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Abstract 

The focus of this study is on the geochronological and paleo-climatic characterization of late 

Pleistocene glaciations in Turgen and the Khangai Mountains located in central and western 

Mongolia. These two mountain ranges form a 700 km long NW-SE transect through 

Mongolia and allow assumptions of the temporal and causal dynamics of regional the 

regional late Quaternary glaciations and their correlation to other mountain glacier records 

from Central and High Asia. In order to evaluate extent and timing of the Pleistocene 

glaciations in Mongolia, geomorphological mapping and cosmogenic radionuclide (CRN) 

surface exposure dating (10Be) were carried out in four valley systems located in the 

Khangai and Turgen Mountains. Additionally, a coupled 2-D surface energy balance and ice 

flow model was used to determine steady-state conditions for glaciers under various climatic 

scenarios. With this model it is possible to test combinations of temperature and 

precipitation settings, which would produce glacier configurations that fit the field-mapped 

ice extent. In total, 47 glacial boulders and roche moutonnées were sampled, prepared and 

AMS measured to determine the absolute timing of moraine formation and ice retreat based 

on 10Be surface exposure dating. Of these, 27 samples were obtained from the Khangai 

Mountains (three separate moraine sequences) and 20 samples were taken from the Turgen 

Mountains (two moraine sequences).  

The dating results (presented as minimum ages) give evidence for a late Pleistocene 

maximum ice expansion during late MIS 5 (81−78 ka) and major ice advances during MIS 2 

(26−20) in both mountain ranges. Only in the Khangai Mountains (central Mongolia) very 

significant glacier advances also occurred during mid-MIS 3 (49−35 ka), which exceeded 

the ice limits set during the MIS 2 glaciation. A final ice position, constructed shortly before 

the onset of full ice retreat was formed between 19-16 ka, and is likely to represent a 

recessional ice stillstand, or alternatively a final ice readvance during the early part of the 

last-glacial-interglacial-transition (LGIT) in both mountain ranges. Energy/mass balance and 

ice flow modeling results suggest that climatic conditions during the MIS 5 and MIS 3 

maximum advances in the Khangai Mountains were depressed between a ∆T of -6.0 to -

5.2 °C with a precipitation factor of 1.25-1.75 (P = 125-175 %, compared to modern 

conditions), and a ∆T of -5.3 to -4.4 °C (P = 75-125 %), respectively. For the MIS 2 ice 

advances modeling results from the Turgen and Khangai Mountains suggest a temperature 

depression ∆T of -5.7 to -4.6 °C (at 22 ka; P = 25-50 %) in the East-Turgen, and a ∆T of -

7.5 to -6.6 °C (at 20 ka; P = 25-50 %) in the Chulut area (Khangai Mountains). These 
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results document a 1.8 - 2 °C difference of the modeled temperatures required to expand the 

studied paleo-glaciers in the Turgen and Khangai mountains to their field-mapped MIS 2 ice 

limits, highlighting a spatially differentiated pattern of paleo-temperature lowering across 

the studied 700 km NW-SE transect. 

Taken together, the presented record indicates that the largest ice advance in both 

investigated mountain ranges occurred during the MIS 5 / MIS 4 transition, despite earlier 

suggestions by previous studies that the local glacial maximum would be associated with the 

coldest periods of the last glacial cycle (i.e. MIS 4 or MIS 2). Glacier systems in the 

Khangai Mountains also increased substantially during MIS 3 (local LGM) in response to 

cool but comparable wet conditions, probably with a greater-than-today input from winter 

precipitation and an additional input of recycled moisture from expanded paleo-lakes in the 

Valley of the Great Lakes.  

The lack of a severe cooling during the MIS 3 ice advances, and probably also during 

the late MIS 5 ice expansion, suggests that variations in atmospheric circulation patterns, 

with its significance for controlling the regional precipitation/moisture supply, was a key 

driver for these late Pleistocene ice advances in Mongolia. This notwithstanding, there is 

also clear evidence for the development of an extensive glaciation during MIS 2, coinciding 

with a period of severe cooling and hyperarid conditions. This highlights that glacier 

systems in Mongolia responded sensitively, both, to variations in moisture supply and its 

seasonal distribution, and to the marked insolation minima during the last glacial cycle. 
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1 Introduction 

1.1 Rationale 

Situated between the arid mountainous interior of Central Asia and the semi-arid to humid 

steppe and forest regions of northern Asia, Mongolia is one of the most landlocked 

countries in the world. Dry areas such as Mongolia and the Tibetan Plateau react extremely 

sensitively to changes in climate conditions. Research on climate change in Mongolia has 

shown a temperature increase of ~2 °C over the last 70 years (Batima, 2006; Ministry of 

Environmental, Nature and Tourism, Mongolia, 2009) which is more than twice as fast as 

the global average (Bohannon, 2008). In order to understand the physical forcing 

mechanisms of climate change and their consequences on regional climate shifts a 

profound knowledge of the paleo-climate evolution is required. 

Whereas the number of publications on paleo-climate investigations and glacial 

chronology of the Tibetan Plateau and northern Asia are increasing rapidly only few 

investigations on this issue are available from Mongolia. Previous research (e.g. Hülle, 

2011; Hülle et al., 2010; Klinge, 2001; Klinge et al., 2003; Lehmkuhl, 1998b, 2012b; 

Lehmkuhl et al., 2011) focused on the spatial distribution of modern and late Pleistocene 

glaciations, optical stimulated luminescence (OSL) dating on glaciofluvial terraces and 

fans, and OSL dating on dune sediments to reconstruct the late Quaternary landscape and 

paleo-climate evolution of Mongolia, yet, an absolute chronology of moraine sequences 

and its paleo-climate implication is still missing. One important paleo-dataset for the 

evaluation of climate system models is the record of past mountain glaciations. 

Understanding the paleo-climate evolution is a key factor to predict future climate shifts 

due to anthropogenic and natural impacts on atmospheric temperature, precipitation, and 

atmospheric circulation. The essential questions that arise are: 1) Which climate conditions 

and atmospheric patterns produced a favorable setting for major ice expansion in 

Mongolia? 2) How can the timing of glacial forcing in Mongolia brought into context on a 

regional and global scale? 

The presented thesis was written in the framework of the DFG (German Research 

Foundation) project ‘Jungquartäre Vergletscherung und Paläoklimatologie der 

hochkontinentalen Gebirge des mongolischen Altai und Khangai’ (‘Late Quaternary 

glaciation and paleo-climate of the landlocked mountain ranges of the Mongolian Altai 

and Khangai’). The project aims to reconstruct the timing of and reasons for glacial 
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forcing in the mountainous areas of Mongolia, as well as the reconstruction of paleo-

climate and landscape evolution on a regional and global scale. 

1.2 Aims and objectives 

The still poorly resolved absolute chronology of major glacial events and the resulting 

paleo-climatic implementations for Mongolia represent a significant gap by comparison to 

adjacent areas in Central and northern Asia. The main focus of this thesis is to clarify the 

geochronology and paleo-climatic characterization of late Pleistocene glaciations in the 

Khangai and Turgen Mountains, central and western Mongolia, fill this scientific gap, and 

contribute knowledge to the following research objectives: 

O1:  Creating a detailed geomorphological map of the study areas. 

Approach: This involves the comprehensive field mapping of glacial deposits and 

remote sensing using satellite images to document extent and style of glaciation in 

the study areas of the Khangai and Turgen Mountains. 

O2: The establishment of an absolute glacial chronology of late Pleistocene glaciations 

in Mongolia. 

Approach: Dating of quartz-rich glacially transported boulders, associated with 

former ice margins (e.g. terminal and lateral moraines), and roche moutonnées 

applying field mapping and cosmogenic radionuclide (CRN) 10Be surface exposure 

dating (SED). 

O3: The investigation of the paleo-climatic mechanisms which forced the glacial 

dynamics in the Turgen Mountains (Mongolian Altai) and the Khangai Mountains. 

Approach: Define the results of the field investigations (geomorphological 

mapping and CRN SED) as boundary conditions and modern climate data as input 

parameters for a coupled 2-D snow/ice energy balance and ice flow model. 

O4: Synthesis of the data based on comparison and correlation of the results with 

paleo-climatic investigations of northern and central Asia to analyze larger scale 

paleo-climatic patterns. 

Approach: Aggregate the results of this thesis and placing it into context with 

paleo-climatic investigations of Siberia and Central Asia. 
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In order to investigate and answer the above stated research questions, the following 

methods were applied: 

Geomorphological mapping 

As a basis for establishing an absolute glacial chronology of late Pleistocene glaciations in 

Mongolia and for the ice flow modeling in selected valleys of the study areas a 

geomorphological map was created. This map shows glaciological features identified using 

satellite images (LANDSAT 8, SRTM, MS WorldView) and by field-mapping. The 

outcome of the visualization, generalization, and interpretation of the field data in the 

geomorphological maps form the basis for approaching the geological research questions. 

Importantly, the field-mapped ice margins were used to set the spatial boundary conditions 

for the mass balance and ice flow modeling. 

Cosmogenic radionuclide surface exposure dating 

This dating technique provides a way of dating rock surfaces directly and determines the 

time span of their exposure. A necessary prerequisite for obtaining reliable ages is that the 

rock surface has been freed from deep shielding (>3 m of rock cover) and becomes 

exposed at the Earth surface through erosion of overlying rock material by a short-lived 

geological event. CRN SED uses the accumulation of in-situ cosmogenic radionuclides 

(e.g. 3He, 10Be, 14C, 21Ne, 26Al, 36Cl) and applied in formerly glaciated catchments 

containing quartz-rich rocks, complete glacial chronologies can be inferred. Previous 

researches have shown that complete CRN surface exposure chronologies provide crucial 

information on paleo-climate of the region, especially when combined with other 

investigations (Gosse and Phillips, 2001; Ivy-Ochs and Kober, 2008). 

Snow/ice energy balance and ice flow modeling 

A coupled 2-D snow/ice energy balance and ice flow model developed by Plummer and 

Phillips (2003) was used to estimate paleo-climate and paleo-glaciological conditions for 

the periods of glacial forcing. With this model it is possible to determine steady-state 

conditions for glaciers under a specific climate regime. Projected glaciers from stabilized 

runs of the model were compared to field-mapped and dated glacier margins, which 

specify the model boundary conditions. This approach enables the establishment of 

combinations of temperature and precipitation changes, compared to modern climate 

conditions, which produce a glacier fitting the mapped extent. The model consists of two 
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parts: a snow/ice energy and mass balance model that calculates the net 

accumulation/ablation of snow or ice across a topographic grid from a set of input climate 

parameters, and an ice flow model that uses the net annual mass balance output to grow a 

glacier to mass balance equilibrium with the input climate conditions. 

1.3 Thesis outline 

Chapter 1: Introduction General introduction to the project, its methodology, and project 

aims. 

 

Chapter 2: Physiogeographic settings of Mongolia Geomorphic description and 

geological development of Mongolia, the Khangai Mountains, and the Turgen-

Kharkhiraa (Mongolian Altai). Review of the modern climate and climatic evolution 

during the Quaternary period including the description of the wind systems and 

moisture sources of Mongolia. Overview of the present glaciation and equilibrium 

line altitudes (ELAs). 

 

Chapter 3: Previous research on the extent and timing of the paleo-glaciation of 

Mongolia Review of the available studies on the extent, distribution and 

geochronology of the late Pleistocene glaciations of Mongolia. Furthermore this 

chapter gives an overview of the late Pleistocene climate development and the 

Pleistocene glaciations of Mongolia in the context of Central Asia, and summarizes 

unresolved issues. 

 

Chapter 4: Project Methods Summary of the methods applied in this study with separate 

sections detailing the technical approaches to geomorphological mapping, CRN 

SED, and snow/ice energy balance and ice flow modeling. 

 

Chapter 5: Results A: Glacial geomorphology and geochronology Geomorphic 

description and geological development of the Khangai and Turgen Mountains. 

Description of the glacial geology of the study areas, and presentation of the results 

of the CRN SED. 
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Chapter 6: Results B: The 2-D numerical model of snow/ice energy balance and ice 

flow Detailed description of the model calibration and the modeling strategies. 

Presenting results of modeling snow/ice energy and ice flow in the Khangai and 

Turgen Mountains. 

 

Chapter 7: Discussion Assessment of the dating (including a comprehensive discussion of 

mean site age determination) and modeling results by placing the results into a 

regional context and outline the paleo-climatic implications. 

 

Chapter 8: Conclusion Evaluation of the outcomes of the project, identifying open 

questions, and suggested strategies for further research. 
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2 Physiogeographic settings of Mongolia 

Mongolia, known as the “Land of the Eternal Blue Sky”, is the second largest country in 

Asia with a total land area of 1.56 million km2. It trends from 41°35’N to 52°06’N and 

from 87°47’E to 119°57’E, bordering Russia in the north, and China in the south (Figure 

1). With only 2.8 million inhabitants, it is the least densely populated country in the world 

where nomadism (approximately 30 % of the total population are nomadic or semi-

nomadic) plays an important part of the economy and culture. The capital and largest city 

of Mongolia is Ulaanbaatar (Figure 1) with 1.2 million inhabitants, which is about 45 % of 

the country’s population (United Nations and Department of Economic and Social Affairs, 

2014). In the thirteenth century, Mongolia was the center of the Mongol Empire. After it’s 

collapse and an ongoing territorial struggle with China, the Manchu Qing Dynasty ruled 

Mongolia from the 17th century until 1911. In 1924, the Soviet Union forcefully 

established a communist regime and declared Mongolia as a Soviet satellite state. This led 

to an isolation of Mongolia from the Western world during the Cold War (Weiers, 2004). 

For those reasons, access to Mongolia has been difficult for Western researchers until the 

collapse of the Soviet Union in 1989 and the transition to a democratic nation in 1992. 

Geographically, Mongolia comprises high-altitude mountains of over 4,000 m asl 

which take up one third of Mongolia’s territory and occupy the north, west, and southwest, 

whereas the south and east are dominated by low relief continental highlands. The average 

altitude of this vast country is 1580 m asl. Furthermore, Mongolia lies in a transitional 

zone between the boreal forests of Siberia and the Gobi Desert. The forested area 

comprises ~11 % of the total land area and the Gobi represents the southernmost border of 

the permafrost and the northernmost arid desert in the world. Mongolia is characterized by 

an extreme continental climate with long, cold winters and short summers. The 

precipitation distribution is heterogeneous with a maximum in the north of the country and 

a minimum in the Gobi Desert, and the majority of the total precipitation falls during the 

short summers. The mean annual temperature of Mongolia is about 1 °C, and with a mean 

average temperature of -2.4 °C, Ulaanbaatar is the world’s coldest capital city (Neef, 

1975). 

The aim of this chapter is to first describe the physiogeographic setting 

(geomorphology, geology, and modern climate) of Mongolia in more detail (Sections 2.1, 

2.2, and 2.3), followed by an overview of the late Quaternary atmospheric systems 



2	Physiogeographic	settings	of	Mongolia	

 

 7 

particularly with regard to moisture sources affecting Mongolia (Section 2.4). Section 2.5 

addresses the extent and distribution of modern glaciation of Mongolia. 

2.1 Geomorphographical features of Mongolia 

Mongolia, as part of the so-called Mongolian Basin, a broad high basin comprising 

Mongolia, Inner Mongolia, and the northern part of China (Neef, 1975), is characterized by 

a divers relief and a complex geological structure. Large areas are shaped by mountain 

ranges from where large amounts of eroded material have been transported far into the 

forelands. The elevation decreases from the Mongolian Altai in the west (highest peak: 

Khuiten Peak, 4357 m asl) to the East Mongolian Plain (highest peaks below 1800 m asl). 

The average elevation of the country is 1580 m asl. According to Muzaev (1954) and Thiel 

(1958), Mongolia can be divided into the following geomorphological regions (Figure 1): 

1 Khangai Mountains (central Mongolia) 

2 Khenty Mountains (northeastern Mongolia) 

3 Eastern Sayan and the low mountain landscape of the basin of the Selenge and 

Orkhon rivers (northern Mongolia, between Khangai and Khenty) 

4 East Mongolian Plain (eastern Mongolia) 

5 Valley of the Great Lakes (VoGL; between Mongolian Altai and Khangai) 

6 Altai Mountains, consisting of the Mongolian Altai and the Gobi Altai (western and 

southern Mongolia) 

7 Gobi Desert (also referred to Gobi) (southern Mongolia) 

Flat-topped peaks characterize the region of the Khangai-Khenty mountain system in 

central and northern Mongolia. The Khangai trends NW-SE for ~650 km and runs parallel 

to the Mongolian Altai. The highest mountain of the Khangai is the Otgon Tenger (4031 m 

asl), the only peak currently glaciated (covered with a small ice field). The northern 

mountain slopes of the Khangai are strongly dissected, whereas the southern Khangai is a 

southward dipping plateau, which slopes down towards the Gobi Depression. The rolling 

upland of the Khenty trends NNE-SSW and reaches elevations of up to 2800 m asl. The 

basin between the Khangai and the Khenty is part of the catchment area of the Selenge and 

Orkhon Rivers and their tributaries, which drain towards Lake Baikal. This low mountain 

landscape is characterized by broad saucer-shaped valleys and thick debris covers 

(Schwanghart and Schütt, 2008). 
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Figure 1: Geographical overview of Mongolia. 
High-altitude mountains (> 4000 m asl) dominate the north, west, and southwest, whereas low relief 
continental highlands dominate the south and east. A detailed map of the Khangai and Turgen-
Kharkhiraa (black boxes) are shown in Figure 2 and Figure 3, respectively. 

The Altai Mountains trend NW-SE from Russia (Russian Altai) to Mongolia (Mongolian 

Altai) and China (Chinese Altai) towards the Gobi Altai in the southeast. The Mongolian 

Altai is typified by a continuous mountain topography and isolated massifs separated by 

large basins. In contrast, the Gobi Altai consists of topographically discontinuous, 

individual linear E-W trending ranges separated by large intermontane valleys 

(Cunningham et al., 1996a). The average elevation of the Altai exceeds 2500 m asl, and the 

absolute elevations decrease from the northwest (Mongolian Altai, >4000 m asl) to the 

southeast (Gobi Altai, ~2500 m asl). 

The East Mongolian Plain comprises the whole of eastern Mongolia and is defined 

by a steppe landscape with an average elevation of 800-1100 m asl. The northern part of 

eastern Mongolia is drained exorheic towards the east by the Kherlen River. The Gobi 

Desert (from Mongolian gobi, meaning “waterless place”) takes up large parts of southern 

Mongolia and northern China. On the Mongolian side, the desert reaches from the VoGL 

between the Mongolian Altai/Gobi Altai and the Khangai, the Trans-Altai Gobi between 

the eastern spurs of the Mongolian Altai and Gobi Altai, towards the vast area east of the 

Gobi Altai (Eastern Gobi). The Gobi is characterized by an endorheic drainage system with 

an average elevation of ~1000 m asl. 
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2.1.1 Geomorphographical features of the Khangai 

The Khangai Mountains (46°–48°N/96°–103°E) in central Mongolia (Figure 2) represent 

one of the most landlocked high mountain systems in the world. The mountain belt is 

situated at the northern fringe of High Asia, covers an area of more than 200,000 km2, and 

is bounded by the Khenty Upland and the Lake Baikal rift province (north), the East 

Mongolian Plain (east), the Gobi Desert (south), and the VoGL (west) (see Figure 1). The 

range is characterized by numerous flat-topped peaks, representing the remnants of a 

Cretaceous-Paleogene erosion surface that has been domed to 3000-3500 m elevation 

(Cunningham, 2001; Devyatkin, 1975; Lehmkuhl, 1998b). The highest peak, the Otgon 

Tenger (4031 m asl), is located in the western part of the Khangai Mountains. Extending 

for ~650 km in a NW-SE direction, the Khangai Mountains form a major watershed 

boundary, with water flowing southwards into the large endorheic basins of the VoGL and 

the Gobi Desert, and northwards into Lake Baikal and eventually the Arctic Ocean 

(Cunningham, 2001). In addition, the mountain range represents a natural climate 

boundary, which separates the Siberian taiga in the north and the steppe / desert steppe 

regions in the south (Haase, 1963). Patches of Larix sibirica or Larix sibirica-Betula 

characterize the north-facing slopes above an elevation of 2000 m. In contrast, steppe 

vegetation (fescue herb, fescue sedge herb) is prevalent on the southern slopes (Tian et al., 

2013; Walther, 1998). Plant communities change from dry steppe to wetter mountain 

steppe, forest steppe and alpine meadow with increasing altitude (Hilbig, 1995). The 

general climatic conditions, but also the different solar radiation on the northern and 

southern slopes, control the modern altitudinal belts of vegetation and geomorphological 

processes. The varying degrees of radiation led to intensified Pleistocene solifluction on 

the south-facing slopes, resulting in an asymmetric shape of east-west trending valleys 

with steeper north-facing slopes and more gently dipping south-facing slopes. At the 

highest elevations of the Khangai Mountains, nivation and cirque formation have caused 

steeper northern slopes (Lehmkuhl and Lang, 2001). Therefore, at higher elevations 

erosional processes are prevailing, whereas sediment accumulation is prevalent at the 

foothills. Bannikova (1985) described the specific characteristics of the geological and 

morphological structure of the Khangai as follows: 

1 A Foothill Zone with dominant accumulative processes (deposition of eroded and 

transported material) 
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2 A Colline to Montane Zone with stronger sloping mountains and the start of 

destructive-accumulative (e.g. sheet-floods, gully erosion) processes 

3 A Montane Zone with mountains of older tectonic ages and balanced destructive 

and accumulative processes 

4 A Subalpine Zone with tectonically young formations, where destructive processes 

prevail over accumulation 

5 An Alpine Zone of young tectonic formations and prevalent destructive processes 

through faulting and ongoing seismic activity 

 

Figure 2: Overview of the central and eastern Khangai and the location of the study areas. 
The two study areas, hereafter referred to as Chulut area and Egiin Davaa (black boxes), are 
approximately 500 km west of the capital city Ulaanbaatar. For aerial context of the depicted area 
see inset frame in Figure 1. 

2.1.2 Geomorphographical features of the Altai Mountains 

The Altai Mountains (43°-51°N/83°-104°E) represent one of the great ranges of Central 

Asia. The mountain belt trends NNW-SE and covers an area of more than 100,000 km2 in 

western Mongolia, Russia and northwest China (Cunningham et al., 1996a) and is bounded 

by the endorheic basin VoGL to the east, and the Dzungarian Basin to the south (Figure 1). 

Three major rivers, the Irtysh, Ob, and Yenisei, drain the mountain system towards the 

Arctic Ocean and form a major drainage basin, encompassing most of the Altai Mountains 

and Western Siberia. The Khovd Gol, with a catchment area of 72,200 km2, drains the 
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western and central part of the Mongolian Altai into the Khar Us Nuur (1157 m asl; 

48°02′N/92°17′E). The southern and northern parts of the range are drained towards the 

Gobi Desert and the Uvs Nuur basin (758 m asl; Figure 1), respectively. The Altai 

Mountains are subdivided into the Russian Altai, the Gobi Altai, the Chinese Altai and the 

Mongolian Altai. The Mongolian Altai (45°-50°N/87°-95°E) is topographically linked to 

the Russian Altai in the northwest, the Chinese Altai in the southwest, and the Gobi Altai 

to the southeast. The Gobi Altai, joining the Mongolian Altai at approximately 45°N/95°E, 

consists of topographically discontinuous, individual linear E-W trending ranges separated 

by large intermontane valleys. In contrast, the Mongolian Altai (and the Russian Altai) is 

distinguished by a more continuous mountain topography and isolated massifs separated 

by large basins (Cunningham, 2005; Cunningham et al., 1996a, 1996b, 1997; Jolivet et al., 

2007). The average elevation of the Mongolian Altai is more than 2500 m asl, with peaks 

exceeding 4000 m asl. Relatively flat-topped summit ridges, representing uplifted erosion 

surfaces, characterize the mountain geomorphology (Cunningham et al., 1996a). The 

highest peaks are the Khuiten Peak (4374 m asl) in the Tavan Bogd Mountains, and the 

Monkh Khairkhan (4231 m asl) in the Monkh Khairkhan Mountains. The different 

mountain massifs are connected through intramontane basins with elevations of 1000 to 

2000 m asl.  

The northernmost part of the Mongolian Altai is the Turgen-Kharkhiraa massif (49°-

50°E/91°-92°E; Figure 3) with an elevation of almost 4000 m asl. This mountain range 

belongs to the endorheic parts of Central Asia and surmounts the basin topography by 

more than 3000 m in the north and east, and ca. 2500 m in the south and west (Lehmkuhl, 

1999). The Khondlon Gol and Kharkhiraa Gol drain the northwest and northeast as 

transverse valleys of the NW-SE trending Huh Tashuu range towards the Uvs Nuur basin. 

The eastern escarpment drains towards the southeast. The southwest and west of the 

mountain range are part of the Khovd Gol catchment area. According to Lehmkuhl (1998b, 

1999), the Turgen-Kharkhiraa mountain system covers an area of 5700 km2 and can be 

divided into seven morphotectonic regions (see also Figure 3): 

1 The SE-NW trending mountain crest of Huh Tashuu, which is a sharp and steep 

fault scarp southwest of the Uvs Nuur basin. The maximum elevation of this frontal 

range is 3228 m asl 
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2 The intermontane basin of the Huh Nuur and the adjacent intramontane lowlands. 

This is a depressed area of a fault trough. Several steep fault scarps, including rock 

falls, illustrate its neotectonic nature 

3 The northern central mountain massif of the Turgen Uul (Turgen massif) with a 

maximum elevation of 3965 m asl 

4 The plateau of Olaan Nuur in the central and western part of the mountain system 

5 The southernmost mountain massif of the Kharkhiraa, with a maximum elevation 

of 3966 m asl (according to some maps it reaches 4035 m asl) 

6 The high plateau area (remnants of old peneplains) at the southern slope of 

Kharkhiraa 

7 The frontal range in the SW towards the basin of the Khovd Gol 

 

Figure 3: Overview of the Turgen-Kharkhiraa and the location of the study area. 
The Turgen-Kharkhiraa is the northernmost part of the Mongolian Altai and can be divided into 
seven morphotectonic regions (for further explanations see text). For aerial context of the depicted 
area see inset frame in Figure1. The black box shows the location of the study area (hereafter 
referred to as East-Turgen). 
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2.2 The geological development of Mongolia 

The territory of Mongolia can be divided into a southern and northern domain. These 

domains are separated by an approximate regional topographic and structural boundary 

called ‘Main Mongolian Lineament’ (Figure 4). The southern domain is usually classified 

as a Hercynian (also referred to Variscan) orogen, and the northern domain as a 

‘Caledonian’ orogen. McKerrow et al. (2000) suggested, after redefining the Caledonian 

orogeny, that the term ‘Caledonian’ can be used only for regions where continental 

deformation occurred during the closure of the Iapetus Ocean (Badarch et al., 2002). Hence 

the terms ‘Hercynian’ and ‘Caledonian’ are inappropriate as a time indicator for the 

territory of Mongolia. Nevertheless, the general two-fold subdivision into a southern and 

northern domain is still applicable based on lithological and tectonostratigraphic 

differences (Badarch et al., 2002). The southern domain of Mongolia is dominated by 

Lower to Upper Paleozoic arc-related volcanic and volcaniclastic rocks, whereas the 

northern domain contains predominantly Precambrian and Lower Paleozoic metamorphic 

rocks and Neoproterozoic ophiolites. The Khangai Mountains and the Mongolian Altai are 

part of the northern domain. The former consists mainly of Paleozoic clastic sedimentary 

rocks, Cenozoic granites, and crystalline schist (Baljinnyam et al., 1993). In contrast, the 

Mongolian Altai consists of Paleozoic basement, which contain undifferentiated 

metamorphic, sedimentary, and volcanic rocks, overlain by Mesozoic clastic sedimentary 

and Cenozoic volcanic sequences (Cunningham, 2005; Cunningham et al., 1996a). 

Geologically, Mongolia lies in the heart of the Central Asia Orogenic Belt (CAOB), 

one of the largest provinces of Phanerozoic generation of juvenile crust (e.g. 

peralkaline/alkaline granitoids and genetically related volcanics) (Jahn et al., 2009). The 

CAOB is fringed by the Tarim and Sino-Korean Cratons in the south, and the Precambrian 

Siberian Craton (the Angara Shield) in the north (Figure 5). It consists of 44 terranes 

formed by accretion and amalgamation, which can be classified into seven types: cratonal, 

metamorphic, passive margin, island arc, forearc/backarc, accretionary complex, and 

ophiolitic (Badarch et al., 2002) (Figure 4). In addition to this tectonostratigraphic 

classification, several key episodes in the crustal evolution of Mongolia can be 

differentiated. Badarch et al. (2002) showed that small Precambrian cratons in the Khangai 

region acted as a central nucleus around which younger terranes (e.g. Paleozoic arcs, 

continental slivers, backarc/forearc basin assemblages) accreted. 
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Figure 4: Tectonostratigraphic terrane map of Mongolia. 
The geology of Mongolia is subdivided into 44 terranes, numbered from west to east (1-44) and 
separated by different types of faults (right side of the legend). The hatching indicates the bedrock 
geology. The red dashed line indicates the course of the Main Mongolian Lineament, which is a 
approximate topographic and structural boundary of Lower Paleozoic (north) and Upper Paleozoic 
(south) rocks (Badarch et al., 2002, modified). 

Traynor and Sladen (1995) divided the stratigraphy of Mongolia in greater detail, 

differentiating five ‘megasequences’, each of which is distinguished by a common 

stratigraphic and tectonic history. Megasequence 1 (Precambrian-Silurian) is characterized 

by the amalgamation of Precambrian-Early Paleozoic active and passive margin terranes. 

This accretion resulted in the growth of the ‘Caledonian’ fold belt in Western Mongolia. 

The western part of the Caledonian fold belt was continuously deformed during the 

Devonian-Permian sequence (megasequence 2). This stratigraphic period appears to be the 

most complex, characterized by a variety of active margin collisions in eastern and 

southern Mongolia. During this first erathem of the Phanerozoic, the Paleozoic 

(megasequence 1-2), terranes of different origins successively accreted to the Siberian 

Craton. This resulted in a great diversity of solid bedrock, primarily types of 

metasediments, magmatic rocks, and metamorphites. The degree of the metamorphosis 

increased towards the interior of the basal complex, due to intrusions of plutonic 
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complexes into the basement rocks (Badarch et al., 2002; Badarch and Tomurtogoo, 2001). 

By the Triassic (megasequence 3, Triassic-Early Jurassic), a substantial fold belt 

underpinned by a variety of granitic plutons existed across Mongolia. Distinctive for this 

period was the widespread erosion and limited deposition in intermontane and small 

foreland basins (Traynor and Sladen, 1995). During the Early Jurassic-Cretaceous 

(megasequence 4), crustal extension occurred across the partially eroded fold belt, 

confining deposition to a series of alluvial and lacustrine rift basins. During the Late 

Cretaceous and Tertiary (megasequence 5) these basins experienced transpression, 

inversion and erosion followed by onlap and overstep, giving more widespread 

sedimentation from large post-rift alluvial systems. The Altai Mountains appears to have 

undergone considerable uplift during the Mid-Late Cretaceous, indicated by the absence of 

Late Cretaceous elastic sediments, and became an important uplift sediment source area 

during the Late Cretaceous and Tertiary (Traynor and Sladen, 1995). Megasequences 1-3 

are usually extensively folded, whereas megasequences 4 and 5 have been involved in 

transpressive inversion (Cunningham, 2005; Molnar and Tapponnier, 1975; Traynor and 

Sladen, 1995). 

Present day Mongolia is an area of compressive and transpressive tectonics, erosion, 

and general uplift due to India’s continued NNE indentation into south Asia (Cunningham, 

2005; Traynor and Sladen, 1995). Cunningham et al. (2001) reconstructed Late Quaternary 

uplift rates of 0.1-1 m/ka for the Gobi Altai. In addition, lateral and horizontal fault 

displacements are recorded ranging from 2-5 m (along the Gurvan Bulag fault, Prentice et 

al., 2002) to a maximum of 10 m (along the Bogd fault in 1957, Baljinnyam et al., 1993). 

In the Khangai, several major historic earthquakes have been recorded along the eastern 

edge of the dome and in the northern region, and western Mongolia has been one of the 

most seismic intracontinental regions of the world during the last century (four 

earthquakes: M ≥ 8). The events were dominantly strike-slip deformations with an 

estimated recurrence interval of ~400 years in western Mongolia and the Khangai region 

(Agatova et al., 2014; Baljinnyam et al., 1993; Cunningham, 2001). 
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Figure 5: Distribution of the Late Paleozoic and Mesozoic granitoid belts in the CAOB. 
The map area, showing the Central Asian Orogenic Belt, corresponds to the rectangle of the inset 
map. Granite belts: 1 = Mongolian–Transbaikalian, 2 = Great Xing'an, 3 = Zhangguangcai, 4 = 
Jiamusi, 5 = Gobi–Altai, 6 = Main Mongolian Lineament, 7 = Eastern Kazakhstan, 8 = Gobi–Tien 
Shan (Jahn et al., 2009, modified). 

2.2.1 Geological features of the Khangai 

Geologically, the Khangai Mountains consist predominantly of Paleozoic clastic 

sedimentary and intrusive magmatic rocks as well as Cenozoic basalts (Figure 6). The 

clastic sedimentary rocks (megasequence 2) were deformed and weakly metamorphosed 

during a late Paleozoic orogenic event (Traynor and Sladen, 1995; Zorin, 1999). The 

basement geology of the Khangai Mountains consists of a Precambrian craton 

(megasequence 1) (Badarch et al., 2002; Traynor and Sladen, 1995), which underlays the 

Khangai batholith. This granitic batholith intruded into Devonian and Carboniferous 

metasedimentary rocks, and is composed of two different granitoid units. The widespread 

Khangai unit intruded during the late Permian to early Triassic, and the smaller Egiin 

Davaa unit during the Triassic to Jurassic (megasequence 3) (Landman and Tumenjargal, 

2007; Traynor and Sladen, 1995; Yarmolyuk et al., 2008, 2013). The batholith formation 

proceeded simultaneously with rifting processes, which are typical of zones of within-plate 

extension. This, in turn, resulted in the formation of a system of graben with alkaline-

granitoid and bimodal magmatism in the batholith framing (Yarmolyuk et al., 2008). 

During the Paleogene, these structures (megasequence 5) were overprinted by the collision 
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of the Indian Plate with the Asian Plate, which led to overthrusting, lateral dislocation, and 

downfaulting (Cunningham, 2005; Molnar and Tapponnier, 1975; Traynor and Sladen, 

1995). The doming of the Khangai Mountains, associated with Oligocene to recent alkali 

basalt flows, began in the middle Oligocene and produced more than 2000 m topographic 

uplift, forming the highest summits of the present-day relief (Cunningham, 2001). 

