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Abstract 

 
This paper presents a framework for Late Quaternary lake-glacier variations and their 

interaction in the closed-basin lake, Lake Karakul (eastern Pamir) on the based on 

geomorphological mapping, morphostratigraphy, and relative dating. Detailed fieldwork 

and stereoscopic observations of remote sensing data and laboratory work were 

undertaken for this purpose. 

 The palaeoshorelines (approximately 60 in number) observed around Lake 

Karakul can be classified into four groups: H, M, L, and LL Shorelines (in descending 

order of height). The highest levels of each of the above palaeoshoreline groups are 205 

m, 85 m, 35 m, and 10 m, respectively, above the present lake level (3915 m a.s.l.). 

Furthermore, the glacial landform development and related valley-fill sedimentation 

patterns around the threshold of the present basin closure prove that all of the lake-level 

fluctuations, except that for the 40 m lowering from the highest level of H Shorelines, 

occurred within the drainage basin with hydrographic closure. 

 From the viewpoint of glacial, glaciofluvial, and lacustrine landform evolution, 

the principal issues for the palaeolake-palaeoglacier relation and related 

palaeogeography are summarized as follows: (1) the four lake transgressions 

corresponded to the regional glacier advances; (2) the highest stand of the palaeolake 

was synchronous with the maximum glacier advance; and (3) most of the extensive 

glaciers terminated into the lake surface at the highest level of H Shorelines and 

probably M Shorelines, and likely released abundant icebergs into the palaeolake from 

the lake-glacier interface. 

 The relative dating of moraines was performed using the weathering index of 

surface boulders, based on the degree of cavernous weathering, which probably 

progressed by salt action. The measured index values show significant differences 

between the three moraine groups correlated with H, M, and L Shorelines. 

 The tentative chronology of the lake-level fluctuation was established from the 

synthesis of the style of geomorphic development and related glaciation, relative dating 

on moraine gravels, and the correlations to established glacial histories in and around 

the Pamir. The periods of the palaeolake highstands indicated by the H, M, L, and LL 
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Shorelines seem to be correlated with the antepenultimate glacial (MIS 8), penultimate 

glacial (MIS 6), early last glacial (MIS 4), and the late last glacial (MIS 2) periods, 

respectively. Based on this chronology, each of the 60 palaeoshorelines are expected to 

show stable lake surfaces during lake regressive stages toward the terminations from the 

glacial maxima of MIS 8, 6, 4, and 2. Given that the distinct landforms of each 

palaeoshoreline group were formed in association with the predominant stagnation or 

small re-transgression of the palaeolake, the short-term cooling and/or wetter episodes, 

which turned negative lake hydrologic balances into positive ones, were superimposed 

on the major palaeoclimate changes during the glacial termination periods. 

 In conclusion, the Late Quaternary lake-glacier variation in the closed basin of 

Lake Karakul is characterized by the progressive restrictions in the maximum extents of 

the palaeolake and glaciation probably through the last three glacial stages. This trend 

seems to suggest a reduction in the moisture advection into the eastern Pamir, which 

may be responsible for the dramatic change in the moisture source area of the 

westerlies-dominated Central Asia, and/or the uplift of the Pamir. 
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Chapter 1 Introduction 

 
1.1. Significance of lake-level studies in closed basin 

 

A closed-basin lake or endorheic lake, is defined as a lake without any outflows. This 

characteristic enables the lake level to respond directly to climate-induced changes in 

the hydrological balance over the lake-catchment area. Therefore, the lake-level 

fluctuation in a closed-basin lake has been recognized as a useful indicator of Late 

Quaternary palaeoclimate changes (Lowe and Walker, 1997) since the classic studies on 

palaeolakes in the western United States conducted by Russell (1885, 1889) and Gilbert 

(1890). 

 To date, the lake-level changes have been reconstructed in at least 188 closed 

basins (141 from Street and Grove, 1979; 33 from Chinese Status Data Base: Yu et al., 

2001; and 14 from author’s literature survey). The spatial and temporal tendencies of 

such lake-level studies have expanded our understanding of the dynamics involved in 

the transportation of moisture to a given region by global atmospheric circulation (e.g., 

Street and Grove, 1979). Furthermore, long-distance correlations (teleconnections) 

between regional palaeolake events and global-scale climatic events recorded in the 

North Atlantic have been demonstrated by numerous studies (e.g., Xingqi et al., 2008; 

Chao et al., 2009; Ghazleh and Kempe, 2009). Consequently, a lake-level study in a 

closed basin can provide valuable clues for modelling global circulation changes and 

examining the mechanism for large-scale climate connections. 

 

1.2. Lake-glacier interrelationship 

 

The inter-relationship between lake transgression and mountain-glacier advance has 

been discussed in various closed basins (e.g., Putnam, 1950; Clayton and Clapperton, 

1997; Lehmkhul et al., 2002) since the pioneering study by Gilbert (1890). This issue is 

important because, in addition to contributing to our understanding of landscape 

development, the elucidated lake-glacier interaction has also served as a constraint on 

the regional palaeoclimatic scenario for the lake-level change. 
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 Numerous closed basin lakes surrounded by glaciers have been identified on 

the Tibetan Plateau and its neighboring mountains (High Asia) (Fig. 1.1). Nevertheless, 

there has been significantly less attention paid to the interrelation between lake-level 

fluctuation and glacier variation in a closed basin. Research focusing on this topic has 

only has been performed at one site, Nam Co Lake in the southeastern part of the Tibet 

(e.g., Lehmkhul et al., 2002; Schütt et al., 2008). It should be noted that the moisture 

advection to the High Asia is controlled by two circulation systems, the Indian monsoon 

and mid-latitude westerlies, as shown in Fig. 1.1. The Nam Co basin is primarily 

affected by the former system. Therefore, we still do not fully understand lake-glacier 

interaction in the closed basins of westerlies-dominated High Asia, including those of 

the Pamir, Tien Shan, and north-northwestern part of Tibet. 

 
1.3. Lake Karakul, the Pamir 

 

Lake Karakul is a closed-basin lake situated in the northeastern part of the Pamir (Fig. 

