study highlight cyclic changes in reflectivity. Variations 

in reflection amplitude and continuity of hydro-acoustic data usually correlate directly to variations 

in lithology and energy level during deposition (Veeken, 2006). The primary sediment source of 

Nam Co remains constant through time, and the widespread, continuous character of the 

reflections indicates deposition in a continuously lacustrine environment. Thus, reflection 

variations must be linked to changes in grain size and sedimentation rate. The deposited grain sizes, 

in turn, result from changes in the transportation processes as the shoreline shifted from high to 

low lake level stands and vice versa and from the sediment availability (Ju et al., 2012) (see Chapter 

3). 

Low amplitude seismic facies indicate sediment deposition in a low-energy lacustrine 

environment (Figure 4.4A) (Wu et al., 2006; Xiao et al., 2013). Therefore, SF1 links to fine-grained 

sediments, which typically deposit with uniform thickness over large areas during high lake levels. 
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High amplitude seismic facies, however, deposit in a high-energy lacustrine environment (Wu et 

al., 2006; Xiao et al., 2013). Therefore, SF2 indicates coarser material, which deposits subsequent to 

a short transport in the lake and hence, proximate to the shoreline during a lake level low stand 

(Figure 4.4B).  

Based on the connection of low amplitude seismic facies to low energy depositional 

environment, we interpret all SUs of SF1 as high lake level sediment, deposited under quiet 

conditions with sediment sources far away from the basin center. Vice versa, we interpret all SUs of 

SF2 as low lake-level sediments, deposited under high energy conditions with sediment sources 

close to the basin center. 

While some studies found a positive correlation of grain size and precipitation (e.g., Peng et al., 

2005; Zhang et al., 2003) or grain size and temperature (Ju et al., 2012), we agree with Wan et al. 

(2004) that these correlations occur on short time scales (years to decades) and grain size-lake-level-

correlations are representative on millennial time scales. 

 

 
 

Figure 4.4: Sketch of depositional environments of seismic facies. A) high lake-level scenario with grain size sorting 
towards the basin along a long transport path (arrow). B) Low lake-level scenario with deposition of coarse sediment in 
the center of the basin along a short transport path (arrow). 

The acoustic characteristics of SF 3 are typical for fluvial or mass-transport deposits, which may 

form by mechanisms such as slide/slumps or debris flows (Mitchum Jr et al., 1977).  

SF4 inhabits the geometry of prograding sediments or point bars. We attribute SF4 to fluvial 

channel migration or delta deposits (Mitchum Jr et al., 1977) in a shallow lacustrine setting.  

4.5.2 Chronology of relative lake-level variations 

4.5.2.1 Relative lake level  

The demonstrated connection of seismic reflectivity and lake level stands provides the unique 

tool to reconstruct relative lake level changes at Nam Co. We reconstructed a relative lake-level 

curve based on the envelope reflection amplitude at a location on Profile GeoB16-393 

(90° 36' 21.72" E 30° 45' 54.33" N) (see Figure 4.1 for location, Figure 4.3 for vertical profile on 
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MCS). At this location, the facies are very distinctive for all units below SR15 due to limited multiple 

energy overprint and are, hence, representative for the entire lake. The generated envelope 

amplitude curve (Figure 4.5, A) shows small scale amplitude variations throughout the section and 

within units, while significant amplitude variations appear at the interpreted seismic unit 

boundaries (SFs, colored diamonds, Figure 4.5).  

4.5.2.2 Age correlation  

To ascertain a chronology of Nam Co's sediments, we correlate the relative lake level curve with 

the global δ18O record of benthic foraminifera (LR04) (Lisiecki & Raymo, 2005). The δ18O record 

itself represents changes in global ice volume, temperature, and salinity (Lisiecki & Raymo, 2005). 

Strong coupling between winter and summer monsoon and ice volume changes has been 

demonstrated by the high correlation between loess grain size and speleothem δ18O changes with 

the LR04 record (e. g. Sun et al., 2015; Porter and An, 1995; Cheng et al., 2009). Thus, the ages of 

the glacial terminations and interglacial-glacial transitions, inferred from the benthic δ18O, provide 

adequate time controls (Sun et al., 2015). This further allows a comparison of the local Nam Co 

record to the established global record of climatic conditions, including temperature and sea level 

(see 4.5.3.2).  

For the correlation, we proceed in two steps.  

As the transitions from low to a high lake level environment are particularly pronounced (e.g., 

SR2, 6, or 10), we correlate these quick changes to the rapid transitions from glacial to interglacial 

periods of the global δ18O record (Figure 4.5A, black connecting lines).  

The first step of the correlation based on nine tie points (Figure 4.5A, black connecting lines) 

highlights a timeframe back to MIS 17/18. Using the ages of the glacial-interglacial transition of the 

δ18O record and the thicknesses of the seismic units, we calculated linear sedimentation rates (LSR) 

for each full glacial-interglacial cycle (Figure 4.5B).  

This results in LSRs around 0.52 mm/yr for the cycles: MIS17&16, MIS 13&12, MIS 11&10, 

MIS 7&6, and MIS 2 to 5. Two cycles, MIS 15&14 and MIS 9&8, show lower rates of 0.3 mm/yr. As, 

globally, MIS 14 and MIS 8 are both less distinct glacial periods, an LSR of ~0.52 mm/yr is a 

representative value for a 'standard' glacial cycle at Nam Co. The uniform LSRs indicate that the 

conditions for the entire cycles (except for MIS 14 and 8) and the ratio of interglacial to glacial 

period are constant through the last ~712 kyrs.  
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The LR04 record holds a 'saw-tooth'-shape, displaying the sharp side at the transition from 

glacial to interglacial stage. The fast variation occurs from 4.55 ‰ to 4.05 ‰ δ18O for each glacial-

interglacial transition. As the glacial stages 14 and 8 are expressed weakly in the seismic data, we 

chose a threshold at the upper range of 4.55 % for the second step of the age correlation (Figure 

4.5A). The intersections with the δ18O curve are assigned to the transitions from interglacial to 

glacial period (Figure 4.5C). The age correlation is further supported by additional data points at 

distinct curve minima or maxima (grey dots, Figure 4.5C), resulting in 31 tie points overall. The 

correlation of SR15 bears a challenge. The horizon is not penetrated by Core NC08/01 and must 

therefore be older than 24 ka. This discloses a hiatus (wavy line, Figure 4.6), with sediments of 

MIS 3 & 4 possibly missing in the lake record at the location of the vertical section.  

The result of the second age correlation (Figure 4.5D) emphasizes that the cyclic changes of lake 

level are correlating well to the global record of δ18O. Consequently, we identify 17 marine isotope 

stages corresponding to our interpreted seismic units. The oldest interpreted reflector, SR1, is about 

712 kyr old. This results in an average LSR of 0.5 mm/yr for the interpreted section. Considering 

that SU1 is, on average, 134±69 m (max. 350 m) thick, the entire lacustrine record down to the 

bedrock, however, might span more than 1 Ma.  

4.5.3 Sedimentary responses to climate forcing  

4.5.3.1 Linear sedimentations rates 

The calculated linear sedimentation rates between 0.1 and 1.23 mm/yr are comparable to the 

low LSRs <1 mm/yr of other high altitude lakes on the TP (Wang et al., 2015b). It is prominent in 

our data that the LSRs of glacial periods are, in general, 2 to 3 times larger than the LSR of 

interglacial periods (Figure 4.5E). The results from the sediment cores taken in Nam Co confirm 

this observation for the youngest glacial cycle (e.g., core NMCL-1; Li et al., 2008). The sediment 

core NC08/01 defines low sedimentation rates for the 2.5 m thick Holocene silt-sized sediments 

with an LSR of 0.2 mm/yr (Doberschütz et al., 2014), while sediment of the late glacial have an LSR 

of about 0.7 mm/yr (Kasper et al., 2015). Hence, glacier meltwater contributes to a high proportion 

of suspended allochthonous sediments to the lake (Doberschütz et al., 2014). Also, the observation 

of higher LSR during dry glacial periods than during interglacial periods at Nam Co fits to records 

from sediment cores outside the TP, e.g., from Lake Xingkai in NE China (Long et al., 2015) and 

assorts a supra-regional reduction of lake extents during glacial stages. 

4.5.3.2  Global atmospheric circulation and local responses 

Overall, we recognize eight glacial-interglacial cycles in the lacustrine deposits (Figure 4.5A). 

The lake-level curve perfectly resembles the glacial-interglacial transitions as represented in the 
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benthic LR04 curve. The choice of a threshold of 4.55‰ for the interglacial-glacial transitions agrees 

with An et al. (2011), who accentuate that the ASM strength is the weakest at a δ18O of 4.5‰. Hence, 

the long-term strength of the ASM controls the duration of periods, which resemble glacial and 

interglacial conditions on the TP, supporting the comparatively short glacial conditions at Nam Co. 

In the following, we refer to glacial conditions as dry periods and interglacial conditions as wet 

periods at Nam Co. As we recognize a shift towards a lower threshold at MIS 6, the influence of the 

ASM in the Nam Co area must have decreased. However, An et al. (2011) infer the weakening of 

the ASM long-term amplitude from 370 to 300 ka.  