 

Figure 6: Geological overview of the Khangai and the location of the study area. 
The legend of the geological units is shown in Figure 8 on page 19 (Mongolian Academy of Science 
1999, modified). 

The southern Khangai is dominated by Late Cenozoic activated normal faults that are 

mainly NE-striking. Many faults are associated with graben and half-graben systems that 

constitute small sediment sinks perched on the crests and flanks of the Khangai dome. 

Most sediments eroded off of the Khangai dome are accumulated in the VoGL (Figure 1) 

or carried northwards by the Selenga river and its tributaries (Cunningham, 2001). 

The currently most active faults are located at the highest elevations within the 

Khangai ranges. The Egiin Davaa scarp, ca. 70 km southwest of Chulut (Figure 6), 

ruptured last between 300-500 years ago (Khil’ko et al., 1985, ct. in Cunningham, 2001). 
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The fault strikes roughly N61° E on the southeastern side of a NE trending valley. This 

valley is bounded by high peneplaned summits (Figure 7) in excess of 3300 m and forms a 

major pass across the high crest and watershed divide of the Khangai Dome (Baljinnyam et 

al., 1993; Cunningham, 2001; Parker et al., 2007). 

 

Figure 7: High peneplaned summits of the Khangai Mountains. 
Flat-topped peaks (background of the Photo) characterize the region of the Khangai-Khenty 
mountain system in central and northern Mongolia. 
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Figure 8: Legend of the geological units shown in Figure 6 and Figure 9. 
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2.2.2 Geological features of the Mongolian Altai 

The Mongolian Altai is a tectonically active intracontinental transpressional mountain 

range in an intraplate setting (Cunningham, 2005; Cunningham et al., 1996a). Throughout 

the Paleozoic, successive accretion of continental fragments, arcs, and subduction 

complexes (megasequence 1-2) occurred along the southern border of the Angara Shield, a 

Precambrian craton in southern Siberia. These assemblages constitute the continental 

basement and form NW-SE trending accurate belts. According to their decreasing age from 

north to south, these belts are commonly subdivided into three accretion zones: the 

Baikalian, the Caledonian, and the Hercynian (Cunningham et al., 1996a; Penttila, 1994). 

During the Early Paleozoic, the Altai Plate, which consists of different Caledonian 

terranes, accreted to the Central Mongolian Plate (Traynor and Sladen, 1995). The 

metamorphosed Paleozoic basement occurs in distinct belts within the Mongolian Altai. 

The level of metamorphism increases from the margin towards the core of the range, 

whereas the highest-grade amphibolite facies assemblages in the core are exposed at higher 

elevations (Cunningham et al., 1996a). During the Paleozoic and Mesozoic, intrusion of 

plutons occurred throughout western Mongolia and cut through the metamorphic rock 

assemblages (Cunningham et al., 1996a, 1996b; Jolivet et al., 2007). The intrusive bodies 

range from highly deformed orthogneisses to undeformed plutons, the latter ranging in 

composition from alaskitic granites to gabbro (Cunningham et al., 1996a). By the Late 

Jurassic, tectonic uplift of the Gobi Altai and western Mongolia was accomplished over the 

entire area. Mesozoic tectonic movements, associated with distant effects of the 

Cimmerian orogeny in Tibet, have been widely reported in the area of southern Siberia to 

northern Tibet. By the Late Jurassic-Early Cretaceous, most of these tectonic movements 

and related active erosion had stopped in a broad area from southwest Mongolia to the 

northeast of the Tibetan Plateau. This period of building and consecutive erosion was 

followed by a time of stability, which led to the formation of a peneplain, which possibly 

extended from the northwest (Russian Altai) towards the Tien Shan and northern Tibet in 

the southwest (Bullen et al., 2003; De Grave et al., 2007; De Grave and Van den Haute, 

2002; Jolivet et al., 2001; Sobel et al., 2006; Zorin, 1999). The frequently reported 

evidence of Cretaceous extension and formation of intracontinental rift basins in eastern 

Mongolia (An et al., 2012; Cunningham et al., 1996a; Penttila, 1994; Traynor and Sladen, 

1995) did not effect western Mongolia (Jolivet et al., 2007). Reactivation of tectonic uplift 

of the summit plateaus started during the Cenozoic as a far-field deformational response to 
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the India-Asia collision (Cunningham, 2005; De Grave et al., 2007; Molnar and 

Tapponnier, 1975). The geometry and kinematics of faults controlling the massifs during 

this period allowed the summit surface to remain horizontal through time, preserving the 

flat summit plateaus during the uplifting process (Cunningham, 2005; Jolivet et al., 2007; 

Ritz et al., 2003). 

 

Figure 9: Geological overview of the Turgen-Kharkhiraa and the location of the study area. 
The legend of the geological units is shown in Figure 8 on page 19 (Mongolian Academy of Science 
1999, modified). 

The current relief of the Mongolian Altai is composed of Proterozoic to Paleozoic 

basement rocks including low-grade metamorphosed marine and continental 

conglomerates, mudstones, limestones, and volcanics. The peaks of the mountain massifs 
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are dominated by granitic rocks and form pop-up structures within the general compressive 

system (Cunningham et al., 1996a, 1996b; Jolivet et al., 2007; Lehmkuhl, 1999; Windley 

et al., 2002). Cenozoic strike-slip faults dominate the Uvs Nuur basin (east) and the 

foothills between the Turgen and Kharkhiraa Mountains (west) (Figure 9). These active N-

S trending thrust and right-lateral faults, dominating the northern Mongolian Altai, break 

alluvial fans and bend NE-SW in the southern Mongolian Altai and E-W in the Gobi Altai 

(Carson et al., 2005). Since sediments that are currently eroded off the Mongolian Altai are 

deposited in small confined marginal basins or internal valleys, the large depression of the 

VoGL does not act as a sediment sink (Cunningham, 2005; Jolivet et al., 2007; Owen et 

al., 1997). 

2.3 The climate of Mongolia 

The Mongolian climate can be summarized as having three fundamental features: a 

pronounced continental climate, a north-south zoning of the climatic elements (e.g. 

temperature, precipitation), and a pronounced temporal and spatial variability of 

temperature and precipitation. Mongolia's continental climate is expressed by extremely 

low winter temperatures and low humidity leading to a high moisture deficit in central and 

northern Mongolia, where ~90 % of the annual precipitation evapotranspirates (Batjargal, 

1997). Temperature increases and precipitation decreases from north to south across 

Mongolia (An et al., 2008). The mean annual temperature is 0.7 °C, the temperature 

amplitudes can be up to 80 °C seasonally and up to 30 °C diurnally (ALAGaC, 2004; 

Batima et al., 2005). The average annual precipitation is 230 mm a-1 and ranges from 

>500 mm in some areas in the north of the country to <50 mm in the extreme south (Figure 

10). 60 to 80 % of the annual precipitation occurs within the three summer months (June-

August). However, continuous climate records (1952-today) are only available for the 

larger settlements (e.g. Ulaanbaatar, Ulaangom, Khovd, Tsetserleg) and are all restricted to 

areas below 2000 m asl at the margin of mountain ranges (Lehmkuhl et al., 2004). The 

records of the few other climate stations are often fragmentary or from shorter and 

different (i.e. not overlapping) measuring periods (Jansen, 2010; Klinge, 2001; Lehmkuhl, 

1999). Thus, climatic elements have to be interpolated or estimated for the mountain 

regions of Mongolia. 
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Figure 10: Precipitation distribution map of Mongolia. 
The map shows the modern precipitation distribution of Mongolia and the climate diagrams of 
selected cities (modified after ALAGaG, 2004 and www.klimadiagramme.de). The annual 
precipitation ranges from >500 mm a-1 in some areas in the north to <50 mm a-1 in the VoGL, the 
Gobi, and in the extreme south. The average annual precipitation is 230 mm a-1. Note that >60% of 
the total annual precipitation occurs within the three summer months (June-August). Tsetserleg is 
about 80 km west of the study area in the Khangai, and Ulaangom is about 45 km southwest of the 
study area in the Turgen Mountains, respectively.  
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In accordance with the climate classification concept of Köppen & Geiger (Kottek et al., 

2006), the area north of the Khangai and Khenty mountains can be described as a snow 

climate (Dwc) with cool summers and cold/dry winters (Figure 11). The temperature of the 

coldest month is below 3 °C, and throughout the year fewer than four months are warmer 

than 10 °C. The adjacent areas to the south are classified as a cold steppe climate (BSk) 

with mean annual air temperatures below 18 °C.  The climate south and east of the 

Mongolian Altai is defined as a cold desert climate (BWk). This climatic zoning is 

modified by mountain ranges. 

 

Figure 11: Climate classification of Mongolia after Köppen & Geiger. 
Abbreviations: Dwc: snow climate; BSk: cold steppe climate; BWk: cold desert climate (modified 
after Kottek et al., 2006). For further explanation, see text. 

In general, Chen et al. (2010) attributed Mongolia to Arid Central Asia and its 

climate is primarily controlled by the mid-latitude Westerlies. During summertime the 

Westerlies deliver moisture from the Atlantic and Mediterranean towards the Altai 

Mountains. The Mongolian Altai is situated in the rain shadow of the Russian Altai, with a 

decrease in precipitation from an estimated 1500 mm/a (Russian Altai) to less than 

300 mm/a (Mongolia Altai) (ALAGaC, 2004; Lehmkuhl et al., 2004). Due to local foehn 

effects, precipitation decreases further towards the VoGL (<50 mm/a). In order to generate 

precipitation in low moist air, a strong convergence in the near-surface atmospheric strata 

is required. Those weather phenomena can result in 40 to 65 mm of precipitation in a 

single hour during summer (Batjargal, 1997). The Indian Summer Monsoon (also referred 
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to as South Asian Summer Monsoon, SASM) plays a minor role as a moisture source for 

Mongolia, as this wind system is blocked by the Himalaya and Kunlun Mountains 

(Ramisch et al., 2016). For a more detailed review of the moisture sources driving the 

Quaternary glaciations see Section 2.4. 

The Mongolian-Siberian high-pressure cell (also referred to as Mongolian 

anticyclone or Siberian High) dominates synoptic conditions during wintertime. This high-

pressure cell accounts for the stable and cold/dry conditions with infrequent precipitation 

(Khrutsky and Golubeva, 2008). Drying winds rapidly sublimate fallen snow, which 

contributes less than 20 % of the total annual precipitation (Batima, 2006). In mountainous 

regions, a stable snow cover persists for 120 to 150 days, and the first snowfall occurs 

usually between middle October and middle November. The main ablation period is 

March. The spring and autumn transition periods are short and characterized by a rapid 

temperature increase and decrease, respectively. 

Research on modern climate change in Mongolia has shown an annual temperature 

increase of ~2 °C over the last 70 years (Batima, 2006; Ministry of Environmental, Nature 

and Tourism, Mongolia, 2009). This warming is more than twice as fast as the global 

average (Bohannon, 2008). Winters have experienced the most prominent temperature 

increase of 3.6 °C, whereas the summer temperature has increased by 0.5 °C. These 

changes are specifically evident in the mountain regions. Changes in precipitation have a 

more localized character (Batima et al., 2005). Snowfall tends to occur earlier in autumn, 

and last longer into spring/summer (Batima, 2006; Batima et al., 2005). In general, the 

climate change projections show a trend towards increased precipitation during wintertime, 

and a decrease during summertime. In addition, the increase in winter temperatures is more 

pronounced than the increase in summer temperatures (Batima, 2006; Ministry of 

Environmental, Nature and Tourism, Mongolia, 2009). 

2.3.1 Climatic features of the Khangai 

Winter temperatures of below -20 °C and a relatively high annual temperature amplitude 

(30-40 °C) reflect the extreme continental climate of the Khangai Mountains. According to 

the climate classification of Köppen & Geiger (Figure 11), the northern part of the Khangai 

is a snow climate (Dwc), and the southern Khangai a cold steppe climate (BSk) (Kottek et 

al., 2006). Thus, the Khangai represents a natural climatic boundary. Weather stations with 

continuous climate records exist only at the margin of the mountain range (e.g. at 
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Tsetserleg, Bayankhongor, and Galuut; see Table 1), which makes the precise thermal and 

hygric characterization of the interior of the Khangay Mountains problematic. The nearest 

station to the study area is Galuut, ~60 km south of Egiin Davaa (Figure 2). The mean 

January temperatures range from -25.2 °C (Galuut, 2126 m asl) to -14.8 °C (Tsetserleg, 

1691 m asl), and the mean July temperatures range from 13 °C (Galuut) to 16.2 °C 

(Bayankhongor, 1874 m asl). The average annual precipitation in Galuut and 

Bayankhongor is below 300 mm, whereas annual precipitation in Tsetserleg (northeastern 

side of the mountain range) is just above 300 mm (Table 1). About 55-75 % of the annual 

precipitation occurs during the three summer months from June to August. This strong 

precipitation seasonality is caused by cold and dry winters dominated by the Mongolian-

Siberian high-pressure cell, and warm and wet summers influenced by the Asian low-

pressure system (Chen et al., 2010; Tian et al., 2013; Wang et al., 2009). The mean annual 

precipitation in the higher mountain areas is estimated to be between 300-400 mm (Batima 

et al., 2005), while other studies give values more than 400 mm (Haase, 1963; Lehmkuhl 

and Lang, 2001). 

Table 1: Monthly mean climate data of selected stations in the Khangai. 
For the locations of the climate stations see Figure 2. 

 

2.3.2 Climatic features of the Turgen-Kharkhiraa (Mongolian Altai) 

The climate of the Turgen-Kharkhiraa is extreme continental, as evidenced by a high 

annual temperature amplitude (30-40 °C) and winter temperatures of below -30 °C. 

Climatically, the mountain range is classified, according to the climate classification of 

Köppen & Geiger, as having a cold steppe climate (BSk; Figure 11, Section 2.3) (Kottek et 

al., 2006). The absence of weather stations makes the precise thermal and hygric 

characterization of this mountainous area difficult. However, Böhner (2006) interpolated 

temperature data for the elevation of 3825 m asl (Table 2) using climate data from weather 

stations located in basins below 2000 m asl at the margin of the Turgen-Kharkhiraa. The 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year

Tseterleg (°C) -14.8 -13.5 -6.8 1.0 8.7 13.0 14.3 12.8 7.5 0.3 -7.5 -12.9 0.2
(1691	m	asl) (mm) 2 3 6 16 33 63 75 67 27 13 6 3 313

Galuut (°C) -25.1 -22.4 -13.1 -1.9 6.4 11.7 13.0 11.2 5.0 -3.5 -15.0 -22.1 -4.7
(2126	m	asl) (mm) 2 2 4 7 12 35 60 53 18 6 3 1 203

Bayankhongor (°C) -18.3 -16.2 -8.2 0.9 9.6 15.0 16.2 14.5 8.2 -0.1 -10.9 -17.0 -0.5
(1874	m	asl) (mm) 2 3 4 9 14 33 56 48 18 7 3 2 199
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most detailed work on climate parameters for the Turgen-Kharkhiraa is from Jansen 

(2010), who used climate data collected at the weather station in Ulaangom from 1952 to 

1995. Ulaangom is situated at the northeastern margin of the Turgen-Kharkhiraa, in a basin 

location below 1000 m asl (Figure 3). The mean annual temperature for the measuring 

period was -3.5 °C, ranging from -32.4 °C in January to 19.1 °C in July (Table 2). 

However, the mean temperatures of a certain month can vary significantly: for example, 

the lowest calculated mean temperature for October was -10.1 °C (in 1987), and the 

highest was 3.9 °C (in 1982) (Jansen, 2010). The amount of annual precipitation shows 

similar high variations over the measuring period: the measured annual precipitation 

ranged from 62.6 mm (in 1965) to 256.3 mm (in 1993). The calculated mean annual 

precipitation for the period from 1952 to 1995 is 136.4 mm (Table 2) (Jansen, 2010). 

About 63% of the annual precipitation (86.4 mm) occurred in the three summer months 

(June-August). This strong seasonality of the distribution of precipitation is caused by two 

major atmospheric constellations: (1) the Mongolian-Siberian high-pressure cell, centered 

above the Uvs Nuur basin during wintertime and constantly transporting cold arctic air 

masses towards the basin causing excessive cooling of the lower troposphere and the 

development of a stable inversion layer leading to extreme cold and dry conditions 

compared to other regions of this latitude (Barsch, 2003), and (2) the Westerlies, 

transporting moisture to the mountain range during the summer months (Krüger et al., 

2001, ct. in Jansen, 2010). Furthermore, the study area is bound to the alternating 

formation of precipitation, which results in mainly convective precipitation at low 

altitudes, and advective precipitation at high altitudes during summer month. The latter is 

bound to the precipitation formation in the zone of influence of the Tien Shan-front 

(Domrös and Peng, 1988; Böhner, 1996, ct. in Lehmkuhl, 1999). Taking this into account, 

Jansen (2010) modeled the climate parameters for the Turgen-Kharkhiraa Mountains at an 

ELA of 3511 m asl (Table 2). The resulting mean annual precipitation at ELA is 601 mm, 

ranging from 8 mm in January/February to 116 mm in July, and the mean annual 

temperature was -7.2 °C, ranging from -24 °C in January to 6.5 °C in July. These modeled 

data represent a good approach for determining the modern climate in the Turgen-

Kharkhiraa Mountains, but are only approximated values for the whole mountain massif. 

Therefore, the actual conditions can still vary considerably on a regional and local scale, 

e.g. between two valleys with different orientations and positions within the mountain 

range. 
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Table 2: Monthly mean climate data of selected stations in the Turgen-Kharkhiraa. 
Abbreviation and superscript numbers: TKM: Turgen-Kharkhiraa Mountains; 1Calculated for the period 
1952-1995 from Jansen (2010) based on measured weather station data; 2Modeled data from Jansen (2010) 
for the modern ice margin; 3Modeled temperature data from Böhner (2006) in Jansen (2010). For the 
locations of the climate stations see Figure 3. 

 

2.4 Late Quaternary moisture sources of Mongolia 

As outlined above, the present-day climate in Mongolia is primarily dominated by the 

Westerlies during summertime and the Mongolian-Siberian high-pressure cell during 

wintertime. Hence, for most areas the Westerlies are the dominant moisture source, 

whereas moisture from the Asian Summer Monsoon (ASM) rarely reaches the area (An et 

al., 2012; Tian et al., 2013). However, own field observations during the author’s Khangai 

expedition in 2012 also indicated a significant influence of southeasterly air masses, which 

yielded substantial amounts of precipitation in some areas. Aizen et al. (2006), who 

analyzed samples from snow pits and a 21 m snow/firn core obtained from the Belukha 

snow/firn plateau (Siberian Altai, 49°48′27″N / 86°35′24″E), show that two-thirds of the 

accumulation is formed from oceanic precipitation during all seasons. More than half of 

the annual accumulation is moisture evaporated over the Atlantic Ocean, another third of 

the annual precipitation derives from recycled water evaporated from internal moisture 

sources such as lakes, and 11 % is transferred to the region from the Arctic Ocean or an 

eastern moisture source (Figure 12). Furthermore, the ice core results from the Belukha 

Plateau show that the main season of accumulation is during summer (both from external 

and internal sources), and that during winter all of Central Asia is blocked by the 

Mongolian-Siberian high-pressure cell, which leads to an exceptionally small moisture 

transfer to the Altai glaciers (Aizen et al., 2006). 

During the late Quaternary, the climate alternated between glacial and interglacial 

conditions, resulting in repeated changes in the atmospheric patterns. Vandenberghe et al. 

(2006), who investigated the penetration depth of Atlantic westerly winds into Central and 

East Asia, show that during full glacial conditions, an Atlantic influence can be traced up 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year

Ulaangom1 (°C) -32.4 -29.7 -18.7 -0.4 11.4 17.4 19.1 16.8 10.1 0.4 -10.7 -25.6 -3.5
(939	m	asl) (mm) 2.0 1.9 3.6 3.5 6.7 26.6 36.0 23.8 15.3 4.3 7.4 5.3 136.4

TKM2 (°C) -24.0 -22.0 -14.6 -5.3 2.1 5.6 6.5 5.5 1.1 -5.3 -13.5 -22.5 -7.2
(3511	m	asl) (mm) 8 8 15 15 83 103 116 106 57 25 43 22 601

TKM3 (°C) -23 -21 -14 -6 1 4 5 4 0 -6 -14 -22 -8
(3825	m	asl)
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to the northeastern Tibetan Plateau, and reached the most western parts of the Loess 

Plateau. Conversely, during interglacial conditions, monsoonal effects were stronger and 

the Atlantic imprint over the Tibetan Plateau was absent and even declined over Central 

Asia. 

 

Figure 12: Main trajectories of air masses at the 500 mb pressure level that bring moisture to the 
Siberian Altai. 
The black dots show the location of the ice-coring sites. Abbreviations: L: low-pressure cells; H: 
high-pressure cells (modified after Aizen et al., 2006). 

The impact on glaciation of the alternating influence of different atmospheric 

systems during the late Quaternary for Mongolia are still under debate, especially since 

recent studies on the regional glacial chronology (Chapter 3) revealed a MIS 3 glacial 

maximum in central and northern Mongolia (Gillespie et al., 2008; Rother et al., 2014b). 

Rother et al. (2014b) suggest that this phase of glacial forcing in the Khangai Mountains 

occurred in response to an intensified westerly circulation leading to an increased moisture 

input. This is also supported by the work of An et al. (2012), who show that the ASM was 

very weak from 32 to 20 ka and could not have penetrated sufficiently northward to reach 

Mongolia during this time. By contrast, Lehmkuhl et al. (2011) suggest that the Late 

Pleistocene ELA depression (Chapter 3) may have been a consequence of an enhanced 

monsoonal influence, which has been documented for the mountains of northern China. 
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Another driving mechanism for former periods of extended glaciation, especially during 

MIS 3, may be the enhanced input of moisture from internal sources, specifically from the 

substantially larger paleo-lakes that existed in the VoGL during interstadial times (Feng et 

al., 1998; Grunert et al., 2000; Komatsu et al., 2001; Lehmkuhl et al., 2016; Murakami et 

al., 2010). According to this “Great Lakes induced moisture model“ moisture from the 

VoGL is evaporated and taken up by the Westerlies and transported further east 

(downwind) towards the Khangai Mountains, thereby causing an increase in snowfall 

totals, probably most effectively during the autumn months when the lakes in the VoGL 

were still ice free. This increased snowfall could have generated a positive shift in glacial 

mass balances that could potentially be responsible for major ice advances. However, this 

scenario would imply that mountain ranges located on the western side of the VoGL (such 

as the Mongolian Altai) would not benefit from the enhanced supply of locally sourced 

precipitation. In consequence, these ranges should not record ice advances coinciding with 

paleo-lake maxima, providing a possible test for the validity of the “Great Lakes induced 

moisture model “ (see discussion in Section 7.3). 

2.5 The present extent of glaciation in Mongolia and glacial equilibrium line 

altitudes 

At present, glaciation in Mongolia is restricted to the highest elevations in the Mongolian 

Altai and Khangai. The mean elevation of the glaciated peaks increases from west 

(<3400 m asl) to east (~3800 m asl) in the Mongolian Altai, while glaciation in the 

Khangai Mountains is limited to a single small ice field on top of Otgon Tenger (4031 m 

asl). Baast (1998, ct. in Kamp et al., 2013a) measured this glaciated area to be 0,27 km2, 

without pointing out which data were used (from the 1940s or 1985). The modern 

glaciation in the Mongolian Altai covers an area of ~850 km2 (730 to a maximum of 

930 km2) with a larger ice extent found on the northern slopes, e.g. in the Ikh Turgen or 

Khokh Serkhiyn Nuruu (Khrutsky and Golubeva, 2008; Klinge, 2001; Klinge et al., 2003). 

In the Mongolian Altai, the modern glaciation comprises dominantly plateau glaciers and 

isolated firn ice fields, while cirque and valley glaciers are common in the Turgen-

Kharkhiraa and the Tavan Bogd areas. The latter is the area of origin of the longest modern 

valley glacier of Mongolia, the 11 km long Potanin Glacier. 

Present glacial ELAs range from 3000 to 3600 m asl in the Mongolian Altai, from 

3500 to 3600 m in the Turgen Kharkhiraa, and from 3750 to 3900 m asl in the Khangai 
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Mountains, effectively restricting the modern glaciation to the single highest peak of the 

range (Jansen, 2010; Khrutsky and Golubeva, 2008; Klinge, 2001; Lehmkuhl, 1998b, 

2012a, 2012b; Lehmkuhl et al., 2004, 2011; Lehmkuhl and Lang, 2001). The modern ELA 

increases throughout Mongolia from north to south (reflecting the temperature gradient), 

and from west to east (reflecting the precipitation gradient), but does not exceed altitudes 

of 4000 m asl (Figure 15, Chapter 3). 

Studies on the response of glaciers to recent climate change, based on analyzing 

satellite imagery, (historical) photographs, topographical maps, GPS points, and field data 

have shown that the glaciated area in Mongolia has decreased significantly since the 

beginning of the 20th century (Kamp et al., 2013a, 2013b; Khrutsky and Golubeva, 2008; 

Klinge, 2001; Lehmkuhl, 1998b, 2012a). The measured loss of glaciated area ranges from 

6.4 to 31 %, depending on the source and the time frame considered. Baast (1998, ct. in 

Kamp et al., 2013a) put the loss of glacial ice volume at 4.6 %. However, the amount of 

recession varies considerably between individual glaciers and regions and includes that 

many of the observed glaciers have been stagnant since the early 1960s or late 1980s 

(Kamp et al., 2013a). Furthermore, Khrustky and Golubeva (2008) reported that some 

glaciers in the Turgen-Kharkhiraa Mountains were in fact advancing, which was explained 

by their specific locations at high elevations, orientation, and favorable ratios of 

accumulation to ablation area. 
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3 Previous research on the extent and timing of the paleo-glaciation of 

Mongolia 

Aside from the present glaciation, there is extensive evidence for former glaciations in the 

mountain areas of Mongolia, preserved in the form of terminal and lateral moraines, broad 

U-shaped valleys, cirques, and abundant glacially transported boulders. Large Pleistocene 

glaciations have been confirmed in at least five mountain systems in Mongolia including 

the Mongolian Altai; the Khangai; the Khenty Mountains; the Darhad area; and the Gobi 

Altai (Figure 1) (e.g. Gillespie et al., 2008; Lehmkuhl, 1998b; Lehmkuhl et al., 2004, 

2011). However, as will be highlighted below only few late Quaternary mountain glacier 

records from Mongolia have so far been analyzed in detail. This chapter gives an overview 

and evaluates previous research conducted on Pleistocene glaciations in Mongolia, and 

focuses specifically on the extent, distribution and geochronology of Pleistocene 

glaciations (Section 3.1 & 3.2) and its implications for the Late Glacial climate 

development (Section 3.3). This research will then be placed into context with other results 

from Pleistocene investigations (glacial studies) in the larger area of Central Asia (Section 

3.4). The last section of this chapter (Section 3.5) gives an overview on unresolved issues. 

3.1 Extent and distribution of Pleistocene glaciations 

In contrast to the comparatively limited modern glaciation, which is restricted to the 

highest elevations of the Mongolian mountain systems, the total glaciated area during the 

late Pleistocene is calculated to have covered an area of about 13,000 km2 in the Khangai 

(Figure 13) (Florensov and Korzhenev, 1982, ct. in Lehmkuhl et al., 2011), and 29,000 

km2 (Devjatkin, 1981, ct. in Klinge, 2001) and 21,000 km2 (Klinge, 2001) in the 

Mongolian Altai (Figure 14), respectively. 

The stratigraphic division of Mongolia’s Pleistocene has traditionally followed the 

Siberian nomenclature and stratigraphy. According to the work of Arkhipov et al. (1986, 

ct. in Klinge, 2001), the last glacial cycle (‘Zyrianka Glaciation’) is divided into two 

glacial phases: the Early Zyrianka Glaciation (analogous to MIS 4) and the Sartan 

Glaciation (analogous to MIS 2), which are separated by the Kargynsky Interstadial 

(MIS 3). Based on the mapping of morphologically separate moraine-outwash systems and 

relative weathering characteristics (e.g. degree of moraine degradation, soil development, 

clast weathering rinds), two to three major Pleistocene ice advances have been recognized 
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and correlated to the Zyrianka and Sartan glaciations (Klinge, 2001; Lehmkuhl, 1998b; 

Lehmkuhl et al., 2004, 2011). 

Klinge (2001) identified 27 Pleistocene glaciated areas, so called glaciation centers 

(‘Vergletscherungszentren’), in the Mongolian Altai. Intensive glaciation was usually 

restricted to the central parts of the mountain belts (e.g. the Turgen-Kharkhiraa) from 

which valley glaciers of up to 30 - 40 km in length descended into the mountain forelands 

or intramontane basins (Klinge, 2001; Lehmkuhl, 1998b). In the Mongolian Altai the Late 

Pleistocene ELAs (Figure 15) were depressed by 500 - 600 m ranging from 2900 m asl in 

the northern parts to >3100 m asl in the southern parts of the range (Lehmkuhl et al., 

2011). In the Turgen-Kharkhiraa modern ELA is 3500-3600 m and the Late Pleistocene 

ELA is estimated to have been at about 2900 - >3000 m asl. By contrast, six glaciation 

centers are distinguished in the Khangai Mountains. (e.g. the Otgon Tenger region, western 

Khangai; the Tsagan-Turutuin-Gol drainage basin, southern side of the Khangai; and in the 

upper catchment area of the Baidragiyn Gol, central part of the Khangai) (Lehmkuhl, 

1998b; Lehmkuhl et al., 2004).  

 

Figure 13: Estimated maximum late Pleistocene ice extent in the Khangai Mountains. 
Six glaciated areas, so called glaciation centers (blue colored areas), are distinguished in the 
Khangai Mountains (modified after Florensov and Korzhnev, 1982; Lehmkuhl, 1998b; Lehmkuhl et 
al., 2004). For further information, see text. 
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Figure 14: Estimated Late Pleistocene ice extent in the Mongolian Altai and adjacent areas. 
In the Mongolian Altai, 27 Pleistocene glaciated areas could be identified. Black solid lines indicate 
the estimated LGM ELAs, and black dash dotted lines show the national borders (Lehmkuhl et al., 
2011). 
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During the Late Pleistocene, ELAs were depressed by 750 to >1000 m (Figure 15) ranging 

from 2700 to 2800 m asl in the Khangai Mountains (Lehmkuhl et al., 2004, 2011; 

Lehmkuhl and Lang, 2001). The reconstructed late Pleistocene ELA depression is similar 

to the amount calculated for the wettest parts of the western Russian Altai and Figure 15 

shows a flatter late Pleistocene ELA from the Mongolian Altai to the Khangai Mountains 

compared to modern conditions. Lehmkuhl et al. (2004, 2011) explained this with a 

probably stronger monsoonal influence, but which was considered to be weak during 

glacial times and between 32 to 20 ka (An et al., 2012; Tian et al., 2013). Secondly, it 

should also be noted that so far only few moraine ages related to ice marginal deposit are 

available. Therefore the calculated ELA depression depend on relative dating of glacial 

sediments on the basis of their differing degrees of weathering and the connection with 

different meltwater spreads and terraces (Lehmkuhl et al., 2004, 2011). 

 

Figure 15: Late Pleistocene and modern ELAs in Mongolia and adjacent areas. 
The long dashed lines show the reconstructed modern and Pleistocene ELAs, and the shaded areas 
indicate mountain areas above 3000 m asl (modified after Lehmkuhl et al., 2004). For further 
information, see text. 
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However, these reconstructions should be viewed with caution for several reasons. First, 

modern ELAs increase towards the more arid regions (Figure 14) and it is generally 

expected that this pattern was more pronounced during glacial times (Lehmkuhl et al., 

2004, 2011). Based on this, a steeper late Pleistocene ELA from the Mongolian Altai to the 

Khangai Mountains should be expected. Because current evidence points to several, and 

possible diachronous, local glacial maxima in the Altai and Khangai Mountains it is likely 

that earlier regional paleo-ELA reconstructions may be based on glacial landforms of 

different ages and therefore questioning the validity of the presented time-slice ELA 

reconstructions. 

3.2 Geochronology of Pleistocene glaciations 

There are very few published results on the absolute timing of Late Pleistocene glaciations 

in the vast region of the Altai and Khangai. Based on OSL dating of aeolian sediments 

covering glaciofluvial gravel deposits associated with the last glacial ice margin, Grunert et 

al. (2000) supported the view of two major ice advances during MIS 2 and MIS 4 in the 

Turgen-Kharkhiraa (Mongolian Altai). Klinge (2001) corroborated this view with two 

luminescence dates of 17 ka (MIS 2) and 57 ka (MIS 4) from the Munkh Khairkhan. The 

stratigraphic context and the association of the dated sediments with the underlying 

moraine deposits is uncertain, but nevertheless the luminescence ages can be viewed as 

minimum ages. In addition, Lehmkuhl et al. (2007) published four luminescence ages, 

obtained from sand and silt layers within till sediments in the Russian Altai, which range 

from 19 – 28 ka and are related to the Last Glacial ice margins (MIS 2). Furthermore, OSL 

dates from layer of interbedded fluvial sand and silt beneath a basal till (Zengel 

Khairkhan/central Mongolian Altai), and laminated lacustrine sediments (Khurgan 

Nuur/western Mongolia), which developed simultaneously during ice fluctuations, provide 

ages of >71 and >98 ka, and 58 and 86 ka, respectively (Lehmkuhl et al., 2016). However, 

these dates have to be considered with caution due to potential problems with incomplete 

bleaching, leading to age overestimation, but if taken at face value these ages may lend 

support to the idea of major ice advances during the early to middle part of the last glacial 

cycle. Additionally, cosmogenic SED (10Be) on glacial outburst flood-associated boulders 

downvalley from a former ice dam in the Ob River valley (Russia) date to 15.8 ka, 

suggesting that the MIS 2 glaciers were close to their maximum extent at this time 

(Reuther et al., 2006). 
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Thermoluminescence (TL) and Infrared Stimulated Luminescence (IRSL) dating on 

sediments (e.g. glaciofluvial sands deposited under till, aeolian sediments overlying 

glaciofluvial terraces and moraines) on the southern slope of the Khangai Mountains 

(upper and lower reaches of the Baydragiyn Gol) have been interpreted to provide 

evidence for major ice expansion in the Khangai Mountains. This evidence is based on a 

single OSL age of 21.7 ka (Lehmkuhl and Lang, 2001) obtained from aeolian deposits 

above glaciofluvial gravels. The dated deposit indicates aeolian deposition following 

glaciofluvial aggradation assumed to be contemporaneous with the global Last Glacial 

Maximum (gLGM). 