2.1), which occupies the westernmost part of the Himalayan-Tibetan orogen (Fig. 1.1). 

Moisture conditions in the Pamir are dominated today by the mid-latitude westerlies 

(Böhner, 2006). However, the amount of precipitation in the Lake Karakul region is 

extremely restricted because of the westward surrounding high mountain ranges, which 

block the westerly moisture penetration to the eastern Pamir. This topographic setting 

suggests that the reconstruction of the Karakul palaeolake history will particularly 

contribute to an examination of the following two topics: palaeoclimate changes in 

western High Asia influenced by the mid-latitude westerlies; and the influence of uplift 

on the moisture advection with the mid-latitude westerlies. 

The palaeolake history of the Lake Karakul has never before been reconstructed. 

Although the palaeoshoreline landforms and sediments in this basin have attracted some 

attention (Pumpelly, 1905, 1908; Velichko and Lebedeva, 1973; Belousov, 1976; 

Nikonov et al., 1979; Bondarev et al., 1997), little is known about their distribution, 

classification and age. To determine the timing and cause of the lake-level fluctuation, 

Pumpelly (1905) assumed that the lake transgressions occurred as a result of the 

damming of the lake by glacier moraines and were therefore synchronous with glacier 

advance. Further, the lake-level lowering was considered to have been caused by a 
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breaching of the moraine. However, this hypothesis has not been tested using field 

evidence.  

 

1.4. Aim of study 

 

The aim of this study is to establish a framework for the lake-level fluctuation, 

particularly emphasizing the glacier variation, in the Lake Karakul closed basin of 

eastern Pamir, based on the geomorphological and stratigraphic approaches. Following 

this introduction (Chapter 1), the physical setting of the Lake Karakul is outlined 

(Chapter 2). Chapter 3 describes the contents of the field and laboratory work, along 

with the process of geomorphological mapping using remote sensing data.  

 Chapters 4 and 5 are devoted to describing the geomorphological evidence 

related to the palaeolake and palaeoglacier variations. In Chapter 4, the precise 

distribution and classification of the palaeoshoreline landforms and sediments observed 

in the Karakul region are described. Furthermore, the landform development and related 

valley-fill sedimentation patterns around the threshold of the present closed basin are 

examined in order to determine the past-basin closure condition. Chapter 5 gives a full 

account of the inter-relationships between the lacustrine, glacial and glaciofluvial 

landforms, focusing on the regional differences between them. 

 Chapter 6 presents the relative dating data for exposed boulders on moraines 

used to compensate for the lack of absolute dates. It includes a description of the 

observed rock-weathering features in this region. 

 In Chapter 7, the palaeolake history of Lake Karakul is firstly reconstructed 

through a synthesis of the investigations mentioned above. Next, its tentative 

chronology is proposed based on the correlations to the established glacial chronology 

in and around the Pamir. Third, the palaeoclimatological implications of the 

reconstructed lake-level fluctuation are examined. Lastly, the late Quaternary 

palaeogeographical changes in the Lake Karakul closed basin are summarized. Chapter 

8 presents the conclusions of this study.
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Fig. 1.1. Distribution of palaeolake-level studies in Central Asia (base map modified 

after Chen et al., 2009). 1: Van (Landmann et al. 1996), 2: Caspian Sea (Cheplyaga, 

1984), 3: Aral Sea (Reinhard et al., 2008), 4: Issyk-Kul (Ricketts et al., 2001), 5: 

Aksayqin (Fang et al., 1991), 6: Sumix Co (Van Campo and Gasse, 1993), 7: Longmu 

Co (Avouc et al., 1996), 8 Bangong (Van Campo et al., 1996), 9: Lunkaransar (Singh et 

al., 1972), 10: Didwana (Singh et al., 1972), 11: Uvs Nurr (Grunert et al., 2000), 12: 

Manas (Rhodes et al., 1996), 13: Bosten Lake (Huang et al., 2009), 14: Lop Nur (Chao 

et al., 2009), 15: Gahai (Fan et al., 2009), 16: Qaidam Basin (Fan et al., 2009), 17: 

Seling Co (Li et al., 2009), 18: Zabuye (Wang et al., 2002), 19: Nam Co (Schütt et al., 

2008), 20: Ren Co (Tang et al., 1999), 21: Lake Hidden (Enzel et al., 1999), 22: Lake 

Shayema (Jarvis, 1993), 23: Tsagann Nuur (Komatsu et al., 2001), 24: Dood Nuur 

(Dorofeyuk and Tarasov, 1998), 25: Telmen (Peck et al., 2002), 26: Daba Nur (Gunin et 

al., 1999), 27: Darhad (Gillespie et al., 2008), 28: Gun Nuur (Dorofeyuk and Tarasov, 

1998), 29: Tengger Desert (Zhang et al., 2002), 30: Chaka Salt (Xingqi et al., 2008), 31: 

Qinghai (Rhode et al., 2009), 32: Sanjiaocheng (Shi et al., 2002), 33: Baijian (Pachur et 

al., 1995), 34: Yanhanzi (Chen et al., 2003), 35: Daihai (Shen et al., 2002).  
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Chapter 2 Physical setting of Lake Karakul closed basin  
 

A closed-basin lake, Lake Karakul (ca. 39°N, ca. 73°25'E, Fig. 2.1), is situated in the 

northern margin of the eastern Pamir. The present lake level is approximately 3915 m 

a.s.l., and the area of the lake is 380 km2, calculated on the basis of a 1:100000 

topographic map compiled by the USSR in the 1970s and a digital elevation model 

developed by the Shuttle Radar Topographic Mission-3 (SRTM-3 DEM) in 2000. The 

bathymetry results (Nöth, 1932) show an asymmetric lake basin, with the western part 

>230 m deep and the eastern part < 30 m deep (Fig. 2.2). 