Figure 4.6 compares the lake-level curve (Figure 4.6A), derived from seismic amplitudes, with 

proxy records connected to different atmospheric circulation systems and global climate indicators. 

The δ18O curves (Figure 4.6B-E) matches the sea-surface temperature (SST; Figure 4.6J) changes 

during the interglacial, and the sea-level changes during the glacial stages (Shakun et al., 2015). 

Some deviations in the Nam Co lake-level curve (Figure 4.6A) within dry or wet periods are 

associated with significant SST or sea-level variations not reflected in the δ18O record. Other 

deviations (Figure 4.6) are related to local responses of the Inflow-Evaporation-Ratio, indicating 

that either the extent of the prevailing atmospheric circulations shifted or that local responses to 

climate variations occurred.  

From MIS 17 to MIS 13, the amplitude changes of the lake-level curve in dry or wet periods 

occur on a small scale. This behavior compares well to records from the Chinese Loess Plateau 

(CLP) (Sun et al., 2006). The normalized mean quartz grain size (Figure 4.6G) is positively 

correlated with the wind strength of the winter monsoon (An et al., 1991). During MIS 13, larger 

values of normalized magnetic susceptibility (Figure 4.6F) indicate precipitation and an enhanced 

ASM reaching the CLP (Zhou et al., 1990). Also, speleothem records from the Kesang Cave support 

this (Cheng et al., 2016b). Even though the cave is located in western China and dominated by the 

Westerlies, the speleothems reflect summer precipitation changes of the ASM (Cheng et al., 2016b). 

However, the lake level curve of Nam Co is less affected, and the LSR for MIS 13 is high compared 

to other periods of interglacial climate conditions. Hence, moist air masses did not reach the inner 

TP extensively at MIS 13, and dry winds predominated the Nam Co area until MIS 12. 
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Figure 4.6: Comparison of the age-correlated lake-level curve with proxy records of atmospheric circulation and 
climate. A) Lake level cure of Nam Co based on the envelope of seismic amplitude (this study); B) δ18O record of the 
Tianmen cave speleothem in vicinity to Nam Co (Cheng et al., 2016b) and summer insolation at 30° N (Berger & 
Loutre, 1991); C) Ice core record from the Guliya ice cap ; D) Composite Speleothem record for four cave in SE China 
(Cheng et al., 2016a); E) Speleothem record from the Kesang Cave in Western China (Cheng et al., 2016b); F) 
Normalized magnetic susceptibility record from the Chinese Loess Plateau (Sun et al., 2006); G) Normalized mean 
grain size of quartz particles from the Chinese Loess Plateau(Sun et al., 2006); H) Summer Monsoon Index derived 
from multiple proxies of a sediment core from the Arabian Sea (Clemens & Prell, 2003); J) Normalized record of 
global sea surface temperature (Shakun et al., 2015); K) Normalized record of global sea level (Shakun et al., 2015); L) 
Global d18O record of benthic foraminifera (LR04) (Lisiecki & Raymo, 2005). The summer insolation curve at 30°N 
is plotted for comparison with plots C-H. Gray vertical bars highlight the glacial terminations. Black arrows hint at 
the correlation of the lake level curve and other records.  
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With the onset of MIS 11, various Asian records indicate an enhanced ASM (Figure 4.6D, E, F) 

(Cheng et al., 2016a, 2016b; Sun et al., 2006). The lake level curve shows two internal cycles within 

the wet period, which do not resemble the CLP or global records. The winter monsoon on the CLP 

is weak (Figure 4.6G), and moisture reaching the CLP focused on the first half of MIS11 (Figure 

4.6F). It appears that the precision-driven variability of δ18O recorded in the SE China speleothems 

(Figure 4.6D) is synchronous with the curve from Nam Co, highlighting the interplay of the ASM 

and the Westerlies during MIS 11. The noticeable facies transition in the upper third of the unit 

marks the dominance of the ASM, reaching the inner TP at the end of MIS 11. 

During dry periods from MIS 16 to MIS 10, the lake level curve shows quick, small-scale 

variability, possibly associated with strong Westerlies or winter monsoon winds. The sediments 

deposited in Nam Co during dry periods create a high seismic amplitude. One reason for this might 

be their heterogeneous composition of grain sizes. Coarser sediments deposit in the high energy 

environments basin-wide during a low lake level. During ice-covered periods of the lake, aeolian 

sediments derived by strong winds are trapped on the lake ice and reach the lake floor during 

melting phases. Significantly high LSRs, e.g., of the short MIS 10, indicate that more sediments 

reached the lake basin. This may be connected to intensified meltwater phases and thawing 

permafrost.  

The high lake-level periods during interglacial conditions at MIS 9 and 7 correlate perfectly with 

increased precipitation (Figure 4.6F) and reduced winter monsoon influence (Figure 4.6G) 

registered in the CLP. Hence, the ASM expanded further to the west. The ASM influence during 

MIS 9 is continuously strong at Nam Co, as indicated by the smooth, high lake level and the low 

LSR. Around 270 ka, the curve is declining towards a short and unpronounced dry phase 

corresponding to the MIS 8 glacial stage. The reported high stand at Tangra Yumco of + 300 m at 

this time (Kong et al., 2011) appears not to be synchronous with Nam Co and the global records. 

The thin sediment layer of SU 11 and the uncontinuous top reflector imply a short, low lake-level 

stand with patchy sediment deposition and a fast lake level rise at MIS 7. The high lake level at Siling 

Co around 216 ka (Kong et al., 2011) emphasizes a supra-regional response to atmospheric 

circulation in the area. Towards the MIS 6 glacial stage, the Nam Co curve correlates well with steps 

in the global sea level drop (Figure 4.6K) and the enhancing winter monsoon winds (Figure 4.6G).  

Even though the CLP record signals a constant moisture availability and a very weak winter 

monsoon, the lake-level curve of Nam Co emphasizes a high amplitude variability synchronous to 

the MIS 5 sub-stages. The highest peak appeared during MIS 5e, but also the interglacial sub-stages 

MIS 5c and MIS 5a are distinctive. The significant lake-level drop after MIS 5e correlates well with 

the global temperature decrease (Figure 4.6J). As the δ18O record of the nearby Tianmen Cave 
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(Figure 4.6B) indicates high moisture availability for all interglacial sub-stages of MIS 5, we interpret 

the lake-level curve to respond locally to temperature variation. This is supported by the difference 

of the Guliya ice core record (Figure 4.6C) from the Kunlun Mountains in central Asia compared 

to the global temperature record (Figure 4.6I). The Guliya ice core may also resemble precipitation 

variations delivered from the Westerlies and local moisture recycling (Figure 4.6C) (An et al., 2017; 

Thompson et al., 2018), but this would not be compliant with the record from the CLP. Hence, 

during MIS 5e, 5c, and 5a, sizable amounts of meltwater might have contributed to the rapid lake-

level shifts at Nam Co. The lake-level curve further supports the detected paleo-terrace dated to MIS 

5a (Zhou et al., 2020). Also, δ18O records of Zabuye Salt Lake in the Southwestern TP show fast 

amplitude variations during the interglacial substages of MIS 5, attributed to local characteristics of 

climatic change (Zheng et al., 2007). 

The seismic record may contain a hiatus at the location of the vertical section, as we could not 

unambiguously assign ages for MIS 4 to 2. While we could observe only local effects of sediment 

redistribution or small erosional truncation during prior dry periods, the reflector SR15 truncates 

sediments by up to 20 m. The spatial extent of the incisions, limited to the eastern center of the 

basin, might indicate, e.g., grounded lake ice or a glacial advance reaching Nam Co. A remaining 

shallow proglacial lake could cause the lack of an evident hiatus in the north-west of the basin. 

However, the sourcing direction of the glacier remains unclear. Most likely, glaciers from the 

Nyainqêntanglha in the south fed an ice advance. Lehmkuhl & Haselein (2000) postulated two 

glacial advances alternating with a high lake-level period at Nam Co in the past 100 kyrs. Adding 

some age control, Lehmkuhl et al. (2002) refined this to 1) an 'older glacier advance' between 70 and 

50/40 ka, which reached down to modern lake level, 2) a lake level highstand of +30 m (4751 masl) 

between 40 to 32 ka, which eroded and incised the previous moraine and 3) a 'youngest glacial stage' 

from 32 ka until around 18-13 ka, which terminated upstream. While the associated cliff of the 

maximum lake level of +30 m has been dated controversially to post-LGM by Schütt et al. (2008), 

results from Zhou et al. (2020) support Lehmkuhl et al. (2002), pinpointing the lake terrace of the 

high stand to an age of 33.6+-1.9 ka. Dating of pebble samples by Kong et al. (2011) found +20 m 

above the modern lake level also indicates an age of ~36 ka. Therefore, deposition and deformation 

of SU 15 must have taken place earlier.  

The prograding infill of the glacial erosional structures is associated with a significant sediment 

input. Hence, a significant flooding event (Cukur et al., 2013) and a fast lake level rise enhanced by 

glacial meltwater and thawing permafrost preceded the high stand at 33.6+-1.9 ka.  