In contrast, OSL dates from three sets of terminal moraines surrounding Kanas Lake 

in the Chinese Altai date to 28.0, 34.4, 38.1, and 49.9 ka (Xu et al., 2009; Zhao et al., 

2013). Based on these data, the authors conclude that the regional glaciation was more 

extensive during the Kargynsky Interstadial (MIS 3) than during the Sartan Glaciation 

(MIS 2) in the Chinese Altai. More recent studies on the glacial advances in the Kanas 

Valley from Gribenski et al. (2015) have shown that the previous results of an extensive 

MIS 3 advance are due to an age overestimation of the OSL samples. Single grain analysis 

of the OSL samples indicated that this age overestimation is caused by partial bleaching of 

quartz grains, and therefore indicating that glaciations in the Kanas Valley occurred in fact 

during MIS 2. This result is supported by CRN (10Be) SED on glacial transported boulders 

(Gribenski et al., 2015). 

In recent years, Rother et al. (2014b), working west of Otgon Tenger, presented the 

first set of moraine surface exposure dates from the Khangai Mountains. Their results 

indicate that ice advances occurred during MIS-2 (at 16 - 17 ka and ~23 ka), with the 

largest advance between 35 and 40 ka (MIS 3), during the Kargynsky Interstadial. Most 

recently, Batbaatar (2015) presented moraine surface exposure age dates from Bumbatin 

Gol/central Khangai (see Chapter 5), ranging from 32 to 50 ka (inner moraine; MIS 3). 

These results are also broadly consistent with findings of Gillespie et al. (2008), who 

presented the first direct dating of glacial moraines in northern Mongolia (Darhad Basin), 

indicating a large ice advance between 17 and 19 ka, and possibly between 35 and 53 ka. 

The new finding of a MIS 3 advance in the Khangai Mountain, and conceivably across 

northern Mongolia, represents important progress in developing a comprehensive glacial 

model for Mongolia. However, considering the size of this region these few surface 

exposure dates have a too little regional coverage to be certain and a confirmation is 

absolute vital to constrain glacial timings in this vast area. 
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3.3 Late Pleistocene climate development 

In the last two decades several publications have become available documenting the Late 

Pleistocene climatic development of the Mongolian region. The investigated geological 

archives include records of endorheic lake level fluctuations and variations in permafrost 

extent (Harrison et al., 1996; Komatsu et al., 2001; Lehmkuhl and Lang, 2001; Owen et al., 

1998; Watanabe et al., 2009), aeolian dust deposits and fluvial-alluvial dynamics 

(Lehmkuhl and Haselein, 2000; Owen et al., 1997; Yang et al., 2004), as well as changing 

vegetation patterns (Schlütz et al., 2008; Tarasov et al., 1999). In brief, these records 

indicate a general trend of increasing aridity in Mongolia and NW-China since the Eemian 

interglacial (MIS 5). Conditions during MIS 4, and especially during MIS 2, are 

characterized by extremely dry and cold conditions, leading to extreme lake low-stands in 

the VoGL and other lake basins, and the development of large dune fields (Grunert et al., 

2000; Hülle et al., 2010; Schwanghart and Schütt, 2008). However, the records also show 

evidence for phases of enhanced humidity, most pronounced during the Kargynsky 

Interstadial (MIS 3) (Grunert et al., 2000; Murakami et al., 2010; Pachur et al., 1995; Yang 

et al., 2004). During this time of relatively cool but moist climate with probably greater-

than-today input from winter precipitation (Rother et al., 2014b), prominent lake high-

stands and the southward retreat of the Gobi desert are evident (Feng et al., 1998; Grunert 

et al., 2000; Murakami et al., 2010; Pachur et al., 1995; Walther, 1999; Yang et al., 2004). 

3.4 Pleistocene glaciations of Mongolia in the context of Central Asian glacial 

records  

An increasing number of numerical dating studies reconstructing late Quaternary glacial 

histories in Central and High Asia have indicated that the timing of Pleistocene glaciations 

differed significantly across this large region. Studies from the eastern and northeastern 

Tibetan Plateau show that glaciations during the global LGM were restricted to the highest 

peaks (e.g. Lehmkuhl, 1998a; Lehmkuhl and Owen, 2005) or were missing entirely 

(Rother et al., submitted). In this part of central High Asia maximum glaciations occurred 

during MIS 3 and MIS 5 in response to an increased insolation and a more active SASM 

which led to an enhanced moisture supply. In the central Himalaya, glacial advances were 

limited in extent during the global LGM, but more extensive during MIS 3 (e.g. Finkel et 

al., 2003; Richards et al., 2000). The authors suggest that an active SASM during times of 

increased insolation is largely responsible for an enhanced delivery of moisture triggering 
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significant glacier expansion. Taken together, in low latitudes and monsoon-influenced 

regions of the Himalayas and Tibetan Plateau, where glaciation is often limited by 

precipitation supply, ice advances were very restricted during the MIS 2, but reached 

glacial maxima during the wetter and warmer MIS 3 interstadial and MIS 5 interglacial 

(e.g., Heyman et al., 2011a; Owen et al., 2008). Contrarily, in high latitudes and the 

western/northwestern parts of High Asia (e.g. Tien Shan, Pamir), which are primarily 

under the influence of the Westerlies, extensive valley glaciations occurred broadly 

contemporaneous with the global temperature minima recorded during MIS 2 and MIS 4 of 

the Northern Hemisphere (e.g. Abramowski et al., 2006; Owen et al., 2002b). 

In summary, glaciations in the far western regions of the Himalayan-Tibet orogen 

(e.g. Pamir) appear to be mainly in tune with the Northern Hemisphere cooling cycles. In 

contrast, throughout the Transhimalaya, Himalaya, and monsoon-influenced parts of the 

Tibet Plateau glacial advances are likely synchronous both with northern cooling cycles 

and with climate change resulting from oscillations in the SASM (Owen et al., 2002a, 

2008). However, in which way this pattern of glacial forcing and atmospheric interplay 

extends into Mongolia is still not known and subject of controversial debate. 

3.5 Overview of unresolved issues 

To summarize, the recent debate concerning the timing and distribution of the lLGM in 

Mongolia and its intra- and inter-continental correlations remains controversial. Previous 

investigations of Late Quaternary glaciations in Mongolia have advanced our 

understanding significantly but have also highlighted a range of new and/or unresolved 

questions: 

1 The association of luminescence dated (OSL, IRSL, TL) aeolian and/or (glacio-) 

fluvial deposits with the actual ice advances is frequently problematic. 

Furthermore, issues due to incomplete/partial bleaching of OSL are a serious 

problem and recent studies have indicated that investigations using single grain 

OSL measurements are necessary to avoid age overestimates (Gribenski et al., 

2015). Recent OSL studies have also shown that quartz grains from aeolian / fluvial 

deposits in Mongolia are often contaminated with feldspar inclusions, which, if not 

corrected, lead to additional age overestimation (Hülle, 2011; Hülle et al., 2010; 

Lehmkuhl et al., 2012, 2016). 
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2 Due to the overall scarcity of robust age control on glacial landforms in Mongolia, 

the existing reconstructions of paleo-ELA gradients across the region lead to major 

uncertainty in the currently proposed cross-correlations of glacial sequences 

between different mountain systems (Figure 15). Improving the reliability of 

numerical glacial chronologies in Mongolia is essential for devising a 

comprehensive model of glaciation and the associated regional paleo-ELA patterns. 

3 The new finding of a local LGM during MIS 3 in the western part of the Khangai 

Mountains raises questions as to the climatic mechanism and moisture sources that 

forced significant interstadial ice buildup and glacial advances. Furthermore, it is 

still under debate how the interplay between the Westerlies and the South Asian 

Monsoon influenced the atmospheric pattern and its significance for controlling 

regional precipitation over Mongolia. 

4 The lack of direct age control on glacial deposits and landforms leads to a still 

poorly resolved absolute chronology of major glacial events for Mongolia and 

makes it difficult to develop a comprehensive glacial model for Mongolia. At this 

stage, the absolute chronology of Late Pleistocene glacial deposits is based only on 

two studies by Gillespie et al. (2008) and Rother et al. (2014b), with the latter 

showing robust evidence of a MIS 3 glacial maximum in the western Khangai 

Mountains. These few results need to be confirmed by further investigations and 

validated in a larger regional context. 
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4 Project methods 

This chapter presents the approaches and theoretical principles of the applied methods to 

address the research questions of this thesis (Section 1.2). First, the methods for 

geomorphological mapping are described (Section 4.1), followed by an overview of the 

CRN surface exposure (SED) technique (Section 4.2), and, finally, the fundamentals of the 

coupled 2-D numerical model of snow/ice energy balance and ice flow (Section 4.3). 

4.1 Geomorphological mapping 

Prior to fieldwork, topographic maps and GoogleEarth images (uncompressed, 

orthorectified LANDSAT 7.15 m resolution satellite images, provided by TerraMetric, 

Inc.) were used to identify glacial features suitable for investigation. During the expedition, 

and based on the preparatory work, glacial landforms, such as terminal/lateral moraines, 

boulder lines, fluvial/paleo-channels, terraces, and outwash plains, were identified, field-

mapped (using handheld GPS, and large scale sketches of the terrain), and described. The 

main focus lay on the detailed description of shape (extent, height, slope angles etc.) and 

freshness of the relief (e.g., weathering characteristics, overall boulder heights and 

distribution) of terminal/lateral moraines as a first order estimate of relative age. In 

addition, all samples and further important points (e.g., sample positions, landmarks, photo 

positions) were logged as waypoints by a handheld GPS device. 

Import of the GPS data and work with high-resolution satellite images (30 m 

resolution LANDSAT 8 imagery and 30 m resolution SRTM data) was done using ESRI 

ArcGIS® 10.3 software. In ArcMap, the LANDSAT 8 data, comprising different frequency 

bands of the electromagnetic spectrum, were composed to a “true-color” satellite image by 

compositing the red, green, and blue band. These satellite images were used to create 

overview maps of the study area. Additionally, the SRTM data were processed to DEMs 

(Digital Elevation Models) and then used for hydrological calculations (i.e. generating 

stream networks, catchment calculations), and generating overview maps on different 

scales including elevational and hydrological information. The free open source software 

Inkscape™ (Version 0.91) was used for digitalization the large scale sketches for 

generating geomorphological maps of the study areas, whereby high resolution satellite 

images (0.5 m PAN/2 m MS WorldView-2 Ortho-ready imagery, 30 m resolution 

LANDSAT 8 imagery, and 30 m resolution SRTM data) were used as background layers. 
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Based on the scientific problems addressed in the thesis, different (glacial) landform 

features (terminal/lateral moraines, paleo-channels, modern flood plain, etc.) were 

digitized at various map scales. Additionally, the field-mapped extents of paleo-glacial 

features such as terminal and lateral moraines were used to set the spatial boundary 

conditions for the 2-D numerical model of snow/ice energy balance and ice flow. 

4.2 Cosmogenic radionuclide (CRN) surface exposure dating 

The discovery of cosmic rays in high altitudes in 1912 by Victor Hess, recipient of a Nobel 

Prize in Physics in 1936, laid the groundwork for the later development of SED in the 

1980s, which has revolutionized the field of Quaternary geology. Studies on the 

interactions of cosmic rays with rock material, starting in the 1950s, led to Davis and 

Schaffer's 1955 proposal that cosmic nuclides are produced within minerals at the earth-

surface and can be applied to geological problems (Gosse and Phillips, 2001). A theoretical 

foundation for such applications was given by Lal and Peters (1967), but could not be 

realized until analytical instruments were capable of routinely measuring the exceedingly 

low concentrations of most cosmogenic nuclides produced at earth-surface altitudes. Since 

the development and application of two new types of geochemical instruments in the early 

1980s, accelerator mass spectrometry (AMS) and highly sensitive conventional noble-gas 

mass spectrometry, the new earth-science technique has become reality (Gosse and 

Phillips, 2001). Since then, and after it was shown that these analytical methods were 

practical to address geological problems, the annual number of publications applying CRN 

has grown exponentially. For a detailed discourse on CRN and its applications to 

geological problems, the reader is referred to the extensive reviews by Gosse and Phillips 

(2001), Ivy-Ochs and Kober (2008), and Dunai (2010). 

4.2.1 Physical principles 

Cosmic rays are high-energy, charged particles, which constantly bombard the Earth from 

all directions. These particles are primarily protons, alpha particles, and other heavy nuclei 

with an energy level typically ranging from a few MeV (mega-electron volts) to ~1020 eV 

(Gosse and Phillips, 2001). The term ‘cosmic rays’ usually refers to galactic cosmic rays 

(primary cosmic rays) which originate from supernova explosions in the galaxy. Particles 

associated with energetic events on the sun (solar cosmic rays) have the lowest energy and 

do not contribute significantly to the cosmogenic nuclide production at the earth-surface 
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and are therefore negligible (Dunai, 2010; Ivy-Ochs and Kober, 2008; Lal and Peters, 

1967). 

The trajectories of cosmic rays are affected by the Sun’s and Earth’s magnetic field 

lines (EMF). The minimum energy required for a particle to transverse the EMF is called 

the cutoff rigidity (RC) (Humble et al., 1985) and is related to the kinetic energy of the 

particle and its angle of entry along the EMF (Figure 16 A). The intensity of the primary 

cosmic ray flux is lowest at the equator, where (sub)perpendicular magnetic field lines and 

particle trajectories block a significant portion of the flux. In contrast, the particle flux is 

greatest at the poles, where the (sub)parallelism of the magnetic field lines and the 

trajectories of the particles allow essentially the whole spectrum of primary cosmic rays to 

arrive at the earth-surface (Gosse and Phillips, 2001). 

When high-energetic cosmic rays interact with nuclei in the Earth’s atmosphere, the 

predominant nuclear reaction is that of spallation, whereby nucleons are sputtered off the 

target nucleus (Gosse and Phillips, 2001). These reactions result in a cascade of secondary 

particles (especially neutrons), in which process atmospheric (meteoric) cosmogenic 

nuclides are produced (e.g., 10Be through spallation of 16O; Figure 16 B). Thus, traversing 

the atmosphere, the flux of cosmic ray particles increases in the first few kilometers and 

then steadily decreases. Consequently, the concentration of secondary particles, which 

survive the atmospheric cascade and reach the earth-surface (e.g., very-high-energy 

neutrons, low-mass muons), is very low. When reaching the earth-surface, these secondary 

particles penetrate the first few meters of the lithosphere and produce in situ cosmogenic 

nuclides (e.g., 10Be, 14C, 26Al, 36Cl) within the minerals (e.g., quartz) of this surface layer 

(von Blanckenburg, 2008; von Blanckenburg and Willenbring, 2014; Gosse and Phillips, 

2001). These in situ cosmogenic nuclides remain inside the mineral lattice and accumulate 

over time. This nuclear phenomenon is the basic prerequisite for SED, as none of these 

nuclides existed in the minerals before exposure to cosmic radiation. 

The in situ production of cosmogenic nuclides at the earth-surface depends on the 

following parameters: (1) solar activity (though this is largely negligible for research 

questions within Quaternary time scales (Lal and Peters, 1967)); (2) variations of the 

Earth’s magnetic field, which influences RC, and thus the intensity of the primary cosmic 

ray flux (Gosse and Phillips, 2001); (3) the total mass of the atmosphere in the column 

overlying the sample (Stone, 2000); (4) horizon shielding and surface dipping, which 

potentially reduces the cosmic ray flux to the sampling site and decreases the local 

production rate (Dunne et al., 1999; Gosse and Phillips, 2001); (5) surface cover (e.g. by 
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snow or soil) and sample thickness (Gosse and Phillips, 2001). These parameters need to 

be corrected for surface exposure age calculations and/or considered for final age 

interpretations (Section 5.3) (Balco, 2009; Balco et al., 2008; Dunne et al., 1999; Gosse 

and Phillips, 2001; Stone, 2000). Problems in the accuracy of SED can arise from potential 

varied nuclide inheritance (i.e. pre-exposure and incomplete surface resetting due to the 

lack of erosion, boulder reworking without signal resetting) associated with the dated 

(glacial) event. This incomplete signal resetting leads to an age overestimation of the dated 

samples. Another source of error in SED results from potential post-formation processes 

such as surface weathering, block exhumation, moraine disturbances due to the melting of 

buried dead-ice, potential surface weathering, and block rotation. These post-depositional 

processes lead to an incomplete exposure and eventually to an age underestimation of the 

sampled surfaces. 

 

Figure 16: Interaction of cosmic rays with the Earth’s magnetic field lines and the atmosphere. 
(A) Trajectories of primary charged galactic cosmic ray particles influenced by the Earth’s magnetic 
field lines and the forbidden region (shaded area). (B) The major components of a cosmic ray 
cascade showing secondary particle production in the atmosphere and rock (Gosse and Phillips, 
2001, modified). 
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Final surface exposure ages including associated correction factors and age uncertainties 

can be calculated using the CRONUS-online calculator (http://hess.ess.washington.edu). 

The CRONUS-Earth project was started in 2005 in cooperation with the European 

CRONUS-EU partner project. The aim was to standardize calculation procedures, improve 

precision and accuracy of cosmogenic dating by providing validated reference production 

rates for terrestrial cosmogenic nuclides (Balco et al., 2008). In addition, the calculator 

provides the means to scale the reference production rates based on the specific altitude 

and latitude of the sample location, and considers time-dependent geomagnetic field 

variations during the time of exposure. The CRONUS online calculator is continuously 

updated and ensures that the latest protocols are used (Phillips et al., 2016) 

4.2.2 Sampling strategy and procedures 

To establish a chronological framework for successive glacial events in the study area, 

samples were selected following the strategy and procedures of Gosse and Philips (2001). 

This involved selecting ice positions representative of the largest local ice extent (e.g. the 

furthest down-valley terminal and the highest lateral moraines), various retreat moraines, 

and in some cases overridden bedrock (roche moutonnée). Special consideration was given 

to boulder size (min. diameter 1.0 m), boulder height and height of the sampled surface 

above the surrounding ground (to minimize the chance of post-depositional covering), and 

the local geomorphic context. Boulders near erosional features (e.g. gullies or channels) or 

in potentially unstable surface positions (e.g. on slopes >10°) were avoided. Devonian 

granites with a quartz content between 15 and 35 % dominated the boulder lithology in the 

study area. Because of the possibility of data scattering, at least three boulders per moraine, 

with one exception, were sampled by a combination of disc grinding and chiseling off of a 

3-7 cm thick piece of rock (1.5-3.5 kg) from the top of the targeted boulder/bedrock 

surface. Site-specific characteristics such as the boulder dimension (length × width × 

height), GPS-coordinates including absolute height above sea-level, sample thickness, a 

description of the boulder position and its surroundings, and horizon shielding were 

recorded. 

4.2.3 Laboratory procedures 

Laboratory work was done at the Ernst-Moritz-Arndt University of Greifswald, Institute of 

Geography and Geology (quartz separation), and at the Deutsches GeoForschungszentrum 
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(GFZ), Potsdam (wet chemistry Beryllium separation and extraction). Prior to the quartz 

separation, the rock samples were crushed, milled, and sieved to a grain size fraction of 

200-500 µm. After washing with deionized water and treating of the samples with aqua 

regia (mix of HCl and HNO3 at a ratio of 3:1) for at least two days, the samples were 

repeatedly etched with a hexafluorosilicic (H2SiF6; ~34 %) – hydrochloric acid (HCl; ~33 

%) mixture at a ratio of 2:1. Between repeated acid treatments the samples were screened 

by a floatation process (after step four and seven) to separate out mineral species with a 

lower specific density and higher porosity introduced as a results of the acid treatment (e.g. 

feldspar separation from quartz; Figure 17). This process was found to greatly accelerate 

the quartz purification process and minimize the use of chemicals. As a final step the 

purification of the extracted quartz was assessed by Inductively Coupled Plasma - Optical 

Emission Spectroscopy (ICP-OES). The determination of the Al concentration in the 

sample is most important (due to its potentially negative effect on the efficiency of the 

following ion exchange chromatography). Al concentrations of <300 ppm were regarded as 

unproblematic and were achieved for samples measured during the thesis project. 

 

Figure 17: Example of the flotation procedure. 
Flotation set-up for cleaning of sample DBN 9 using a glass assembly with constant water 
circulation to separate minerals based on density and porosity differences, the latter introduced as a 
results of the prior acid treatment (H2SiF6). This approach is an own development and has proven to 
facilitate and accelerate the quartz purification process. (Note: feldspar enriched upper section, i.e. 
light-colored portion in glass assembly, and quartz enriched darker portion at the tube base.) 
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Clean-laboratory processing of ~5 g aliquots of purified quartz samples was undertaken 

following the sample preparation procedures described by von Blanckenburg et al. (1996) 

and revised in von Blanckenburg et al. (2004). After a final quartz leach with hydrofluoric 

acid (~20 ml 7M hydrofluoric acid, HF) and aqua regia to remove potentially remaining 

meteoric 10Be and Al-fluorides, 0.37 ml of a 9Be carrier (concentration: 370 ppm, resulting 

in a final carrier amount of ca. 200 µg of 9Be/per sample or blank) was added to each 

sample and blank. Following complete dissolution of the quartz sample in ~20 ml 28M HF 

the solution was carefully evaporated to dryness. The remaining fluoride cake was 

dissolved in 10 ml Milli-Q H2O and centrifuged. The supernate, containing water-soluble 

BeF2, TiF4, Fe(II)F2 but no AlF3, was taken up in 12 ml 11.5M HCl, as a ca. 6M HCl 

solution is required for the first step of the ion chromatography. The aim of the ion 

chromatography, which includes the anion exchange to separate Be and Al from negative 

ionic species (e.g. Fe) and the cation exchange to separate Be from Al and Ti, is used to 

separate Be from the sample matrix. Fe separation was done by anion column chemistry, 

using 2 ml of the “Biorad 1-X8” resin with 100-200 mesh size, conditioned using 6M HCl. 

Be-containing HCl solutions were evaporated and taken up again in oxalic acid for Be-

column cation chemistry. To separate Be, 4 ml of a cation resin “Biorad AG50W-X8” with 

a 200 mesh size was used, with which pure Be was separated from the sample matrix and 

finally eluted from the column by adding a 1M HNO3 solution. After another purity check 

with ICP-OES, Be(OH)2 was precipitated (following pH-adjustment with NH4OH), 

evaporated, and oxidized at >1000 °C. The final BeO material was mixed with Niob (Nb) 

and pressed into target cathodes for AMS analysis. A flow chart of the laboratory 

procedure is presented in Figure 18. 
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Figure 18: Flow chart of the sample preparation. 
Steps 1-5 of the sample preparation process were undertaken at laboratories of the Ernst-Moritz-
Arndt University of Greifswald, Institute of Geography and Geology. Steps 6-16 (wet chemistry) 
were completed at the Deutsches GeoForschungszentrum (GFZ), Potsdam. Final measurements of 
10Be/9Be ratios were performed using the 6 MV tandetron accelerator at the AMS laboratory of the 
Institute of Nuclear Physics, University of Cologne (step 17). 

4.2.4 AMS measurements 

All samples were measured at the AMS laboratory of the Institute of Nuclear Physics 

(University of Cologne) using a Tandem Accelerator mass spectrometer with a maximum 

voltage of 6 MV and various beamline capabilities. The AMS is designed to measure 

various cosmogenic nuclides including 10Be, 14C, 26Al, 36Cl, 41Ca, 129I, and the heavy 

nuclides 239U and 244Pu (Klein et al., 2011).The accelerator system consists of an ion 

source (SO110) which accelerates the ions through a 54° electrostatic analyzer (ESA) and 

a 90° injection magnet. A stripping-process, which can involve either a gas or foil stripper, 

fragments the molecules and ‘strips’ the electrons, followed by a 90° switching (analyzing) 

magnet providing the main filter for guiding the target nuclide (10Be) into the detector. 

After the magnetic filtering, off-set Faraday cups provide the measurements of stable ions, 

while the rare or unstable isotopes are counted in a gas ionization detector. The precision 

reached for the measured isotopic ratio 10Be/9Be is ca. 3 % based on a 10Be/9Be of 1 × 10-12 

(Klein et al., 2011). All individual samples were measured multiple times and combined as 
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weighted means with the larger of the mean standard error of repeated 10Be/9Be values and 

the total statistical error. The measured Beryllium radioisotope ratios are fully blank-

corrected (full chemistry processing blanks were 10Be/9Be = 1.44 × 10-15, 2.41 × 10-16, and 

9.00 × 10-17). 

4.2.5 Age calculation 

The blank-corrected Beryllium radioisotope ratios were converted into exposure ages using 

the CRONUS-Earth online calculator (Version 2.2). Conversions are based on a revised 

global reference sea-level high latitude 10Be production rate for the spallation of 

4.03 ± 0.28 atoms g-1 yr-1 (Heyman, 2014) referenced to Dunai scaling (Balco, 2009; Balco 

et al., 2008). This production rate is calculated by recompiling calibration data from Balco 

et al. (2008) and adding a large number of newer calibration data sets (Heyman, 2014). 

Adopting the approach of Balco et al. (2008) for calculating the global average, Heyman 

(2014) uses a site-weighted average scheme. Basically, the author computes a best-fitting 

production rate for each site and then takes the arithmetic mean of all encompassed 

production rate calibration sites. Using the arithmetic mean, all production rate calibration 

sites are given equal weight. The updated global production rate by Heyman (2014) has a 

tighter clustering and is 9-11 % lower than the previous global CRONUS production rates 

(Balco et al., 2008). 

For boulder specific exposure age calculations, the Heyman (2014) production rate 

was scaled to the geographic sample location using different scaling schemes (Desilets et 

al., 2006; Desilets and Zreda, 2003; Dunai, 2001b; Lal, 1991; Lifton et al., 2005; Stone, 

2000). Additional corrections were made for individual sample thickness (using Λ = 150 

g/cm2, and ρ = 2.65 g/cm3 for granite and ρ = 2.9 g/cm3 for gneiss) and local topographic 

horizon shielding (using the CRONUS-Earth online calculator; Version 2.2 and 1.1), 

yielding sample dependent correction factors between 0.983 and 1.000. Potential surface 

erosion since the start of exposure may be considered, but as there is no reliable data on 

long-term erosion rates for granite-lithology in the given geographical and climatological 

settings (Rother et al., 2014a), correction is difficult. However, if an erosion rate of 1-

2 mm/ka were adopted, the reported ages would increase by <5 % with little or no effect on 

age interpretation, thus ages reported in this thesis are erosion uncorrected and thus all 

modeled ages should be considered as minima. 
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Site age calculations and outlier identifications were done using the abanico plot (Dietze et 

al., 2016). This plot consists of two parts, a bivariate and a univariate part (Figure 19). The 

former shows the standardized estimates (scatter of data around a common mean value) in 

relation to the precision and the latter shows the age frequency distribution. Both parts are 

linked by a z-axis giving an age scale that is common to both. For the site age calculation 

in this thesis (Section 5.3), the z-axis is plotted in linear scale (Dietze et al., 2016). The 

precision displayed on the x-axis is defined as the reciprocal value of the individual 

standard error σi. The standardized estimate yi (y-axis of the plot) is computed by 

subtracting a central value z0 from each measured value zi and subsequent division by σi. 

The central value z0 is defined by the weighted mean with weights proportional to 1/ σ2
i. 

The resulting transformed data set (centered at z0, each yi has a unit standard error) 

facilitates comparison between the estimates, taking into account their differing precisions 

(Dietze et al., 2016). A set of estimates (e.g. boulder ages of a morphological group) that 

agree with a common value will scatter with an unit standard error around the central value 

z0, and about 95 % of these samples will be in a ± 2 range (so-called dispersion bar, dark 

gray area in Figure 19) centered on z0 (Dietze et al., 2016). For illustrative reasons a kernel 

density estimation (KDE) curve is plotted in the univariate part of the plot, but is not used 

for age interpretation because of the relative high standard errors and the small sample size 

taken from the investigated moraines. 

For exposure age groups derived from a single site showing anomalously wide age 

spread a different approach was used to determine the site age of the moraine. Depending 

on the morphology and the general setting of the investigated moraines a maximum or 

minimum age model was used to present the minimum site age. A fuller discussion for the 

reasoning behind the application of a maximum or minimum age model in a limited number 

of cases is presented in Section 5.3. 
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Figure 19: Structure and elements of the abanico plot. 
The components of the abanico plot are shown with a log scale displaying an example data set 
provided with the R package ‘Luminescence’ (Dietze et al., 2016). The plot consists of two parts, a 
bivariate plot (left) and a univariate plot (right). The bivariate plot is a radial plot and the univariate 
plot is (by default) a kernel density estimate (KDE). Both plots are linked by a z-axis giving an age 
scale that is common to both. The measured value (zi; black dots) denotes the estimated age for the 
ith individual sample with its standard error σi on the x-axis. The dark grey area is the so-called 
dispersion bar and represents a ±2 range around the central value z0 (by default defined as the 
weighted mean). Further information are given in the text and a detailed description of the plot is 
given in Dietze et al. (2016). 

4.3 2-D numerical model of snow/ice energy balance and ice flow 

In addition to the geomorphological mapping and establishment of a glacial chronology for 

the investigated study areas, a further key objective of this thesis (Chapter 1.2) is to model 

paleo-climatic and paleo-glaciological conditions for the periods of glacial forcing of 

reconstructed glaciation in the study areas (Chapter 6). For this purpose, a coupled 2-D (in-

the-horizontal-plane) snow/ice energy balance and ice flow model developed by Plummer 

and Phillips (2003) was used to determine steady-state conditions for glaciers under a 

specific climate regime. Projected glaciers from stabilized runs of the model were 

compared to field-mapped and dated glacier margins to establish combinations of 

temperature and precipitation changes, compared to modern climate conditions, which re-

produce a glacier that matches the field-mapped extent. The glacier modeling consists of 

two coupled models: (1) a snow/ice energy and mass balance model that calculates the net 
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accumulation/ablation of snow or ice across a topographic grid from a set of input climate 

parameters; and (2) an ice flow model that uses the net annual mass balance output from 

(1) to model the growth of a glacier until it reaches mass balance equilibrium with the 

input climate conditions, using finite-difference solutions to linearize ice flow equations. 

Details of the 2-D energy/mass balance and ice flow components employed in this thesis 

are given in Plummer and Phillips (2003), Laabs et al. (2006), and with modified flow 

equations in Leonard et al. (2014). 

4.3.1 Snow/ice energy and mass balance model 

In order to calculate an annual-net-balance grid of water equivalent snow/ice accumulation 

(in areas of positive mass balance), and water equivalent potential ice melt (in areas of 

negative mass balance), the energy/mass balance component of the model requires the 

following input parameters: a digital elevation model (DEM) of the modeling domain; 

time-dependent solar-angle files; and values for elevation- and time-dependent variations 

in temperature, precipitation, wind speed, relative humidity, and cloudiness (Laabs et al., 

2006; Leonard et al., 2014; Plummer and Phillips, 2003). In turn, those parameters are used 

to calculate the primary energy inputs to the hypothetical ice surface. The primary input 

parameters are latent heat, conductive and advective fluxes, sensible heat fluxes, and 

longwave and shortwave radiation. Shortwave radiation includes topography-based 

shading and intensity corrections and is determined from calculated semi-hourly solar 

angle and azimuths. Therefore, the model is well suited to analyze the sensitivity of small 

glaciers, for which shading from the surrounding topography can have a significant 

influence on the overall mass balance. For slopes >30°, the model includes an algorithm 

for avalanche redistribution of snow, but does not allow for wind redistribution of snow. 

Using only elevation-dependent or uniform input parameters to describe the modern 

climate, previous work has demonstrated that the model can effectively reproduce snow 

accumulation distributions which characterize small modern glaciers (Plummer and 

Phillips, 2003). 

To calculate the annual rate of ice accumulation and ablation for each cell of the 

DEM, the model solves the equation 

!n = ! − !!!!
!!! d! + ! −! − ! d!!!!

!!!      (1) 
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where bn is the net annual mass balance at any location in the x-y plane, P is snowfall, E 

evaporation or sublimation, T temperature, and M the mass of snow that has melted. As 

indicated by the first group of terms in Equation (1), sublimation is the only means of 

energy loss when monthly temperatures are below zero. In turn, melting is only calculated 

during the snowmelt season, defined by the period of time when the mean monthly 

temperature is >0 °C (i.e., the second group of terms in Equation (2)). The rate of melting 

is calculated with the equation  

! = ! + ! − ! + ! + !       (2) 

where Q is the energy flux available for melting, R the shortwave and longwave radiation 

balance, H and L the sensible and latent heat flux, respectively, A the energy advective with 

rain (adds heat to snow/ice), and G the conductive heat flux through contact of the glacier 

base with the earth surface. The mass balance is calculated at monthly time steps and 

integrated over the period of one year (or alternatively several years) until the net annual 

balance is constant. The computation of radiation balance accounts for the angle of 

incidence, effects of topographic shading and albedo. Albedo calculation during the 

modeling is dependent on cloudiness and the fraction of total melted snowfall. The 

turbulent energy exchange equations follow a bulk transfer scheme and depend primarily 

on relative humidity, wind speed and surface temperature. Conductive and advective 

energy exchanges contribute only a small amount to the energy/mass balance calculations. 

Because there are only few climate stations in the mountain areas of Mongolia and 

weather records are often fragmentary (Section 2.3), the monthly climate input parameters 

(Table 3) were obtained from a globally interpolated meteorological dataset provided by 

the WATCH project (data downloaded from www.eu-watch.org/data-availability). In this 

study, the WFDEI (WATCH Forcing Data methodology applied to ERA-Interim data; 

version: 18th Sept. 2013) dataset was used to generate the climate file for the annual net 

balance calculations. The WFDEI dataset was produced using the WFD methodology 

applied to ERA- 

Interim data, which is a meteorological forcing dataset extending into the early 21st 

century (1979-2012). Eight meteorological variables at three-hourly time steps (and daily 

averages) for the global land surface at a 0.5° × 0.5° resolution are available (Dee et al., 

2011; Harris et al., 2013; Schneider et al., 2013; Weedon et al., 2010, 2011). Specific 

information about the dataset is given in Table 4. The interpolated climate data of the 
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WFDEI dataset is used for generating the climate input file are shown in Table 5. 

However, to obtain the required climate input parameters (Table 3), format adaptations of 

most variables were necessary. For the conversion of specific humidity (Qair) into relative 

humidity (RH), the following equation was solved: 

!!"# = 0.622 ∗ !"∗!!
!!!.!"#∗!"∗!!