The Karakul closed basin is bordered on the northward by the Za-Alai Range 

(Fig. 2.1), which defines the northern perimeter of the Pamir. The north-vergent Main 

Pamir thrust along the Za-Alai Range is a crustal-scale fault, which indicates that the 

Pamir has been overlaid on the Palaeogene sedimentary basin from the Tadjik 

Depression to the Alai Valley to the Tarim Basin for a distance of ~300 km (e.g., 

Burtman and Molnar, 1993; Pavlis et al., 1997; Arrowsmith and Strecker, 1999; 

Robinson et al., 2004). A minimum Holocene dip-slip rate for the Main Pamir thrust is 

6 mm/yr (40 m/6.4 ky), which was calculated from the 18 m of vertical offset of the 

outwash terrace surface (Qt3) with a 27° dipping fault in the Alai valley, and the 

calibrated 14C age of about 4400 yr BC from intercalated organic material within the 

faulted gravels of the terrace (Arrowsmith and Strecker, 1999). On the other hand, the 

Karakul closed basin is recognized as a graben, which is bounded by north-trending 

normal faults on its western and eastern sides (Nöth, 1932; Strecker et al., 1995; 

Robinson et al., 2004, 2007). The meso-scale normal faults show an E-W extension 

(Strecker et al., 1995). The onset of these normal faults is unknown. Instead, the 

Quaternary normal faulting in this closed basin occurred at a minimum of three different 

times and deformed the terminal moraines, related outwash terraces, and present 

outwash surfaces in the lower reaches of the Muzkol and Muksu Rivers (in the 

southwestern part of the basin) (Strecker et al., 1995). The youngest deformation 

(undated) is identified as right-stepping normal faults in the braided plain of the Muzkol 

River; the minimum offset of 1!2 m entrapped fluvial sands against the fault scarplets 

(Strecker et al., 1995). 
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At the basin floor (station Karakul 39.01° N 75.36° E, 3930 m a.s.l.), the mean 

annual temperature is !3.6 °C and the mean annual precipitation is 80.6 mm (Fig. 2.1). 

This restricted rainfall condition is attributed to the presence of the mountain ranges to 

the west, which block moisture advection by the mid-latitude westerlies. The present 

glacial equilibrium-line altitudes range from 4800 m to 5200 m a.s.l. (Bazhev et al., 

1975). 

The surrounding mountain ranges mainly consist of Palaeozoic metasediments 

and Triassic granites (Fig.2.2; Nöth, 1932; Strecker et al., 1995). The coastal region is 

dominated by Quaternary sediments originating from the palaeolake and glaciation. In 

the north coast region, Pumpelly (1905, 1908) recognized palaeoshoreline landforms 

extending up to 320 feet (97.6 m) above the lake level measured in 1903. Furthermore, 

Pumpelly (1905) indicated that the preservation of the palaeoshoreline landforms ended 

at the150-foot (45.0 m) level; the palaeoshorelines observed below the 150-foot level 

are well-preserved, while those above it are largely obliterated, except for the 200-foot 

(61.0 m) level and 320-foot level. Among the palaeoshorelines below the 150-foot level, 

those observed at the 60-foot (18.3 m), 120-foot (36.6 m) and the 150-foot levels are 

noticeable as narrow inclined terraces in steep rock slopes (Pumpelly, 1905). With 

respect to the absolute age of the palaeolacustrine landform, Velichiko and Lebedeva 

(1973) presented a date of 27700 ± 700 14C yrs BP from gyttja in the Karakul lake 

terrace (the altitude is unknown). 
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Fig. 2.1. Map and climate of the study area. (A) Location of Lake Karakul. The 

light-coloured area shows major closed-basin lakes (or seas) in western Central Asia. 

(B) Pamir and adjacent major mountain ranges. The shaded area is over 3000 m a.s.l. 

Numbers 1!7 in boxes show the locations of glacial chronology studies listed in Fig. 7.2. 

(C) Temperature and precipitation in Lake Karakul closed basin. Mean annual 

precipitation and annual mean air temperature are displayed with the name of the 

meteorological station (see Fig. 2.1D for location). The histogram shows mean monthly 

precipitation. Datasets are cited from “Central Asia Temperature and Precipitation 

Data, 1879!2003” (Williams and Konovalov, 2008). The data period is 1960!1990 

(except for 1973, 75, 76, 80 and 81, in which errors are included). (D) Lake Karakul 

region; 1: Closed-basin divide, 2: Main stream and flow direction, 3: Contour line (3950 

m a.s.l.), 4: Main peak and its altitude, 5: Threshold of Karakul closed basin, 6: Glacier 

and perennial snow patch, 7: Lake and 8: Metrological station. The main regions of 

detailed study are indicated within black boxes. 
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Fig. 2.2. Geological map (modified after Strecker et al., 1995) 
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Chapter 3 Method 
 

3.1. Mapping process 

 

In order to accurately identify the distribution of palaeoshoreline landforms and glacial 

landforms in the Lake Karakul region, stereoscopic analyses were performed using 

ALOS (resolution of 2.5 m) and ASTER (resolution of 15 m) images and Corona 

(KH-4A; resolution of 2.7 m) satellite photographs. As the base map, ortho-images with 

contour lines were prepared using SRTM-3 DEM and Landsat 7 Enhanced Thematic 

Mapper Plus (ETM+; p151r033; 15 m resolution in Band 8) data. The data used in this 

study are listed in Table 3.1. 

 

3.2. Fieldwork 

 

Detailed fieldwork was undertaken in and around the Karakul closed basin in 2007 and 

2008. During this fieldwork, I studied the geomorphological features and sediment 

stratigraphies in association with the palaeolake and glaciation using a portable GPS 

receiver (GARMIN Etrex) to establish locations. I also described rock-weathering 

features and evaluated the degree of weathering of morainic surface gravels using a 

relative dating technique, the details of which are mentioned in Chapter 6. I collected 28 

samples from the soils beneath the weathered gravels to identify the dominant minerals. 