The lake-level amplitude of the following high stand is smaller than amplitude variations 

registered at MIS 5 (Figure 4.6A). This fits results from Zhou et al. (2020), who suggest higher lake 
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levels during MIS 5 than during MIS 3 at Nam Co. At Zabuye Salt Lake, however, the total δ18O 

amplitude variations of MIS 5 are not exceeding those of MIS 4 and remain smaller than those of 

MIS 3 (Zheng et al., 2007). Together with recent studies (Kong et al., 2011; Long et al., 2015; Shi et 

al., 2017a), this indicates that lake level responses may occur asynchronously over the TP, as has 

been reported for Holocene lake-level behavior (Jia et al., 2001), and that the existence of large 

connected lakes during MIS 3 or MIS 5e is not supported.  

4.6 Conclusion 

The high-resolution multichannel seismic profiles acquired in Nam Co express cyclic changes 

of low and high seismic reflection amplitude. We compile the direct dependency to lake-level, as 

the seismic amplitude variations relate to sedimentation rates and grain-size sorting during 

transportation. The low energy environment during high lake-level stands allows for fine-grained 

materials to settle, while during low lake levels, the high energy environment transports coarser 

material to the center of the lake basin. 

By correlating glacial and interglacial cycles corresponding to the Marine Isotope Stages to the 

observed lake-level cycles, we developed a seismic stratigraphy. The interpreted section of the 

seismic data encloses eight glacial cycles back to 712 ka. With lacustrine sediments infilling the Nam 

Co basin by more than 670 m, the deepest sediments may be more than one million years old.  

Calculated linear sedimentation rates show almost constant values for full glacial-interglacial 

cycles, with low rates during wet (interglacial) and high rates during dry (glacial) periods, indicating 

similar environmental influences in the Nam Co area through time.  

Based on the seismic stratigraphy, we compared the relative lake level curve with records of 

global and supra-regional climate proxies. Our investigations yield that the long-term as well as 

short-term lake-level behavior of Nam Co correlates well to the shift of the ASM. This implies that 

precipitation is the main driving factor of lake-level variation at Nam Co. Divergence from the 

global pattern occurs during MIS 5, when quick, high amplitude lake-level variations between the 

interglacial substages may have been caused by enhanced meltwater supply and thawing 

permafrost. The enhanced meltwater runoff is a direct response to local temperature variability. 

Observed erosional truncations during glacial stages are generally restricted to local sediment 

redistributions. However, between 70 and 40 ka, a spatially restricted erosion in the south-eastern 

lake basin could be associated with a glacier advance from the Nyainqêntanglha Mountain Range 

south of Nam Co.  
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In general, Nam Co's lake level responses between 712 ka and 70 ka show a direct connection to 

the strength of the Asian summer monsoon, and hence the here presented data emphasize the 

comprehensive climate archive that Nam Co offers.  
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Highlights: 

- Manifold faults offer a unique study of extensional throw rates, direction, and timing 

- Primary NW-SE strike-slip faults created wrench zone, separating two sub-basins 

- Secondary normal faults initiated ~350 ka (MIS 10) and disclosed distributed extension 

across the basin 

- WNW-ESE extension with total cumulative throw up to 315 m 

- Intermittent throw rates range from ~0.3 to 0.9 mm/yr in the last 350 kyrs 

5.1 Abstract 

By analyzing ~1000 km of high-resolution 2D seismic data from Nam Co (Co = Tibetan for 

lake), we identified an unexpected large amount of more than 550 fault structures observed within 

the basin. We present evidence for extensional tectonics from connected NW-SE strike-slip and N-

S normal faults. Primary faults along a NW-SE directed wrench zone are parallel to the dextral Beng 

Co Fault to the NE of Nam Co. Moreover, we observed secondary N-S extending normal faults and 

grabens, soft domino faulting, as well as indicators for negative flower structures. Simple end-

member models of either extension or strike-slip do not represent the complexity of the setting. 

Therefore, we propose a transtensional tectonic setting with a dominant extensional component 

within Nam Co. Our measurements highlight in great details that the tectonic activity initiated 

~350 kyrs ago (Middle Pleistocene) and was continuously active except for the period of MIS 5e 

and since the Holocene. Our analysis reveals that cumulative throw rates in the study area are in the 
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range from 0.3 mm/yr in WSW-ENE direction to 0.9 mm/yr in WNW-ESE direction for the last 

350 kyrs. Lateral extension rates range between 0.5 and 0.7 mm/yr. Although rates and amounts of 

extension found in Nam Co seem sec-ondary when compared to the nearby Gulu Graben (<12%), 

our rates indicate that Nam Co faults contribute nearly half of the total extension when compare to 

the southern Yadong-Gulu rift system, or ~7% when compared to the whole south Tibet extension. 

Our finding, the first one to document extension since the Middle Pleistocene in southern Tibet, 

will contribute to a better understanding of the extensional regime in the Tibetan Plateau. 

5.2 Introduction 

5.2.1 E-W extension on the Tibetan Plateau 

The onset of E-W extension and the connected tectonic behavior of the Tibetan Plateau (TP) are 

still widely and controversially debated. Major N-S trending rifts south of the Bangong Suture and 

numerous small grabens north of the Bangong Suture characterize the TP's modern shape (Armijo 

et al., 1986). The most prominent rift, the Yadong-Gulu-Rift, extends for more than 500 km across 

the Yarlung-Zangbo suture (Figure 5.1). Based on GPS measurements, normal faulting 

accommodates 15%–20% of the total E-W extensional strain in the present day (Elliott et al., 2010).  

The initiation times for the onset of W-E extension vary broadly from Middle Miocene to Early 

Pliocene ages (Figure 5.1). Besides, Mahéo et al. (2007) constructed the hypothesis of not one but 

two phases of extension: one phase of SW-NE directed rifting around 14-10 Ma and a second more 

accelerated phase after 5 Ma. Support for the latter hypothesis is given by the Shuang Hu graben 

(13.5 Ma and 4 Ma) (Blisniuk et al., 2001; Mahéo et al., 2007), the Xuro Co –Tangra Yumco graben 

system (13 & 6 Ma) (Dewane et al., 2006), or the Ama Drime Range (Kali et al., 2010; Leloup et al., 

2010). Armijo et al. (1986) state that normal faulting, directed N96°E±7, has been the dominant 

tectonic regime north of the Himalayas in the last 2 ± 0.5 million years. 

Figure 5.1 summarizes initiation ages and fault throw or slip rates on grabens and rifts, and the 

Beng Co strike-slip fault in the vicinity to Nam Co (Co = Lake). The compilation reveals that the 

initiation of N-S-extension occurred during the middle to late Miocene.  

Several models to explain the crustal thinning and the interaction of the E-W extension and the 

Himalayan arc evolution have been introduced. Based on the observation of synchronous onset of 

regional extension, some authors (e.g., Dewey et al., 1988; Elliott et al., 2010; England & Houseman, 

1989; Molnar et al., 1993) endorse the theory of gravitational collapse: when maximum sustainable 

crustal thickness was reached, the crust started to spread under gravitational stresses (Elliott et al., 

2010; Styron et al., 2015). In comparison, other authors (e.g., Copley & McKenzie, 2007; DeCelles 

et al., 2002; Kapp et al., 2005b) deduce from the faster rates of rifting in southern compared to 
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northern Tibet that rifting is triggered by progressive underthrusting of the Indian Plate beneath 

the southern plateau (Styron et al., 2015).  

 

 
Figure 5.1: Overview map of the eastern central Tibetan Plateau with comprehension of currently active faults. 
Initiation ages, fault throw rates (TR), or slip rates (SR) are given where applicable. NQTL = Nyainqêntanglha 
Mountain Range. Sources: HimaTibetMap 1.0 fault database of Taylor & Yin (2009) and Styron et al. (2010). World 
Imagery ESRI 10.4, Projection in UTM 46N. 

The most discussed models on South Tibetan deformation are the 'oroclinal bending' (e.g., Li & 

Yin, 2008; Ratschbacher et al., 1994), the 'radial spreading' (e.g., Copley & McKenzie, 2007; England 

et al., 1988), the 'lateral extrusion' (e.g., Lacassin et al., 2004; Tapponnier et al., 1982), and the 

'oblique convergence' (e.g., McCaffrey, 1992; Seeber & Armbruster, 1984) . Please refer to Styron et 

al. (2011) and McCallister et al. (2014) for thorough summaries.  



Chapter 5: The transtensional tectonic system at Nam Co 

98 

In the Nam Co area, the 'lateral extrusion' and the 'oblique convergence' models endorse 

extension towards the East, supported by geodetic data (Styron et al., 2011), while the other two 

models suggest expansion to the south or the west. 

Strong support for the lateral extrusion model is given by Armijo et al. (1989). In Armijo et al.'s 

(1989) kinematic model, only a small number of crucial strike-slip faults in Central Tibet 

accommodate the eastward extrusion of material (Hollingsworth et al., 2010). To fit the model of 

Tapponnier et al. (1982) and Armijo et al. (1989), relatively high slip rates are required (Styron et 

al., 2011). This demand stands in contrast to observations along the Beng Co dextral strike-slip fault, 

north of the Gulu graben (Figure 5.1). Instead of the proposed >10 mm/yr-20 mm/yr (Armijo et al., 

1989), strike-slip rates of 1-4±1 mm/yr (Garthwaite et al., 2013), 3-4 mm/yr (Hollingsworth et al., 

2010; pers. comm.), and 7.7 mm/yr (Ryder et al., 2014) were measured.  