       (3) 

where P is the surface pressure and Es the saturation vapor pressure, which was calculated 

with the Magnus formula (Schönwiese, 2003): 

!! = 6.1078ℎ!" ∗ !"#
!".!"!"#∗!!"#
!"#.!"#°!! !!"#        (4) 

where Tair is the air temperature in degrees Celsius. The monthly fraction of sky cover 

(cloudiness) was calculated based on the SNOTEL (SNOwpack TELemetry) approach, 

which estimates cloudiness by the number of precipitation days divided by the number of 

days per month. Since relative humidity and cloudiness are difficult to relate to elevation, 

they were kept constant for all elevations within each drainage basin. To calculate the 

monthly precipitation-elevation gradients and the lapse rate (using a linear regression), a 

second climate data point was used at lower elevations in the immediate vicinity of the 

primary climate data point. The conversion method used for the remaining units are 

described in Table 5. The annual glacier mass balance is most dependent on precipitation 

and temperature. Thus, the regressions are the primary inputs to the mass balance model. 

Secondary input parameters include the standard deviation of daily mean temperatures, 

cloudiness, and monthly mean relative humidity and wind speed. 

Table 3: Meteorological dataset required to generate the climate file for the annual net balance calculations. 
The monthly climate input parameters were obtained from a globally interpolated meteorological dataset 
provided by the WATCH project. For further information see text and Table 4. 

 

Variable Unit

Precipitation	gradient	y-intercepted
Precipitation	gradient	coefficient m/m
Prec.	gradient	coefficient	for	squared	term	(0	if	linear	regression) (unitless)
Monthly	mean	temperature	 °C
Monthly	standard	deviation	of	daily	mean	temperature °C
Cloudiness	(number	of	cloudy	days/days	per	month) (unitless)
Monthly	mean	relative	humidity (unitless)
Monthly	mean	wind	speed m/s
Temperature	lapse	rate	gradient	y-intercepted °C
Temperature	lapse	rate	gradient	coefficient	 °C/m
Temp.	lapse	rate	gradient	coefficient	for	squared	term	(0	if	linear	regression) (unitless)

m
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Table 4: General information about the WFDEI dataset (Weedon et al., 2010). 
The WFDEI dataset provides eight meteorological variables at three-hourly time steps at a 0.5° × 0.5° 
resolution. This interpolated climate data was used for generating the climate input file for the annual net 
balance calculations. For further information see text. 

 

The interpolated modern climate input parameters used from the WFDEI dataset represent 

the hydrological year 2011-2012, as the model requires a dataset for the modern climate in 

the study area. The adjustable parameters are: (i) starting month (default: 1 = October); (ii) 

months to run (default: 12); (iii) temperature change, which adjusts additively the base 

(modern) climatic input temperatures for each month; (iv) precipitation ratio, which 

multiplicatively adjusts the base (modern) precipitation for each month; (v) wind speed; 

and (vi) cloudiness. 

Table 5: WFDEI data used for conversions and mass balance modeling. 
Conversions made: (a) °C = K – 273.15; (b) hPa = Pa/100; and (c) total precipitation (m) = (snowfall rate + 
rainfall rate) * 10.8. NB: Rainfall and snowfall rates (3 hourly) where converted to accumulated mm from 
kg/m2s by multiplying with 10,800 (the number of seconds in 3 hours). 

 

Full	years:	1979-2012
0.5°	×	0.5°	global	land
including	Antarctica

CRU	TS3.1/TS3.101/TS3.21
GPCCv5/v6

Full	grid	(720	x	360),
3-hourly	and	Daily,
NetCDF,	gzipped	(each	file	=	1	month)

Number	of	landpoints 67,209	outside	Antarctica	(NB:	211	CRU	points	excluded	as	
not	genuine)	plus	27,533	within	Antarctica

Basis ERA-Interim

Coverage

Monthly	corrections

Format

Variable Variable	description Unit Unit	required	
for	modeling

Tair 2	m	instantaneous	air	temperature K °C(a)
Wind	speed 10	m	instantaneous	wind	speed m/s m/s
Psurf Instantaneous	surface	pressure Pa hPa(b)
Qair 2	m	instantaneous	specific	humidity kg/kg kg/kg
Rainfall Rainfall	rate	(average	over	previous	3	hours) kg/m2s m(c)

Snowfall Snowfall	rate	(average	over	previous	3	hours) kg/m2s m(c)
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4.3.2 Ice flow modeling 

The annual-net-balance grid output from the energy-balance calculations determines the 

accumulation and ablation area for each cell of the DEM. In areas of positive rates, ice 

builds up until stress causes the mass to flow outward in the direction of the ice-surface 

slope (typically downhill) into the ablation area. This process continues until steady state 

conditions are eventually reached. Consequently, the net annual mass balance for the basin 

is determined by the calculated rates of accumulation and ablation. The mass transfer 

between a cell with accumulation and a cell with ablation is based on an empirical equation 

for ice flow via deformation and sliding (Laabs et al., 2006; Leonard et al., 2014; Plummer 

and Phillips, 2003). The time-dependent ice flow is described in two dimensions by the 

continuity equation for vertically integrated, constant-density, glacier flow 

!"
!" −

!!!
!" +

!!!
!" − !n = 0        (5) 

where H is the ice thickness, bn the net annual mass balance, and q the vertically integrated 

ice flux in the x and y directions in the horizontal plane. The ice thickness and depth-

integrated flow velocity u determine the ice flux from point to point on the DEM, which is 

computed with the equation 

! = !d + !s = !!
!!! !

!! + !!!       (6) 

where ud and us are the ice flow by deformation and by sliding, respectively; H is the ice 

thickness; A and B (described in Equation 8, Section 6.1.1) are flow- and sliding-law 

coefficients, respectively; n and m flow- and sliding-law exponents, respectively; and τ is 

the basal shear stress, calculated as 

! = !"#∇ℎ          (7) 

where ρ is the ice density, g the gravitational acceleration, and łh the slope. The velocity 

functions are non-linear functions of the elevation of the ice surface. Therefore, the 

continuity expression (Equation 5) is linearized by writing the divergence term as a 

diffusion equation with a time-varying diffusivity that captures the power functions of ice 

thickness and gradient (Leonard et al., 2014). 

The output grid of the ice flow model shows a glacier under the prior defined (paleo) 

climatic conditions. These climatic conditions, primarily temperature and precipitation, 
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were adjusted until a glacier was produced that fitted the field-mapped glacial geometry. 

To account for the influence of the growing ice mass on the surface geometry of the basin, 

as well as shading and local climate, multiple iterative model runs were required (Figure 

20). An iterative model run uses an altered surface DEM, which is composed of the 

original surface and the ice surface from the previous run, to compute the adjusted annual-

net-balance grid. This mass balance grid in turn was used to generate a new ice thickness 

grid for the given modifications of accumulation and ablation rates, with the original 

surface as the base DEM. Iterative runs were repeated until changes in the ice thickness 

grid were negligible, at which point the ice thickness was considered representative of the 

glacier under steady state conditions. To produce a glacier that fitted the field-mapped 

geometry, slight adjustments to the input temperature and/or precipitation during iterative 

runs were made, until a steady state condition was achieved (Figure 20). 

 

Figure 20: Flow diagram of the 2-D numerical model of snow/ice energy balance and ice flow. 
Meteorological data, solar angle files, and a DEM of the area of interest are used as input for the 
mass and energy model. The computed mass balance grid determines the accumulation and ablation 
area for each cell of the DEM during the ice flow simulation. The resulting modeled glacier extent 
and the corresponding calculated ELA were compared to geological data (i.g. field-mapped 
terminal/lateral moraines and published ELA), and if no reliable match was accomplished then the 
primary input data was adjusted and the model was repeated until the simulated glacier extent 
reliable matched the field-mapped extent. To account for the simulated ice thickness the flow 
parameters A (deformation) and B (sliding) were subsequently adjusted until the simulated glacier 
fitted the field-mapped geometry. Finally, iterative runs were performed using an altered surface 
DEM (composed of the original surface and the ice surface from the previous run) slightly adjusted 
temperature and/or precipitation change until changes in the ice thickness/ice extent grid were 
negligible. The flow chart is modified after Laabs, (unpubl.). For further information see text and 
Section 6.1.1. 
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The model makes use of the shallow ice approximation (SIA), neglecting longitudinal 

stress gradients, and calculates the flow of the glacier based solely on ice thickness and 

surface slope (Leonard et al., 2014). This possibly results in a somewhat less accurate 

modeling of the flow, compared to a full-Stokes (FS) solution. However, the calculated 

flow velocities appear to be the main discrepancies between the SIA and FS solutions, 

rather than ice thickness and extent (Leonard et al., 2014). Since the objective of this thesis 

is to reconstruct paleo-climatic conditions and glacier geometry, rather than flow 

velocities, the SIA approach is appropriate here. Furthermore, the SIA calculations can be 

made several orders of magnitude more rapidly than FS calculations, which makes the SIA 

computationally much more efficient for applications requiring many simulations (Leonard 

et al., 2014). 
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5 Results A: Glacial geomorphology and geochronology 

The first two sections of this chapter give an overview of the glacial geology (based on 

field-mapping), and presents the raw-data of the CRN SED of the study areas in the 

Khangai (Section 5.1) and Turgen Mountains (Section 5.2). The following section (Section 

5.3) introduces different approaches for mean moraine site age calculations. Based on this, 

the final mean site ages for the study areas in the Khangai, and the Mongolian Altai are 

presented in Section 5.3.1 and Section 5.3.2, respectively. This includes the presentation of 

the method used for the mean site age determination, and a comprehensive outlier 

discussion. The last section of this chapter (Section 5.4) gives an overview about regional 

trends in late Pleistocene glaciations along the Turgen-Khangai transect. 

 

5.1 Khangai Mountains 

To investigate the glacial features in two selected former glaciated valleys in the central 

Khangai (Bumbatin Gol and Hurmen Gol; hereafter referred to as Chulut area), a six-week 

expedition was undertaken from July to August in 2012 (Figure 2). In order to evaluate 

extent and timing of the Pleistocene glaciations in the Khangai Mountains, 

geomorphological mapping and sampling of glacial boulders for CRN (10Be) SED were 

carried out. In addition, the outcomes from previous expeditions to the Egiin Davaa (1998 

by Walther and Lehmkuhl, and 2008 by Lehmkuhl and Rother) were incorporated into this 

study to extend the scope of the CRN (10Be) SED. This chapter gives an overview of the 

glacial geology of the study areas in the Khangai Mountains. In Section 5.1.1 the results of 

the field-mapping are presented as a geomorphic map of the Chulut area. Sample 

information (e.g. boulder dimension and sample thickness) and the results of the CRN SED 

will be given in Section 5.1.2. This section presents only the raw-data of CRN dating, 

whereas a comprehensive discussion on outlier determination and (mean) site age 

calculations will be given in Section 5.3. 
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Figure 21: Landsat 8 satellite image (30 m resolution) of the Chulut area. 
The broad hummocky terminal moraine topography of the two investigated moraine complexes 
(Hurmen Gol and Bumbatin Gol; Chulut area, see above figure) is visible in the central portion of 
the image. Letter symbols indicate photographer positions associated with field views presented in 
Figure 24 (Bumbatin Gol sequence) and Figure 25 (Hurmen Gol sequence). For locational context 
of the area shown in the above satellite image see Figure 2. 

Figure 22: Landsat 8 satellite image (30 m resolution) of the Egiin Davaa study area. 
The satellite image shows hummocky terrain and well-preserved lobate terminal moraines of the 
East-Turgen study area (see below figure) from which samples for CRN dating were obtained. 
Letter symbols indicate photographer positions associated with field views presented in Figure 26. 
For locational context of the area shown in the above satellite image see Figure 2. 

5.1.1 Glacial Geology of the study areas 

The Chulut area in the investigated portion of the central Khangai Mountains (~500 km 

west-southwest of Ulaanbaatar) is situated between 100°13’ and 100°23’E, and 47°20’ and 

47°27’N, and Egiin Davaa is located between 99°48’ - 99°50E and 47°11’ - 47°13’N 

(Figure 2). According to the climate classification of Köppen & Geiger, both areas lie 

presently within the transitional zone between the Dwc climate dominating the northern 

parts of the Khangai Mountains and the BSk climate prevailing in the southern parts 

(Kottek et al., 2006). Elevations in the study area range from ~2100 m at the valley and 

basin floors to the surrounding mountain summits at ~3300 m asl. There is no modern 

glaciation in the study areas of Chulut and Egiin Davaa, but numerous glacial features of a 

formerly extensive glaciation in the area are evident. 

Late Pleistocene valley glaciers in the study areas drained towards the northwest 

(Bumbatin Gol), northeast (Hurmen Gol), and to the southwest-west (Egiin Davaa). U-

shaped valley geometries and glacial landforms are widespread including terminal and 

lateral moraines, kame terraces, abundant glacially transported boulders (granite lithology), 

and boulder lines. Ice marginal landforms are arranged in a lobate outline and consist 

predominantly of lateral-frontal dump moraines and hummocky terrain (Figure 21 & 22). 

Based on the results of the field-mapping and the analysis of satellite images a geomorphic 

map of the Chulut area was generated, showing a summary of the identified (glacial) 

landform features and the sample distribution of this study area (Figure23). 
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Figure 23: Geomorphological map of the Chulut area  
The present map displays the Bumbatin Gol moraine sequence in the west (Moraine C1 - C3) and 
the Hurmen Gol sequence in the east (Moraine C4 - C7). Additionally, the shown numbers specify 
the sample locations. Letter symbols indicate photographer positions associated with field views 
presented in Figure 24 (Bumbatin Gol sequence) and Figure 25 (Hurmen Gol sequence). Note: 
Moraine C6, located on the western side of Zogt Khairkhan Uul, is not shown on the map. For 
locational context of the area shown in the above geomorphological map and the location of 
Moraine C6 see Figure 27. 

In the Chulut area two main moraine systems can be distinguished: 1) the Bumbatin Gol 

sequence to the east, and 2) the Hurmen Gol sequence in the western part. The Bumbatin 

Gol sequence can be divided into two to three moraine stages. The inner ice position is 

characterized by a hummocky, and well-preserved terminal moraine topography littered 

with a large number of erratics. This ice limit is located about 16 km downvalley from the 

cirque headwall. In contrast, the outer stage is strongly eroded and degraded and shows 

only few larger erratics with those being present measuring smaller in size. Moraines of the 

Bumbatin Gol sequence in the Chulut Basin are arranged in a highly lobate outline 

indicating a piedmont glacier which extended beyond the restraining walls of the Bumbatin 

Gol valley and spread over the wider foreland basin (Figure 23). Moraine C1 

(morphostratigraphically oldest ice advance; ~5 m in height) is only partly preserved and is 

characterized by an eroded relief and surface degradation. Erratics, deposited on this ice 

margin, are smaller in size, compared to Moraine C2 & C3, and show signs of frost 

shattering (Figure 24 c). At its greatest extension, this late Pleistocene ice advance 

surpassed the height of the valley as evidenced by the occurrence of large erratics on top of 

the northeastern valley shoulder (Figure 24 a, b & d). The tills associated with the oldest 

ice advance out of the Bumbatin Gol valley are covered by younger outwash sediments 

deposited during the later advances (Moraine C2 & C3). Wet meadow vegetation and an 

anastomosing stream pattern of the Bumbatin Gol are found within the area enclosed by 

Moraine C1. A clear distinction in the degree of relief freshness and surface degradation 

can be made between this moraine and the two inner moraines (Moraine C2 & C3; about 

10 m in height). This hummocky moraine topography is well-preserved and strewed with 

erratics measuring larger in size (Figure 24 e & f). The modern Bumbatin Gol breached the 

central moraine portion and drains the valley in north-northwestern direction. In addition to 

its hummocky surface, Moraine C2 is dissected by several paleo-channels on the northern 

and western moraine side, from which an alluvial fan emerges onto the moraine foreland in 

the west (labeled as outwash plain in Figure 23). Moraine C3 encloses a lake basin 

featuring two distinct lake terraces (Figure 23) indicating a formerly larger lake extent: 



5	Results	A:	Glacial	geomorphology	and	geochronology	

 

 64 

lake terrace 1 (light grey colored in Figure 23) is situated 4-6 m above the present lake 

level, while the higher lake terrace 2 (dark grey colored) lies 11-13 m above the present 

lake level, respectively. The remnants of lake terrace 2 are only present in the marginal 

areas of the basin (Greguletz, 2013; Korth, 2014). 
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Figure 24: Photographs of the study area Bumbatin Gol in the Chulut area. 
The images (previous page) show selected features of the Bumbatin Gol moraine sequence with (a) 
and (b) depicting Moraine C2 (background) from a high-lying bedrock-shoulder on the northeastern 
side of the valley exit (112 m above the valley floor) associated with the Moraine C1 ice advance. 
Photograph (d) gives an example of the boulder dimensions deposited on the above mentioned 
bedrock shoulder. Pictures (c), (e), and (f) clearly show the differences in relief appearance (i.e. 
degree of degradation) between Moraine C1 (strongly eroded and degraded) and Moraine C2 & C3 
(well-preserved). For location of the photo positions see Figure 21 &27. 

The Hurmen Gol sequence comprises three to four different moraine stages, which are 

similar in the differential relief appearance, degree of preservation, and boulder frequency 

previously noted for the Bumbatin Gol sequence. In the Hurmen Gol case the two inner 

and well-preserved terminal moraines are located about 38 km downvalley from the valley 

headwaters, whereas the two outer stages, ~2 km further downstream, are less well-

preserved. Moraine C4 (~6 m in height) and Moraine C5 (about 10 m in height) appear 

severely degraded with only few larger boulders present (Figure 25 e, h & j). Where the ice 

advanced against larger bedrock obstacles (e.g. Zogt Khairkhan Uul Figure 27) the former 

ice limit is represented by granitic boulders deposited as a linear feature on the local meta-

sedimentary rock formations (Figure 23 o). 

The tills associated with the Moraine C5 ice advance are covered by outwash 

deposits associated with the Moraine C7 advance comprising fluvial and alluvial 

sediments. A younger probably postglacial fluvial/alluvial fan, emerging from Moraine 

C7, comprises numerous (paleo-) channels separated by gravel banks comprising 

predominantly well-round boulders ≤30 cm in size (Figure 23). Moraine C6, located on the 

western side of Zogt Khairkhan Uul, and Moraine C7 can be clearly distinguished from the 

two outer ice margins described above. Both ice marginal positions are about 18 m in 

height showing a broad and well-preserved hummocky relief with more frequent and larger 

erratics, as well as moraine ridges, dead ice depressions, and glacio-fluvial paleo-channels 

(Figure 25 i, j, l, m & n). The lobate outline of these moraines is fully preserved and 

appears in a 1-2 km wide morainic belt, which is incised by the modern Hurmen Gol 

(Figure 23). Moraine C7 encloses a hummocky terrain that is characterized by a gentler 

relief, small emphermal basins/ponds, indicating former dead ice depressions, and several 

glacio-fluvial (paleo-) channels which drain the area towards the Hurmen Gol. 
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Figure 25: Photographs of the Hurmen Gol study area in the Chulut basin. 
Images (g) to (f) (previous page) give an overview of the sampled moraines in the Hurmen Gol 
valley, their relative moraine position within the moraine sequence, and the differences in relief 
appearance. Pictures (k) and (l) show sampled boulders located on different moraine topographies 
displaying the differing degree of moraine “freshness” in greater detail, with DBN 15 taken from 
Moraine C4 (strongly eroded), and DBN 6 taken from Moraine C7 (well-preserved). Photographs 
(m) and (n) exemplarily show a paleo-channel and dead ice depression within Moraine C7, 
respectively. Image (o) shows erratics (granite lithology) as a linear feature on the southern slope of 
the Tsogt Khairkhan Uul (meta-sedimentary rock formation). For location of the photo positions see 
Figure 21 & 27. 

The Egiin Davaa moraine sequence (Figure 22) can be differentiated into three different 

moraine stages. A hummocky terrain and well-preserved lobate terminal moraines 

characterize the two inner stages, whereas the remnant of the furthest advance is only 

partially preserved and strongly eroded (Figure 26). A detailed description of this area is 

given by Walther (1998) and Lehmkuhl (1998b). 

Glacial landform-sediment assemblages in all three study areas consist of very 

substantial debris accumulations that include large terminal dump moraines indicative of 

glaciers capable of efficient basal erosion and sediment production. In addition, extensive 

networks of glaciofluvial channels suggest the ready availability of large volumes of 

flowing water throughout the melt season (Figure 25 m; Figure 23). The inner moraine 

stages are characterized by a broad ice decay landscape, including a fresh hummocky 

terrain, dead ice depressions (keetle holes) and small lakes (Figure 24 e & f; Figure 25 i, j, 

l & n), suggesting formation by disintegration of heavily debris-mantled glacier lobes. 

Taken together, these features, also described in glacial valleys of the western Khangai (i.e. 

Rother et al., 2014a), are characteristics commonly associated with temperate (warm-

based) glacier systems (Evans et al., 2013; Evans and Twigg, 2002). 
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Figure 26: Photographs of the Egiin Davaa study area. 
Image (a) and (d) gives an overview of Moraine E2 as part of the two inner moraines stages 
displaying the hummocky terrain and well-preserved lobate outline. Photo (c) shows sample Mon 4 
and its location on Moraine E2. Picture (b) shows ice overran bedrock knobs with erratics 
(background), which are part of the only partially preserved and strongly eroded Moraine E1, and 
the well-preserved moraine topography of Moraine E2 (foreground). For the location of the photo 
positions see Figure 22. 
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Figure 27: Digital Elevation Model showing CRN results from the Chulut area and Egiin Davaa. 
In the Chulut area (above figure) the Bumbatin Gol system (located in the eastern part) comprises 
Moraine C1 - C3, and the Hurmen Gol system (located in the western part) Moraine C4 - C7, 
respectively. The Egiin Davaa moraine sequence (~70 km southwest of the Chulut area, figure 
below) encompasses Moraine E1 - E3. Exposure ages, displayed in small boxes, are given in kilo 
years. For areal context see Figure 2; the field data for the sampled boulders is presented in Table 6. 
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5.1.2 Results of the CRN dating 

In total, 28 boulders were sampled for 10Be CRN SED associated with ten moraine 

positions in the study areas (Chulut area and Egiin Davaa) in the central Khangai 

Mountains. The field information of all sampled boulders are shown in Table 6. This 

section presents raw results from CRN SED (individual boulder ages) from moraine 

systems previously differentiated based on geomorphic criteria (Section 5.1.1): Bumbatin 

Gol, Hurman Gol, and Egiin Davaa. The cosmogenic age determination was derived via 

different scaling methods, with ages calculated using the Dunai (2001b) scaling protocol 

discussed in Section 4.2.5. A comprehensive outlier discussion, the presentation of final 

mean moraine ages (site ages), and the final assessment of the glacial history in the overall 

context of the study areas will be made in Section 5.3. 

Table 6: Field data for boulders sampled in the Chulut area and Egiin Davaa. 
Boulders with a DBN ID are located in the Chulut area, and samples labeled with ‘Mon-A’ are situated in the 
Egiin Davaa study area. For age calculation a density of 2.65 g/cm3 was used for the sampled granitic 
boulders (for further information see Section 4.2.5). DBN 12 (italic type), sampled from Moraine C1 (Figure 
27), was not used for age calculation. For this sample the extracted amount of quartz was insufficient for 
CRN SED. 

 

No. Sample	name Latitude
(°N)

Longitude
(°E)

Altitude
(m	asl.)

Boulder	dimension
(L	x	W	x	H	in	m) Lithology Sample	thickness

(cm)

1 DBN	1 47.417 100.343 2156 1.6	x	1.6	x	0.7 granite 3.5
2 DBN	2 47.419 100.347 2144 2.7	x	1.3	x	0.6 granite 4.0
3 DBN	3 47.417 100.353 2170 1.8	x	1.1	x	0.6 granite 7.0
4 DBN	4 47.420 100.355 2155 2.6	x	1.4	x	1.3 granite 4.0
5 DBN	5 47.406 100.341 2188 1.7	x	1.5	x	0.9 granite 4.1
6 DBN	6 47.413 100.277 2192 2.4	x	1.9	x	1.1 granite 4.0
7 DBN	7 47.414 100.275 2191 3.5	x	2.6	x	1.7 granite 3.8
8 DBN	8 47.411 100.248 2269 3.7	x	2.1	x	1.4 granite 4.0
9 DBN	9 47.425 100.215 2184 3.7	x	1.3	x	0.8 granite 4.0
10 DBN	10 47.425 100.214 2183 1.6	x	1.2	x	0.7 granite 3.5
11 DBN	11 47.404 100.369 2280 6.5	x	3.8	x	2.0 granite 4.0
12 DBN	12 47.418 100.374 2151 1.8	x	1.8	x	0.5 granite 4.0
13 DBN	13 47.430 100.368 2130 1.8	x	1.5	x	0.7 granite 3.8
14 DBN	14 47.420 100.274 2170 1.6	x	1.3	x	0.6 granite 3.5
15 DBN	15 47.428 100.275 2176 2.0	x	2.0	x	0.7 granite 4.0
16 DBN	16 47.429 100.279 2154 2.0	x	1.8	x	0.8 granite 4.0
17 DBN	17 47.392 100.300 2229 2.8	x	1.6	x	0.7 granite 3.8
18 DBN	18 47.386 100.301 2253 1.7	x	1.3	x	0.5 granite 4.1
19 DBN	19 47.415 100.309 2144 3.6	x	1.9	x	1.0 granite 4.0
20 Mon-A-08-1 47.186 99.818 2454 5.0	x	3.5	x	2.2 granite 4.5
21 Mon-A-08-3 47.202 99.821 2430 5.0	x	1.8	x	1.1 granite 4.0
22 Mon-A-08-4 4.,202 99.821 2435 15.5	x	13.6	x	4.0 granite 4.0
23 Mon-A-08-5 47.200 99.826 2458 3.7	x	2.8	x	1.2 granite 4.0
24 Mon-A-08-6 47.198 99.822 2440 1.2	x	1.1	x	0.9 granite 5.0
25 Mon-A-08-7 47.198 99.821 2435 1.3	x	1.1	x	0.8 granite 5.0
26 Mon-A-08-11 47.202 99.803 2470 0.6	x	0.4	x	0.3 granite 4.0
27 Mon-A-08-12 47.202 99.803 2490 0.8	x	0.6	x	0.4 granite 4.5
28 Mon-A-08-13 47.201 99.803 2495 1.3	x	1.1	x	0.4 granite 5.0
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Bumbatin Gol 

All sample locations and their distribution within the Bumbatin Gol moraine system are 

shown in Figure 23 & 27 (Moraine C1 - C3), and the full set of 10Be analytical data and 

resulting exposure ages are presented in Table 7. In total, eight boulders were sampled 

from this moraine for 10Be CRN SED, with individual boulder ages ranging from 19.7 ± 

1.6 ka to 93.1 ± 7.3 ka (Figure 28). 

Table 7: AMS data and resulting surface exposure ages of the boulders taken from the Bumbatin Gol system. 
All isotopic ratios (column E) were corrected using full chemistry procedural blanks and normalized relative 
to KN01-6-2 and KN01-5-3 standard reference material using a nominal value for 10Be/9Be of 5.35x10-13 
and 6.320x10-12, respectively (Nishiizumi et al., 2007). Uncertainties quoted include uncertainty in the 
number of counts and any scatter in the standards. Resulting exposure ages are shown for various scaling 
schemes (column H–K) with ages discussed in the text based on Dunai (2001) scaling (column K). A 
shielding factor of 1 (column H) is associated with no horizontal shielding. Nevertheless, no corrections were 
applied to the measured 10Be concentrations to account for erosion and thus all modeled ages should be 
considered as minimum ages (for further information see text and Section 4.2.5). 

 

Two boulders from the morphostratigraphically oldest ice advance, Moraine C1, give 

exposure ages of 73.2 ± 5.7 ka (DBN 13) and 93.1 ± 7.3 ka (DBN 11) (Note: DBN 12, 

taken from Moraine C1, was not used for age calculation, see Table 6). Of these, DBN 13 

is located on the valley floor terminal moraine (strongly eroded and degraded; Figure 24 

c), while the DBN 11 sample comes from a large erratic situated on a high-lying bedrock-

shoulder on the northeastern side of the valley exit into the Chulut basin (112 m above the 

valley floor; see Figure 23). Both samples belong to moraines representing the largest 

reconstructed ice advance in the area, as based on the furthest downvallley ice extent 

(DNB 13), and the highest lateral moraine (DBN 11) indicative of the largest ice volume 

(ice thickness). Age results from a second moraine, located about 2 km upvalley from 

A B C D E F G H I J K

ID No.
Quartz
mass
(g)

9Be
(mg)

10Be/9Be

(10-13)

10Be

(106	at/g-Q)
Shielding

Desilets	and	Zreda	
(2003),

Desilets	et	al.	(2006)

Lifton	et	al.
(2005)

Lal	(1991),
Stone	(2000)

Dunai
(2001)

DBN	5 5 3.98 0.152 1.775 0.451	±	0.019 0.983 19.5	±	1.6 19.4	±	1.5 19.9	±	1.4 19.7	±	1.6

DBN	2 2 4.10 0.152 3.143 0.774	±	0.028 1.000 33.6	±	2.7 33.0		±	2.5 34.7	±	2.3 33.8	±	2.7
DBN	3 3 4.06 0.152 3.233 0.807	±	0.030 1.000 35.1	±	2.9 34.4	±	2.6 36.4	±	2.4 35.3	±	2.8
DBN	4 4 4.24 0.152 6.941 1.658	±	0.056 1.000 71.3	±	5.8 69.5	±	5.2 74.5	±	4.9 71.5	±	5.6
DBN	1 1 4.13 0.152 8.765 2.155	±	0.071 1.000 92.5	±	7.5 90.3	±	6.7 97.0	±	6.3 92.8	±	7.3

DBN	13 13 3.96 0.152 6.495 1.667	±	0.056 1.000 72.9	±	5.9 71.2	±	5.3 76.2	±	5.0 73.2	±	5.7
DBN	11 11 3.82 0.153 9.694 2.369	±	0.079 1.000 92.9	±	7.6 90.5	±	6.8 98.1	±	6.5 93.1	±	7.3

Sample	information/AMS	results 10Be	-	surface	exposure	age	(ka)

Moraine	C3

Moraine	C2

Moraine	C1
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Moraine C1 (Figure 27) provide evidence for a further subdivision of this inner moraine 

stage into Moraine C2 and Moraine C3 (Figure 23). Age results from Moraine C2 are 

characterized by a significant exposure age disparity, ranging from 33.8 ± 2.7 ka to 92.8 ± 

7.3 ka. Of these, samples from Moraine C2, located on the outer part of this well 

persevered terminal moraine (Figure 24 f), returned boulder ages of 33.8 ± 2.7 ka, 35.3 ± 

2.8 ka, 71.5 ± 5.6 ka, and 92.8 ± 7.3 ka (DBN 2, 3, 4, 1). The remaining sample DBN 5, 

located on the inner part of the moraine (Figure 24 e), yielded an age of 19.7 ± 1.6 ka, 

representing either a recessional ice stillstand position or a separate and younger ice 

readvance (Moraine C3) in the Chulut area (Figure 23) To assign a moraine site age on a 

single age is problematic and requires consideration of site ages of the entire valley. For a 

detailed discussion on this issue see Section 5.3.1.  

 

Figure 28: Age plot of the measured boulders sampled from the Bumbatin Gol moraine sequence. 
This figure shows all age results (no outliers removed) obtained from moraines in the eastern part of 
the Chulut area. Note that the two oldest boulders of Moraine C2 are similar to the results obtained 
for Moraine C1. A comprehensive outlier discussion, mean site ages determination, and age 
interpretation is given in Section 5.3. 

Hurmen Gol 

Eleven samples for CRN SED were obtained from the Hurmen Gol moraine system, west 

of Bumbatin Gol, with individual boulder ages ranging from 13.0 ± 1.1 ka to 140.7 ± 



5	Results	A:	Glacial	geomorphology	and	geochronology	

 

 73 

11.1 ka (Figure 29). The full set of 10Be analytical data and derived boulder ages are 

displayed in Table 8. Moraine location and sample distribution are shown in Figure 27 & 

23. 

Samples from Moraine C4 are associated with the furthest ice advance of the 

Hurmen Gol moraine system with boulder ages ranging from 40.3 ± 3.2 ka to 140.7 ± 

11.1 ka. This distal moraine is not fully preserved and strongly eroded (Figure 25 g & h). 

Samples DBN 15 (Figure 25 k) and DBN16, taken from the northwestern part of the 

moraine, yield ages of 40.3 ± 3.2 ka and 140.7 ± 11.1 ka respectively. The sampled boulder 

from the southeastern part of Moraine C4 (DBN 19) gives an exposure age of 42.1 ± 

3.3 ka. 

Table 8: AMS and exposure age data of the boulders taken from the Hurmen Gol system. 
All isotopic ratios (column E) were corrected using full chemistry procedural blanks and normalized relative 
to KN01-6-2 and KN01-5-3 standard reference material using a nominal value for 10Be/9Be of 5.35x10-13 and 
6.320x10-12, respectively (Nishiizumi et al., 2007). Uncertainties quoted include uncertainty in the number of 
counts and any scatter in the standards. Resulting exposure ages are shown for various scaling schemes 
(column H–K), with ages discussed in the text based on the Dunai (2001a) protocol (Column K). No 
horizontal shielding is indicated by a shielding factor of 1 (column H). However, no corrections were applied 
to account for erosion. Thus all calculated ages should be considered as minima. For further information see 
text and Section 4.2.5. 