 In addition to these investigations, the palaeoshoreline landforms were levelled 

in some key regions (Figs. 4.1 and 4.3). Two different methods were used to determine 

the altitude of the palaeoshoreline landforms. The first was a level survey from the 

present lake surface at 3915 m a.s.l., using a portable electronic distance meter 

(TruPulse 200). The second method was based on the altitude displayed by the SRTM-3 

DEM. As for the error in the altitude derived from the SRTM-3 DEM, Liu (2008) 

pointed out that this was no more than 5 m in the Taidam Basin (NW China). Since the 

palaeoshorelines around Lake Karakul are distributed on a low relief basin-floor, the 

palaeoshoreline altitude error of these SRTM-3 DEM values also seems to be within 5 

m. 
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3.3. X-ray diffraction 

 

The collected samples were analyzed using a Brukar MX-Labo X-ray diffractometer 

(XRD) with CuK" radiation at 40 kV and 20 mA. The scanning speed was 4°2"/min 

and the stepped diffraction angle was 0.02°2". Each of the powdered samples was 

mounted on a glass slide and X-rayed from 2 to 50°2". MacDiff 4.2.5 software was 

used to identify the mineral composition from the peak characteristics.
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Table 3.1. Data sources used in compilation of geomorphological map in and around 

Lake Karakul closed basin 

Satellite image ID number Data scene acquired 
Corona KH-4A DS1114-1072DF98 3/29/1971
Corona KH-4A DS1114-1072DF99 3/29/1971
Corona KH-4A DS1114-1072DF100 3/29/1971
Corona KH-4A DS1114-1072DF101 3/29/1971
Corona KH-4A DS1114-1072DF102 3/29/1971
Corona KH-4A DS1114-1072DA104 3/29/1971
Corona KH-4A DS1114-1072DA105 3/29/1971
Corona KH-4A DS1114-1072DA106 3/29/1971
Corona KH-4A DS1114-1072DA107 3/29/1971
Corona KH-4A DS1114-1072DA108 3/29/1971
Terra ASTER ASTL1A0605580207120305 6/27/2002
Terra ASTER ASTL1A0557260308080167 7/25/2003
Terra ASTER ASTL1A0557170308080166 7/25/2003
Terra ASTER ASTL1A0603270509110143 9/7/2005
Terra ASTER ASTL1A0558360707230489 7/20/2007
Terra ASTER ASTL1A0558100910160091 10/13/2009
ALOS PRISM alpsmb032992865-o1b2r_ub 9/7/2006
ALOS PRISM alpsmf032992755-o1b2r_uf 9/7/2006
ALOS PRISM alpsmb032992870-o1b2r_ub 9/7/2006
ALOS PRISM alpsmf032992760-o1b2r_uf 9/7/2006
Landsat 7 ETM+ p151r033 8/24/2004
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Chapter 4 Palaeolake level fluctuation and related palaeo-basin 

morphodynamics 
 

4.1. Introduction 

 

The aim of this chapter is to present the two essential data sets needed to reconstruct the 

lake-level fluctuation of Lake Karakul. The first is information about the existence, 

extent, and sequence of the past lake-level changes. This can be obtained from the 

identification and classification of the palaeoshoreline landforms and related sediments 

along the coast region. 

 The second involves data about the past basin-closure condition, with special 

emphasis on the geomorphic history in the threshold of the closed basin. For example, if 

the former threshold altitude was equivalent to the highest level of the palaeolake, the 

closed basin must not have accommodated the more increase in hydrologic input, and 

thus subsequently formed an overflow or spillway toward the adjacent drainage basins. 

This suggests the possibilities not only that the highest palaeolake level is determined 

by the topographic setting of the threshold, but also that the succeeding lake level 

lowering is controlled by the variation in the amount of the outlet discharge. Such cases 

have actually been recognized in some closed-basins, including those of Lake 

Bonnneville (Gilbert, 1890), the Caspian Sea (Chepalyga, 1984), and Darhad Basin 

(Gillespie et al., 2008). Therefore, understanding the geomorphic development in the 

threshold region is crucial to an investigation of the cause of the palaeolake-level 

fluctuations, in other words, whether or not they fully reflected the changes in the 

closed-basin hydrological balance and, ultimately, the climate. 

 

4.2. Identification and classification of palaeoshoreline landforms 

 

In the north coast region (Fig. 4.1), outwash fans originating from the Koksu valley are 

widely developed. It should be noted that a series of continuous linear configurations 

running along the contour of these outwash fans is clearly observed in the satellite 

image (Fig. 4.1). These linear configurations are alternating flat surfaces and scarplets 
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which measure a few meters in height in the field (Fig. 4.2 and Photo 4.1A). 

Sub-angular to rounded lag gravels comprising pebbles and cobbles, or in some places, 

boulders are distributed on their surfaces. These features indicate the presence of a flight 

of wave-cut benches and related scarplets on the outwash fans. 

 When classifying the palaeoshorelines in this region, I adopted the following 

principles: (1) palaeoshoreline landforms were recorded on outwash fans up to the 

highest level of a palaeolake; and (2) given that a new outwash fan was developed, it 

must have eroded off some parts of the previously submerged outwash fans and the 

palaeoshorelines on them. On the basis of these principles, it is found that each of 

palaeoshorelines labelled H1 on an F1 fan, M1 on an F2 fan, L1 on an F3 fan, and LL1 

on an F4 fan (Fig. 4.1) represents the highest level of the palaeolake highstand, which 

occurred following the formation of each of the four outwash fans (F1, 2, 3, and 4). 

Consequently, I defined the palaeoshoreline groups associated with these four 

palaeolake highstands as H Shorelines, M Shorelines, L Shorelines, and LL Shorelines 

in descending order of age. 

  

4.2.1. H Shorelines 

 

The H Shorelines are restricted to the F1 outwash fan (see H Shorelines in Fig. 4.1). The 

highest palaeoshoreline altitude in this group is 4120 m a.s.l., which is 205 m a.l.l. (the 

term “m a.l.l.” refers to meters above the present lake level) (Fig. 4.2A). The H 

Shorelines below 4000 m a.s.l. must have been eroded and replaced by both M 

Shorelines and L Shorelines. However, at present, 22 terraces of the palaeoshoreline 

landforms are preserved (Fig. 4.1). The height differences between these terraces range 

from 3 to 16 m (Fig. 4.2A). Among the palaeoshorelines of this group, H1 (4120 m 

a.s.l.), H9 (4091 m a.s.l.), H10 (4083 m a.s.l.), H12 (4066 m a.s.l.), H13 (4061 m a.s.l.), 

H15 (4038 m a.s.l.), and H21 (4013 m a.s.l.) have predominant palaeoshoreline 

landforms identified by a wave-cut bench and scarplet. 