To fit the lateral extrusion model proposed by Armijo et al. (1989), Nam Co would have to 

contain an additional NW-SW strike-slip fault and small W-E extension rates. Otherwise, a 

continuous deformation model like the oblique convergence model, where slow slip rates distribute 

eastward motion across many active structures throughout the region (England & Houseman, 

1989), might be prevailing.  

5.2.2 Regional tectonic setting around Nam Co  

According to Armijo et al. (1986, 1989), the dextral strike-slip faults near the Bangong Nujiang 

suture are linked kinematically to the N-S rifts. Nam Co is located at a key position to understand 

this interaction of recent E-W extensional faulting and the older but still active strike-slip faulting 

(e.g., the dextral NW-SE Beng Co Fault and the SW-NE extensional grabens and the Yadong-Gulu 

rift) (Figure 5.1).  

Nam Co is an endorheic lake, which covered 2026 km² in 2010 (Zhang et al., 2017). It is situated 

in a basin north of the Nyainqêntanglha (NQTL) Mountains, a high SW-NE elongated mountain 

range with peaks > 7000 m above sea level. To the East of Nam Co, the East Nyainqêntanglha 

Mountains are located N-S, and to their East, the Gulu graben evolved. Chapter 4 highlighted the 

long record of lacustrine sediments spanning more than 715 kyrs. So far, it has not been studied 

how and when the Nam Co basin developed. Hypotheses exist that the Nam Co basin developed as 

an extensional, half-graben structure or a pull-apart feature. However, the basin may have also 

evolved during the Oligocene to Lower Miocence as a foreland basin of the NQTL as insinuated by 

Pullen et al. (2008). The fault system within Nam Co is exemplary for the TP along the Jiali Fault 

zone (between the suture zones of Bangong-Nujiang in the north and the Indus-Yalu-Suture in the 

south) (Figure 5.1). We expect that the tectonic setting displayed at Nam Co is consistent with the 

regional tectonics and that the predominant W-E direction has steered the faulting in the Nam Co 



Chapter 5: The transtensional tectonic system at Nam Co 
 

99 

basin. Still, the interaction of the Nam Co basin, the NQTL, and the graben structures of the 

Yarlung- Gulu rift has not been evaluated in much detail. The NQTL acts as a natural border along 

which the extension is re-oriented (Armijo et al., 1986). Instead of N-S rifts, the Yagong-Gulu Rift 

extension is propagating SW-NE along the weak zone of a former low-angle thrust or strike-slip 

fault leading to sinistral faulting along its Damxung section, the only place in south Tibet where 

left-lateral faulting occurs presently south of Bangong (Armijo et al., 1989). Extension rates along 

the Yadong-Gulu rift decrease from north (3-6 mm/yr) to south (~1.3 mm/yr) (Chevalier et al., 

2020).  

The presented data from Nam Co will significantly contribute to the, so far, little available data 

and help establish a local and regional model while contributing to the existing thought on over-

regional models for the TP. Moreover, we take up the hypotheses that the local tectonics are 

continuously active. The faults are active for extended time periods instead of rapid stress relief 

events, as major seismological events solely occur along the major faults around Nam Co (e.g., 2008 

south of Yanbajin; 1951 & 1952 close to Gulu) (U.S. Geological Survey, n.d.).  

5.3 Material and methods 

5.3.1 2D Reflection seismic surveys data 

Two acoustic surveys have been conducted on Lake Nam Co. In 2014, multi-channel seismic 

(MCS) profiles of ~110 km length were acquired. In 2016, we acquired MCS profiles of 860 km 

length. The surveys were carried out in cooperation with the Friedrich-Schiller-University Jena, the 

Institute of Tibetan Plateau Research, and the University of Bremen. 

5.3.2 Acquisition 

The acoustic survey in 2014 utilized either a Sercel two-chamber Mini GI airgun (in micro 

setting: 2x 0.1 L chamber volume) with a frequency range between 50- 500 Hz or a Falmouth bubble 

pulser with a frequency range between 10-1700 Hz. Recording was conducted with a Teledyne 

streamer of 32 channels and 64 m active length (2 m channel spacing with one hydrophone per 

channel) for 13 profiles. The MCS survey in 2016 utilized the same Sercel two-chamber Mini GI 

airgun in combination with the Teledyne streamer as 2014 for all 91 profiles.  

5.3.3 Processing and interpretation 

The following processing steps were applied to the 2016 MCS data using the processing software 

VISTA by Schlumberger: Pre-Processing (gun delay, trace editing, spherical divergence), frequency 

bandpass filtering, despiking, velocity-model design, surface-related multiple elimination (SRME) 

based on velocity model, time-variant surface consistent scaling, pre-stack noise attenuation, 
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velocity-model based NMO corrections and common midpoint (CMP) stacking, post-stack noise 

attenuation, and post-stack time migration. The processing sequence of the 2014 data partially 

included residual statics elimination and multiple attenuation using predictive deconvolution.  

The processing technique allowed substantial enhancement of the signal-to-noise ratio and 

enlarged the overall imaging depth by suppressing multiples and ambient noise. The seismic data's 

vertical resolution is <2 m, as it generally depends on the central signal frequency of the source 

(~250 Hz, Mini GI airgun). The CMP bin size (1 m) defines the horizontal resolution. 

We integrated the processed profiles into the interpretation software The Kingdom Software 

2016.1 & 2019 by IHS (‘Kingdom’) for visual interpretation under the usage of seismic attributes 

such as similarity, envelope, frequency, and average energy as well as specific filters. Identified and 

interpreted seismic reflectors (SR) and faults are the basis for this study (see Chapter 4). Overall, we 

picked and analyzed 17 SR on all seismic images.  

5.3.4 Characterization and classification of faults  

We anticipate to interconnect faults within Nam Co and the surrounding tectonic system by 

classifying the faults, calculating throw and heave data, and determining displacements, extension, 

and vertical displacement rates. To allow a statistical approach, we used a semi-automated way to 

process the information using python. We calculated the fault throw data from exported horizon 

information created in Kingdom (e.g., SR9, Figure 5.4). We computed faults length, angle, and 

apparent strike from the exported fault picks, also generated in Kingdom. 

5.3.5 Application of H - T-Plots 

The faults revealed by the MCS data inhabit a high lateral and spatial resolution, allowing the 

characterization of faults with the method introduced by Hongxing & Anderson (2007): by plotting 

the horizons against the throw of a fault, in so-called H-T-Plots, information about initiation time, 

inactive phases and time of highest slip rates are visualized. The maximum throw of a fault indicates 

the time of initiation as the associated sediment unit was offset from all tectonic events since 

initiation.  

5.4 Results 

The high-resolution MCS data indicate a lacustrine infill of up to 680 m in the Nam Co basin. A 

detailed seismic facies analysis (Chapter 4) allowed the identification of 17 seismic reflectors (SR) 

throughout the MCS dataset (e.g. Figure 5.2A) down to about 550 m depth below lake level. The 

chronology of the reflectors is based on the correlation of alternating seismic facies to global Marine 

Isotope stages (Chapter 4). The sedimentation during wet, interglacial conditions is characterized 
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by low sedimentation rates and low amplitude seismic facies, while dry periods during glacial 

condition result in high sedimentation rates and high seismic amplitude facies. The timeframe 

spans about 715 kyrs, starting with the deepest continuous reflector traced in the MCS dataset (SR1; 

e.g., Figure 5.2A).  

The MSC dataset revealed an extensive occurrence of faults in the lake sediments. We observed 

e.g., more than 550 faults displacing SR 9 (end of MIS10) within an area of 430 km²; an amount 

previously unknown. Figure 5.2A exemplarily shows the seismic unit succession in a characteristic 

fault setting in scale 1:1. Most faults show a normal fault behavior on the 2D seismic profiles; only 

a few faults in the south inhabit a reverse fault characteristic (Figure 5.3).  

5.4.1 Fault initiation and behavior 

The H-T Plots reveal that the seismic units are offset by non-constant throws (Figure 5.2B). 

However, during MIS 5e and for the Holocene, all H-T plots indicate a constant throw for the 

bottom and top reflectors of the according units (Figure 5.2B, SR13-14 and SR 15-17). With very 

little exception, the faults show an initiation time within MIS 10 (Figure 5.2C). The faults express 

an initial post-depositional faulting phase, followed by a syn-depositional behavior after initiation 

until Upper Pleistocene times (Figure 5.2). The highest throw rates (fastest fault growth) of 1.5 

occurred during MIS 2-5d. Strikingly, the majority of the faults do not penetrate the uppermost 

sediment unit (above SR15) of about 15 meters below lake floor (Figure 5.2A). 