 

The next moraine upvalley (Moraine C5; Figure 23), similar to Moraine C4 with 

regard to its degree of preservation and degradation (Figure 25 h), yields boulder ages 

ranging from 35.5 ± 2.8 ka to 137.1 ± 10.9 ka. Of these, DBN 14, taken from the 

A B C D E F G H I J K

ID No.
Quartz
mass
(g)

9Be
(mg)

10Be/9Be

(10-13)

10Be

(106	at/g-Q)
Shielding

Desilets	and	Zreda	
(2003),

Desilets	et	al.	(2006)

Lifton	et	al.
(2005)

Lal	(1991),
Stone	(2000)

Dunai
(2001)

DBN	7 7 4.337 0.151 1.304 0.300	±	0.013 1.000 12.9	±	1.1 12.8	±	1.0 12.9	±	0.9 13.0	±	1.1
DBN	8 8 3.979 0.151 1.631 0.410	±	0.017 1.000 16.5	±	1.4 16.4	±	1.3 16.8	±	1.2 16.6	±	1.4
DBN	6 6 4.08 0.151 1.899 0.466	±	0.020 1.000 19.8	±	1.7 19.6	±	1.5 20.2	±	1.4 19.9	±	1.6

DBN	10 10 3.811 0.153 2.134 0.573	±	0.024 1.000 24.2	±	2.0 23.9	±	1.9 24.8	±	1.7 24.4	±	2.0
DBN	9 9 4.084 0.153 9.608 2.400	±	0.078 1.000 101.3	±	10.2 98.6	±	7.3 106.5	±	7.0 101.6	±	8.0

DBN	17 17 4.253 0.151 3.670 0.872	±	0.032 1.000 35.3	±	2.9 34.6	±	2.6 36.8	±	2.5 35.5	±	2.8
DBN	14 14 4.104 0.153 4.520 1.122	±	0.039 1.000 47.2	±	3.8 46.0	±	3.4 49.4	±	3.3 47.4	±	3.7
DBN	18 18 4.154 0.152 13.940 3.397	±	0.109 1.000 136.8	±	11.2 132.4	±	9.9 145.4	±	9.6 137.1	±	10.9

DBN	16 16 4.148 0.152 3.812 0.935	±	0.033 1.000 40.1	±	3.3 39.2	±	2.9 41.7	±	2.8 40.3	±	3.2
DBN	19 19 5.09 0.149 5.020 0.970	±	0.033 1.000 41.9	±	3.4 40.9	±	3.0 43.6	±	2.8 42.1	±	3.3
DBN	15 15 4.093 0.153 13.210 3.288	±	0.105 1.000 140.4	±	11.5 135.9	±	10.2 148.4	±	9.8 140.7	±	11.1

Sample	information/AMS	results 10Be	-	surface	exposure	age	(ka)

Moraine	C7

Moraine	C6

Moraine	C5

Moraine	C4
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northwestern part of Moraine C5, has an exposure age of 47.4 ± 3.7 ka, and samples DBN 

17 and DBN 18, taken from the southeastern part of the moraine, give ages of 35.5 ± 2.8 ka 

and 137.1 ± 10.9 ka respectively. The next two moraines further upstream, Moraine C6 

and Moraine C7, are characterized by a fresh hummocky topography (Figure 25 h, i & j). 

The samples from Moraine C6, located on the western side of the Tsogt Khairkhan Uul 

(Figure 27), returned boulder exposure ages of 24.4 ± 2.0 ka (DBN 10) and 101.6 ± 8.0 ka 

(DBN 9). The age results of Moraine C7 range from 13.0 ± 1.1 ka to 19.9 ± 1.6 ka, with 

individual boulder ages of 13.0 ± 1.1 ka (DBN 7), 16.6 ± 1.4 ka (DBN 8), and 19.9 ± 

1.6 ka (DBN 6; Figure 25 l). 

 

Figure 29: Age plot of the measured boulders sampled from the Hurmen Gol moraine sequence. 
This figure shows all age results (no outliers removed) from the Hurmen Gol study area in the 
western part of the Chulut basin. Samples taken from Moraine C4, C5, and C6 clearly show a large 
age disparity. A comprehensive outlier discussion, mean site ages determination, and age 
interpretation is given in Section 5.3 

Egiin Davaa 

The data set obtained from the Egiin Davaa moraine system, located southwest of the 

Chulut area, shows a wide age spread within each morphostratigraphic group and for 

individual locations. In total, nine ice-transported boulders were sampled, and the full set 

of 10Be analytical data and exposure ages are presented in Table 9. Sample distribution and 
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site locations of different moraines are shown in Figure 27. Across the data set, the 

individual boulder exposure ages range from 17.5 ± 1.4 ka to 49.2 ± 3.9 ka (Figure 30). 

The remnants of the furthest ice advance (Moraine E1) are strongly eroded and only 

partly preserved (Figure 26 b). The age results of Moraine E1 range from 24.3 ± 1.9 ka to 

49.2 ± 3.9 ka with individual ages of 24.3 ± 1.9 ka, 34.8 ± 2.7 ka, and 49.2 ± 3.9 ka (Mon-

A-08-13, -12, -11). The next two younger moraines (Moraine E2 & E3), located about 

1 km upstream of the Baidragjin Gol, feature a hummocky and well-preserved moraine 

topography (Figure 27, Figure 26 a & c). Boulder ages from Moraine E2 range from 17.5 ± 

1.4 ka to 25.9 ± 2.1 ka with individual exposure ages of 17.5 ± 1.4 ka, 19.9 ± 1.6 ka, and 

25.9 ± 2.1 ka (Mon-A-08-3, -1, -4). The sampled boulders from Moraine E3 have exposure 

ages ranging from 18.9 ± 1.5 ka (Figure 30) with separate boulder ages of 18.9 ± 1.5 ka 

(Mon-A-08-5), 24.7 ± 2.0 ka (Mon-A-08-7), and 24.9 ± 2.0 ka (Mon-A-08-6) (Figure 27). 

Table 9: AMS and exposure age data of the boulders taken from the Egiin Davaa moraine system. 
All isotopic ratios (column E) were corrected using full chemistry procedural blanks and normalized relative 
to KN01-6-2 and KN01-5-3 standard reference material using a nominal value for 10Be/9Be of 5.35x10-13 and 
6.320x10-12, respectively (Nishiizumi et al., 2007). Uncertainties quoted include uncertainty in the number of 
counts and any scatter in the standards. Resulting exposure ages are shown for various scaling schemes 
(column H–K), with ages discussed in the text based on the Dunai (2001a) protocol (Column K). A shielding 
factor of 1 is associated with no horizontal shielding (column H). Ages reported in this thesis are erosion 
uncorrected and thus all modeled ages should be considered as minima. For further information see text and 
Section 4.2.5. 

 

A B C D E F G H I J K

ID No.
Quartz
mass
(g)

9Be
(mg)

10Be/9Be

(10-13)

10Be

(106	at/g-Q)
Shielding

Desilets	and	Zreda	
(2003),

Desilets	et	al.	(2006)

Lifton	et	al.
(2005)

Lal	(1991),
Stone	(2000)

Dunai
(2001)

Mon-A-08-5 23 4.30 1.52 2.271 0.535	±	0.021 1.000 18.7	±	1.5 18.5	±	1.4 19.3	±	1.3 18.9	±	1.5
Mon-A-08-7 25 4.29 1.52 2.912 0.689	±	0.025 1.000 24.5	±	2.0 24.2	±	1.8 25.6	±	1.7 24.7	±	2.0
Mon-A-08-6 24 4.06 1.52 2.794 0.698	±	0.027 1.000 24.7	±	2.0 24.4	±	1.8 25.8	±	1.7 24.9	±	2.0

Mon-A-08-3 21 4.07 1.52 1.944 0.485	±	0.020 1.000 17.4	±	1.4 17.2	±	1.3 17.9	±	1.2 17.5	±	1.4
Mon-A-08-1 20 4.19 1.52 2.316 0.563	±	0.022 1.000 19.8	±	1.6 19.6	±	1.5 20.5	±	1.4 19.9	±	1.6
Mon-A-08-4 22 4.13 1.52 2.966 0.730	±	0.027 1.000 25.7	±	2.1 25.4	±	1.9 26.9	±	1.8 25.9	±	2.1

Mon-A-08-13 28 4.29 1.52 2.990 0.709	±	0.027 1.000 24.1	±	2.0 25.4	±	1.9 25.2	±	1.7 24.3	±	1.9
Mon-A-08-12 27 4.05 1.52 4.097 1.028	±	0.037 1.000 34.6	±	2.8 33.9	±	2.5 36.7	±	2.4 34.8	±	2.7
Mon-A-08-11 26 4.04 1.52 5.763 1.448	±	0.049 1.000 49.0	±	4.0 47.6	±	3.5 52.4	±	3.4 49.2	±	3.9

Sample	information/AMS	results 10Be	-	surface	exposure	age	(ka)

Moraine	E3

Moraine	E2

Moraine	E1
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Figure 30: Age plot of the measured boulders sampled from the Egiin Davaa study area. 
All age results (no outlier removed) from the Egiin Davaa study area, about 70 km southwest of the 
Chulut area, are shown in this figure. Note the increasing exposure age disparity of measured 
samples from each moraine. A detailed outlier discussion, mean site ages determination, and age 
interpretation is given in Section 5.3. 

5.2 Turgen Mountains (Mongolian Altai) 

Investigations of glacial features in formerly glaciated valleys in the eastern Turgen 

Mountains (Mongolian Altai) were undertaken during a six-week expedition from August 

to September 2013 (Figure 3). The evaluation of Pleistocene glacial features in the Turgen 

Mountains is based on geomorphological mapping and sampling of erratics for CRN (10Be) 

SED. Outcomes of the field-mapping are presented through a geomorphological map in 

Section 5.2.1, while Section 5.2.2 gives an overview of the sample information (e.g. 

sample thickness and boulder dimension) and full results of the CRN SED. A 

comprehensive discussion on outlier determination and (mean) site age calculations will be 

given in Section 5.3. 
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Figure 31: Landsat 8 satellite image (30 m resolution) of the East-Turgen study area. 
The broad hummocky terminal moraine topography of the investigated moraine complex can be 
clearly identified. The pictures of the study area, indicated as photo positions in this figure, are 
presented in Figure 33 and Figure 34. For areal context of the depicted area see Figure 3. 

5.2.1 Glacial Geology of the study area 

The study area (hereafter referred to as East-Turgen) is situated within the eastern part of 

the Turgen Mountains (~45 km southwest of Ulaangom) between 91°21’ and 91°40’E, and 

47°40’ and 49°46’N (Figure 3). Elevations in the study area range from ~3900 m asl at the 

mountaintop to ~2000 m asl in the lower valley portion. The area is presently glaciated 

with the modern glaciation restricted to the highest parts of the study area. The modern 

valley glacier terminates at 2890 m asl into a small proglacial lake bounded by terminal 

moraines probably associated with a readvance during the Little Ice Age (LIA) (Figure 33 

a & b). In addition to the recent glacial landforms found in the headwater portion of the 

catchment, numerous glacial features, indicating formerly very extensive glaciations, are 

present in the lower parts of the study area. 
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Figure 32: Geomorphological map of the East-Turgen study area. 
The presented map shows the Turgen Gol moraine sequence in the East-Turgen study area and the 
distribution of the sampled boulders. Samples OTT 1 - 4 were collected from the higher lying 
interfluve between the Turgen Gol valley to the north and the Kharkhiraa Go valley to the south. 
Roche moutonnées R1 & R2, located further upstream, are not on the map. For location of the 
depicted area see Figure 35. For areal photos indicated by small letters see Figure 33 & Figure 34. 

The investigated Late Pleistocene valley glaciers in the East-Turgen drained towards the 

northeast. The study area is characterized by U-shaped valley geometries, and widespread 

glacial landforms, including terminal and lateral moraines, abundant glacially transported 

boulders (medium to coarse grained granite lithologies), ice-overran interfluves, roche 

moutonnées, kame terraces, and glacial trimlines. During the late Pleistocene, glaciers in 

the East-Turgen area descended as separate valley glaciers through the Turgen Gol (north) 
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and the Kharkhiraa Gol (south) valleys, while at their maximum extent the glacier 

coalesced by overflowing the interfluve between the valleys (Moraine T1; Figure 32). In 

the lower valley portion ice marginal landforms are arranged in a lobate outline and consist 

predominantly of lateral-frontal dump moraines and hummocky terrain. Based on their 

morphostratigraphy two moraine stages in the valley trough can be distinguished and were 

sampled in the Turgen Gol valley (Moraine T2 & T3; Figure 32). In order to validate age 

results from this valley, the most extensive cross-valley moraine position in the adjacent 

Kharkhiraa Gol valley was also sampled (Moraine T4). 

The morphostratigraphically oldest glacial landform in the area is represented by a 

high-lying ice overflown glacial surface (ca. 250 m above the adjacent valley floor; 

hereafter referred to as Moraine T1). This ground moraine is poorly preserved and 

characterized by a degraded relief appearance, showing only few large erratics with those 

being present measuring smaller in size and with lower heights over ground (Figure 33 f). 

The slope inclination of up to 9° and the climatic setting in these parts of Mongolia, 

including heavy rainfall events during summertime and permafrost dynamics throughout 

the year (see Section 2.3), could have led to a distinct surface degradation and 

consequently to boulder exhumation post-depositionally. Glacial deposits of similar 

altitudinal position are also present on the northwestern side of the study area where 

granitic erratics rest on a local shale/schist bedrock ridge approximately 200 m above the 

valley floor (Figure 34 k). At maximum ice volume ice buttressed against this bedrock 

ridge, at times allowing meltwaters to spill across the ridge and incise deep linear drainage 

channels on the northwestern bedrock slopes (Figure 32, photo position c & k). 

Within the valley trough the furthest ice limit is indicated by Moraine T2 (10-15 m in 

height), located at 1966 m asl and about 25 km distant from the local cirques. At the 

maximum extent ice associated with the Moraine T2 blocked the trunk valley thereby 

damming the river coming from the northwest. This ice extent is indicated by boulders 

resting on the mountain slope opposite of Moraine T2 (Figure 34 l; Figure 32). The relief 

of Moraine T2 is characterized by a broad, hummocky, and well-preserved terminal 

moraine topography strewed with a large number of erratics (Figure 33 d, e & g). Several 

paleo-channels, dissecting the hummocky topography, drained meltwaters to the 

northeast/east. The adjacent outwash plane to the east/southeast (Moraine T2), which 

drains the area towards the Kharkhiraa Gol, is also dissected by numerous paleo-channels.  

A subsequent ice advance or a recessional ice stillstand position (Moraine T3) could 

be mapped about two kilometers upvalley from the furthest position of Moraine T2 (Figure 
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33 c; Figure 32). The piedmont like outline of Moraine T3 (about 2-4 m in height) is 

topographically linked to lateral moraines further upstream (Figure 33 h). The hummocky 

moraine topography, which is littered with large ice transported boulders, is dissected by 

numerous paleo-channels which drain the area towards the ice decay landscape of Moraine 

T2 (Figure 32). Moraine T4 (about 5-7 m in height), similar in its relief appearance 

previously described for Moraine T2 & T3 (i.e. moraine topography, boulder distribution 

and dimensions) is located in the Kharkhiraa Gol valley to the south (Figure 33 e & i; 

Figure 32) and was sampled to validate age results from the Turgen Gol valley. In the 

Turgen Gol valley, further ice retreat is indicated by two ice-overridden bedrock knobs 

(roche moutonnées; Figure 34 j; Figure 31 photo position h) with Roche moutonnée R1 

(~9.4 km upvalley from Moraine T3) consisting of granite lithology and Roche moutonnée 

R2 (~1.8 km upvalley from Roche moutonnées R1) of gneiss lithology, respectively. 

Overall, glacial sediments in the local valley troughs include very substantial debris 

accumulation such as large terminal dump moraines, which are indicative of glaciers 

capable of efficient basal erosion and sediment production. Additionally, large 

glaciofluvial channel networks and outwash planes indicating the presence of substantial 

volumes of meltwater. The ice margins are characterized by a broad ice decay landscape, 

including a fresh hummocky terrain, and dead ice depressions (keetle holes) suggesting 

deposition by disintegration of heavily debris-mantled glacier lobes. Collectively, these 

features are characteristics commonly associated with temperate (warm-based) glacier 

systems (Evans et al., 2013; Evans and Twigg, 2002). 
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Figure 33: Photographs of the East-Turgen study area. 
Photographs (a) and (b) display the upper reaches of the Turgen Gol valley and modern glaciation 
(background). Images (c) and (d) give an overview of the sampled moraines in the Turgen Gol, and 
(e) of the Kharkhiraa Gol valley, respectively, and their relative moraine position within the moraine 
sequence. Pictures (f), (g) and (h) show sampled boulders located on different moraine topographies 
displaying the differing degree of moraine “freshness” in greater detail, with OTT 1 taken from 
Moraine T1 (strongly eroded; situated on a interfluve between the two valleys), and OTT 9 & 10 
taken from Moraine T2 & T3 (well-preserved), respectively. Photo locations are shown in Figure 31 
& Figure 32. 



5	Results	A:	Glacial	geomorphology	and	geochronology	

 

 82 

 

Figure 34: Photographs of the East-Turgen study area (continued). 
Picture (i) displays Moraine T4 showing similar relief characteristics previously described for 
Moraine C2 and C3. Image (f) shows a roche moutonnée sampled to retrieve timing information on 
the local ice retreat. Photo (k) shows an ice-transported boulder resting on a local shale/schist 
bedrock ridge in northwestern side of the study, and (l) boulders located on the mountain slope 
(indicated by the dashed line) opposite of Moraine T2. For photo locations see Figure 31 & Figure 
32. 
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Figure 35: Digital Elevation Model (DEM) of the East-Turgen study area. 
The East-Turgen moraine system comprises Moraine T1 - T4. Additionally, two roche moutonnées 
(Roche Moutonnées R1 & R2) were sampled. Exposure ages, displayed in small boxes, are given in 
kilo years. A geomorphological map of the lower reaches of the Turgen Gol valley (black box) is 
shown in Figure 32. 

5.2.2 Results of the CRN dating 

Altogether, 16 boulders, associated with four moraine stages, and two ice overflown 

bedrock knobs (roche moutonnées) were used for 10Be CRN SED . The field information 

of all sampled boulders and bedrock are presented in Table 10. The sample distribution and 

location is shown in Figure 35. The full set of 10Be analytical data and derived exposure 

ages are presented in Table 11 and Figure 36. The cosmogenic exposure ages were derived 

via different scaling methods, with ages calculated using the Dunai (2001b) scaling 

protocol being discussed in the text (Section 4.2.5). The sampled boulders and ice-

overridden bedrock surfaces have exposure ages ranging from 12.9 ± 1.1 ka to 80.3 ± 

6.3 ka. A comprehensive outlier discussion and the presentation of final mean moraine 

ages are presented in Section 5.3. 
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Table 10: Field data for boulders sampled in the East-Turgen study area. 
This table comprises the field data (i.e. GPS coordinates) and sample characteristics (i.e. boulder dimension, 
sample thickness) necessary for age calculation. A density of 2.65 g/cm3 was used for the sampled granitic 
boulders, and 2.9 g/cm-3 for gneiss (for further information see Section 4.2.5). OTT 8 & 17 (italic type), 
sampled from Moraine T2 and Roche Moutonnée R2, respectively (Figure 35), were not used for age 
calculations. For these samples the extracted amount of quartz was insufficient for CRN SED. 

 

The exposure ages of Moraine T1, preserved at a large interfluve on the southern valley 

side, and associated with the largest (most voluminous) ice advance in the study area 

(Figure 32, Figure 33 f, Figure 35), display a relatively large spread ranging from 15.9 ± 

1.3 ka to 78.1 ± 6.1 ka. Individual boulders have exposure ages of 15.9 ± 1.3 ka (OTT 2), 

24.3 ± 1.9 ka (OTT 1), 54.8 ± 4.3 ka (OTT 4), and 78.1 ± 6.1 ka (OTT 3). 

The glacial landform-sediment assemblages of the subsequent period of ice advance 

(Moraine T2), which are also evident in the adjacent valley to the south (Moraine T4), are 

characterized by terminal moraines with a fresh hummocky topography (Figure 33 f, e, g & 

Figure 34 i). Of these, individual boulder ages of range from 19.9 ± 1.6 ka to 25.5 ± 2.0 ka. 

The timing of the Moraine T2 ice advance is indicated by consistent boulder ages of 19.9 ± 

1.6 ka, 21.4 ± 1.7 ka, 22.9 ± 1.9 ka, and 22.9 ± 1.9 ka (OTT 5, 9, 7, 6; OTT 8 was not used 

for age calculation, see Table 10). Equally, boulders sampled from Moraine T4 give 

exposure ages of 21.4 ± 1.7 ka, 22.4 ± 1.8 ka, and 25.5 ± 2.0 ka (OTT 18, 19, 20). 

Evidence for the timing of either a later ice readvance or recessional ice stillstand position 

is provided by a lateral moraine (Moraine T3) on the southern side of the main valley about 

No. Sample	name Latitude
(°N)

Longitude
(°E)

Altitude
(m	asl.)

Boulder	dimension
(L	x	W	x	H	in	m) Lithology Sample	thickness

(cm)

29 OTT	1 49.700 91.563 2631 1.5	x	1.1	x	0.5 granite 5.0
30 OTT	2 49.700 91.564 2624 2.6	x	1.8	x	0.8 granite 5.0
31 OTT	3 49.701 91.564 2622 3.2	x	3.1	x	0.5 granite 4.0
32 OTT	4 49.702 91.566 2609 2.6	x	1.8	x	0.5 granite 4.0
33 OTT	5 49.751 91.615 2000 2.6	x	2.6	x	1.3 granite 3.0
34 OTT	6 49.761 91.636 2002 1.8	x	1.7	x	1.2 granite 3.0
35 OTT	7 49.759 91.640 1997 2.2	x	2.1	x	1.0 granite 3.0
36 OTT	8 49.750 91.650 1961 1.8	x	1.3	x	0.85 granite 3.0
37 OTT	9 49.747 91.644 2014 3.3	x	3.1	x	1.6 granite 3.1
38 OTT	10 49.718 91.592 2449 3.1	x	2.2	x	0.9 granite 3.6
39 OTT	11 49.718 91.593 2440 3.2	x	3.1	x	1.4 granite 4.1
40 OTT	12 49.716 91.590 2456 2.5	x	1.8	x	1.1 granite 4.0
41 OTT	13 49.716 91.585 2430 2.6	x	1.8	x	1.5 granite 4.0
42 OTT	14 49.715 91.584 2442 5.9	x	3.7	x	1.8 granite 4.0
43 OTT	15 49.717 91.489 2560 roche	moutonnée gneiss 3.0
44 OTT	16 49.717 91.488 2560 roche	moutonnée gneiss 3.0
45 OTT	17 49.718 91.487 2563 roche	moutonnée gneiss 3.1
46 OTT	18 49.713 91.616 2139 3.4	x	2.5	x	2.8 granite 3.5
47 OTT	19 49.710 91.610 2229 2.1	x	1.6	x	0.9 granite 3.0
48 OTT	20 49.707 91.605 2278 2.3	x	2.0	x	1.2 granite 3.2
49 OTT	21 49.707 91.508 2540 roche	moutonnée granite 3.0
50 OTT	22 49.707 91.509 2518 roche	moutonnée granite 3.0
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6.5 km further upstream from Moraine T2 (Figure 32, Figure 33 c & h, Figure 35). The 

morphostratigraphic group of Moraine T3 is characterized by a significant exposure age 

disparity, with exposure ages ranging from 19.3 ± 1.6 ka to 80.3 ± 6.3 ka. Single boulders 

give exposure ages of 19.3 ± 1.6 ka (OTT 11), 19.5 ± 1.6 ka (OTT 10), 25.7 ± 2.0 ka (OTT 

13), 34.7 ± 2.7 ka (OTT 12), and 80.3 ± 6.3 ka (OTT 14) (Figure 36). About 10 km 

upstream, two roche moutonnées, sampled to retrieve timing information on the local ice 

retreat (Figure 34 j, Figure 35), returned boulder ages of 14.6 ± 1.4 ka and 14.9 ± 1.3 ka 

(Roche moutonnée R1; samples OTT 21 & 22), and 12.9 ± 1.1 ka and 13.5 ± 1.1 ka (Roche 

Moutonnée R2, samples OTT 15 & 16, OTT 17 was not used for age calculation, see Table 

10). 

Table 11: AMS and exposure age data of the boulders taken from the East-Turgen moraine system. 
All isotopic ratios (column E) were corrected using full chemistry procedural blanks and normalized relative 
to KN01-6-2 and KN01-5-3 standard reference material using a nominal value for 10Be/9Be of 5.35x10-13 and 
6.320x10-12, respectively (Nishiizumi et al., 2007). Uncertainties quoted include uncertainty in the number of 
counts and any scatter in the standards. Resulting exposure ages are shown for various scaling schemes 
(column H–K), with ages discussed in the text based on the Dunai (2001a) protocol (column K). A shielding 
factor of 1 (column H) is associated with no horizontal shielding. Nevertheless, no corrections were applied 
to the measured 10Be concentrations to account for erosion and thus all modeled ages should be considered as 
minimum ages (for further information see text and Section 4.2.5). 

 

A B C D E F G H I J K

ID No.
Quartz
mass
(g)

9Be
(mg)

10Be/9Be

(10-13)

10Be

(106	at/g-Q)
Shielding

Desilets	and	Zreda	
(2003),

Desilets	et	al.	(2006)

Lifton	et	al.
(2005)

Lal	(1991),
Stone	
(2000)

Dunai
(2001)

OTT	15 43 3,97 0.152 1.556 0.398	±	0.017 0,984 12.8	±	1.1 12.6	±	1.0 12.9	±	0.9 12.9	±	1.1
OTT	16 44 4,05 0.152 1.656 0.416	±	0.017 0,984 13.4	±	1.1 13.2	±	1.0 13.6	±	0.9 13.5	±	1.1

OTT	21 49 3.97 0.153 0.525 0.448	±	0.028 0.988 14.5	±	1.4 14.2	±	1.3 14.7	±	1.2 14.6	±	1.4
OTT	22 50 1.74 0.152 0.773 0.451	±	0.024 0.988 14.8	±	1.3 14.6	±	1.2 15.0	±	1.2 14.9	±	1.3

OTT	11 39 4.02 0.152 2.209 0.554	±	0.023 1.000 19.1	±	1.6 18.8	±	1.4 19.5	±	1.3 19.3	±	1.6
OTT	10 38 4.06 0.152 2.282 0.566	±	0.022 1.000 19.4	±	1.6 18.9	±	1.4 19.7	±	1.3 19.5	±	1.6
OTT	13 41 4.07 0.152 2.955 0.739	±	0.027 1.000 25.6	±	2.1 25.0	±	1.9 26.2	±	1.7 25.7	±	2.0
OTT	12 40 4.05 0.152 4.109 1.024	±	0.036 1.000 34.6	±	2.8 33.5	±	2.5 35.7	±	2.4 34.7	±	2.7
OTT	14 42 4.05 0.152 9.302 2.336	±	0.076 1.000 80.2	±	6.5 77.2	±	5.7 83.2	±	5.4 80.3	±	6.3

OTT	5 33 4.29 0.151 1.765 0.412	±	0.018 1.000 19.8	±	1.7 19.4	±	1.5 19.6	±	1.4 19.9	±	1.6
OTT	9 37 4.14 0.152 1.839 0.447	±	0.018 1.000 21.2	±	1.8 20.8	±	1.6 21.1	±	1.5 21.4	±	1.7
OTT	7 35 3.93 0.152 1.811 0.465	±	0.020 0.981 22.7	±	1.9 22.3	±	1.8 22.6	±	1.6 22.9	±	1.9
OTT	6 34 3.4 0.152 1.610 0.477	±	0.021 1.000 22.8	±	1.9 22.3	±	1.8 22.7	±	1.6 22.9	±	1.9

OTT	18 46 4.51 0.152 2.161 0.488	±	0.020 0.990 21.3	±	1.8 20.9	±	1.6 21.3	±	1.5 21.4	±	1.7
OTT	19 47 4.20 0.152 2.287 0.554	±	0.022 0.996 22.3	±	1.8 21.8	±	1.7 22.5	±	1.5 22.4	±	1.8
OTT	20 48 4.53 0.153 2.925 0.658	±	0.024 1.000 25.4	±	2.1 24.9	±	1.9 25.7	±	1.7 25.5	±	2.0

OTT	2 30 3.81 0.152 1.942 0.518	±	0.022 1.000 15.8	±	1.3 15.5	±	1.2 16.1	±	1.1 15.9	±	1.3
OTT	1 29 3.98 0.153 3.147 0.805	±	0.030 1.000 24.2	±	2.0 23.6	±	1.8 25.1	±	1.7 24.3	±	1.9
OTT	4 32 3.97 0.152 7.085 1.814	±	0.062 1.000 54.8	±	4.4 52.7	±	3.9 57.3	±	3.8 54.8	±	4.3
OTT	3 31 3.83 0.152 9.763 2.603	±	0.085 1.000 78.1	±	6.3 75.1	±	5.6 82.0	±	5.4 78.1	±	6.1

10Be	-	surface	exposure	age	(ka)Sample	information/AMS	results

Roche	moutonnée	R2

Roche	moutonnée	R1

Moraine	T3

Moraine	T2

Moraine	T4

Moraine	T1
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Figure 36: Age plot of the measured boulders sampled from the East-Turgen study area. 
This figure shows all age results (no outliers removed) from the Turgen Gol and Kharkhiraa Gol 
(Moraine T4) located in the eastern part of the Turgen Mountains. Samples taken from Moraine T1, 
and T3 clearly show a large age disparity. A comprehensive outlier discussion, mean site ages 
determination, and age interpretation is given in Section 5.3 

5.3 Approaches to the calculation of site ages based on CRN data 

There are different approaches to determine the mean site age of a moraine. Usually, 

multiple boulder ages from each ice marginal site are used to calculate mean site ages 

expressed as the weighted mean of the individual site samples (excluding outliers) reported 

with the absolute standard error (standard error of the mean). If boulder ages from a single 

site show a significant age spread then two different approaches are common to determine 

the mean moraine site age: the incomplete exposure model (maximum age model), and the 

prior exposure model (minimum age model).  

In this thesis, the abanico plot is used for a first-order assessment to inspect the 

statistical distribution and homogeneity of the sampled boulders from each moraine, 

identify possible outliers, and calculate the mean site age of the remaining population that 

is statistical homogenous (for basic information about the abanico plot see Section 4.2.5). 

Age distributions, visualized through the abanico plot, are accepted for calculating the 

final weighted mean, if all samples (taking the individual standard error (σi) range of each 

sample into account) fall into the so-called dispersion bar. The dispersion bar (i.e. the 
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standardized estimate yi) is computed by subtracting a central value z0 (defined as the 

weighted mean) from each measured value zi and subsequent division by σi, and visualizes 

the ±2 range around the central value z0 (for a mathematical definition of the dispersion 

bar see Section 4.2.5) For illustrative reasons, a kernel density estimation (KDE) curve is 

plotted to support visualization of the population comprising all boulder ages of the 

moraine. Outliers can be identified based on the abanico plot, if individual sample points 

lie outside a well-defined age cluster within the dispersion bar. The KDE is able to support 

the visualization of the outlier that does not correspond to the population comprising all 

other boulder ages of the investigated site. An outlier identified through this method is then 

excluded from the calculation of the mean site age. 

If there is no significant age clustering within the dispersion bar (i.e. data sets with 

large age disparity) and the ages of a single site show a significant age spread, then a 

different treatment for the determination of mean site ages is required. For example, 

Heyman et al. (2011b) analyzed more than 2000 surface exposure ages from boulders 

(glacial boulder datasets from the Tibetan Plateau and Northern Hemisphere paleo-ice 

sheets) to test the predictive power of the incomplete exposure model (maximum age 

model), compared to the prior exposure model (minimum age model) for representing 

moraine site ages. In the maximum age model it is assumed that the inherited nuclide signal 

is deleted (reset) by efficient basal erosion during glacial transport by (usually warm-

based) glaciers before deposition of the transported material. If this is the case, the 

remaining scatter in cosmogenic exposure age datasets is explained by post-depositional 

landform processes such as disturbances of the moraine morphology due to either melting 

of buried dead-ice, permafrost dynamics, block exhumation after moraine emplacement, 

post-depositional block rotation on slopes, boulder surface erosion due to weathering, or 

intermittent post-depositional surface shielding. As a consequence, incomplete exposure to 

cosmic radiation yields exposure ages that are too young, thus choosing the single oldest 

(boulder) age represents the best estimate of the true minimum site age for moraine 

formation. For the datasets analyzed by Heyman et al. (2011b) it was shown that 

incomplete exposure due to post-depositional geological processes were a significant factor 

and that the predictive power of the maximum age model is substantially stronger than the 

predictive power of the minimum age model. 

However, in cases where errors are dominated by nuclide inheritance (i.e. limited 

basal erosion due to cold based ice conditions, boulder reworking without signal resetting) 

the single youngest (boulder) age, containing the lowest proportion of signal inheritance, 
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represents a better approximation of the minimum (moraine) site age. In general, there is 

agreement among most authors that the bias in age results is strongly dependent on site 

specific conditions, requiring careful consideration as to which process is locally dominant 

as a source for the observed scatter (e.g. Balco, 2011; Fink et al., 2006; Gosse and Phillips, 

2001; Heyman et al., 2011b).  

Nonetheless, regardless of which age model is eventually chosen to determine mean 

moraine ages the final age assignment must be critically assessed within a given 

morphostratigraphic context of a sequence of moraines and the available ages of different 

sites in the study areas. Consideration of geological factors (e.g. surface degradation, 

permafrost dynamics, block exhumation etc.) and morphostratigraphy, and the assumption 

that the investigated boulders are deposited synchronously, are crucial for interpretation of 

age distributions which are less accurate. 

5.3.1 Khangai: Chulut area and Egiin Davaa 

The morphology of the ice marginal landforms in the Chulut and Egiin Davaa study area 

can be divided into two different moraine topographies: 1) moraines showing a poorly 

preserved and degraded surface morphology (i.e. the outer ice positions), and 2) moraines 

with a broad, hummocky, and fresh moraine relief (i.e. the inner ice positions). 

Identification of possible outliers and the following calculation of final mean site age were 

conducted using the abanico plot (for basic information see Section 4.2.5 and 5.3). The 

resulting mean site ages are reported as weighted means for age data sets with a tight age 

clustering. In a limited number of cases (i.e. age data sets with a significant age disparity) 

the minimum or maximum age model was used to determine the site age. 