In the south, where hills were once submerged (Fig. 4.3A), four wave-cut 

benches of this group are clearly identified (Figs. 4.3A and 4.4 and Photo 4.1B). Using 

the SRTM-3 DEM, the altitudes of these four palaeoshorelines are found to be 

approximately 4120 m, 4090 m, 4080 m, and 4050 m a.s.l.. These palaeoshorelines 
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probably correspond to the highest palaeoshorelines H1, H9, H10, and H14 present in 

the north. 

 

4.2.2. M Shorelines 

 

The M Shorelines are distributed on both the F1 and F2 outwash fans (Fig. 4.1). 

However, these shorelines carved the F2 outwash fan up to a height of 4000 m a.s.l. (85 

m a.l.l.), showing the highest level of this group (Fig. 4.1). Further, the palaeoshoreline 

landforms and sediments of the M Shorelines were probably eroded or reworked during 

the L Shoreline development on the lower elevation of the F2 outwash fan. The M 

Shorelines consist of 13 terraces on the F1 outwash fan and 8 terraces on the F2 

outwash fan (Fig. 4.1). The height differences between these terraces range from 2 to 7 

m (Fig. 4.2A). Among the palaeoshorelines of this group, M1 (4000 m a.s.l.), M4 (3984 

m a.s.l.), and M10 (3963 m a.s.l.; 3960 m a.s.l. on the SRTM-3 DEM) are marked by 

predominant palaeoshoreline landforms, of which the backshore cliff dips steeply 

toward the lake.  

In the southwestern hilly land, three wave-cut benches with palaeoshoreline 

altitudes of approximately 4000 m, 3970!75 m, and 3960 m a.s.l. are identified (Figs. 

4.3A and 4.4 and Photo 4.1B). One of the palaeoshorelines at 3960 m a.s.l. in the 

southeastern coastal region (see “Boulder shoreline” in Fig. 4.3B and Photo 4.1C) has a 

remarkable feature; it is characterized by the presence of rounded boulders of granites 

and metasandstones. 

 

4.2.3. L Shorelines 

 

The L Shorelines are distributed on the F1, F2 and F3 outwash fans (Fig. 4.1). The 

highest palaeoshoreline in this group carves the F3 outwash fan at 3950 m a.s.l. or 35 m 

a.l.l. (Fig. 4.2). The L Shorelines on the F3 outwash fan consist of 15 terraces (Fig. 4.1). 

The height differences between these palaeoshorelines range from 1 to 2.5 m (Fig. 

4.2B). Out of the palaeoshorelines of this group, L1 (3950 m a.s.l.) and L7 (3940 m 

a.s.l.) have relatively large backshore cliffs and therefore are recognized as predominant 

palaeoshoreline landforms.  
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 In the south (Fig. 4.3), the palaeoshorelines are widely distributed, and the L 

Shorelines consist of a maximum of 10–11 terraces. Among these palaeoshorelines, the 

ones observed at 3950 m a.s.l. and 3940 m a.s.l. from the SRTM-3 DEM (Profile 1 in 

Figs. 4.3 and 4.4) and those at 3932 m a.s.l. (Profile 2) are distinctly identified, as 

shown in the profile. These palaeoshorelines probably correspond to the L1, L7 and L13 

palaeoshorelines in the northern region of the outwash fans. 

 

4.2.4. LL Shorelines 

 

The LL Shorelines are distributed on the F2, F3, and F4 outwash fans (Fig. 4.1). The 

highest level in this group is indicated by the palaeoshoreline that truncates the F4 

outwash fan at a height of up to 3925 m a.s.l. or 10 m a.l.l. (Figs. 4.1 and 4.2B). The 

palaeoshorelines of this group consist of 7–10 terraces (Fig. 4.1). The height differences 

between these shorelines ranges from <1 m to 3.0 m (Fig. 4.2). In this group, the LL1 

(3925 m a.s.l.), LL5 (3920 m a.s.l.), and LL7 (3917 m a.s.l.) palaeoshorelines are 

relatively well developed. 

The palaeoshorelines observed at 3925 m, 3920 m and 3917 m a.s.l. are sharply 

defined, as shown in Profiles 1 and 2 in Fig. 4.4. The palaeoshorelines at 3925 m, 3920 

m, and 3917 m a.s.l. are probably associated with the LL1, LL5, and LL7 

palaeoshorelines observed in the northern outwash fans.  
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Fig. 4.1. ALOS image showing palaeoshorelines on glacial outwash fans in the north 

coast region. Profiles A and B are shown in Fig. 4.2; the number on each 

palaeoshoreline in this figure corresponds to that shown in the profiles of Fig. 4.2. The 

lacustrine sediment on the northeastern shore is cut by the palaeoshorelines above 3925 

m a.s.l., which indicates the highest level of the LL Shorelines. This sediment, therefore, 

must have been deposited in association with the palaeolake highstands before the 

formation of the LL Shorelines (possibly L Shorelines). 
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Photo 4.1. Field photographs of palaeoshorelines. (A) Typical view of wave-cut terrace 

with palaeoshoreline (L7) altitude of 3940 m a.s.l. on the northern outwash fans, (B) 

Field view of upper part of Profile 1, showing H Shorelines and M Shorelines, (C) 

“Boulder shoreline” at approximately 3960 m a.s.l. in southern coastal region (see Fig. 