 

 
Figure 5.2: A) Seismic example of a typical normal fault in scale 1:1, here on Profile GeoB16-393 (extent shown in Figure 
5.6). Seventeen seismic reflectors (SR) are highlighted. Stratigraphic marine isotope stages (MIS) are assigned to the 
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seismic units (as shown in Chapter 4). B) Fault characterization after Hongxing & Anderson (2007). The Horizon-Throw-
Plot (H-T-Plot) shows post-depositional behavior before the initiation time (SR8, top MIS 11) and syn-depositional 
behavior after initiation time until SR 15. The uppermost units (SR15-17) are not penetrated. C) Compilation of H-T-
Plots of a representative amount of 45 faults in the western sub-basin of Nam Co with throw values for more than ten 
horizons. The individual plots of each fault are normalized to the maximum throw of each fault (gray lines). The mean of 
all plots is highlighted in red. The average initiation time is within MIS 10. 

 

 

 
Figure 5.3: Amount and types of faults in the western sub-basin of Nam Co. Circles indicate normal fault and diamonds 
reverse fault behavior. Apparent fault angles along-track are color-coded. Areas A, B, C, D are marked with black 
polygons. Projection in UTM 46N. 

5.4.2 Fault classification and identification of fault surfaces  

The depth of faulting is very variable and the acoustic bedrock reflector hampers the tracing of 

fault into the bedrock. Apparent dips of faults (perpendicular to profile direction) vary between 30° 

and 90° throughout the western sub-basin (Figure 5.3). Additional to the apparent fault dip, throw 

and heave, we considered apparent dip direction and fault depth to identify continuing fault planes 

in the Nam Co basin and assign them to three classes (Figure 5.4). Most fault planes in the western 

sub-basin strike N-S. In the westernmost part, the strike is more NNE-SSW directed, while in the 

eastern part, it has an NNW -SSE tendency (Figure 5.4).  
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Figure 5.4: Exemplary close-up map (extent shown in Figure 5.3) of fault data from horizon SR 9, comprising apparent 
dip direction (direction of arrowhead), amount of throw (size of arrow symbol), and displacement (color of arrow symbol) 
for each fault. An interpretation of fault planes is shown with black connecting lines, and their classification is highlighted 
by line thickness. Projection is UTM 46N. 

5.4.3 Areas 

According to the behavior of the faults, we differentiated four areas in the lake (A, B, C, D) 

(Figure 5.3).  

Area A 

Area A lies at the boundary of the shallower eastern sub-basin to the deeper western sub-basin. 

In the southeastern part within Area A, faults are significantly steep, with apparent angles between 

70° and 90° (Figure 5.5, up). The fault distance is small, resulting in a very high fault abundance 

(about 20 fault planes along 500 m). Reverse faults and roll-over anticlines occur. Several faults in 

Area A penetrate the lake floor. Throws often exceed the imaged depth of reflectors, which masks 

any correlation between hanging and footwall. Therefore, horizons identified in the western sub-

basin are not traceable across Area A into the eastern sub-basin.  

In the northwestern section of Area A, the faults show similar dips as in the southeastern section, 

however, the sedimentary units are not as deformed and rotated as in the SE (Figure 5.5, down). 

Here, the lake floor reflectivity is very dominant, and the according strong multiple prohibits the 

continuous tracing of horizons into the eastern sub-basin.  
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Figure 5.5: Section of seismic profile GeoB16-381 as example for the southeastern part of Area A and section of seismic 
profile GeoB16-400 as example for the northwestern part of Area A. Profiles vertically exaggerated by 5. Simple depth 
conversion with 1600 m/s. Profile locations are marked in Figure 5.3. Same horizon color scheme used as in Figure 5.2A. 
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Area B 

Area B is defined by mainly two extensive, semi-parallel normal faults, striking N-S (Figure 5.4); 

the western fault is dipping east, while the eastern fault is dipping west. In the northern half of 

Area B, two less-rated faults are substituting the one major fault plane present in the southern part 

(Figure 5.4; 5.6). The apparent fault angles of all faults are, on average, 60°. The faults actively bind 

a depression over a distance of 560 to 870 m in the W-E direction. Some of the largest throws of the 

entire data set, up to 40 m, occur at the southern end of the western fault and the northern part of 

the eastern fault (Figure 5.4). Accordingly, throws are decreasing in the opposite direction along 

the two faults. We calculated the sediment accumulation rates (SAR) for hanging- and footwall of 

the eastern fault (Box, Figure 5.6) since fault initiation exemplarily: SAR of 0.43 mm/yr for the 

footwall and SAR of 0.54 mm/yr for the hanging wall. 

 

 
Figure 5.6: Section of seismic profile NamCo-GeoB16-393 as example for Area B. Profile vertically exaggerated by 5. 
Simple depth conversion with 1600 m/s. Profile location is marked in Figure 5.3. Horizon color scheme the same as in 
Figure 5.2A. 
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Area C 

Area C excels for all faults dipping in the same NW direction (Figure 5.7). The fault angles vary 

only slightly around 65°, along the same profile and between parallel profiles. The fault spacing is 

between 300 m and 450 m. No overall subsidence is happening with respect to the sediment units, 

while the faults themselves show throws of up to 20 m and create local accommodation space.  

 

 
Figure 5.7: Section of seismic profile NamCo-GeoB16-446 as example for Area C. Profile vertically exaggerated by 5. 
Simple depth conversion with 1600 m/s. Profile location is marked in Figure 5.3. Horizon color scheme same as in Figure 
5.2A. 

Area D 

Area D comprises a fault zone with many short overlapping faults (in map view). In the west of 

the area, faults are dipping eastwards, and in the East, faults are dipping westwards, building a 

structure with steeper and shorter faults towards the center (Figure 5.8).  
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Figure 5.8: Section of seismic profile NamCo-GeoB16-456 as example for Area D. Profile vertically exaggerated by 5. 
Simple depth conversion with 1600 m/s. Profile location is marked in Figure 5.3. Horizon color scheme the same as in 
Figure 5.2A. 
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The fault spacing decreases from about 200 m between the outer faults to about 50 m in the 

center. Several faults show large throws of more than 40 m. Faults of opposing dip direction are 

intersecting, creating v-shapes. However, the penetration of the seismic data does not image 

whether these fault pairs converge to single fault surfaces in greater depth (y-shapes). Overall, the 

faults are organized in a graben like structure.  

 

Faults on the northwestern flank and reverse faults in the south 

North-west of Area D (Figure 5.3), the fault spacing decreases until upslope. Close to the 

lakeshore (Profiles GeoB16-393 and GeoB16-424; Figure 5.9), faults arise in high density. High-

angle normal faults of opposing dip direction and of different vertical length occur. The fault throws 

vary widely, and over a distance of one kilometer, cumulative throws of 80 m develop. 

The identified reverse throws in the south and southwest of Nam Co inherit very steep apparent 

dipping angles of up to 85° while showing only minimal throws (max. 5 m) (e.g., Profile GeoB-449; 

Figure 5.9). 

 

 
Figure 5.9: Sections of seismic profiles NamCo-GeoB16-424 and GeoB16-449. Profiles vertically exaggerated by 5. Simple 
depth conversion with 1600 m/s. Profile locations are marked in Figure 5.3. Horizon color scheme the same as in Figure 
5.2A. 
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5.5 Discussion 

5.5.1 Character of observed faults 

We distinguish two categories of faults in the recorded fault system in the Nam Co lacustrine 

sediments. The NW-SE directed faults of Area A are primary, based on their large throws and 

acoustic basement penetration. All faults in the western sub-basin, including the Areas B, C, and D, 

are defined as secondary faults 

Under the assumption of normal fault behavior, an initiation time in the Middle Pleistocene, 

around 350 ka, was distinguished for the N-S-directed secondary growth faults. As we could not 

detect an initiation time pattern within the western sub-basin, a synchronous spatial evolution of 

the lake basin is likely. Our survey presents a yet unpaired data set in Tibet, as due to resolution and 

age control, few studies exist on tectonically active phases in the Pleistocene.  

The H-T-Plots do not show a constant throw value before initiation but a decreasing throw with 

depth (Figure 5.2). This might indicate either compaction of older sediment units or a keystone 

fault (Hongxing & Anderson, 2007). This type of fault penetrates downward into older pre-

kinematic layers while growing upward into younger syn-kinematic layers with time (Hongxing & 

Anderson, 2007). Since initiation, the fault characteristics express a mostly continuous tectonic 

activity until about 40 ka. The syn-sedimentary behavior might have prevented considerable stress 

build-up in the past. The H-T-Plots imply that the fastest growth rate occurred during deposition 

from MIS 5d to MIS 3 (Figure 5.2). This could be an artifact due to an unconformity and a possible 

associated hiatus of MIS 3-4 sediments (Chapter 4).  

Only faults in Area A penetrate the lake floor. The apparent tectonic inactivity during the 

Holocene as well as during MIS 5e coincides with phases of very high lake level during wet, 

interglacial conditions at Nam Co. Even though this concurrence needs further inspection, a 

potential correlation of imposed water load and pore pressure on seismological events is striking. 

Hence, the reduced imposed water load during lower lake level periods than in MIS 1 and 5e might 

induce fault activity. This might be a similar relationship as has been observed close to the Dead Sea 

Transform Fault, where groundwater extraction triggered seismicity (Wetzler et al., 2019). The 

normal fault throw characteristics also agree with the fact that few earthquakes are reported from 

the Nam Co area (Figure 5.10) and that significant earthquakes (>6 Magnitude) have only occurred 

along the Yadong-Gulu Graben (U.S. Geological Survey, n.d.). 