Bumbatin Gol 

Boulders from Moraine C1 (Figure 24 c, Section 5.1.1) give individual ages of 73.2 ± 

5.7 ka (DBN 13) and 93.1 ± 7.3 ka (DBN 11). Both samples are associated with the largest 

reconstructed ice advance in the Bumbatin Gol valley (Figure 37), based on the highest 

lateral moraine (DBN 11; largest ice volume), and the furthest downvalley ice extent (DBN 

13). The abanico plot (Figure 38: Moraine C1) shows that all measurements of this 

moraine fall into the dispersion bar (representing the ±2 range around the central value z0 

defined as the weighted mean) and point to a consistent common value, yielding a mean 

age for Moraine C1 of 80.7 ± 10.0 ka (n = 2). Results from a moraine complex located 

about 2 km upvalley provide evidence for a subdivision of this moraine stage into Moraine 
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C2 and Moraine C3 (Figure 37). Samples from Moraine C2, situated on the distal portion 

of this moraine, returned boulder ages of 33.8 ± 2.7 ka, 35.3 ± 2.8 ka, 71.5 ± 5.6 ka, and 

92.8 ± 7.3 ka (DBN 2, 3, 4, 1). Of these, samples DBN 4 (71.5 ± 5.6 ka) and DBN 1 (92.8 

± 7.3 ka) are similar to the results obtained for Moraine C1. However, given the marked 

difference between Moraine C1 and C2 with regard to the degree of relief freshness 

(Figure 24 c, e, & f, Section 5.1.1) it is highly improbable that both moraines are of the 

same age. Furthermore, the abanico plot (Figure 38: Moraine C2) shows that samples 

DBN 2 & 3 fall into the dispersion bar (dark grey colored bar), taking the individual error 

ranges into account, and point at a consistent common value. The KDE curve visually 

supports the identification of DBN 1 & 4 as statistical outliers that do not correspond to the 

population comprising all other boulder ages of that moraine (light grey curve in Figure 

38: Moraine C4). However, it is difficult to generate a meaningful KDE curve based on 

four samples alone, but it nevertheless facilitates a first-order assessment of the overall age 

distribution. Based on this reasoning samples DBN 4 and DBN 1 are considered to be 

outliers and were not included in the calculation of the mean site age. Based on the 

remaining boulder ages for this moraine (DBN 2: 33.8 ± 2.7 ka; DBN 3: 35.3 ± 2.8 ka), 

Moraine C2 yields a mean moraine age of 34.5 ± 0.8 ka (n = 2, 2 outliers removed; Figure 

38: Moraine C2). A possible reason for the anomalously high boulder ages of DBN 1 & 4 

is the potential reworking of boulders, deposited on the valley floor during the earlier 

Moraine C1 ice advance, and later incorporation by the Moraine C2 advance without 

signal resetting. A single exposure age from the inner part of the hummocky terminal 

moraine (Moraine C3) of 19.7 ± 1.6 ka (DBN 5) represents either a recessional ice 

stillstand position or a subsequent ice readvance of the Bumbatin Gol glacier into the 

Chulut basin.  

The overall sample number taken to infer the glaciation ages for this moraine 

sequence is relatively small which makes a robust assessment of the glacier and/or climate 

modeling from an age perspective difficult. However, the age determination of the 

Bumbatin Gol sequence was based on all available ages in the Chulut area (for site age 

interpretations of the Hurmen Gol sequence see section below) and were assessed within a 

given morphostratigraphic context of the investigated study area. Despite relying on only 

one age for defining the youngest glaciation (DBN 5, Moraine C3) in the Bumbatin Gol 

system, the final assessment followed in context with the geochronology of the Hurmen 

Gol moraine sequence (see Section 5.3.2) where moraines with similar relief appearance, 

degree of preservation, and boulder frequency (see Section 5.1.1) gave similar age ranges 
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(e.g. Moraine C6 & C7). Consequently, the above stated glacial geochronology is inferred 

for the Bumbatin Gol sequence. 

 

Figure 37: DEM of the Chulut area showing calculated mean moraine ages. 
The boxes present the calculated site ages (bold numbers) of the Bumbatin Gol sequence (east, 
Moraine C1 - C3) and the Hurman Gol sequence (west, Moraine C4 - C7). Identified outliers (italic 
type) are excluded from mean site age calculations. Accepted boulder ages are displayed in regular 
type. Exposure ages, displayed in boxes, are given in kilo years. 
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Figure 38: Abanico plot of boulder ages sampled in the Chulut area. 
The abanico plot comprises all sampled and measured boulders for each moraine in the Chulut area, 
and is used for a first-order assessment to inspect the statistical distribution of the samples. Boulder 
ages are accepted for calculating the final weighted mean, if all samples, taking there individual 
error range into account, fall into the dispersion bar (grey colored area). Outliers can be identified, if 
individual sample points lie outside a well-defined age cluster within the dispersion bar. The 
abanico plot is used for mean site age calculations for Moraine C1 & C7 (all samples fall into the 
dark grey colored dispersion bar), and for Moraine C2, C4, and C5. For the latter set of moraines 
outliers could be identified. Of these, the light grey colored dispersion bar and statistical summary 
(e.g. sample amount n, calculated weighted mean) include all sampled boulders, and the dark grey 
colored features of the abanico plot exclude identified outliers for final mean moraine age 
calculations. Moraine C6 shows a large age disparity of the two sampled boulders, thus, the abanico 
plot is not suitable for meaningful mean moraine age calculations and the minimum age model was 
used for site age determination. For further information about the final site age determination see 
text, and for the mathematical principles of the abanico plot see Section 4.2.5. 

Hurmen Gol 

The timing of the largest ice advance in the Hurmen Gol valley (Moraine C4; only 

partially preserved) is indicated by three boulder ages from the distal moraine (boulder 

ages of 40.3 ± 3.2 ka, 42.1 ± 3.3 ka, and 140.7 ± 11.1 ka; samples DBN 16, 19, 15; Figure 

37). The abanico plot (Figure 38: Moraine C4) shows that all measurements, except 

sample DBN 15, fall into the dispersion bar (dark grey colored bar) and point at a 

consistent common value, which is visually supported by the KDE curve. Consequently, 

DBN 15 was identified as a statistical outlier that does not correspond to the population 

comprising all other boulder ages of that moraine (light grey curve in Figure 38: Moraine 

C4). Based on the accepted boulder ages of samples DBN 16 and 19, Moraine C4 gives a 

minimum mean moraine age of 41.2 ± 0.9 ka (n = 2, 1 outlier removed). The next moraine 

upvalley (Moraine C5; Figure 37), which is similar to Moraine C4 with regard to its degree 

of preservation and degradation, gives boulder ages of 35.5 ± 2.8 ka (DBN 17), 47.4 ± 

3.7 ka (DBN 14), and 137.1 ± 10.9 ka (DBN 18). The abanico plot for this moraine (Figure 

38: Moraine C5) shows an age distribution that is similar to the previously discussed 

pattern of Moraine C4, identifying the high boulder age of DBN 18 as an outlier. 

Excluding DBN 18, the two remaining samples with their individual error range, DBN 14 

and 17, fall into the dispersion bar (dark grey colored bar) and provide a mean moraine 

age for Moraine C5 of 39.8 ± 6.0 ka (n = 2, 1 outlier removed). 

By contrast, the next moraine complex further upstream is characterized by a fresh 

hummocky, and well-preserved moraine topography, and is part of the inner ice positions 

of the Hurmen Gol system. Boulder ages of this moraine system provide evidence for a 

subdivision of this moraine stage into Moraine C6 and Moraine C7 (Figure 37). Samples 

from Moraine C6 returned boulder exposure ages of 24.4 ± 2.0 ka (DBN 10) and 101.6 ± 
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8.0 ka (DBN 9). With only two samples showing such an age disparity, the abanico plot 

(Figure 38: Moraine C6) is not suitable to calculate a meaningful mean moraine age. In 

this situation, morphological characteristics and the morphostratigraphical context are 

decisive for the site age determination. Morphologically, Moraine C6 appears in a well-

preserved state, which is contrary to the previously described characteristics of Moraine 

C4 and C5. Accepting DBN 9 (101.6 ± 8.0 ka) would mean, that Moraine C6 (with a fresh 

moraine topography) is older than the two outer (less well-preserved) moraine stages 

(Moraine C4 & C5), leading to a chrono-stratigraphic inconsistency. Therefore, a minimum 

age model approach was used to determine the site age of Moraine C6 of 24.4 ± 2.0 ka 

(Figure 37). Samples from Moraine C7 (Figure 37) returned boulder ages of 13.0 ± 1.1 ka 

(DBN 7), 16.6 ± 1.4 ka (DBN 8), and 19.9 ± 1.6 ka (DBN 6) which all fall into the 

dispersion bar, and point at a consistent common value and a mean site age of 15.6 ± 

2.0 ka (n = 3; Figure 38: Moraine C7). 

Considering the possibility that the single oldest ages of Moraine C4 and C5 are 

closer to the true age than the two clustered younger ages the minimum site age for these 

ice margins are 140.7 ± 11.1 ka (Moraine C4) and 137.1 ± 10.9 ka (Moraine C5). Taking 

the similar/comparable relief appearance of Moraine C1, C3 & C4 into account than these 

ages indicate that Moraine C1 would be >93 ka and date also probably into MIS 6. 

However, the final decision on which scenario is the most likely is based on the overall 

context in the study area and the available CRN SED ages from Mongolia: 1) MIS 3 ice 

advances are reported from Rother et al. (2014b) in the western Khangai Mountains and 

from Gillespie et al. (2008) in northern Mongolia; 2) comparable old ages could not be 

found anywhere in the investigated areas in Mongolia nor are there any reported ages form 

other researches; 3) considering the oldest age of Moraine C4 & C5 as the true minimum 

age would mean to ignore the fact that the dating of both ice margins give two younger 

ages each which cluster around a common value as shown in the abanico plot (Figure 38) 

which dates into MIS 3. Taking all these considerations into account, it is argued here that 

the most likely scenario is that of a MIS 3 ice advance for Moraine C4 & C5, and a late 

MIS 5 ice advance for Moraine C1. 

Egiin Davaa 

The three sampled boulders of Moraine E1 (partially preserved and degraded) show a wide 

age spread ranging from 24 ka to 49 ka (Figure 40: Moraine E1) with a more than a 

twofold range in 10Be concentration and, consequently, in the resulting boulder ages. Given 
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that the total analytical error associated with each sample is well below 4 % (Table 9: 

column F) it follows that geological factors such as post-depositional processes (e.g. block 

rotation due to melting of buried dead ice within the moraine, boulder surface erosion, 

surface shielding due to intermittent cover sediments) are more likely to explain the 

observed age disparity within the Moraine E1 dataset. With boulder ages showing such an 

age disparity, the abanico plot is not suitable for calculating mean moraine ages. For an 

interpretation it is helpful to consider the context of the Moraine E1 within the Egiin 

Davaa moraine system. The next moraine upvalley (Moraine E2; well-preserved) gives 

boulder ages with a narrower age spread ranging from 18 ka to 26 ka (Figure 39). All of 

the samples fall into the dispersion bar of the abanico plot taking the individual error 

ranges into account (Figure 40: Moraine E2). Nearly identical ages were obtained from the 

nearby moraine ridge of Moraine E3 (Figure 39) yielding boulder ages ranging from 19 ka 

to 25 ka. All three samples fall into the dispersion bar of the abanico plot (Figure 40: 

Moraine E3) taking the individual error range of the samples into account. Applying the 

abanico plot for mean site age determination for all sampled ice marginal landforms in the 

Egiin Davaa study area would result in weighted mean moraine ages of 30.7 ± 7.2 ka 

(Moraine E1), 20.0 ± 2.5 ka (Moraine E2), and 22.0 ± 1.97 ka (Moraine E3). Using the 

minimum age model approach (choosing the single youngest sample from each moraine to 

represent the ‘true’ landform age) gives site ages of 24.3 ± 1.9 ka (Moraine E1), 17.5 ± 

1.4 ka (Moraine E2), and 18.9 ± 1.5 ka (Moraine E3). Alternatively, applying the 

maximum age model (choosing the single oldest age of each moraine) yields site ages of 

49.2 ± 3.9 ka (Moraine E1), 25.9 ± 2.1 ka (Moraine E2), and 24.9 ± 2.0 ka (Moraine E3), 

respectively. 

The final decision on which model is most suitable to represent site ages depends on 

an evaluation of the geological factors responsible for the age spread. As discussed in 

Section 5.3 the minimum age model should be used if the age variability is primarily 

caused by substantial signal inheritance (Heyman et al., 2011b; Margold et al., 2016). 

However, across the investigated glacier systems of the central Khangai, and supported by 

work from the western Khangai (Rother et al. 2015), signal inheritance does not appear to 

be a major problem in this region. This is also indicated by the relatively narrower age 

spread associated with all of the younger moraines at Egiin Davaa (Moraine E2 & E3). 

Instead, it is observed that the age spread systematically increases with general moraine 

age pointing to post-depositional landform processes to be the main cause of wide age 

spreads in the presented cosmogenic data. This view is also consistent with the noted 
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moraine preservation characteristics, where poorly preserved moraines (i.e. strong surface 

modification) show larger age spreads than well-preserved moraines with a fresh glacial 

relief. This reasoning follows a statistical analysis of 1420 exposure ages from the Tibetan 

Plateau by Heyman et al. (2011b) demonstrating that incomplete exposure (e.g. post-

depositional covering/shielding) is the most important reason for problematic age 

disparities. Therefore, it is argued here that the maximum age model delivers the most 

reliable age estimates for the Egiin Davaa glacial sequence, yielding final site ages of 49.2 

± 3.9 ka for Moraine E1, 25.9 ± 2.1 ka for Moraine E2, and 24.9 ± 2.0 ka for Moraine E3. 

 

Figure 39: DEM of the Egiin Davaa study area showing calculated maximum moraine ages. 
The boxes present the site ages (bold numbers) of the Egiin Davaa study area (Moraine E1 - E3). 
For the site age determination the maximum age model delivers the most reliable age estimates and 
thus only the single oldest age of each moraine was used to represent the 'true' landform age. For a 
comprehensive discussion about the reasoning behind the final site age determination see text. 
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Figure 40: Abanico plot of boulder ages sampled in the Egiin Davaa study area. 
All sampled and AMS measured boulders for each moraine in the study area are displayed in the 
corresponding abanico plot. Samples ages of Moraine E1 show a wide age spread and therefore the 
abanico plot was not used for calculating the mean moraine age. Despite the fact that all samples of 
Moraine E2 & E3 fall into the dispersion bar of the abanico plot (taking the individual error ranges 
into account) the maximum age model was used for site age determinations of all moraines in the 
study area. For the reasoning behind this see the discussion in the text above, and for the 
mathematical principles of the abanico plot see Section 4.2.5. 

5.3.2 Mongolian Altai: East-Turgen 

The sampled moraines in the East-Turgen study area can be subdivided into three different 

glacial landform associations including (1) the remnants of an old glacial surface preserved 

on a broad high-lying interfluve between the Turgen Gol and Kharkhiraa Gol (Moraine 

T1), (2) terminal moraines characterized by a hummocky topography with well-preserved 
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ice marginal ridges arranged in a lobate outline (Moraine T2, T3, T4), and (3) ice-overran 

bedrock surfaces on the valley floor (Roche Moutonnée R1 & R2). The presented surface 

exposure ages from the East-Turgen ranges from 13 ka to 78 ka and provides the first 

directly dated glacial chronology from the Mongolian Altai (Figure 41). 

 

Figure 41: DEM of the East-Turgen showing calculated moraine site ages. 
The final site ages of Moraine T1 - T4 and Roche Moutonnée R1 & R2 in the study area are 
presented in bold numbers with accepted boulder ages (regular type) used for computation. 
Identified outliers (italic type) are excluded from mean site age calculations. Except for Moraine T1 
(maximum age model) and Moraine T3 (minimum age model), all mean moraine ages are calculated 
using the abanico plot. Exposure ages, displayed in boxes, are given in kilo years. For further 
information and a comprehensive outlier discussion see text. 

Morphostratigraphically, Moraine T1 represents the oldest glacial surface in the 

East-Turgen study area and is poorly preserved, showing only few erratics with those 

being present measuring smaller in size (commonly <4 m in diameter and <0.8 m in 

height; a detailed description is given in Section 5.2). The sampled boulders yield a wide 

age spread ranging from 16 ka to 78 ka representing a more than a fivefold range in 10Be 

concentration. As was the case with Moraine E1 (Egiin Davaa) analytical errors are small 
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(<5 %, Table 11: column F) suggesting that geological processes (e.g. signal loss due to 

erosion, block rotation, surface degradation etc.) are likely to be responsible for the 

observed wide age scatter. Accordingly, the abanico plot shows no clear age clustering 

within the dispersion bar (light grey colored bar in Figure 42: Moraine T1), which 

represents the ±2 range around the central value z0 (defined as the weighted mean; Section 

4.2.5 & 5.3). Showing such an age scatter the abanico plot is not sufficient for age 

calculation and a minimum age or maximum age model approach should be discussed for 

site age interpretation. The ground moraine of Moraine T1 represents the 

morphostratigraphically oldest glacial surface of the study area and is not linked to the 

lateral and terminal moraines in the adjacent valleys (Moraine C2 & C3 in the north and 

Moraine C4 in the south, respectively). Those separate tongues are much younger (see 

below) and deposited during a time when the glacier did not overflow the high-lying 

interfluve between the Turgen Gol and Kharkhiraa Gol. Consequently Moraine T1 must be 

older than the remaining glacial deposits and considering the severe degree of local surface 

degradation and the associated risk that at least some of the sampled erratics were exhumed 

post-depositionally, a maximum age approach (site age based on the single oldest boulder 

age) appears to be the soundest method for determining the minimum site age of this ice-

overflown glacial surface. Based on this the minimum site age of Moraine T1 is 78.1 ± 

6.1 ka. 

Within the Turgen Gol valley trough the furthest ice limit is marked by Moraine T2 

featuring a well-preserved hummocky moraine topography. The sampled boulders from 

Moraine T2 cluster tightly between 20 ka to 23 ka (Figure 41), indicating a consistent 

common value with a weighted mean site age of 21.6 ± 0.7 ka (n = 4, Figure 42: Moraine 

T2). As expected, boulders from the morphostratigraphically equivalent moraine position 

in the adjacent Kharkhiraa Gol valley (Moraine T4, Figure 41), showing the same surface 

characteristics as described for Moraine T2, show an identical tight clustering of boulder 

ages and point at a consistent common value (weighted mean) of 22.9 ± 1.2 ka (n = 3, 

Figure 42: Moraine T4). 

A subsequent ice advance or recessional ice position mapped as terminal Moraine T3 

is located about two kilometers upvalley from the outermost part of Moraine T2. The 

cross- valley terminal moraine can be traced into a set of stacked lateral moraines on the 

southern side of the Turgen Gol valley (Figure 41). Samples taken from lateral Moraine T3 

give widely scattered boulder ages of 19.3 ± 1.6 ka (OTT 11), 19.5 ± 1.6 ka (OTT 10), 

25.7 ± 2.0 ka (OTT 13), 34.7 ± 2.7 ka (OTT 12), and 80.3 ± 6.3 ka (OTT 14) with a total 
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analytical error of below 5 % (see Table 11: column F; Figure 42: Moraine T3). The two 

oldest ages of the Moraine T3 dataset are considered to be implausible, as indicated by the 

morphostratigraphic moraine position (Moraine T3 must be younger than Moraine T2) and 

the moraine relief characteristics (relief far less degraded than Moraine T1). Under this 

scenario a minimum age model was applied to derive a site age for Moraine T3 of 19.3 ± 

1.6 ka. A likely explanation for the presence of erroneously old boulders on Moraine T3 is 

the incorporation of older (pre-exposed) erratics from the nearby Moraine T1 surface. 
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Figure 42: Abanico plot of boulder ages sampled in the East-Turgen study area. 
All abanico plots, except for Moraine T1 and T2, show a tight age clustering of the sampled and 
measured boulders in the East-Turgen study area indicating a consistent common value (weighted 
mean) for each moraine. Moraine T1 & T3 show a large age disparity within each sampled group, 
thus, the abanico plot is not suitable for meaningful mean moraine age calculations and a maximum 
(Moraine T1) and minimum (Moraine T3) age approach, respectively, was used for site age 
determination. For further information about the reasoning behind the applied age model approach 
see text. 

Finally, two roche moutonnées locate about 10 km from the Moraine T3 terminal moraine, 

sampled to reconstruct the timing of ice retreat (Figure 41), returned consistent surface 

ages of 14.6 ± 1.4 ka and 14.9 ± 1.3 ka (samples OTT 21 & 22; Roche moutonnées R1), 

and 12.9 ± 1.1 ka and 13.5 ± 1.1 ka (samples OTT 15 & 16; Roche Moutonnées R2), 

respectively. The tight clustering of ages from these ice overran bedrock knobs indicates a 

consistent common value for each sampled roche moutonnée, which is statistically 

supported by the abanico plot and corresponding KDE curve (Figure 42: Roche 

Moutonnées R1 & R2). All samples fall into the dispersion bar with a negligible scatter 

around the weighted mean. The calculated mean exposure ages of these retreat positions 

are 14.8 ± 0.2 ka (n = 2) and 13.2 ± 0.3 ka (n = 2), respectively. 

5.4 Regional trends in the late Pleistocene glaciation of the Turgen-Khangai 

transect 

The results of the SED for the central Khangai and the northern Mongolian Altai are 

summarized in Figure 43, the latter of which represents the first directly dated glacial 

chronology from western Mongolia. The results from the Khangai Mountains excellently 

complement an earlier chronology presented by Rother et al. (2014b). All accepted distal 

moraine site ages from the Khangai and Altai Mountains fall between 81 and 16 ka, while 

the dated retreat positions in the East-Turgen give site ages between 15 to 13 ka, indicating 

a reduction in glacier length from the local LGM by 50-60%. Collectively, the age dating 

combined with the mapping of moraines and other glacial features allow the reconstruction 

of several ice front oscillations from late MIS 5 until after the onset of the last termination. 

During each phase of significant ice expansion of the late Pleistocene, glaciers reached the 

lower portion of the investigated valleys and even reached the basins in the mountain 

foreland (glaciers in the Khangai Mountains). 
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Figure 43: Summary of all mean site ages of the central Khangai and northern Mongolian Altai. 
The results of the SED for the northern Mongolian Altai (Turgen Mountains) and the central 
Khangai are summarized in this figure. The results of the Turgen Mountains represent the first 
directly dated glacial chronology from western Mongolia. The timing of glaciation during late 
MIS 5 and MIS 2 is similar in both mountain ranges, whereas no evidence of a major MIS 3 ice 
advance could be found in the northern Mongolian Altai. Furthermore, substantial glaciations during 
the time period of MIS 4 are missing in both investigated mountain ranges. This record shows that 
the presented glacial chronology reveals a more differentiated pattern of late Pleistocene glaciation 
in Mongolia than previously recognized. A comprehensive discussion on the key drover for major 
late Pleistocene ice advances in Mongolia are given in the text and Section 7.3. 

During the late Pleistocene at least three episodes of ice advances in Mongolia could be 

identified: 1) a maximum ice advance (M-1) between 81 and 78 ka during late MIS 5, 2) a 

further significant ice advance (M-2) between 49 and 35 ka, during MIS 3, which is only 

evident in the central Khangai Mountains corroborating results by Rother et al. (2014b) 

from the western Khangai, and 3) a final ice expansion phase between 26 and 20 ka (M-3I), 

broadly contemporaneous with the global LGM. Following a phase of relatively stable ice 

front positions, the onset of final deglaciation is marked by the abandonment of the M-3II 

moraines at the end of the last glacial cycle at about between 19-16 ka. The further 

development of glacial retreat can be examined in greater detail only in the East-Turgen 
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system, where the glacier withdrew over a distance of ~2.4 km (~0.8 m/a) between 22 ka 

(Moraine T2) and 19 ka (Moraine T3). The subsequent local ice retreat is constrained by 

CRN ages from two roche moutonnées (positioned ~12.4 and ~14.2 km downstream from 

the valley headwaters; Figure 35) demonstrating that the valley was ice-free at these 

positions at 15 and 13 ka, respectively. This shows that during the period from 19 to 15 ka 

(Moraine T3 and Roche Moutonnée R1) the glacier retreated over a distance of ~9.0 km 

(~2.3 m/a) and from 15 to 13 ka over a distance of ~1.8 km (~0.9 m/a). These rates 

indicate a relatively gradual late Pleistocene glacial retreat in the East-Turgen with the 

highest values occurring between 19 and 15 ka. Interestingly, these rates are of the same 

magnitude as the modern retreat rates of 2.5-5.7 m/a documented for glaciers in the 

Turgen-Kharkhiraa, Tavan Bogd region, and Tsambagarav massif (Mongolian Altai) for 

the period 1970 to 2000 (Khrutsky and Golubeva, 2008; Krumwiede et al., 2014). 

In summary, the presented glacial chronology reveals a more differentiated pattern of 

late Pleistocene glaciation in Mongolia than previously recognized. Firstly, the record 

indicates that the largest ice advance in both investigated mountain ranges occurred during 

late MIS 5. Earlier suggestions that the local glacial maximum during the last glacial cycle 

in Mongolia coincided with the coldest periods of the late Pleistocene (i.e. MIS 4 or MIS 2; 

Grunert et al., 2000; Klinge, 2001; Lehmkuhl et al., 2004, 2011) could not be confirmed. 

Secondly, a large ice advance was found to date into MIS 3, a time of less severe cooling 

but comparatively wet conditions, in the Khangai Mountains, whereas no evidence of such 

ice advance could be found in the Turgen study area. Overall, the lack of a severe cooling 

during the MIS 3 and probably also during the late MIS 5 ice expansion phases, suggests 

that variations in atmospheric circulation with its significance for controlling the regional 

precipitation/moisture supply is a key driver for at least some of the major late Pleistocene 

ice advances in Mongolia. On the other hand, there is also evidence for the development of 

extensive glaciation during MIS 2, coinciding with severe cooling and hyperarid settings. 

This highlights that glacier systems in Mongolia responded positively to changes in 

moisture supply and distribution, and to changes in thermal conditions, respectively (see 

discussion below). 

This pattern of glaciation is broadly supported by findings from other CRN studies in 

Mongolia. In particular, results reported from the Otgon Tenger in the western Khangai 

and the Darhad Basin of northern Mongolia (Rother et al. 2014b; Gillespie et al. 2008) also 

suggest a major glaciation during MIS 3 followed by a substantial glacial advance during 

MIS 2 which nearly reached the MIS 3 ice positions. More recently, Batbaatar (2015) also 
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obtained MIS 3 ages from the Chulut area (central Khangai) by re-sampling Moraine C2 

of this study (Bumbatin Gol system; Figure 27). Finally, the reconstructed timing for the 

onset of the final deglaciation (at 16 ka, Moraine C7, Hurmen Gol system) matches results 

by Rother et al. (2014b) from the western Khangai. 
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6 Results B: The 2-D numerical model of snow/ice energy balance and 

ice flow 

Well-preserved and dated terminal and lateral moraines in the Bumbatin Gol (Central 

Khangai) and Turgen Gol valley (Mongolian Altai) present an opportunity to examine the 

characteristics of high-altitude continental paleo-climates in the Mongolian Altai and 

Khangai during the last glacial cycle. This thesis employs a coupled 2-D surface energy 

balance and ice flow model (Section 4.3) to determine steady-state conditions for glaciers 

under a specific climate regime. With this model it is possible to assess the magnitude of 

temperature and precipitation changes compared to modern climate conditions that could 

have sustained a glacier in mass balance equilibrium at the field-mapped (paleo-) extent. 

Furthermore, the model allows testing of the sensitivity of the local glacier systems to 

temperature and/or precipitation changes. The first section of this chapter describes the 

model calibration and modeling strategies (Section 6.1). Section two presents the modeling 

results (Section 6.2). 

6.1 Applied energy/mass balance and ice flow modeling 

This section describes how the energy mass balance calculations and the ice flow model 

were calibrated and adjusted to the study areas in the Khangai Mountains and the 

Mongolian Altai. Furthermore, this section gives an overview about the strategy used to 

assess the magnitude of temperature and precipitation changes, compared to modern 

climate conditions, and how potential changes in seasonality could have affected past 

glacier behavior. 

6.1.1 Model calibration 

To establish climatic conditions associated with past glacial extents, it is necessary to 

calibrate the model. In parameterizing the model using modern climatological data, the 

reliability of the model calculations is tested by simulating and validating the modern 

conditions (present glacier extent and thickness) and therefore how precise the model can 

describe the climatic sensitivity of the local alpine glaciers under steady-state conditions 

(Laabs et al., 2006). For example, if the model underpredicts the modern glacial extents, it 

will probably overestimate the changes required to generate the larger Pleistocene extent. 

As modern glaciers no longer exist in the study area of the Khangai Mountains it is 
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impossible to calibrate the model in this study area using the cross-validation to modern 

glaciers. Furthermore, the lack of and poor distribution of climate stations providing 

climate data for the mountain interior (Section 2.3) necessitates using interpolated data 

(Section 4.3) which, in turn, poses further problems in modeling past glacial extent. The 

resolution of the interpolated data is based on a 0.5° × 0.5° grid, equaling individual mid-

latitude cells of approximately 55 km (N-S) × 36 km (E-W). Thus, the interpolated climate 

data cover a relatively large area, in some cases including significant altitudinal changes, 

and may therefore not reflect smaller-scale variations in modern climate conditions within 

the mountain regions, requiring further adjustment of the interpolated climate data (Table 

12). 

In order to verify how well the interpolated data represent the modern climate 

conditions in the study areas, the model simulations were first run with unaltered 

interpolated modern climate data and modern orbital parameters. The output of these runs, 

which also includes a calculation of the simulated modern ELA, were then compared to 

published data on the position of the actual modern ELAs in Mongolia (Jansen, 2010; 

Khrutsky and Golubeva, 2008; Klinge, 2001; Lehmkuhl, 1998b; Lehmkuhl et al., 2004, 

2011; Lehmkuhl and Lang, 2001). Using unadjusted interpolated climatic data, the model 

simulations calculate unrealistic ELAs for both the Khangai and Turgen Mountains, which 

are by a factor of 2 higher than those published from previous studies in Mongolia (Section 

2.5). In order to correct for the ELA overestimation, the primary interpolated climate input 

parameters were adjusted to calibrate the model to meet modern boundary conditions 

(Figure 20). This required a reduction of the mean monthly temperatures (March to 

November) by 3 °C for the Bumbatin Gol valley, and a lowering of 4.2 °C for the Turgen 

Gol valley, respectively (Table 12). Mean monthly temperatures for the winter months 

(December to March) remained unchanged because winter temperatures are already very 

low (below -26.5 °C), and further lowering of the winter means would have little or no 

effect on the simulated glacial mass balances.  

Further adjustments were made to the interpolated WFDEI precipitation data 

available for the Bumbatin Gol valley. The WFDEI precipitation at an altitude of >2500 m 

asl of ~300 mm in the Khangai Mountains (Table 12) is clearly to low, given that larch 

(Larix sibirica or Larix sibirica-Betula), which has a lower precipitation limit of 250-

300 mm, is widely prevalent on the north-facing slopes in the study area. Additionally, the 

estimated mean annual precipitation in higher mountain areas is above 400 mm (Haase, 

1963; Lehmkuhl and Lang, 2001). The underestimation of precipitation in the interpolated 
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data is likely due to the lack of weather stations in the mountain interior, which means that 

the interpolation is based exclusively on weather stations located at the margins of the 

mountain range where annual precipitation is very low. For this reasons, precipitation in 

the Bumbatin Gol valley was increased by a factor of 1.5 yielding a new mean annual total 

of 446 mm. In case of the Turgen Gol valley successful simulation of the boundary 

conditions (e.g. modern glacier extent) was achieved by using the above-described 

temperature adjustments only, requiring no additional adjustment of the precipitation data 

(Table 12). Additional adjustments were made to the parameter cloudiness (affecting solar 

irradiation reaching the ground), which was increased by a factor of 1.2 for the Bumbatin 

Gol valley. It was found that increasing annual rainfall and cloudiness reliably reproduces 

modern ELAs for the investigated glacial valleys (as described in Section 2.5). 

Table 12: Overview of the WFDEI interpolated climate data used for the numerical modeling. 
The table provides the primary model input data for the Bumbatin Gol valley (BUM) and the Turgen Gol 
valley (OTT) study areas. Shown are climatic data derived from the WFDEI interpolation (int), the adjusted 
data (adj) in order to meet boundary conditions (i.e. model simulation of present ELA and ice extent), and a 
changed seasonality scenario to account for potential climatic conditions during the MIS 3 ice advances in 
the Khangai Mountains (cs). The elevations for the data points are: BUM = 2682 m asl; OTT = 2677 m asl. 
Abbreviations: int = interpolated dataset (WFDEI); adj = adjusted; cs = changed seasonality. For more 
information see text. Note: About 50-75 % of the mean annual precipitation falls during the three summer 
months (June-August) and winter rainfall is extremely low. 

 

Initial parameters to calibrate the flow model are the relative proportion for ice 

velocity due to deformation (A) and sliding (B) (see Equation 6) and result from the 

following equivalencies: 

Jan Feb Mar Apr Mai Jun Jul Aug Sept Oct Nov Dec Year

BUM	(int) -28.5 -25.3 -15.4 0.4 4.1 9.8 11.3 9.3 3.2 -2.9 -17.9 -25.9 -6.5
BUM	(adj) -28.5 -25.3 -18.4 -2.6 1.1 6.8 8.3 6.3 0.2 -5.9 -20.9 -34 -8.7
BUM	(cs) -28.5 -25.3 -18.4 -2.6 1.1 6.8 8.3 6.3 0.2 -5.9 -20.9 -34 -8.7

OTT	(int) -36.5 -35.8 -21.8 -4.8 1.3 9.3 9.8 6.8 2.8 -5.5 -17.2 -29.1 -10.1
OTT	(adj) -36.5 -35.8 -26.0 -9.0 -2.9 5.1 5.6 2.6 -1.4 -9.7 -21.4 -29.1 -13.2

BUM	(int) 0 0.1 2.3 8.9 28.8 33.5 88.1 97.7 12.0 20.3 4.8 1.0 297.5
BUM	(adj) 0 0.2 3.5 13.4 43.2 50.3 132.2 146.6 18.0 30.5 7.2 1.5 446.3
BUM	(cs) 10.0 10.2 13.5 28.4 58.2 35.3 82.2 96.6 33.0 45.5 22.2 11.5 446.3
percent	change - +5000 +286 +112 +35 -30 -38 -34 +83 +49 +208 +667 0

OTT	(int) 0 16 0 76.0 33.7 63.6 68.6 73.8 22.0 29.8 5.5 16.2 405.2
OTT	(adj) 0 16 0 76.0 33.7 63.6 68.6 73.8 22.0 29.8 5.5 16.2 405.2

Temperature	(°C)

Precipitation	(mm)
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The weighting factor f which defines sliding versus deformation introduced during earlier 

model applications (Laabs et al., 2006; Plummer and Phillips, 2003) was removed in the 

updated version of the flow model (Leonard et al., 2014) and the values of A and B 

parameters enumerated below are the actual coefficients used in the calculations. The 

coefficients A and B were subsequently adjusted to provide a good match between the 

modeled glacier and the extent of the modern glaciation (Turgen Gol valley) and the field-

mapped lLGM ice extent (Khangai Mountains, eastern Turgen) under modern and glacial 

climate simulations (Figure 20). During simulations of steady-state glaciers, the mass 

balance gradient effectively defines the extent of the glacier (Laabs et al., 2006), whereas 

viscosity of the ice alters the shape of the glacier. This means, a much thicker glacier can 

be produced if the ice deforms or slides under greater stress compared to a glacier that 

responds more readily to stress (low viscosity). In addition, there is a feedback mechanism 

between glacier thickness and the surface mass balance, controlled by the ice surface 

altitude and its areal extent above ELA, which directly affects glacial extent. Exact flow 

characteristics of paleo-glaciers cannot be known with complete confidence, but the 

geometry of the paleo-glaciers (e.g. thickness and shape) are tightly constrained by 

terminal and lateral moraines, trim lines, and other glacial geomorphic evidence. 