4.3B for location). 
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Fig.4.2. Profiles of palaeoshorelines on glacial outwash fans; (A) Profile A: H 

Shorelines and M Shorelines, (B) Profile B: L Shorelines and LL Shorelines. The 

number on each palaeoshoreline corresponds to that shown in Fig. 4.1. These profiles 

were produced by a levelling survey from the present lake shore; the heights errors are 

possibly within a few meters.
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Fig. 4.3. Distribution of palaeshorelines in southwestern hilly land (A) and 

southeastern coastal region (B). Profiles 1 and 2 are shown in Fig. 4.4. 
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Fig. 4.4. Palaeoshoreline profiles of southwestern hilly land and southeastern coastal 

region. The palaeoshoreline altitudes below 3940 m a.s.l. were determined by a 

levelling survey from the present lake shore. On the other hand, the underlined 

palaeoshoreline altitudes were obtained from the SRTM-3 DEM; the heights errors are 

possibly within 5 m, as mentioned in Chapter 3.
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4.3. Basin-closure morphodynamics 

 

The present altitude of the lowest drainage divide is approximately 3950 m a.s.l. in the 

southern margin of the drainage basin (Fig. 2.1). This suggests a large possibility that 

the palaeolakes associated with the H, M, and L Shorelines were drained from this 

divide. This section, therefore, investigates the geomorphic development of this 

threshold region to determine whether the former basin was hydrographically closed or 

open during the past lake level changes. 

 

4.3.1. Glacial/glaciofluvial landforms in threshold region   

 

The threshold region lies on the confluence of the three glacierised valleys from the 

northwestern (Kokuibel), southeastern (Muzjilga) and eastern (Muksu) sides (Fig. 4.5). 

The glacial and glaciofluvial landforms originating from these valleys can be classified 

into four groups (GH, GM, GL, and GLL in descending order of ages) on the basis of the 

different terrace levels of end moraines and glaciofluvial outwash fans (Figs. 4.5 and 

4.6). 

 The GH landforms occur widely in the Kokuibel valley mouth, and decline 

toward Lake Karakul (Fig. 4.6), in contrast to the present river direction. The glacial 

trough edge of this group is traced along the valley wall continuously to 4200 m a.s.l. 

(Figs. 4.5 and 4.6). Evidence for the valley-fill sediment associated with this glacier 

advance is demonstrated by a ca. 100 m thickness of glaciofluvial sediment comprising 

the highest recessional morainic terrace along the main valley (Fig. 4.6). The 

intercalation of the lacustrine sediments is not observed in this valley-fill sediment. 

 As for the GM group, the hummocky moraine field and related outwash fan 

develop extensively along the main valley (Fig. 4.5). The GM outwash fan can be 

divided into two terraces on the basis of the altitudinal distribution. The upper terrace 

indicates that the altitude of the valley-fill sediments must have been higher than 4040 

m a.s.l. (Fig. 4.6); the lower outwash terrace extends from Lake Karakul to an altitude 

of 3970 m a.s.l.   

With respect to the GL group, the main valley was occupied only by the 

glaciofluvial fans up to an altitude of 3970 m a.s.l. (Figs. 4.5 and 4.6). The surface level 
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of the GL outwash fan was approximately 20 m from the present riverbed. 

The glaciofluvial fans of the GLL group develop at about 2!5 m above the 

present riverbed; the present threshold of the Karakul closed-basin rests on a GLL fan at 

the mouth of the Muksu Valley (Figs. 4.5 and 4.6). The GLL glacial landforms cannot be 

determined here since the glaciation was restricted to the middle-upstream parts of the 

valleys.  

 

4.3.2. Basin closure conditions relative to palaeolake highstands 

 

The GH, GM, and GL landforms prove that the three major glaciations raised the 

threshold of the Lake Karakul closed basin. Therefore, the GH, GM, and GL glacial 

valley-fill sedimentations must have been associated with the palaeolake highstands 

indicated by the H, M, and L Shorelines, respectively. 

 The trough edges of the GH group indicate that the confluent piedmont glacier 

occupied the main valley at least to an altitude of 4200 m a.s.l. (Fig. 4.6), and flowed 

toward the Karakul closed basin. The reconstructed glacier surface is obviously higher 

than the altitude of the highest level of the H Shorelines (4120 m a.s.l.). The valley-fill 

geomorphic evidence related to this glaciation, however, is preserved up to an altitude 

of 4080 m, as shown in the GH recessional morainic terrace and the related outwash 

terrace declining toward Lake Karakul (Fig. 4.6). This leaves a question about the basin 

closure during the period of the 40 m lowering from the highest lake level. On the other 

hand, such GH valley-fill landforms demonstrate that the Karakul drainage basin existed 

under closed-basin conditions without any overflows during the lake level lowering 

below 4080 m a.s.l.  

 The surface levels of the upper GM outwash terrace and the GL outwash terrace 

show that the valley-fill sedimentation was sufficiently high to have kept a closed basin 

condition during the period of the palaeolake stand at the highest level of M and L 

Shorelines (Fig. 4.6). Additionally, the existence of the lower GM outwash terrace 

declining to Lake Karakul (Fig. 4.6) suggests that no overflow from the former closed 

basin was formed during the GM glacier retreat stage.  

 

4.4. Summary  
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The main conclusions of this chapter are as follows: 

1. The palaeoshorelines were classified into four groups: H Shorelines, M Shorelines, L 

Shorelines, and LL Shorelines (in descending order of height). The highest levels of 

each group are 4120 m a.s.l. (205 m a.l.l.), 4000 m a.s.l. (85 m a.l.l.), 3950 m a.s.l. (35 

m a.l.l.), and 3925 m a.s.l. (10 m a.l.l.), respectively. 

 

2. The four palaeoshoreline groups consist of 22, 13, 15, and 10 terraces, respectively. 

These terraces show the presence of distinct palaeoshorelines such as H1, H9, H10, H12, 

H13, H15, and H21 as the H Shorelines; M1, M4, and M10 as the M Shorelines; L1 and 

L7 as the L Shorelines; and LL1, LL5, and LL7 as the LL Shorelines. 

 

3. An investigation of the geomorphic development around the threshold region shows 

that the Karakul drainage basin existed under closed-basin conditions except for the 

period during the 40 m lake level lowering from the highest H shoreline.  
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Fig. 4.5. Geomorphological map around threshold of present closed basin (see Fig. 2.1 

for location). For profile along the main valley, see Fig. 4.6.
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Fig. 4.6. Longitudinal profiles of terrace surfaces, glacial landforms and present 

riverbed toward threshold of present closed basin.
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Chapter 5 Regional differences in lake-glacier landform interaction 
 

5.1. Introduction 

 

The linkage between glaciations and lake level changes in closed basins can be directly 

understood from geomorphic developments based on the distribution, stratigraphy and 

chronology of glacial, glaciofluvial and lacustrine landforms and their deposits (e.g. 