5.5.2 Unresolved basin evolution of Nam Co 

The bounding faults that presumably generated the Nam Co Basin are not within the data set 

and are more likely located at the lake's rims, i.e., along the southern flank or outside of the modern 
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lake. Therefore, the hypotheses that the Nam Co basin developed as an extensional, graben structure 

rather than a pull-apart feature still has to be proven. Indications for a SW-NE trending normal 

fault along the northern rim of the NQTL have been suggested (Tapponnier & Molnar, 1977) as 

incorporated in the HimTibetMap-1.0 (Styron et al., 2010)(dotted orange line, Figure 5.10), 

although later fieldwork has not confirmed active faulting there (Armijo et al., 1986). Until further 

proof, the possibility of thermal subsidence rather than tectonic has to be considered as an 

additional explanation for the lack of major faults.  

5.5.3 Extensional and strike-slip characteristics of defined areas 

Differently directed stress vectors in the Nam Co basin created diverse areas with unique fault 

patterns. Some fault characteristics of the four main areas within the western sub-basin (A, B, C, D) 

can be attributed to two different tectonic regimes. When applicable, both interpretations are 

included in the detailed perceptions following: 

Area A 

The area separating the eastern and the western sub-basin closely resembles a wrench zone. The 

steep dipping angles of faults, the inclined bedding of units, as well as the uplifted Zhaxiduo 

Peninsula and islands along that zone indicate NW-SE directed strike-slip faults bounding a typical 

wrench tectonic setting. The southeastern part of the zone has undergone more compressional 

stress along strike, whereas in the northwestern part, the geometry of the faults led to less 

compression and, therefore, less deformation (Figure 5.10A). As some wrench zone faults penetrate 

the lake floor, this zone emerges to be still active. In the past, the wrench zone has likely led to a 

different evolution of the eastern and the western part of the lake. The later, more profound 

subsidence (extension) of the western part resulted in a relative depth difference. As a result, hard 

grounds developed in the flatter eastern sub-basin during lake level low stands. Hard grounds may 

also be the cause for low penetration of the seismic signal in the entire eastern sub-basin.  

Area B 

The interpretation for the geologic structure in Area B is a simple (extensional) graben, given 

the amount of subsidence and the fault angles of 60-70°. Here, the largest throws (40 m) inside the 

western basin are measured. The direction of fault surfaces in Nam Co is in accordance with the 

directed stress field for the formation of the regional rift systems (Armijo et al., 1986). 

Area C 

At first glance, Area C resembles a textbook example of domino faulting (see Scenario 1, Figure 

5.10B). Yet, most domino fault systems rest on an underlying decollement fault or detachment 

(Fossen, 2016). A low-angle-fault has not been detected in the seismic data, but an alternative 

explanation, as stated by Fossen (2016), is possible: A mechanically weak layer of clay or salt could 
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be acting as a mobile medium at the base of the rotating fault blocks. Using the fault angles of 65° 

and 10° for the angle of rotation, while neglecting internal strain, we calculated an extension of 6.6% 

by using the formula by Brun & Choukroune (1983): 𝜀𝜀 = sin (𝛼𝛼+𝜃𝜃)
sin𝜃𝜃

− 1, where 𝜀𝜀= extension, 𝛼𝛼= dip 

angle of bedding, and 𝜃𝜃 = dip angle of the fault plane. As the lake sediments are unconsolidated and 

are showing slight folding within the blocks, a 'soft' domino model, as described by Fossen (2016), 

is very likely. This allows for slight variations in fault size, fault displacement, and folding of layers 

as observed in Area C. Likewise, the inclined blocks in Area C could be caused by block rotation in 

a strike-slip environment (see Scenario 2, Figure 5.10C). Dextral strike-slip faults, striking NW-SE, 

bordering Area D create a clockwise rotation of blocks. However, this hypothesis stays speculative 

as the along strike movement cannot be quantified.  

Area D 

The dense and steep faulting, lateral overlapping of short faults, and the cross-section geometry 

(Figure 5.7) indicate a negative flower structure (Fossen, 2016). This feature is typical for a strike-

slip regime. Moreover, the varying amounts of throw along the fault plane indicate movement up 

and down along the fault plane. The flower structure's overall strike direction would be NW-SE and 

should be dextral to fit the regional context (see Scenario 2, Figure 5.10C). The surface expression 

of the faults point to modern activity. However, the penetration of the seismic data hampers a 

statement about the fault plane behavior at greater depth. For a negative flower structure, the fault 

planes converge in-depth into one single fault plane and create typical 'y' shapes. Fault planes that 

do not converge but create 'v'-shaped structures could also be interpreted as alternating E-W half-

graben structures (see Scenario 1, Figure 5.10B).  

NW slope 

The abundant faults detected on the northwestern slope of Nam Co (Profiles GeoB-393 and 

GeoB-424; Figure 5.9) west of Area D resemble the evolution of ramp-flat-ramp-faults with 

extensive hanging wall deformation (Fossen, 2016) or horst-and-graben structures (Figure 9B) that 

extend to the East into the domino fault system (Area C).  

Reverse faults in the south and framework of primary faults 

The few observed reverse faults in the SW study area (Figure 5.3) inhabit negligible throws but 

steep fault angles and are hence most likely strike-slip induced. We identify two parallel faults in 

NW- SE direction, which fit to the two strike-slip faults proposed to reach Nam Co in the NW by 

Schneider et al. (2003) and Molnar & Tapponnier (1978) (dotted orange in Figure 5.10A).  

A possible connection of the strike-slip faults in the basin and the proposed faults onshore points 

to an older initiation age of the faults. Therefore, we consider the southern NW- SE directed strike-

slip faults as primary (purple, Figure 5.10).  
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Schneider et al. (2003) also identified a thrust fault (Duba Fault) and a parallel strike-slip fault 

(brown in Figure 5.10A) reaching Nam Co in the SE. Also, from observations at the Gulu Graben, 

Pullen et al. (2008) suggest a thrust fault zone entering Nam Co in the SE. However, we identified 

only a few minor faults in the area, which inhabit nearly no throws. Therefore, no clear 

distinguishing between reverse or strike-slip faults is possible. The faults might also be reactivated 

features that are created due to the interplay of the strike-slip wrench zone and the sub-parallel 

strike-slip faults in the center of the basin. As the two strike-slip fault zones slightly converge 

towards the south-east (Figure 5.10), the increased stress created the observed reverse faulting.  

Neither Taylor et al. (2003), Taylor & Yin (2009) nor Styron et al. (2010, 2011) have included 

NW-SE directed faults parallel to the Beng Co fault in their compilation maps (e.g., HimaTibetMap 

1.1). Our interpretation of satellite images (GoogleEarth, n.d.) (white lines, Figure 5.10A) concludes 

in a likely continuation of the NW-SE wrench fault zone on land further to the northwest, 

coinciding with the compilation of Tapponnier and Molnar (1977), Wu et al. (2011) or Armijo, et 

al. (1986; 1989) an to the SE (indicated purple line, Figure 5.10A).  
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Figure 5.10: A) Regional tectonic system compiled from Molnar & Tapponnier (1978), Schneider et al. (2003), Pullen et 
al. (2008), Styron et al. (2010), and Wu et al. (2011) as well as own satellite observations. Inferred faults are indicated with 
dotted lines. The interpretation of primary faults in the Nam Co basin is shown in purple. B) & C) illustrate the 
interpretation of local tectonic system of secondary faults in black. Fault classification is given with line thicknesses. Extent 
of B and C as indicated in A. All maps are projected in UTM 46N.  
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To keep up with Armijo et al.'s assumption (1986) of equal rates on the main faults, the major 

strike-slip faults should inhabit >10 to 20 mm/yr of slip. Slip rates along the Beng Co strike-slip 

fault to the north-east of Nam Co, measured by Hollingsworth et al. (2010) and Garthwaite et al. 

(2013) have been in the range of 1-4 mm/yr. Ryder et al. (2014) assessed a slip rate of 7.7 mm/yr. 

The movement estimation of the wrench zone within Nam Co needs to be studied further. However, 

the strike-slip fault could be compensating the strain difference between expectation and 

measurement at the dextral Beng Co fault.  

5.5.4 Interpretation of extensional and strike-slip-dominated scenarios 

The characteristics of the faults within the western basin are not allowing a clear distinction 

between strike-slip and normal dip-slip faults. Therefore, we introduce two endmember-models 

(Scenario 1 -Extension and Scenario 2 –Strike-slip) to demonstrate the interplay of the different 

areas and the connection to the regional fault system.  

Scenario 1 and Scenario 2 depict possible tectonic settings of Nam Co with the network of dip-

slip and strike-slip faults, respectively. Both scenarios have in common that the wrench zone to the 

north and one or more NW-SE striking strike-slip faults to the south (primary faults, Figure 5.10A) 

bind the secondary tectonic system of the western sub-basin. These primary faults most likely 

continue on land, and probably more extensively towards the northwest. 