Consequently, ice flow parameters were adjusted to achieve the ice extent and thickness 

consistent with the geomorphic field observations (Figure 20). 

Using the flow parameters A and B as described originally in Plummer and Phillips 

(2003) the modeled ice flow provides an ice thickness which significantly overestimates 

the field mapped boundary conditions of the Bumbatin Gol paleo-glacier. To improve the 

agreement the ice flow parameters were adjusted by increasing the deformation parameter 

to A = 2.0 × 10-7 yr-1kPa-3 and the sliding parameter to B = 3 × 10-3 myr-1kPa-2, whereas B 

was increased in order to take basal conditions of a warm-based glacier setting into account 

(Section 5.1.1 and 5.2.1). Those adjustments of the ice flow parameters (Figure 20) result 

in an improved match between the modeled glacier and both the modern and field-mapped 

paleo-glaciation. 
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6.1.2 Modeling strategies 

Modeling paleo-climate conditions and ice extent requires a wide range of different 

scenarios to assess plausible settings for temperature and precipitation changes necessary 

to sustain a glacier in mass balance equilibrium at its field-mapped extent. Since paleo-

precipitation estimates involve inherently difficult-to-characterize variables (e.g. amount, 

distribution), fixed precipitation increments were used in combination with variable 

temperature settings to reproduce the field-mapped Pleistocene ice extent. For that 

purpose, precipitation values (hereafter referred to as P) were varied from 25 – 200 % in 

25 % increments, and 300 % of the present-day values.  

Furthermore, glacial volume may also sensitively respond to seasonality changes 

specifically in the distribution of precipitation even if the total annual amount remains 

unchanged (Fujita, 2008; Rother et al., 2014a; Yamaguchi and Fujita, 2013). However, it is 

highly likely that, both, the seasonal distribution and the total amount of precipitation in 

Mongolia differed during stadial/interstadial times from present patterns (e.g. Rowan et al., 

2014). For example, conditions during MIS 2 are known to have been substantially drier 

than at present or at any other time during the last glacial cycle (e.g. Owen et al., 1998; 

Wünnemann et al., 1998). Likewise, the climate in Mongolia during MIS 3 is assumed to 

have been relatively cool but moister, and probably with a greater-than-today input from 

winter precipitation (Feng et al., 1998; Grunert et al., 2000; Komatsu et al., 2001; Rother et 

al., 2014a; Walther, 1999; for a review see Section 3.3). To account for the likely MIS 3 

conditions, a changed-seasonality-scenario was incorporated in which precipitation was 

decreased by 15 mm for the month of June and by 50 mm for both July and August. 

Accordingly, precipitation was increased by 15 mm for each month from September to 

November, by 10 mm for each month from December to March, and by 15 mm for April 

and Mai. The resulting precipitation values for the changed-seasonality-scenario and the 

percentage change are shown in Table 12. 

Another modeling approach was followed in order to evaluate the initiation threshold 

of glaciation (i.e. conditions under which the first permanent ice patches develop) and the 

style of glaciation in the study areas (i.e. transition from cirque to valley glaciation). For 

these tests the precipitation was remained at modern values and temperatures were 

decreased by 0.5 °C increments, starting from the modern climate setting until the valley 

was fully glaciated. 
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6.2 Modeling results 

Many combinations of changes in climatic variability can produce glaciers that match the 

field-mapped extent in the study areas. The output of one such simulation for each basin 

are exemplarily shown in Figure 37 using modern precipitation values (P = 100 %) and a 

temperature depression (hereafter referred to as ΔT) of -3.5 °C (Turgen Gol) and -6.4 °C 

(Bumbatin Gol), respectively. There are several potential error sources in these 

temperature-depression estimates. The modeling applied in this study assumes that only 

precipitation and/or temperature changes have driven changes in glacier mass balance. 

Furthermore, the presumed sliding and deformation parameters influence ice extent and ice 

thickness and the resulting temperature estimates. Variations in other factors, such as 

cloudiness, wind speed, and relative humidity are likely to be second-order effects, and 

reasonable variations of these variables are probably equivalent to no more than ±0.5 °C 

difference in temperature as described in studies by Leonard et al. (2014) and Plummer and 

Phillips (2003). Based on their work and other successful applications of the model from 

Laabs et al. (2006) and Refsnider et al. (2008), Leonard et al. (2014) assume an overall 

uncertainty of about 1 °C. The results of simulating the initiation threshold and style of 

glaciation in the study areas are given in Section 6.2.1 followed by the presentation of a set 

of modeled temperature and precipitation combinations which reproduce the field-mapped 

paleo-ice extent (Section 6.2.2). The final discussion and evaluation of the most plausible 

climate scenario under which glaciations occurred at different times during the last glacial 

cycle follows in Section 7.1. 
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Figure 44: Modeling results for Moraine T2 (Turgen Gol) and Moraine C1 (Bumbatin Gol). 
The figure exemplarily shows one simulation of mass balance and ice flow for each basin using 
modern precipitation values (P = 100 %) (Table 5 & Table 12) and keeping solar insolation adjusted 
to present orbital conditions. The modeling results indicate that a temperature depression (∆T) of          
-3.5 °C (Turgen Gol, above) and -6.4 °C (Bumbatin Gol, below) is necessary to produce a glacier 
which matches the field-mapped ice extent. 

6.2.1 Initiation and style of the glaciations 

Bumbatin Gol 

Modeling results indicate that first permanent ice patches could have existed in mass 

balance equilibrium in a climate 1.5 °C colder year-round than at present (P = 100 %), 

with solar insolation adjusted to present orbital conditions (Table 13 & Figure 45). The 
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mountain ridge could be glaciated for a ΔT of -2 °C which corresponds to an increase of P 

= 550 % and a ΔT of 0 °C. Keeping P at 100 % of the modern value and decreasing the 

temperature further in 0.5 °C increments, cirques in the valley system would glaciate for a 

ΔT of -3 °C. All tributary cirques of the valley system would coalesce at a ΔT of -4.5 °C, 

and the valley, including the downvalley reaches, would be completely glaciated for a ΔT 

of -5.5 °C (Table 13 & Figure 45). 

Table 13: Results of the simulated initiation and style of glaciation in the Bumbatin Gol valley. 
For this simulation the precipitation value P was kept at 100 % of the modern value and the solar insolation 
adjusted to present orbital conditions. Temperatures were gradually decreased in 0.5 °C increments to 
evaluate the initiation threshold and style of glaciation in the investigated valley. Ice extent and the 
associated ELAs were simulated under modern (left) and changed precipitation seasonality (right) scenarios. 
The corresponding ice extent and ice thickness modeling is displayed in Figure 45. For the reasoning behind 
the application of a changed annual precipitation distribution see text and Section 6.1.2. 

 

In comparison, under changed precipitation seasonality and solar insolation adjusted 

to present orbital conditions, first permanent ice patches could be maintained in mass 

balance equilibrium for a ΔT of -0.5 °C (P = 100 %; see Table 13 & Figure 45). Glaciation 

on the mountain ridges would develop in a climate 1 °C colder year-round than present (P 

unchanged), which alternatively corresponds to an increase in modern precipitation of 

200 % and a ΔT of 0 °C. For a ΔT of -2 °C (P = 100 %) the cirques would be completely 

glaciated with initial glacier tongues developing. All glacier tributaries fed by headwater 

cirques would coalesce and extent into the valley below at a ΔT of -3.5 °C, while for a ΔT 

of -4.5 °C the whole valley would be glaciated. The modeling results clearly show how a 

relatively small shift in seasonal precipitation distribution can effect changes in ice mass 

∆	T
(°C)

ELA
(m)

Error
(m) Comments

∆	T
(°C)

ELA
(m)

Error
(m) Comments

0.0 - - no	glaciation 0.0 - -
-0.5 - - no	glaciation -0.5 3263 25 initial	permanent	icefields	on	highest	elevations
-1.0 3314 9 no	glaciation -1.0 3200 50 highest	elevations	completely	glaciated
-1.5 3255 29 initial	permanent	icefields -1.5 3133 81 mountain	tops	completely	glaciated
-2.0 3192 53 highest	elevations	glaciated -2.0 3071 107 cirques	glaciated;	initial	glacier	tongues
-2.5 3129 81 mountain	tops	completely	glaciated -2.5 3015 126 initial	valley	glaciation
-3.0 3069 106 initial	cirque	glaciation -3.0 2963 143
-3.5 3019 119 initial	glacier	tongue -3.5 2933 165 all	glacial	tributarys	merged
-4.0 2960 143 inital	valley	glaciation -4.0 2900 182
-4.5 2928 166 all	glacial	tributarys	merged -4.5 2863 198 valley	completely	glaciated
-5.0 2889 186 -5.0 2831 225
-5.5 2859 203 valley	completely	glaciated -5.5 2803 252
-6.0 2830 230 -6.0 2799 255
-6.5 2805 255
-7.0 2804 257

Modern	conditions

Bumbatin	Gol
0.5	increments	(P	=	const.)

Changed	seasonality
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balance and therefore the magnitude of temperature decrease necessary to force glacial 

advances. 
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Figure 45: Modeled ice thickness/extent of initiation and style of glaciations in the Bumbatin Gol 
valley. 
The ice thickness and extent were modeled under modern (see previous page) and changed (this 
page) precipitation seasonality for each 0.5 °C increment and P = 100 %. The valley, including the 
downvalley reaches, would be completely glaciated for a ΔT of -5.5 °C (modern precipitation 
distribution) and a ΔT of -4.5 °C (changed precipitation distribution), respectively. The legend for 
the ice thickness units is shown in Figure 37 on page 93. 
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Turgen Gol 

Figure 46 shows the modeled modern glaciation (ΔT = 0, P = 100 %) which reliably 

reproduces the mapped modern ice extent of the year 2014. The calculated modern ELA 

(3699 m asl) for the modeled ice extent matches the ELA values (3500 – 3600 m asl) given 

by other authors (Jansen, 2010; Khrutsky and Golubeva, 2008; Klinge, 2001; Lehmkuhl, 

1998b, 2012a, 2012b; Lehmkuhl et al., 2004, 2011; Lehmkuhl and Lang, 2001; Section 

2.5). Decreasing mean monthly temperatures in 0.5 °C increments (P = 100 %) and 

keeping solar insolation adjusted to present orbital conditions, an initial valley glaciation 

would be generated in mass balance equilibrium for a ΔT of -0.5 °C, and all glacial 

tributary lobes would merge for a ΔT of -1 °C (Table 14 & Figure 47). The whole valley 

could be glaciated for a ΔT of -4 °C. However, for the latter step no steady state could be 

reached during model simulations probably due to ice jam/backflow effects from the 

perpendicularly trending mountain ridge opposite from the valley exit (Figure 3) which 

confines glacier flow. This leads to a constant change in the modeled ice surface, thus 

preventing to reach steady state condition. 

 

Figure 46: Modeled modern glaciation in comparison with the modern ice extent. 
Ice flow was modeled under modern climate conditions (ΔT = 0, P = 100 %) and compared to the 
modern ice extent of 2014 (light colored line) in the Turgen Gol valley. The results of the simulation 
reliably reproduce the modern ice extent and indicate that model calibrations (Section 6.1.1) were 
suitable for simulating late Pleistocene paleo-glaciers in the study area. The calculated ELA for the 
modeled modern ice extent is 3699 m asl. The legend for the ice thickness units is shown in Figure 
37 on page 93. 
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Initiation tests for the Turgen Gol system show that modern glaciation would retreat from 

its present extent to the scale of a limited cirque glaciation in mass balance equilibrium for 

a ΔT of +0.5 °C (P = 100 %), and to the scale of small ice patches in a climate 1 °C 

warmer year-round than present (P = 100 %). Alternatively, the same reduction in ice 

extent would result from a decrease of precipitation to 25 % (ΔT = 0 °C) of the modern 

value. Warming in excess of 1 °C would lead to complete deglaciation of the study area. 

Table 14: Results of the simulated initiation and style of glaciation in the Turgen Gol valley. 
The amount of annual precipitation was kept constant (P = 100 %) and the solar insolation adjusted to 
present orbital conditions, whereas temperatures were gradually decreased in 0.5 °C increments. Ice extent 
and the associated ELAs were simulated under a modern precipitation distribution. The corresponding ice 
extent and thickness is displayed in Figure 47. For further information see text. 

 

Turgen	Gol

∆	T
(°C)

ELA
(m)

Error
(m) Comments

1.0 3663 110 initial	permanent	icefields	on	highest	elevations
0.5 3563 144 cirques	glaciated;	initial	glacier	tongues
0.0 3493 175 modern	glacier	extent	2014
-0.5 3437 203 initial	valley	glaciation
-1.0 3391 227
-1.5 3344 248
-2.0 3315 262 all	glacial	tributarys	merged
-2.5 3282 295
-3.0 3238 337
-3.5 3200 376

-4.0 3320 248 valley	completely	glaciated;	no	steady	state	could
be	accomplished	during	model	simulations

0.5	increments	(P	=	const.)
Modern	conditions
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Figure 47: Modeled ice thickness/extent for initiation and style of glaciations in the Turgen Gol 
valley. 
The ice extent for each 0.5 °C increment was modeled under modern precipitation seasonality and P 
= 100 %. Initiation tests show that modern glaciation would retreat to the scale of limited cirque 
glaciation for a ΔT of +0.5 °C and to the scale of small ice patches in a climate 1 °C warmer year-
round than present. For further information see text and the legend for the ice thickness units is 
shown in Figure 37 on page 93. 
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6.2.2 T and P combinations reproducing field-mapped paleo-ice extents (MIS 5 – 2) 

A summary of the climatic parameters under which the modeled glacier extent reaches the 

field-mapped and dated ice positions are shown in the precipitation-temperature curves 

plotted in Figure 48 and in Table 15 including the calculated ELAs for the particular 

temperature-precipitation combination. 

Bumbatin Gol 

For the Bumbatin Gol system, three different stages were modeled (Table 15): (1) the 

furthest advance (Moraine C1) with solar insolation adjusted to orbital conditions for 

74 ka, (2) the local LGM advance (Moriane C3) with solar insolation adjusted to orbital 

conditions for 18 ka, and (3) the MIS 3 advance (Moriane C2) with solar insolation 

adjusted to orbital conditions for 35 ka and changes in seasonality of precipitation (Table 

12). In all cases, the sensitivity of the glacier system to temperature changes increases with 

increasing precipitation. This sensitivity change is even more pronounced with a changed 

precipitation pattern as modeled for the MIS 3 advance. Model results for (1), (2), and (3) 

with P = 50 % are exemplarily shown in Figure 49 and a discussion of which T-P 

combinations are considered to provide the most plausible paleo-climate scenario follows 

in Section 7.1. 

 

Figure 48: Temperature and precipitation combinations reproducing the field-mapped ice extent. 
Summary of the simulated climate parameters (temperature and precipitation) under which the 
modeled glacier reaches the field-mapped and dated ice positions in the Bumbatin Gol (left) and the 
Turgen Gol (right) valley. A precipitation factor of 1 represents modern precipitation values. Based 
on prior successful applications of the model the assumed overall uncertainty is about 1 °C (see 
text). The associated ELAs for each T-P combination is shown in Table 15. 
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Turgen Gol 

For the Turgen Gol system, two different moraine stages were modeled (Figure 48 & Table 

15): (a) the MIS 2 advance (Moraine T2) with solar insolation adjusted to orbital 

conditions for 20 ka, and (b) the next moraine position (Moraine T3) further upstream 

(timing of the onset of retreat and abandonment of the maximum ice positions) with solar 

insolation adjusted to orbital conditions for 18 ka. Here too, the sensitivity of the system to 

changes in temperature increases with increasing precipitation. Model results for (a) and 

(b) with P = 50 % are exemplarily shown in Figure 50 and the discussion on plausible 

paleo-climate scenarios follows in Section 7.1. 

Table 15: Summary of the modeling results for the Bumbatin Gol and Turgen Gol moraine systems. 
The tables show possible paleo-climate scenarios under which the glaciers could have existed in steady state 
conditions at the field-mapped and dated ice positions in the Bumbatin Gol (above) and Turgen Gol (below) 
valley. Modeling scenarios for Moraine C1 are representative for MIS 5, Moraine C3, T2, and T3 for MIS 2, 
and Moraine C2 (under changed precipitation seasonality) for MIS 3, respectively. The corresponding ice 
extents and thicknesses (P = 50 %) for each moraine is exemplarily shown in Figure 49 & 50. 

 

 

P	factor ∆	T
(°C)

ELA
(m)

Error
(m)

∆	T
(°C)

ELA
(m)

Error
(m)

∆	T
(°C)

ELA
(m)

Error
(m)

0.25 -8.2 2777 253 -7.5 2817 220 -6.8 2838 211
0.5 -7.3 2799 246 -6.6 2839 211 -5.9 2834 213
0.75 -6.8 2805 249 -6 2850 208 -5.25 2844 209
1 -6.4 2807 253 -5.6 2854 206 -4.7 2855 205

1.25 -6.0 2810 255 -5.25 2856 206 -4.35 2854 209
1.5 -5.6 2816 252 -4.9 2859 206 -4.0 2858 209
1.75 -5.2 2822 248 -4.65 2859 207 -3.65 2865 207
2 -5.0 2821 252 -4.4 2862 207 -3.4 2868 210
3 -4.3 2839 225 -3.8 2875 212 -2.5 2884 210

Moraine	C3
Bumbatin	Gol

Moraine	C1 Moraine	C2	(CS)

P	factor ∆	T
(°C)

ELA
(m)

Error
(m)

∆	T
(°C)

ELA
(m)

Error
(m)

0.25 -5.7 3115 399 -4.5 3196 328
0.5 -4.6 3166 383 -3.5 3242 309
0.75 -4.0 3189 380 -2.9 3273 297
1 -3.5 3200 377 -2.6 3276 302

1.25 -3.1 3209 375 -2.2 3288 294
1.5 -2.7 3214 375 -1.9 3291 294
1.75 -2.4 3218 377 -1.65 3294 293
2 -2.2 3224 373 -1.4 3297 292
3 -1.2 3238 374 -0.6 3307 288

Moraine	T2 Moraine	T3
Turgen	Gol
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Figure 49: Modeled ice extent and thickness with P = 50 % in the Bumbatin Gol system. 
Simulations of ice extent and thickness under modern precipitation seasonality with a reduced total 
annual amount of P = 50 % are exemplarily shown for Moraine C1 (left, furthest advance in the 
study area), and Moraine C3 (center), whereas a changed annual precipitation distribution was used 
for modeling ice flow of Moraine C2 (right), 

 

Figure 50: Modeled ice extent and thickness with P = 50 % in the Turgen Gol system. 
Ice extent and thickness was simulated under modern precipitation seasonality with a reduced total 
annual amount of P = 50 % are exemplarily shown for Moraine T2 (left) and Moraine T3 (right). 
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7 Discussion 

This chapter comprises and discusses the glacial history of Mongolia, regional trends in 

glaciation, and its paleo-climate implications. The first section (Section 7.1) discusses the 

results of the numerical modeling and suggests plausible climatic scenarios applying for 

the dated individual ice marginal positions in the study areas. Furthermore, this section 

considers the sources causing uncertainties in the modeling results. Following the results of 

the ELA calculations during the ice flow modeling, the regional paleo-ELA patterns are 

derived in Section 7.2. The subsequent sections comprise the results of the CRN SED and 

the numerical modeling, and derives the climate history of Mongolia in Section 7.3, and its 

correlation to late Pleistocene patterns in adjacent regions (Section 7.4). 

7.1 The 2D numerical modeling: Evaluation of simulated climate scenarios 

Many combinations of precipitation and temperature changes can result in a simulated 

glacier that matches the field-mapped extent of ice marginal landforms in the study area. 

To explore a range of potential climate scenarios for the different dated ice positions in the 

Bumbatin Gol and Turgen Gol valley systems a series of such combinations were tested. 

To determine plausible paleo-climatic scenarios proxies of paleo-climatic conditions are 

necessary. The following sections (Section 7.1.1-7.1.3) discuss plausible climatic scenarios 

applying for the dated ice stillstand positions (late MIS 5 to MIS 2) in the study areas. 

Finally, in Section 7.1.4 the sources causing uncertainties in the modeling results are 

evaluated. 

7.1.1 Late MIS 5 

Studies on paleo-temperature and paleo-precipitation development for the period of late 

MIS 5 in Mongolia are limited (Section 3.3). The few existing records indicate a more 

humid climate compared to modern conditions but with a general trend of increasing 

aridity since the Eemian (MIS 5e). The stadial phase MIS 4 is characterized by extremely 

dry and cold conditions. However, specific temperature and precipitation reconstructions 

are rare for these periods. Taken this into account, a plausible scenario for late MIS 5 in the 

Bumbatin Gol system (Moraine C1) could be assumed with a precipitation factor of 1.25 to 

1.75 (P = 125 to 175 %) of the modern value requiring a temperature depression (∆T; 

compared to modern conditions) ranging from -6.0 to -5.2 °C to simulate a glacier 
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matching the field-mapped extent of Moraine C1 (Figure 51). This scenario would 

describe the transition from a late interglacial (MIS 5) to a stadial (MIS 4) phase, where 

temperatures are already decreasing but the available moisture supply is still high enough 

to generate ice advances marking the furthest late Pleistocene ice advance in the study 

areas. Modeling paleo-glaciers for this period was only possible in the Bumbatin Gol 

valley because in the Turgen Gol valley only partial remnants of an old glacial surface 

dating into late MIS 5 were recorded. The required terminal and lateral moraines necessary 

to set precise boundary conditions for quantitative glacier simulations were absent, thus the 

modeling of paleo-glaciers in the Turgen Gol valley was not feasible. Considerations of a 

possible change in seasonality for simulating the furthest ice advance in the Bumbatin Gol 

valley (i.e. a shift of the annual precipitation distribution towards more autmn/winter 

precipitation) would result in a smaller decrease in temperature to match the field-mapped 

extent of Moraine C1 (see modeling results for MIS 3). However, since the records of 

precipitation distribution for this time period in Mongolia are vague or absent modeling of 

paleo-glaciers and paleo-temperatures under a changed seasonality scenario were not 

undertaken in this study. 
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Figure 51: T-P combinations for the late MIS 5 ice advance in the Bumbatin Gol valley. 
Paleo-temperature and paleo-precipitation records for the period of late MIS 5 in Mongolia are rare 
and the view existing studies suggest a more humid climate compared to modern conditions but with 
a general trend of increasing aridity since the Eemian (MIS 5e). Taken this into account, a plausible 
modeling scenario for late MIS 5 glaciation in the Bumbatin Gol valley (Moraine C1) could be 
assumed with a P ranging between 125 to 175 % (light grey bar) compared to modern conditions. 
This would require a temperature depression (∆T; compared to modern conditions) ranging from -
6.0 to -5.2 °C to simulate a glacier in steady state condition matching the field-mapped extent of this 
moraine. For further information about determination of the plausible precipitation range see text. 

7.1.2 MIS 3 

Paleo-climatic records show evidence for enhanced humidity (compared to MIS 4) in 

Central Asia during MIS 3 with prominent lake level high-stands recorded for Mongolia 

and an associated southward retreat of the Gobi desert. Additionally, this interstadial phase 

is described as relatively cool but moist and probably with a greater-than-today input from 

winter precipitation (e.g. Grunert et al., 2000; Herzschuh, 2006; Murakami et al., 2010; 

Pachur et al., 1995; Rother et al., 2014b). Modeling of paleo-glaciers was undertaken for 

Moraine C2 in the Bumbatin Gol system indicting a MIS 3 ice advance. To incorporate 

evidence from other paleo-climatic records proposing a different precipitation seasonality 

in Mongolia during that time an altered seasonal precipitation distribution was considered. 

For that purpose precipitation during summertime (June - August) was decreased by 

115 mm and increased by 115 mm for the remaining month of the year (September – May) 

with the annual total kept constant (for details see Section 6.1.2). Nevertheless, to account 

for a variety of climatic conditions the seasonality scenario was then adjusted to cover a 

total annual precipitation range from P = 75 % to P = 125 % of the modern value. For this 

range a temperature forcing of ∆T from -5.25 to -4.35 °C is required to advance the 

Bumbatin Gol glacier to Moraine C2 (Figure 52). Alternatively, if seasonal changes in the 

precipitation distribution are not considered (i.e. precipitation distribution equals modern 

pattern), the equivalent ∆T to reach Moraine C2 ranges from -6 to -5.25 °C, highlighting 

that under a (more plausible) changed seasonality scenario, the Moraine C2 position would 

be reached at ~1 °C less cooling, compared to a non-seasonality scenario. 

In summary, based on a given total annual precipitation, but with a seasonal 

distribution shifted towards more autumn/winter precipitation, a significantly smaller 

decrease in temperature is required to grow a glacier to a comparable extent. This finding 

is in agreement with the view by Fujita (2008) and Yamaguchi and Fujita (2013) who 

reported that ice volume and mass balances of glaciers in climates with a strong summer-



7	Discussion	

 

 125 

precipitation seasonality are most sensitive to changes in the annual precipitation 

distribution even if the total amount remains unaffected. 

 

Figure 52: T-P combinations for the MIS 3 ice advance in the Bumbatin Gol valley. 
Modeling MIS 3 advances in the Bumbatin Gol valley was undertaken using a changed precipitation 
seasonality scenario to incorporate evidence from other paleo-climatic records proposing a different 
precipitation seasonality in Mongolia during MIS 3 (see text and Section 6.1.2). Thus, a plausible 
modeling scenario for MIS 3 glaciation of the Bumbatin Gol moraine system (Moraine C2) could be 
assumed with a P ranging between 75 to 125 % (light grey bar) compared to modern conditions 
requiring a ∆T ranging from -6 to -5.25 °C to simulate glaciers matching the field-mapped extent of 
Moraine C2. 
 

7.1.3 MIS 2 

Multiple lines of evidence show that conditions in Mongolia during MIS 2 were extremely 

dry and cold leading to extreme lake level low-stands in the VoGL and the formation of 

large dune fields (e.g. Hülle et al., 2010; Rother et al., 2014b; Schwanghart and Schütt, 

2008). While studies on paleo-precipitation distribution are non-existent, only few 

temperature reconstructions for Mongolia are published for the period of the global LGM. 

Based on the reconstruction of permafrost development in southern Mongolia, Owen et al. 

(1998) suggested a temperature depression of ~10 °C during the global LGM in the Gobi 

desert south of the Khangai Mountains. Similarly, Tarasov et al. (1999) analyzing pollen 
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data from Mongolia found a temperature decrease during the global LGM of 1-7 °C during 

summertime and 7-15 °C during wintertime (compared to modern values). Based on the 

calculated modern ELA (4000 m asl) and calculated paleo-ELAs for the global LGM of 

2500 – 2800 m asl in the Chulut area (Khangai Mountains), and assuming no change in 

precipitation, Coggan and Burenjargal (2007) suggested a temperature depression of 7.8 - 

9.75 °C compared to modern values. However, as stated by these authors, the method used 

for reconstructing paleo-ELAs and calculating associated paleo-temperature depressions 

suffer from significant uncertainties ranging between 20-25 % (Coggan and Burenjargal, 

2007).  

The results of this thesis, together with other published paleo-climate proxies, make 

it highly plausible that precipitation levels during MIS 2 were depressed between P = 25 % 

and P = 50 % compared to modern values. In the case of the Bumbatin Gol system this 

means that the position of Moraine C3 (MIS 2) would be reached at a ∆T of -7.5 to -6.6 °C 

(Figure 53: left). Under the same precipitation setting in the Turgen Gol Moraine T2 would 

be reached at a ∆T of -5.7 to -4.6 °C and Moraine T3 at a ∆T of -4.5 to -3.5 °C (Figure 53: 

right). These results show that the modeled temperature depressions are smaller than those 

presented in the literature. This means, either the published numbers are not correct or, 

alternatively, the used proxies are correct but give only the maximum cooling, whereas it is 

suggested here that it is highly unlikely that the maximum MIS 2 ice advances occurred 

during the most severe cooling part of this stadial period. Instead it appears more plausible 

that MIS 2 glaciers expanded during times of a slightly better moisture supply and less 

intense temperature decrease, but not under the most extreme climatic conditions. It is also 

observed that the temperature lowering required to match the field-mapped ice extents is 

consistently larger (in the order of 2-3 °C) for the Khangai compared to the Mongolian 

Altai. Therefore, the model results firmly indicate that the MIS 2 temperature decrease 

varied across Mongolia with a greater temperature depression recorded in the interior of 

Mongolia (for possible climatic mechanisms see discussion below). 
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Figure 53: T-P combinations for the MIS 2 ice advance in the Bumbatin Gol and Turgen Gol valley. 
A great many studies on paleo-climate development show that conditions in Mongolia during MIS 2 
were extremely dry and cold, which makes it highly plausible that precipitation levels during that 
period of time were depressed between P = 25 % and P = 50 % (light grey bar) compared to modern 
values (see text). Under this precipitation scenario in both study areas glaciers in the Bumbatin Gol 
valley (left figure) would reach the field-mapped extent at a ∆T of -7.5 to -6.6 °C, and in the Turgen 
Gol valley (right figure) at a ∆T of -5.7 to -4.6 °C (Moraine T2) and at a ∆T of -4.5 to -3.5 °C 
(Moraine T3), respectively. 

7.1.4 Uncertainties in the modeling results 

Many different sources can cause uncertainties in the modeling results, but the largest 

source is by far the description of modern climate across the mountainous interior of 

Mongolia. Weather stations are limited and exist only in the basins outside the mountain 

regions and climate records are in some cases incomplete. Therefore, the climate input for 

modeling mass balance and ice flow of paleo-glaciers is based on interpolated climate data 

(Section 4.3.1). This data, based on the few weather stations across Mongolia, had to be 

adjusted to match the boundary condition of the study area. The modern ELA in the East-

Turgen and Chulut area was set as boundary condition on which the interpolated data was 

adjusted by running the first part of the model (mass balance modeling) with unaltered 

modern climate input and modern orbital parameters. Comparing the output of these runs, 

which included calculations of the corresponding ELA, to published data on modern ELA 

allowed the gradual adjustment of the primary climate input parameter (Section 6.1.1). 

Further uncertainties arise from the limitations on the model calibrations in investigated 

areas where no modern glaciers or permanent snowfields exist (i.e. Bumbatin Gol study 

area), and from uncertainties in other factors (e.g. wind speed, cloudiness, and relative 

humidity). Reasonable variations of the latter variables are likely to be secondary effects 
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and, based on prior successful applications of the model (Laabs et al., 2006; Plummer and 

Phillips, 2003; Refsnider et al., 2008), Leonard et al. (2014) assumed an overall uncertainty 

of about 1 °C. 

However, prior research on paleo-climate conditions and in particular on the 

temperature depression and precipitation distribution, on which the results of this thesis 

can be validated, is rare and in most cases rather descriptive than absolute. But despite the 

sources for uncertainties in the model, especially the climate input parameters, the results 

of the modeling are consistent, and the ranges of the modeled temperature depressions for 

the study areas lie within plausible limits, providing a good first order estimate for 

reconstructing paleo-climate conditions in Mongolia. Furthermore, the results of the 

numerical modeling along with the field mapping and the SED allowed a better 

understanding of the paleo-climatic mechanisms which forced the glacial dynamics in the 

Turgen Mountains (Mongolian Altai) and the Khangai Mountains. 

7.2 Regional trends in paleo-ELAs  

For the Turgen Mountains in the northern part of the Mongolian Altai the modern ELA is 

between 3500 and 3600 m asl and rises towards the Khangai Mountains to just below 

4000 m asl (Section 2.5; e.g. Jansen, 2010; Lehmkuhl et al., 2004, 2011; Lehmkuhl and 

Lang, 2001). This increase is caused by a decrease of the amount of annual precipitation 

from west to east. Previous reconstructions of late Pleistocene ELAs in Mongolia were 

based on the separation of different generations of glacial sediments and landforms on the 

basis of differing degrees of their relative weathering and the connection of these features 

with different meltwater deposits and terraces (Lehmkuhl et al., 2004). The resulting late 

Pleistocene ELA (MIS 2) was calculated to be around 2900 m asl in the Turgen Mountains 

(∆ELA 600-700m) and between 2700 and 2800 m asl in the Khangai (∆ELA 1200-1300m) 

(Lehmkuhl et al., 2004, 2011; Lehmkuhl and Lang, 2001). It is important to note that these 

ELA reconstructions (see Figure 15 in Section 3.1) were based on the assumption that 

major late Pleistocene glaciations occurred synchronously in both mountain ranges during 

periods of maximum cooling associated with the last glacial cycle (MIS 4 and MIS 2). 

However, the presented results of the surface exposure CRN dating in this thesis indicate 

that the moraines used for reconstructing the Altai-Khangai ELA gradient formed 

asynchronously (i.e. MIS 2 in the East-Turgen and MIS 3 in the Khangai, the later of 

which exceeded the local limits set during MIS 2).  Consequently, prior reconstructions of 
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late Pleistocene ELA patterns were based on the comparison of glacial maxima of different 

age, leading to an unrealistic cross-regional paleo-ELA curve for the proposed late 

Pleistocene time slice. 

In order to validate and improve this pattern, modern and paleo-ELAs were 

calculated for both study areas (East-Turgen & Chulut area; see Table 16) as part of the 

numerical glacier modeling relying on moraines of the same confirmed age only (MIS 2, 

Chapter 6). Additionally, the modern ELA for both study areas and the paleo-ELA for the 

MIS 3 maximum in the Chulut area were computed with no possibility of comparing the 

MIS 3 ELA data to the East-Turgen system, where no glacial landforms of this age were 

found. The computed modern ELAs in the study areas range from 3699 m asl (East-

Turgen) to 3882 m asl (Chulut area). The mean late Pleistocene ELA surface for the MIS 2 

glacial maxima in the East-Turgen (22 ka) are calculated to be 3141 m asl yielding a 

∆ELA of ~560m, and 2851 m asl (∆ELA of ~1030m) for the Chulut area (20 ka), 

assuming a reduced P of 25 % to 50 % compared to modern values (Table 16). Overall, 

these values represent only moderately lower late Pleistocene ELA depressions than those 

previously estimated by Lehmkuhl et al. (2004). For the MIS 3 advance in the Chulut area 

the mean paleo-ELA was calculated to be at 2828 m asl (∆ELA of ~1050 m) with a P 

ranging from 75 % to 125 %. 