Gilbert, 1890; Putnam 1950; Clayton and Clapperton, 1997; Lehmkhul et al., 2002). It 

should be noted that such geomorphic developments occasionally have regional 

differences, corresponding to geomorphic settings of the drainage basins. The 

identification and integration of these differences, is therefore, indispensable for a better 

understanding of lake-glacier relations and related palaeogeography. This viewpoint, 

however, has not yet been considered in any closed basin. 

 In this context, this study recognizes three types of geomorphic developments, 

which serve as evidences of differences in lake-glacier landform interaction in the 

Karakul closed basin. The purpose of this chapter is to describe these geomorphic 

developments. 

 

5.2. Three types of the geomorphic development in the closed basin 

 

Landforms distributed from the lower reaches to the lake can be classified into four 

groups based primarily on their relationship with the defined four palaeoshoreline 

groups (H, M, L and LL Shorelines; see in Chapter 4), and subordinately on the 

configuration of the landforms. These groups are named GH, GM, GL and GLL for glacial 

landforms and F1, F2, F3 and F4 for outwash fans in the order of descending ages; the 

four groups of glacial landforms occupy the same stratigraphic positions as those 

defined around the threshold region. 

 Fig. 5.1 shows the geomorophological map of the entire shore. This map helps 

in identifying drainage basins, where essential landform evolutions occurred; this 

information is useful for an understanding the lake-glacier linkages. Three drainage 

basins: the Koksu, Akjilga and Karajilga basins, were identified in this study (Fig. 5.1). 
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In this section, the geomorphic development in the Koksu basin has been described first 

because the sequence of the glacial landform, outwash fan and palaeoshoreline 

formation observed there is standard. Subsequently, the relation between palaeolake 

level and palaeoglacier position in the Akjilga and Karajilga basins, where glacial and 

lacustrine landforms and related deposits widely occur, has been revealed from the 

geomorphic developments. 

 

5.2.1. Koksu basin: Outwash fan type 

 

This region is characterized by the occurrence of extensive coalescing outwash fans 

from the piedmont to the lake. These outwash fans can be divided into four geomorphic 

surfaces: F1, F2, F3 and F4, which are carved up to the highest level of the H, M, L and 

LL Shorelines, respectively.  

 It is worth noting that the oldest F1 fan is covered by the GH terminal moraines 

up to an altitude of 4140 m, as shown in Figs. 4.1, 5.2, and 5.3. This proves that the 

formation of the F1 fan continued until the period when the GH glacier reached its 

maximum. Considering the configuration of the moraines and outwash fans, the 

developments of the F2, F3 and F4 fans should also correspond to those of the GM, GL 

and GLL terminal moraines, respectively. 

 

5.2.2. Akjilga basin: Glacial-lacustrine landform type 

 

There is extensive development of lacustrine terraces composed of the laminated fine 

sand and silt in the lower reaches of the Akjilga basin at two levels, namely, the 

altitudes of up to 4120 m a.s.l. and those up to 3950 m a.s.l. The lower lacustrine terrace 

(LTL) meets the margin of the outermost hummocky GL terminal moraine at 3950 m 

a.s.l., as shown in Figs. 5.4 and 5.5; the LTL lacustrine terrace deposits intertwined with 

the glacial sediments of the outermost GL terminal moraine. These facts demonstrate 

that the maximum glacial advance was synchronous with the period of palaeolake stand 

at the highest level of L Shorelines. 

The sediments related to the upper lacustrine terrace (LTH) at 4120 m a.s.l. were 

developed in association with the highest level of H Shorelines (Figs. 5.4 and 5.5). In 
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addition, the remains of the highest GH latero-terminal moraine indicate the same 

topographic and stratigraphic relationship as that observed in the case of LTL lacustrine 

terrace and GL glacial landform (Fig. 5.5). 

 Neither the related lacustrine landforms nor the sediments of the palaeolake 

stand of the highest level of the M Shorelines have been preserved. Nevertheless, the 

related glacial landforms, represented by the GM moraines, can be recognized on the 

basis of the altitudinal position of landforms (Figs. 5.4 and 5.5). On the other hand, the 

palaeoshoreline landform marked by the highest level of LL Shorelines is clearly 

identified as the scarplet along the 3925 m contour line (Fig. 5.4). However, the related 

glacial landforms (GLL moraine) cannot be determined because the glaciation was 

restricted to the upper reaches of the Akjilga basin. Consequently, in the case of the M 

and LL Shorelines, it is impossible to present any direct evidence of the relationship 

between the highest stand of the palaeolake and the maximum glacier advance. 

 

5.2.3. Karajilga basin: Water-terminating ice margin type 

 

The largest catchment of present and former glaciers lies in the Karajilga basin, 

originating from the northwestern flank of the closed basin divide (Fig. 5.1). Three 

extensive glaciations of this drainage basin reached the shore area, as shown by the 

distribution of GH, GM and GL moraines and related deposits in the region (Fig. 5.6). 