Scenario 1 - Extension Setting  

Framed by the primary faults (purple, Figure 5.10B), extensional features are aligned in the 

western sub-basin. Striking NNE-SSW, a Horst and Graben fault pattern, is followed by domino 

faults and a major graben. With a slight change in strike, direction follows an NNW-SSE striking 

complex half-graben system, built up by various overstepping faults of different lengths and throws. 

The identification of the main strike directions being NNE-SSW in the western and NNW-SSE 

in the eastern part of the sub-basin (Figure 5.10B) allowed us to calculate extension rates across two 

directions through the lake, approximately perpendicular to the strike. As the bedding angles are 

on average 2° but always < 5°, we assume a nearly horizontal setting and calculate the extension as 

shown by Bogen & Schweickert (1985). In WNW-ESE direction along Arbitrary (line) 1 (Figure 

5.10B), the lateral extension rate is 0.7 mm/yr, which accounts for ~1.1% in the last 350 kyrs. The 

cumulative throw rate (TR), accordingly, is 0.9 mm/yr. In WSW-ENE direction along Arbitrary 2 

(B), the lateral extension rate is 0.5 mm/yr, which accounts for ~0.7% in the last 350 kyrs, and the 

TR is 0.3 mm/yr.  

Cumulative throw rates of 0.9 mm/yr in WNW-ESE direction across the basin are comparable 

with values from other regional extensional grabens. Recent measurements from Chevalier et al. 

(2020) and Wu et al. (2004, 2015) from the southern Yadong-Gulu graben, the Yanbajing Graben, 
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and Damxung (Figure 5.1) are in the same range. Compared to the Gulu Graben in the north, where 

the extension rates are found to be larger (Chevalier et al., 2020; Ryder et al., 2014), the throw rates 

from Nam Co are about one third to half the magnitude. In central Tibet, W-E extension is less 

prominent, and the throw rates are one order of magnitude smaller: In the Shuang Hu graben, 

cumulative TR is less than 0.3 mm/yr within the last ~230 kyrs (Blisniuk & Sharp, 2003). 

Armijo et al. (1986) have observed an extension of about 1% per million years across south Tibet. 

Across the Yadong-Gulu rift, Armijo et al. (1986) imply an average extension rate of 1.4 ± 0.8 

mm/yr. Chevalier et al. (2020) measured decreasing late Quaternary extension rates from north to 

south: 3-6 mm/yr north of the Gulu bend and 1.3 ± 0.3 mm/yr for the southern Yadong-Gulu rift. 

Therefore, lateral extension within Nam Co is proceeding on rates about half the magnitude of 

the Yadong Gulu rift. This emphasizes the prominent role of the extensive N-S striking rift system 

on the TP.  

In Nam Co, maximum throws occur in Area A and Area B, with a max 40 m. Absolut fault throw 

along individual master faults, as described by Armijo et al. (1986), is significantly greater than the 

individual faults within Nam Co. All of Armijo's observed rift systems have throws exceeding 2 km 

(Armijo et al., 1986). However, faulting along the entire NW- SE profile 393 (section shown in 

Figure 5.6), for example, created a total subsidence of 136 m. Normal dip-slip faults can entirely 

explain the subsidence of the basin; however, the features in Areas C & D imply a strike-slip 

component in the local tectonic system. 

Scenario 2 - Strike-slip dominated setting: 

Framed by the primary faults (purple, Figure 5.10C), oblique-slip faults border the central 

graben to the west, and negative flower structures are located to the east. The interpretation of Area 

D as a negative flower structure infers that its strike-slip faults are dying out towards the SW. 

The most prominent adaptation compared to Scenario 1 is the change in fault classification. In 

order to allow rotated blocks in Area C, two parallel strike-slip faults are introduced to border the 

Areas A and C. These faults have not been identified as strike-slip in the seismic data, but a lack of 

throw could have masked them from detection. These additional faults inhabit the largest fault class 

and downgrade the faults of the wrench zone, most likely. In this setting, the reverse faults in the 

south-east could be reactivated by strike-slip if the strike-slip faults are not transferring movement 

to the normal faults. The stress vector is increasing the dextral force on the fault in the south. 

Alternatively, the southernmost strike-slip fault would remain in the highest fault class. The strike-

slip scenario contains an extensional component in nearly W-E direction. Its strength is possibly 

decreased compared to Scenario 1. 

Feasibility 
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The seismic data support both scenarios. Almost certainly, none of the end-member model 

represents the actual tectonic system adequately. Most likely, a combination of the two models 

resembles reality best. More plausible, in our opinion, is a transtensional model with major 

extension features. Reasons for that are the simpler geometry and mechanism architecture. The 

detected faults in Scenario 1 can be explained with less bounding faults than Scenario 2, which needs 

additional faults for which no hard proof yet exists.  

Our assumptions about fault behavior in depth are tentative. According to Cogan et al. (1998), 

the geometry of the Yadong-Gulu rift and other rift systems imply that lateral flow within the 

middle crust steered the extension of the Tibetan Plateau crust at depth. From there, low-angle shear 

zones could have developed to accommodate extension. However, deformation in the upper, brittle 

crust reveals little how extension was accommodated in the lower crust and mantle lithosphere 

(Fossen, 2016). Most recent earthquake events in Yanbajing (Damxung event, 2008) occurred with 

focal depths of 4-11 km (Elliott et al., 2010) while the 1993 earthquake in the NW of Nam Co was 

reported with a focal depth of 33 km (U.S. Geological Survey, n.d.) (Figure 5.10). 

5.6 Conclusion 

The Nam Co sediments reveal a local diverse tectonic system influenced by the regional tectonic 

movements. Nam Co inhabits an NW-SE strike-slip zone, parallel to the dextral Beng Co fault. The 

so-called wrench zone separated the eastern from the western sub-basin and initiated the 

development of the western sub-basin into a sedimentary depocenter. This NW-SE strike-slip zone 

is in agreement with the 'lateral extrusion' model suggested by Armijo et al. (1989) and could 

comprehend the difference between expected and recently measured slip rates along the Beng Co 

fault.  

Besides the primary strike-slip fault zone, the western sub-basin contains extensive secondary 

faulting. A clear distinguishing between an extensional and a purely strike-slip setting at Nam Co 

is not possible. Characteristic features of both scenarios can be identified, and a mixture of extension 

and strike-slip is most likely. We therefore hypothesize a transtensional setting with a predominant 

extensional component.  

The faults inhabit a cumulative throw rate of 0.9 mm/yr in NWN-SES direction, comparable to 

other regional faults. For the center of the lake, an extension of 1% was calculated in NWN-SES 

direction. However, an extension rate of 0.7 mm/yr for Nam Co is about half the extension rate 

from faults in the Yadong-Gulu rift, emphasizing the subordinate role of the secondary faults in 

Nam Co. 



Chapter 5: The transtensional tectonic system at Nam Co 
 

117 

For the observed time span from ~360 to ~40 kyrs, the measured throw and extension rates are 

an indicator of constant strain comprehension in this part of the TP. However, during periods of 

high lake levels and interglacial climate conditions, the tectonic activity of the faults seems to be 

inactive. This might indicate a correlation of e.g., pore pressure and seismological activity and 

requires further investigation. 
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Chapter 6: Conclusion and Outlook 

Within this thesis, the combined dataset of parametric sediment echosounder profiles, coring 

data, and new hydro-acoustic data was utilized to investigate the sedimentary and tectonic evolution 

of the lake Nam Co on the Tibetan Plateau. The here presented research contributes to the overall 

understanding of Nam Co's sedimentary system and tectonic setting. Consequently, this work poses 

an essential prerequisite for evaluating Nam Co as a potential climate archive, which could 

significantly advance the progress in modeling future climate changes.  

The most recent set of sediment echo sounder and multichannel reflection seismic (MCS) data, 

acquired as a pre-site survey for the ICDP campaign 'NamCore' in 2016, built the broad database 

for Chapters 3, 4, and 5 of this work. The current thesis underlined the excellent suitability of high-

frequency multichannel reflection seismic to study shallow-water lake setting even in challenging 

high altitudes and an isolated environment like Nam Co (4724 masl), conquering technological 

challenges, low air pressure, and logistic efforts.  

The main findings of this thesis are presented in three standalone studies presented in Chapters 

3 to 5. The chapters focused on the recent sediment distribution and deposition processes and lake-

level variations back to the LLGM (Chapter 3), the long-term lake-level variations over eight glacial-

interglacial-cycles back to 712 ka and the climatic steering factors (Chapter 4), and the tectonic 

setting within Nam Co (Chapter 5). 

 

Regarding the research objectives outlined in Chapter 1.1.4, the key conclusions of this thesis 

are summarized in the subsequent paragraphs. 

(1) Improved comprehension of lacustrine sediment distribution and deposition processes 

(Chapter 3) 

The investigation of high-resolution SES data from 2005, 2006 & 2016 provided new insights 

into the sediment distribution processes in Nam Co. A detailed facies analysis and reflector tracing 

was conducted on nearly 1400 km of profiles. The comprehensive SES data revealed a limitation of 

modern sedimentation to water depth deeper than 66 m. Moreover, modern sediments younger 

than 1 ka are generally characterized by a very low amplitude seismic facies typical for a high lake-

level environment.  