Table 16: Results of the ELA calculations for the excepted climate scenarios during MIS 2 in Mongolia. 
Modern ELAs for the Turgen Mountains (northern Mongolian Altai) is between 3500 and 3600 m asl and 
rises towards the Khangai Mountains to just below 4000 m asl. The computed modern ELAs for both study 
areas range from 3699 m asl (East-Turgen study area) to 3882 m asl (Chulut area). The calculated mean 
paleo-ELAs or the MIS 2 glacial maxima (as part of the numerical modeling) for both study areas range from 
3124 m asl (22 ka, Turgen Gol) to 2851 m asl (20 ka, Bumbatin Gol), assuming a reduced P of 25 % to 50 % 
compared to modern values. Previous calculation of late Pleistocene ELAs (MIS 2) in Mongolia are to be 
around 2900 m asl in the Turgen Mountains and between 2700 and 2800 m asl in the Khangai (Lehmkuhl et 
al., 2004, 2011; Lehmkuhl and Lang, 2001). For a validation and discussion of the late Pleistocen ELA 
reconstruction see text. 

 

These results show that the MIS 2 ELA depression was almost twofold larger in the 

Chulut area than in the East-Turgen, thus resulting in a reversed slope of the ELA surface 

Study	area CRN	age
(ka)

Marine	
isotop	stage

Precipitation
factor

Simulated	∆T
(°C)

Calculated	
modern	ELA

(m	asl)

Range	of	calculated	
paleo-ELAs
(m	asl)

Mean
paleo-ELA
(m	asl)

∆	ELA
(m)

35 MIS	3 0.75	-	1.25 -5.25	to	-4.35 2817	-	2839 2828 1054

20 MIS	2 0.25	-	0.50 -7.5	to	-6.6 2844	-	2854 2851 1031

Turgen	Gol 22 MIS	2 0.25	-	0.50 -5.7	to	-4.6 3699 3115	-	3166 3141 558

Bumbatin	Gol 3882
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from west to east compared to the modern situation (see Figure 54 below). A possible 

explanation for the observed differential ELA lowering between the Turgen and Khangai 

Mountains is that the modeled maximum MIS 2 temperature depression was about 2 °C 

greater in Central Mongolia compared to the northern Mongolian Altai. The model results 

indicate that a regional temperature disparity of this magnitude would be sufficient to 

generate a differential ELA lowering along the Turgen-Khangai transect ranging from 600 

to 1000 m. A scenario where the Turgen Mountains experience a less severe cooling than 

the Khangai Mountains of central Mongolia could be caused by various regional climatic 

mechanisms including the influence of foehn effects (potentially leading to an adiabatic 

temperature increase in the Turgen Mountains located downwind of the Russian Altai) or 

the more pronounced continental conditions affecting Central Mongolia. 

 

Figure 54: Cross section of the modern and reconstructed paleo-ELAs along the Turgen-Khangai 
transect. 
The dashed lines show the calculated modern (black colored) and reconstructed paleo-ELAs. The 
modeled paleo-ELA (red colored) is based on ELA calculations during the course of the numerical 
ice flow simulations for MIS 2 ice advances in the study areas. The previous reconstructed ELA 
surface (light grey colored) is based on calculations by Lehmkuhl et al. (2004). The grey shaded 
areas show the location of the study areas. 

An alternative explanation for the observed cross-regional ELA pattern is that the 

rerouting of the Westerlies during glacial times may have caused a decrease in the 

available moisture in the Turgen Mountains leading to a more limited ELA lowering as a 

result of the combined effects from regionally reduced precipitation input and the overall 

Mongolia-wide LGM cooling. By comparison, it is likely that the relative (!) moisture 

reduction during MIS 2 in the Khangai Mountains was less intense as these areas are 

already moisture deficient. This spatially differentiated temperature and precipitation 
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setting would generate a situation where the ELA lowering during MIS 2 in the Turgen 

Mountains amounts to no more than ~600 m, while the more severe effective cooling in the 

Khangai Mountains would yield a far more significant ELA lowering accounting for the 

observed ~1000 m ELA depression in that area. 

In the absence of high-resolution paleo-precipitation data to quantify moisture levels 

and a potentially differential cooling during MIS 2 in different parts of Mongolia it is 

difficult to assess the final validity of the above-described alternative scenarios. In addition 

to the lack of reasonable paleo-climate data, it should also be considered that the observed 

differential ELA lowering is possibly the result of a combined effect of both scenarios. 

Finally, the presented results show that the modeled ELA depression is very similar 

to the previous reconstructed paleo-ELAs. This similarity in the calculated ∆ELA is 

attributable to the fact that the extent of glaciation during MIS 3 and MIS 2 were alike 

within a distance of <1 km in the Bunbatin Gol system which results in a paleo-ELA of 

comparable values. Despite the very different climatic settings during MIS 3 and MIS 2, 

glaciers in the Bumbatin Gol valley intriguingly responded positively on changes in mass 

balance generating similar scale ice advances. 

7.3 Paleo-climate implications for Mongolia 

The results from the Khangai and Turgen Mountains indicate a that the furthest late 

Pleistocene ice advance occurred during late MIS 5 (81-78 ka; substage 5a) with a modeled 

temperature depression ∆T of -6.0 to -5.2 °C (P = 125-175 %) in the Khangai Mountains. 

This timing coincided with the climatic transition from interglacial to glacial conditions, 

also regionally represented by an abrupt temperature decline in the Guliya δ18O ice core 

record from Tibet about 1500 km to the south (Thompson et al., 1997). This is consistent 

with the SPECMAP curve developed by Imbrie et al. (1984) which shows a trend from 

warm climatic conditions with low ice volume towards cold conditions with an 

increasingly larger ice volume from 80 ka onwards (Figure 55). The atmospheric water 

vapor content and annual precipitation was significantly higher than today probably as a 

response to increased insolation and therefore a strengthened South Asian Monsoon 

transporting moisture to High and Central Asia. A second significant ice expansion is 

recorded for mid-MIS 3 (49-35 ka) in the Khangai Mountains with a modeled ∆T of -5.3 to 

-4.4 °C (P = 75-125 %). This broadly supports findings of Rother et al. (2014b) who also 

suggested a major ice advance during late MIS 3 at Otgon Tenger (western Khangai). 
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Additional high-resolution climate records are limited for Mongolia, but data from Tibet 

indicate a temperature decline from 57 ka onwards, interrupted by relatively short periods 

with increased temperatures. Pollen records and sedimentological proxies imply 

comparatively wet conditions in Mongolia during this time (Felauer et al., 2012) with an 

annual precipitation still significantly higher and more evenly distributed than today. 

Wünnemann et al. (1998) recorded increased lake levels in the Gashun Nuur region of 

Inner Mongolia, and pronounced lake level high-stands in the VoGL during MIS 3, and a 

southward retreat of the Gobi desert in Mongolia (Feng et al., 1998; Grunert et al., 2000; 

Komatsu et al., 2001; Walther, 1999). The end of this phase is indicated by a pollen record 

from the Yabrai Mountains in NW-China showing that thermal conditions began to 

deteriorate substantially by 31-30 ka (Ma et al., 1998; Wen et al., 2008). 

Results of this thesis indicate that major ice advances during MIS 3 in Mongolia 

were possibly regionally restricted to the Khangai Mountains, which is a new spatial 

feature in Mongolia’s glacial record. This suggests that the role of moisture sources and its 

delivery, based on atmospheric circulation patterns and its significance for controlling 

regional precipitation patterns and the potential for glacial mass build-up, were regionally 

more differentiated than previously resolved. The inferred regional MIS 5 and MIS 3 

climatic setting (relatively cool but moist) generated highly favorable conditions for 

enhanced glacial accumulation. The specific glacial landform-sediment assemblages in the 

study areas (e.g. large terminal dump moraines and significant volumes of glacial 

sediments, widespread glacio-fluvial channel networks and outwash planes) suggest 

deposition by glaciers capable of efficient basal erosion as well as sediment production and 

subsequent evacuation. During the stagnation phase, extensive ice decay landscapes 

formed by the disintegration of heavily debris-mantled glacier lobes (Section 5.1.1 & 

5.2.1). These overall features are commonly associated with temperate (warm-based) 

glacier systems (Evans et al., 2013; Evans and Twigg, 2002). 

For MIS 2, which is regionally characterized by very dry and cold conditions, 

extreme lake low-stands are recorded for the Uvs Nuur and other lake basins in Mongolia 

(Fedotov et al., 2004; Grunert et al., 2000). The dating and modeling results from the 

Turgen and Khangai Mountains presented in this study suggest major MIS 2 (26-16 ka) ice 

advances in Mongolia with a modeled ∆T of -5.7 to -4.6 °C (22 ka; P = 25-50 %) in the 

East-Turgen, and in the Chulut area of the Khangai Mountains with a ∆T of -7.5 to -6.6 °C 

(20 ka; P = 25-50 %) (Figure 55). The 1.8 - 2 °C difference of the modeled temperatures 

required to expand the studied paleo-glaciers in the Turgen and Khangai mountain systems 
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to their field-mapped MIS 2 limits highlights a spatially differentiated pattern of paleo-

temperatures across the studied 700 km NW-SE transect. The reconstructed paleo-

temperature disparities primarily reflect differing regional insolation intensities due to the 

geographic position of the field sites (Turgen at ~49°N and Khangai at ~47°N), and 

possibly the perseverance of the specific climatic setting of the Ulaangom/Uvs Nuur basin 

(thermally induced inversion in the interior of the basin, Section 2.3.2) during the last 

glacial cycle. 

 

Figure 55: Dating and modeling results in correlation to other regional and global climate curves. 
Timing (I) and modeling (II) of Mongolia’s glacial advances in correlation to other regional and 
global paleo-climate proxies. (III) Darhad basin glacier record (northern Mongolia): Normal 
probability density distribution after Gillespie et al. (2008). (IV) SPECMAP δ18O time series:  
relative oxygen isotope record from planktonic foraminifera. Low or negative values equate with 
warm low ice volume and high values equate with cold high ice volume (Imbrie et al., 1984). (V) 
Guliya ice core: δ18O fluctuations derived from a Qinghai-Tibetan ice core (Thompson et al., 1997). 
(VI) Lake level evolution of Gashun Nuur (Inner Mongolia; Wünnemann et al., 1998) and Bayan 
Nuur (NE-Mongolia; Grunert et al., 2000). Dashed lines mark imprecise data. (VII) Summer 
insolation at 45°N (Whitlock and Bartlein, 1997). 

Taken together, the results from this thesis provide evidence for major glaciations in 

Mongolia during MIS 5 and MIS 3 associated with relatively cool and moist conditions, 

and also during MIS 2, which is dominated by a severely cold-dry setting. A particularly 

interesting feature in Mongolia’s glacial record is that the MIS 5 maxima were recorded in 

both mountain systems, whereas a MIS 3 glacial maximum (i.e. ice extent of MIS 3 > 

MIS 2) is regionally restricted to the Khangai Mountains. It is important to note that the 
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lack of evidence for MIS 3 ice advances in the Turgen should not be taken to suggest an 

absence of glaciation in these mountains during MIS 3. Instead, the record only shows that 

the limits of any potential MIS 3 advance there were exceeded by the subsequent MIS 2 

advances, which would explain the apparent lack of such deposits in the Turgen 

Mountains. This differs from the Khangai Mountains were the MIS 3 ice extent was 

marginally larger (1-2 km) than during MIS 2, thus allowing the preservation of both the 

MIS 3 and MIS 2 glacial sequences. 

This raises the question why the investigated mountain systems show a relative 

difference in the scale of glaciation, with the Turgen recording MIS 2 advances larger than 

during MIS 3, while the Khangai shows MIS 3 advances that marginally exceed the 

glaciation limits set during MIS 2? A possible explanation for this pattern lies in the higher 

altitude and more favorable geographic position of the Turgen with respect to Westerly 

delivered moisture relative to the Khangai in the downwind position of the Mongolian 

Altai (Section 2.4). Under this climatic setting glacial accumulation during MIS 2 in the 

Turgen would still benefit from sufficient supply of moisture combined with severely 

depressed temperatures which generate more favorable conditions than during MIS 3. At 

the latter time moisture levels in the Turgen were probably similarly elevated but at a 

lower level of atmospheric cooling. By contrast the MIS 3 setting in the Khangai must be 

viewed in context of the VoGL, situated in an upwind position, which record pronounced 

lake level high-stands during MIS 3 and probably also during MIS 5. This setting would 

have led to the input of additional precipitation recycled and transport by the Westerlies 

into the Khangai and sourced from the VoGL, which would also cause a shift in 

precipitation seasonality with a greater-than-today input from autumn/winter precipitation. 

This “Great Lakes induced moisture model“ for MIS 3 (and possibly for MIS 5) would 

satisfactorily explain the relative scale of the MIS 3 versus MIS 2 glaciation in the 

Khangai, because the Khangai glaciers did not benefit from the additional VoGL moisture 

supply during the hyperarid MIS 2 when most of the VoGL lakes recorded extreme lake 

low stands or fell dry. 

In summary, the results of this study show that the differential pattern of major late 

Pleistocene glaciations in Mongolia was primarily a function of the overall late Pleistocene 

cooling modified by diverging local topographic settings (i.e. mountain altitude), 

geographic positions (i.e. latitude dependent insolation and local rain shadow effects), 

combined with the differing atmospheric moisture supply by the Westerlies, and the 

critical addition of recycled VoGL moisture into the Khangai causing the Pleistocene 
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maxima during MIS 3 and MIS 5. The model results also clearly indicate that the 

magnitude of the observed MIS 3 ice advances in the Khangai (at far less cooling than 

during MIS 2) can only be achieved when assuming a shift in the seasonal precipitation 

towards a more evenly distributed pattern (i.e. more precipitation during the cooler months 

of the year). 

7.4 Correlation to late Pleistocene glacial patterns in surrounding regions 

Over the last decade, an increasing number of paleo-glacial studies from Central and High 

Asia have highlighted that the timing of late Pleistocene glaciations differed significantly 

across this vast region. Although the mechanics for glaciation patterns are not fully 

resolved, a key distinction can be made between glaciers throughout the Transhimalaya, 

Himalaya, and monsoon-influenced parts of the Tibetan Plateau, which responded more 

strongly to climatic wet phases, and glaciers in the western regions of the Himalaya-Tibet 

orogen, which are mainly in tune with the Northern Hemisphere cooling cycles (Lehmkuhl 

and Owen, 2005; Owen et al., 2008). In the eastern and northeastern Tibetan Plateau 

maximum glaciations occurred during the interglacial phase of MIS 5 and the MIS 3 

interstadial in response to increased insolation leading to an intensified SASM thereby 

transporting more moisture further north into Central and High Asia. In contrast, 

glaciations in these regions during the global LGM, a time of severe cooling and distinct 

aridity, were restricted to the highest peaks (Lehmkuhl, 1998a; Lehmkuhl and Owen, 

2005) or were missing (Rother et al. submitted). A similar pattern of glacial forcing was 

recorded for the Central Himalaya where glaciations were most extensive during the MIS 3 

(local LGM) and limited during the global LGM. 

Within this thesis, the glacial record of Mongolia shows similar patterns of glaciation 

with a maximum during late MIS 5 (furthest ice advance) and a second substantial advance 

during MIS 3 (local LGM) although the latter was only evident in the Khangai Mountains / 

central Mongolia. It is suggested here that a significant portion of the required moisture to 

trigger glacial expansion was sourced from the VoGL and transported into the Khangai by 

a gradually strengthening Westerly circulation (“Great Lakes induced moisture model”). 

Simultaneously, the SASM weakened due to an anti-phase relationship with the Westerlies 

on glacial-interglacial time-scales and was very weak from 32 ka onwards and would not 

have reached Mongolia during this time, therefore moisture input into the region through 

the SASM was probably negligible (An et al., 2012). 
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Glaciations in the western and northwestern parts of High Asia (e.g. Tien Shan, Pamir) 

were broadly contemporaneous with the global temperature minima documented during 

MIS 4 and MIS 2, with less extensive ice advances during the latter part of the last glacial 

cycle, which was probably caused by increasing aridity over the course of the late 

Pleistocene (Abramowski et al., 2006; Owen et al., 2002b, 2012; Zech, 2011). As shown in 

this thesis, glaciers in Mongolia also advanced substantially during MIS 2 in the 

Mongolian Altai and Khangai, where in the latter region maximum ice limits were within 

~2 km distance from the MIS 3 advances. By contrast, during MIS 2 very large ice 

advances occurred in the Russian Altai and southern Siberia where glaciations reached and 

probably exceeded the ice limits set during earlier advances of the last glacial cycle 

(Arzhannikov et al., 2012; Lehmkuhl et al., 2007, 2011; Reuther et al., 2006).  
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8 Conclusion 

8.1 Project assessment 

The presented study used three different approaches to reconstruct the late Pleistocene 

glacial and paleo-climate evolution of Mongolia: 1) Geomorphological mapping of glacial 

features and landforms, 2) CRN (10Be) SED of ice marginal positions, and 3) numerical 

modeling of snow/ice energy balance and ice flow to assess paleoclimatic conditions. 

Based on the CRN results in the selected valleys of the Khangai (central Mongolia) and the 

Turgen Mountains (northwestern Mongolia), an absolute glacial chronology of late 

Pleistocene glaciations was established. Mongolia experienced at least three episodes of 

major ice advances during the last 90 ka: at 81-78 ka (M-1), 49-35 ka (M-2), and 26-20 ka 

(M-3I) and 19-16 ka (M-3II). The furthest reconstructed late Pleistocene ice advance 

occurred during late MIS 5 in both mountain areas. During MIS 3 (local LGM), glaciers 

advanced substantially in the Khangai Mountains (but did not exceed the MIS 5 limits), 

while there is no preserved evidence for a similarly extensive glaciation in the Turgen 

Mountains. Although it is possible that a significant MIS 3 advance did occur in the 

Turgen, it is clear that this advance did not exceed the limits later reached during MIS 2 (as 

is the case in the Khangai). The finding of a major interstadial ice advance in the central 

Khangai is in good agreement with results of Rother et al. (2014b), who investigated late 

Pleistocene glacial advances at the Otgon Tenger (western Khangai). The next major ice 

advance (M-3I) in both mountains ranges is broadly contemporaneous with the global 

LGM, but importantly, the Khangai M-3I ice limits are located no more than 1-2 km 

upvalley of the M-2 maximum ice margins. A final ice position (M-3II) constructed shortly 

before the onset of deglaciation between 19-16 ka is likely to represent a recessional ice 

stillstand, or alternatively a final ice readvance during the last glacial interglacial transition. 

The outcomes of the geomorphological field-mapping, the geochronological age 

dating, combined with regional climate data were used to set the boundary conditions and 

input parameters for the snow/ice energy balance and ice flow model. The simulations of 

glaciers in the Chulut area (Moraine C1 - C3) are interpreted to suggest that temperatures 

during the late MIS 5 ice maximum (Moraine C1, Khangai) were likely about ~6 °C colder 

but with an assumed precipitation value P of 125 to 175 % compared to modern 

conditions. During the MIS 3 ice expansion in the Khangai (Moraine C2) a shift in the 

seasonal precipitation distribution towards more autumn/winter precipitation delivers the 
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most plausible forcing scenario to match the observed scale of glaciation during this 

period. Modeling results suggest a temperature decrease of 4 to 5 °C with an associated 

precipitation range P between 75 to 125 % of the modern value. Simulations of possible 

paleoclimatic conditions during the MIS 2 advance (Moraine C3, Khangai) indicate a 

required decrease in annual mean temperatures by 7 to 8 °C, with a reduced P ranging 

from 25 to 50 %, to achieve the field-mapped MIS 2 ice limits. Assuming a similar 

decrease in MIS 2 precipitation in the East-Turgen the simulations require a slightly lower 

cooling of 5 to 6 °C to reach Moraine T2. The 1.8 - 2 °C difference in the modeled ∆T to 

expand the paleo-glaciers in the Turgen and Khangai systems to their field-mapped MIS 2 

limits, highlights a spatially differentiated pattern of LGM cooling along the studied 

700 km NW-SE Mongolian transect.  

With regard to the noted differences in the relative scale of glaciation during MIS 3 

between the Khangai and Turgen Mountains a conceptual model is suggested to explain 

the observed spatial disparity. The proposed “Great Lakes induced moisture model“ 

suggests that moisture, sourced from considerably larger paleo-lakes known to have 

existed in the VoGL during MIS 3 (and possibly also during MIS 5), was transported 

eastwards (downwind) by the Westerlies leading to enhanced precipitation over the 

Khangai Mountains. This additional moisture, probably most effective during the autumn 

months when the lakes in the VoGL were still ice free are likely to have led to increased 

snowfall in the mountains resulting in positive glacial mass balances. This conceptual 

model also explains the phenomenon of a missing MIS 3 maximum in the Turgen 

Mountains, which, due to its location west of the VoGL, did not benefit from the additional 

VoGL sourced moisture input. 

8.2 Suggestions for future work 

This thesis established a first absolute glacial chronology of late Pleistocene glaciations for 

two areas in the Altai and Khangai Mountains, and investigated potential paleo-climatic 

and glacial mechanisms using a coupled 2-D numerical model of snow/ice energy balance 

and ice flow. Although the results presented in this study significantly expand the available 

information base on Mongolia’s late Pleistocene glacial geology, several research aspects 

deserve future attention to further improve our understanding of the region’s overall glacial 

history. These include: 

 



8	Conclusion	

 

 139 

Expanding the CRN surface exposure database for the Mongolian Altai 

The presented CRN dataset robustly constrains glacial fluctuations in the Turgen 

Mountains during MIS 2 and the subsequent onset of glacial retreat but the geochronology 

of earlier ice advances is less well resolved. At present, evidence for a significant ice 

expansion in the East-Turgen study area during late MIS 5 is based on only one glacial 

surface. Further validation of this finding, particularly in the southern ranges of the Altai 

Mountains, is crucial for developing a more comprehensive and better-founded late 

Pleistocene glacial chronology of Mongolia. Furthermore, an expansion of the spatial 

distribution of the available CRN (10Be) surface exposure dataset across the Mongolian 

Altai would allow to further verify the presented hypothesis of a less extensive (or 

missing?) MIS 3 ice advance in western Mongolia. Future work should also attempt to 

improve the resolution of the timing and style associated with the post-LGM ice decay 

across all formerly glaciated mountain systems in Mongolia. 

Minimize modeling uncertainties  

The largest source for uncertainties in the presented modeling results is the problematic 

accuracy of modern climate information from across mountainous Mongolia, which 

provides critical input parameters for defining boundary conditions for any glacial 

energy/mass balance simulations. This is primarily due to a lack of climate stations based 

in the mountainous interior. As a preliminary step this could be improved by installing 

automated weather stations in higher altitude areas which record weather data for a 

minimum time period of at least one year.  

Improving the conceptual model of the regional atmospheric moisture supply 

Future research should focus on generating higher-resolution paleo-precipitation data to 

better quantify former moisture levels and sources, which are critical for understanding 

glacial forcing mechanism across the semi-arid mountain regions of Mongolia. This could 

be accomplished by analyzing and comparing the isotopic signatures of the remaining 

modern glaciers in the Altai and Khangai Mountains, although this information is not 

expected to extend beyond the mid-Holocene. Another approach to fingerprint moisture 

sources and reconstruct precipitation quantities that fed present and past glaciers in the 

Altai and Khangai Mountains would be to investigate alternative paleo-precipitation 

proxies from Mongolian mountain lakes and other regional geo-archives (e.g. lacustrine 

stable isotopes, cave stalagmites, soil bentonites, pollen records). 
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10 Appendix 

A Photographs of the sampled erratics and roche moutonnées 

The following figures display the glacial boulders and roche moutonnées sampled for AMS 

measurement in the Chulut area (Figure A1) and the East-Turgen (Figure A2). 
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Figure A1: Chulut area (Khangai): 18 glacial boulders from seven different ice marginal positions 
were samples, prepared, and AMS measured to determine their 10Be surface exposure ages.  
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Figure A2: East-Turgen (Turgen Mountains): 16 glacial boulders from four different ice marginal 
positions, and 2 roche moutonnées (two samples each) were samples, prepared, and AMS measured 
to determine their 10Be surface exposure ages. Note: Sample OTT 20 is not displayed. 
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B CRONUS input files 

The following tables give a summary of the CRONUS input files used for calculating the 

shielding correction factor (Table B1) and the individual surface exposure ages of the 

sampled boulders (Table B2). Table B1 shows the field data of the surrounding 

topography, which are responsible for cosmogenic shielding (elevations in degree and the 

corresponding azimuth). Table B2 comprises the field-characteristics of the individual 

sampled boulders (i.e. geographic position, density, samples thickness), and the results of 

the AMS measuring (i.e. measured 10Be atoms/g and used standard for measuring). 

Table B1: Input file for calculating the shielding correction factor. 

 

  

Sample	ID DBN-5
Azimuths	(0°-360°) 15 195
Elevations	(0°-90°) 22 10
Calc.	shielding	factor

Sample	ID OTT-7
Azimuths	(0°-360°) 25 70 105 240
Elevations	(0°-90°) 18 23 18 15
Calc.	shielding	factor

Sample	ID OTT-15
Azimuths	(0°-360°) 40 75 125 170 205 245 270 305 355
Elevations	(0°-90°) 16 13 10 13 20 25 20 12 14
Calc.	shielding	factor

Sample	ID OTT-16
Azimuths	(0°-360°) 40 75 125 170 205 245 270 305 355
Elevations	(0°-90°) 16 13 10 13 20 25 20 12 14
Calc.	shielding	factor

Sample	ID OTT-18
Azimuths	(0°-360°) 120 300
Elevations	(0°-90°) 10 18
Calc.	shielding	factor

Sample	ID OTT-19
Azimuths	(0°-360°) 110 290
Elevations	(0°-90°) 10 12
Calc.	shielding	factor

Sample	ID OTT-21
Azimuths	(0°-360°) 20 200
Elevations	(0°-90°) 10 19
Calc.	shielding	factor

Sample	ID OTT-22
Azimuths	(0°-360°) 20 200
Elevations	(0°-90°) 10 19
Calc.	shielding	factor

0,988456272

0,988456272

0,984394241

0,983373159

0,980536671

0,984394241

0,989824367

0,995718209
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Table B2: Input file for calculating the individual CRN boulder ages. 
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Table B2: Input file for calculating the individual CRN boulder ages (continued). 
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C Compilation of all T-P combinations matching the field-mapped ice extents 

The following figures show all T-P combinations accepted during ice-flow simulations. 

 
Figure C1: Moraine C1 (late MIS 5) in the Bumbatin Gol using modern precipitation seasonality. 
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Figure C2: Moraine C2 (MIS 3) in the Bumbatin Gol valley using a changed precipitation 
seasonality. 
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Figure C3: Moraine C3 (MIS 2) in the Bumbatin Gol valley using modern precipitation seasonality. 
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Figure C4: Moraine T2 (MIS 2) in the Turgen Gol valley using modern precipitation seasonality. 
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Figure C5: Moraine T3 (MIS 2) in the Turgen Gol valley using modern precipitation seasonality. 
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D Conference attributions 

Timing of late Pleistocene glaciation in Mongolia: Surface exposure dating reveals a 
differentiated pattern of glacial forcing 
 
Steffen Pötscha, Henrik Rothera, Sebastian Lorenza, Michael Waltherb, Frank Lehmkuhlc 
aInstitute for Geography and Geology, University of Greifswald, F.-L-Jahnstr. 17a, 17489 Greifswald, 
Germany 
bMongolian Academy of Sciences, Geographical Institute, Ulaanbataar, Mongolia 
cDepartment of Geography, RWTH Aachen University, Templergraben 55, 52056 Aachen, Germany 

EGU Conference (Session: GM9.3/CR1.7), Vienna (16.04.15) 

The focus of this study is on the geochronological and paleoclimatic characterization of 
Pleistocene glaciation in central (Khangai Mountains) and western (Turgen Mountains, 
Mongolian Altai) Mongolia. These two mountain ranges form a 700 km long SE-NW 
transect through Mongolia and allow assumptions of the temporal and causal dynamics of 
regional glaciation and their correlation to other mountain glacier records from Central and 
High Asia. In order to evaluate the Pleistocene glaciations in Mongolia we undertook 
geomorphological mapping and cosmogenic radionuclide (CRN) surface exposure dating 
(10Be) in four valley systems located in the Khangai Mountains and Turgen Mountains. In 
total 46 glacial boulders and roche moutonnées were sampled, prepared and AMS 
measured to determine their 10Be surface exposure ages. Of these, 26 samples were 
obtained from the Khangai Mountains (three separate moraine sequences) and 20 samples 
were taken from the Turgen Mountains (one moraine sequence). Our results give evidence 
of major ice advances during early MIS-4 (74−71 ka) and MIS-2 (25−20 and 18−17 ka) in 
both mountain ranges. However, in the Khangai Mountains of central Mongolia very 
significant ice advances also occurred during MIS-3 (37−32 ka), which exceeded the ice 
limits set during the MIS-2 glaciation. These results show that climatic conditions during 
phases of insolation minima characterized by extremely cold and dry conditions (MIS-4 
and MIS-2) produced a favorable setting for major ice expansion in Mongolia. Yet, glacial 
accumulation in the Khangai Mountains also increased substantially in response to the 
cool-wet conditions of MIS-3, associated with a possibly greater-than-today input from 
winter precipitation. These records indicate that in addition to the thermally induced 
glaciations of MIS-4 and MIS-2, variations in atmospheric moisture supply are also 
capable of triggering large ice advances as observed during MIS-3. Taken together, this 
suggests that the role of atmospheric circulation and its significance for controlling 
regional precipitation results in a more differentiated pattern of late Pleistocene glaciation 
in Mongolia than previously recognized. Compared to other glacial records from High 
Asia, the observed patterns of past glaciations in Mongolia show similar results (i.e. ice 
maxima during interstadial wet phases) compared to monsoon influenced regions in 
southern Central Asia and NE-Tibet, while major expansion during insolation minima 
(MIS-4 and MIS-2) are more in tune with glacier responses known from western Central 
Asia and Siberia. 
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Timing of late Pleistocene glaciation in Mongolia: Surface exposure dating reveals a 
differentiated pattern of glacial forcing 
 
Steffen Pötscha, Henrik Rothera, Sebastian Lorenza, Michael Waltherb, Frank Lehmkuhlc 
aInstitute for Geography and Geology, University of Greifswald, F.-L-Jahnstr. 17a, 17489 Greifswald, 
Germany 
bMongolian Academy of Sciences, Geographical Institute, Ulaanbataar, Mongolia 
cDepartment of Geography, RWTH Aachen University, Templergraben 55, 52056 Aachen, Germany 

AK Geomorphologie (Session: Paleo-Environments), Berlin (04.10.15) 

The focus of this study is on the geochronological and paleoclimatic characterization of 
Pleistocene glaciation in central (Khangai Mountains) and western (Turgen Mountains, 
Mongolian Altai) Mongolia. These two mountain ranges form a 700 km long SE-NW 
transect through Mongolia and allow assumptions of the temporal and causal dynamics of 
regional glaciation and their correlation to other mountain glacier records from Central and 
High Asia. In order to evaluate the Pleistocene glaciations in Mongolia we undertook 
geomorphological mapping and cosmogenic radionuclide (CRN) surface exposure dating 
(10Be) in four valley systems located in the Khangai Mountains and Turgen Mountains. In 
total 46 glacial boulders and roche moutonnées were sampled, prepared and AMS 
measured to determine their 10Be surface exposure ages. Of these, 26 samples were 
obtained from the Khangai Mountains (three separate moraine sequences) and 20 samples 
were taken from the Turgen Mountains (one moraine sequence). Our results give evidence 
of major ice advances during early MIS-4 (74−71 ka) and MIS-2 (25−20 and 18−17 ka) in 
both mountain ranges. However, in the Khangai Mountains of central Mongolia very 
significant ice advances also occurred during MIS-3 (37−32 ka), which exceeded the ice 
limits set during the MIS-2 glaciation. These results show that climatic conditions during 
phases of insolation minima characterized by extremely cold and dry conditions (MIS-4 
and MIS-2) produced a favorable setting for major ice expansion in Mongolia. Yet, glacial 
accumulation in the Khangai Mountains also increased substantially in response to the 
cool-wet conditions of MIS-3, associated with a possibly greater-than-today input from 
winter precipitation. These records indicate that in addition to the thermally induced 
glaciations of MIS-4 and MIS-2, variations in atmospheric moisture supply are also 
capable of triggering large ice advances as observed during MIS-3. Taken together, this 
suggests that the role of atmospheric circulation and its significance for controlling 
regional precipitation results in a more differentiated pattern of late Pleistocene glaciation 
in Mongolia than previously recognized. Compared to other glacial records from High 
Asia, the observed patterns of past glaciations in Mongolia show similar results (i.e. ice 
maxima during interstadial wet phases) compared to monsoon influenced regions in 
southern Central Asia and NE-Tibet, while major expansion during insolation minima 
(MIS-4 and MIS-2) are more in tune with glacier responses known from western Central 
Asia and Siberia. 
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Timing and modeling of late Pleistocene glaciations of selected valleys in central and 
western Mongolia 
 
Steffen Pötsch, Henrik Rother 

Institute for Geography and Geology, University of Greifswald, F.-L-Jahnstr. 17a, 17489 Greifswald, 
Germany 

VW Symposium - Landscape Evolution Modeling, Hannover (22.10.15) 

The focus of this study is on the geochronological and paleoclimatic characterization of 
Pleistocene glaciations in the Khangai and Turgen Mountains, central and western 
Mongolia. These two mountain ranges form a 700 km long SE-NW transect through 
Mongolia and allow assumptions of the temporal and causal dynamics of regional 
glaciations and their correlation to other mountain glacier records from Central and High 
Asia. In order to evaluate the Pleistocene glaciations in Mongolia we undertook 
geomorphological mapping and cosmogenic radionuclide (CRN) surface exposure dating 
(10Be) in four valley systems located in the Khangai and Turgen Mountains. In addition, 
we used a coupled 2-D surface energy balance and flow model, developed by Plummer and 
Phillips (2003), to determine steady-state conditions for glaciers under a specific climate 
regime. With this model it is possible to establish combinations of temperature and 
precipitation changes compared to modern climate conditions, which would produce a 
glacier fitting the mapped extent. Our dating results give evidence of major ice advances 
during early MIS-4 and MIS-2 in both mountain ranges. However, in the Khangai 
Mountains of central Mongolia very significant ice advances also occurred during MIS-3, 
which exceeded the ice limits set during the MIS-2 glaciation. These records indicate that 
in addition to the thermally induced glaciations of MIS-4 and MIS-2, variations in 
atmospheric moisture supply are also capable of triggering large ice advances as observed 
during MIS-3. Taken together, this suggests that the role of atmospheric circulation and its 
significance for controlling regional precipitation results in a more differentiated pattern of 
late Pleistocene glaciations in Mongolia, than previously recognized. 
 