A sedimentological model (Figure 3.7) representative for the observed sediment distribution was 

developed. The model proposes that clay and silt-sized sediment reached far into the basin via 

interflows. The height of a contemporary boundary layer, most likely a pycnocline, steered the 

interflow and limited fine sediment deposition to below 66 mbll. The suggested model fits the 
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reported spatial variability of surface sediment samples (Wang et al., 2012; 2015a), e.g., the 

anthropogenic 138Cs or Pb or n-alkane.  

By correlating the SES data to the core logs of NC01/08, 13 individual reflectors could be 

assigned ages reaching back to 20.5 ka. All reflectors show a specific onlap depth between 46.1 to 

95.7 mbll. The according units are characterized by increasing thicknesses to the basin. Also, 

internal reflectors with basinward-decreasing amplitude were detected. The first order approximate 

of a stable boundary layer is representative for high lake-level scenarios during the Holocene and a 

short period around 12.2 ka. During climatic periods with a low lake level, the stratification of the 

water column might not be at a stable water depth of 66 mbll. The identified onlaps of the reflectors 

until 16.7 ka are connected to morphological steps in the lake subsurface, implying that the lake 

level was about 15 m higher than the onlap depths. For reflectors from 16.5 to 13.4 ka, most likely 

underflows distributed dissolved material derived by rivers into the lake basin. Hence, the sediment 

onlaps during the periods with Late Glacial climatic conditions represent relative lake-level 

variations. 

(2) Development of a seismo-stratigraphic concept of the lacustrine sediments (Chapter 4) 

The so far limited stratigraphic control of the Nam Co sediments by the 10.4 m record, spanning 

24 kyrs, has emphasized the need for a comprehensive seismo-stratigraphic framework.  

The MCS data allowed a deep penetration to nearly 1 s TWT while preserving superb imaging 

quality. For the first time, acoustic basement reflectors could be identified. A customized seismic 

processing routine enabled the mapping of the reflector on several profiles. However, on the center 

of the lake, the reflection was below the seismic resolution limit, indicating that the sediment infill 

exceed 680 m in thickness. 

Seismic units down to half of the lacustrine basin infill were identified and mapped by 

conducting a detailed seismic facies analysis. The entire acoustic dataset displays a cyclic alternation 

in seismic reflection amplitude. A direct dependency of reflection amplitude to lake-level was 

revealed, as the seismic amplitude variations relate to sedimentation rates and grain-size sorting 

during transportation. The low energy environment during high lake-level stands allows fine-

grained materials to settle, corresponding to low seismic amplitudes. In contrast, during low lake 

levels, the high energy environment transports coarser material to the center of the lake basin 

represented by high seismic amplitude units. In turn, these cyclic lacustrine high and low lake level 

sequences correlate with the global glacial cycles. Thus, the derived age model indicated the unique 

record of eight glacial-interglacial cycles back to 712 ka. The presented stratigraphic analysis extents 

to the deepest identified continuous reflector, however, the underlying sediment might span an 
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additional 350 m of lacustrine infill. Thus, the deepest sediments in Nam Co could more than one 

million years old. 

(3) Understanding the variability of lake level on long time scales and its climatic control 

(Chapter 4) 

A relative lake-level curve was developed based on the conducted seismic facies analysis and the 

established seismo-stratigraphic framework (see paragraph (3)). Depositional environments during 

dry and wet periods were deduced, which allow an understanding of the temporal and spatial 

climatic conditions in the Tibetan Plateau. Significantly high or low lake-level stands result from 

the local input-evaporation-ratio, which is strongly dependent on the moisture availability 

regulated by the atmospheric circulation. Calculated linear sedimentation rates show almost 

constant values of 0.52 mm/yr for full glacial-interglacial cycles, with low rates (~0.2 mm/yr) during 

wet, interglacial conditions and high rates (~0.87 mm/yr) during dry, glacial conditions, indicating 

similar environmental influences in the Nam Co area through time. By comparing the relative lake-

level curve to supra-regional records from speleothems, ice cores, and loess records and global 

records of temperature, δ18O, and lake-level variation, it was concluded that the hydrology of the 

Nam Co basin is primarily steered by the precipitation of the Asian Summer monsoon. The local 

contribution of enhanced meltwater or potentially thawing permafrost is, however, notable during 

MIS 5. 

(4) Providing insights on the link between regional and supra-regional tectonics (Chapter 5) 

The analysis of more than 970 km of high-resolution multichannel seismic data revealed 

manifold strike-slip and normal faults in the Nam Co basin and presented the first documentation 

of tectonic extension in southern Tibet since the Middle Pleistocene.  

Through the detailed identification, analysis, and characterization of the observed faults, 

primary and secondary faults were distinguished, and two end-member models to interpret the 

secondary faults were introduced. 

The primary strike-slip zone, crossing Nam Co from NW to SE, separated the eastern from the 

western sub-basin and initiated the development of the western sub-basin into a sedimentary 

depocenter. This 'wrench zone' is a parallel feature to the dextral Beng Co strike-slip fault in the NE 

and might likewise compensate for W-E extension, fitting the supra-regional strain regime. Most 

likely, this fault zone extends onshore and is currently active, as indicated by lake-floor-penetrating 

faults.  

The secondary faults identified in the western subbasin of Nam Co cannot be unambiguously 

interpreted as either extensional or purely strike-slip as characteristic features of both end-member 
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scenarios are apparent. Thus, a transtensional setting with a predominant extensional component 

was hypothesized.  

Faulting in WSW-ENE and WNW-ESE direction through the western subbasin inhabit rates of 

calculated, cumulative throws in the range of 0.3 mm/yr to 0.9 mm/yr, respectively. These rates are 

comparable to other regional faults, e.g., in the southern Yadong-Gulu rift. In total, we observed a 

cumulative throw of 315 m along the WNW-ESE direction. Lateral extension rates range between 

0.5 and 0.7 mm/yr. Although rates and amounts of extension found in Nam Co seem secondary 

when compared to the nearby Gulu Graben (<12%), the rates from Nam Co indicate that its faults 

contributed nearly half of the total extension when compared to the southern Yadong-Gulu rift 

system, or ~7% when compared to the whole south Tibet extension. 

Moreover, the analysis indicated continuous fault activity since the initiation of faulting around 

350 ka. Short exceptions are periods of very high lake levels during wet, interglacial conditions 

prevailing in MIS 5e and since the Holocene. This requires further detailed investigation but might 

indicate a correlation between groundwater pressure and seismicity. 

 

All in all, Nam Co represents a yet unparalleled lacustrine archive comprising potentially more than 

one million years of sedimentary history. A successful ICDP drilling campaign will significantly 

enhance our understanding of the past climate system and contribute to assessing future climate 

change and its implications on society, ecology, and the economy. 

 

This thesis raised new questions that may be approached by future research: 

 

In the scope of the SES data analysis, several indicators of former beach ridges were identified. 

However, a spatial correlation between single SES profiles was not unambiguously possible. Most 

of these features habit an apparent topography and no to minor sediment cover as resolved by the 

SES. A multibeam survey close to the shorelines would enable the examination of recently drowned 

beach ridges and terraces. A multibeam survey would further enlighten the spatial distribution 

pattern of surface sediments close to major river inlets. The occurrence of delta lobes or meander 

pathways could be investigated and enhance the understanding of recent sedimentary processes in 

Nam Co.  

The stratigraphic framework presented in Chapter 4 revealed the good overall accordance of the 

relative lake-level curve and the glacial cycles over a time span of 17 MIS. However, the age 

correlation of MIS 3 and 4 proved to be challenging at the location of the reference site. The seismo-
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stratigraphy of these sediments could be further improved by applying the used method on multiple 

reference sites in the basin and creating a composite lake-level curve.  

The analysis of the faults in Na co has revealed an almost continuous activity of the extensional 

faults. During high lake-level periods of MIS 5 e and the Holocene, however, faulting appears to 

have stopped. While the assumption was made that the water level and the associated pore pressure 

may hinder fault movement, this requires further investigation. The focus on a more detailed 

analysis of thicknesses and throws within seismic units of high lake levels (e.g., MIS 11) might 

promote a correlation of high lake level and fault inactivity. 

The question of how the Nam Co basin initially formed remains open for speculation. Fieldwork 

might reveal bounding dip-slip faults onshore parallel to the northern flank of the Nyainqêntanglha 

Mountain Range. Also, the Zhaxiduo Peninsula and the area north and south of the wrench zone 

might be a promising research target to endorse the dextral strike-slip activity and to estimate 

displacement rates on the strike-slip faults and their contribution to the overall E-W extension in 

southern Tibet. 

With the granted Drilling Initiative NamCore by ICDP, all interested parties' funding efforts are 

ongoing. The successful retrieval of sediment cores in Nam Co would allow for interdisciplinary 

and integrated research on long and continuous proxy time-series of past climate, ecosystems, 

tectonics, and biosphere (Haberzettl et al., 2019). The here presented geophysical investigation 

revealed Nam Co's structural and stratigraphic framework. The thorough correlation between core 

data and seismic reflection profiles and a comparison between seismic facies analysis and lithology 

would further elaborate the spatial and temporal reconstruction of Nam Co's evolution. 
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