 The oldest GH glacial landforms and sediments are observed on the western 

sides of the hills at a height of 4285!4685 m a.s.l., bordering the Koksu basin; the GH 

morainic deposits, covering a part of these hills, can be traced up to an altitude of 4120 

m (Fig. 5.6). Large erratics of granite (see photo. 5.1) and phyliite, however, are 

scattered further downstream at altitudes between 4040 and 3970 m. All these 

occurrences are confined to the F1 outwash fan (Fig. 5.6) which was formed prior to the 

maximum GH glacier advance. Furthermore, three such erratics are distributed on 

palaeoshorelines of the H Shoreline. Such spatial and altitudinal characteristics of the 

GH glacial landforms and the three erratics serve as evidence that the former glacier 

terminated in the palaeolake, and that iceberg calving occurred at the glacier-lake 

interface which caused large boulders to float toward the submerged F1 outwash fan 

(Fig. 5.7). 
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 The extent of the GM glaciation is well indicated by three major latero-terminal 

moraines on the left bank of the lowermost reaches. Each of these moraines descends to 

an altitude of about 4040, 3960 and 3950 m (Fig. 5.6), respectively, although the exact 

terminal position of the highest one is unknown due to the erosion by the outwash 

formation from the Koksu basin. Unfortunately, direct geomorphological evidence 

regarding the relationship between the palaeolake and palaeoglacier fronts inferred from 

these three moraines cannot be identified. The longitudinal profile of the highest GM 

moraine, however, suggests that the glacier may have extended into the lake surface at 

the highest level of M Shoreline (Fig. 5.7) during the maximum GM glaciation.     

 The link between the GL glaciation and the palaeolake can be determined from 

the following evidence as in the case of Akjilga basin: the outermost GL terminal 

moraine merges with the LTL lacustrine terrace, consisting of laminated silts and sands, 

at about 3950 m a.s.l. (Fig. 5.6). From this evidence it can be concluded that the glacier 

margin, during the maximum GL glacier advance in this basin, was close to the lake 

surface at the highest level of the L Shoreline (Fig. 5.7). 

 

5.3. Summary 

 

The regional differences in lake-glacier landform interactions in the Karakul closed 

basin are summarized as the following three types: 

 

(1) Outwash fan type: the formation of four major outwash fans (F1, F2, F3, and F4) 

began in the period when the lake surface was at the present lake level or the level 

below, and continued until the maximum extent of the corresponding glacial advances 

(GH, GM, GL, and GLL).    

 

(2) Glacial-lacustrine landform type: The margin of outermost terminal moraine is 

contiguous to the upper limit of the lacustrine terrace at the highest level of a 

palaeoshoreline group, suggesting that the glacier during the maximum advance stage 

was close to the palaeolake surface at the climax stage; this direct evidence was 

ascertained in the palaeolake highstand periods associated with both H and L 

Shorelines. 



 30 

 

(3) Water-terminating ice margin type: The evidence that the clusters of erratic boulders 

on palaeoshorelines lie downstream of the lower limit of lateral moraines indicates the 

existence of calving glacier margin which terminates on the palaeolake surface; this 

lake-glacier correlation is confirmed in the palaeolake highstand in association with the 

H Shoreline and also probably M Shoreline. 
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Fig. 5.1. Geomorphological map delineating glacial, glaciofluvial and lacustrine 

landforms in the shore region of Lake Karakul closed basin.
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Fig. 5.2. Geomorphological map of Koksu basin (see Fig. 2.1 for location).
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Fig. 5.3. Longitudinal profiles of glacial landforms and outwash fans in lower Koksu 

basin. B shows the geomorphic-geologic section in the GH moraine.
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Fig. 5.4. Geomorphological map of lower reaches of Akjilga basin (see Fig. 2.1 for 

location). 
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Fig. 5.5. Longitudinal profiles of terrace surfaces, glacial landforms and the present 

riverbed in lower Akjilga basin.
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Fig. 5.6. Geomorphological map of lower reaches of Karajilga basin (see Fig. 2.1 

for location).
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Photo 5.1. Granite boulder 270 cm high, observed in the northern outwash fan at 4015 

m a.s.l. (N39º09#24.1$, E73º26#58.2$): it should be noted that the distribution of such 

large boulders is restricted to the F1 outwash surface as shown in Fig. 5.6. In addition, 

some of these boulders are situated at the altitudes above the highest level of M 

Shorelines (4000 m a.s.l.). From these facts and the geomorphology of this area, it can 

be suggested that boulders on the outwash fan may have been carried by icebergs 

originating from Karajilga basin during the paleolake highstand associated with the H 

Shorelines. 
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Fig. 5.7. Longitudinal profiles of glacial and lacustrine landforms and related 

sediments in the lower reach of the Karajilga basin.
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Chapter 6 Weathering characteristics of morainic surface gravels 
 

6.1. Introduction 

 

Chapters 4 and 5 presented the evidence for four individual glacial advance stages 

corresponding to four palaeolake highstand periods. In this context, this chapter assesses 

the relative ages of these events through an investigation of the weathering features of 

morainic surface gravels. For this purpose, the rock-weathering characteristics in and 

around the Karakul closed basin are first described. Second, the application of a relative 

dating method to the moraines is examined on the basis of the observed weathering 

features. The weathering stages of the moraines are then evaluated using the established 

method. Finally, the implication of the differences in the weathering stages is discussed.  

 

6.2. Weathering features  

 

The weathered gravels in and around the Karakul closed basin are mainly characterised 

by a cavernous and/or shattered form and a stained surface. The occurrence of these 

three weathering features differs among rock types. 

 Cavernous weathering predominantly appears on granite and phyllite rocks 

(Photos 6.1 and 6.2), which are widespread in this region (Fig. 2.2); tafoni frequently 

developed on these rocks. Furthermore, some of the tafoni-weathered rocks are 

disintegrated and completely weathered to ground. An X-ray diffraction (XRD) analysis 

shows that the efflorescence (Photo 6.3) and soil beneath such weathered gravels 

contain salts: gypsum and halite (Fig. 6.1 and Table 6.1). This fact suggests that salt 

weathering is responsible for the progress of the cavernous hollows on the surface 

gravels.  

 The shattering features are distinguished on the gravels of schistose rocks. 

Some of the shattered gravels also contain cavernous forms, showing an ashtray-like 

surface. 

  The stained rocks prevail at the observation sites (Fig. 6.2). In particular, 

strongly varnished surfaces are developed uniformly on metasandstone and mafic 
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metavolcanic gravels (Photo 6.4), which lie on the GM and GH moraines in the lower 

reaches of the Karajilga and Akjilaga basins (Fig. 2.2); these varnished gravel surfaces 

are mostly protected from physical weathering. On the other hand, granite and phyllite 

gravels frequently display patched staining patterns, probably caused by renovation of 

the surface by salt weathering and/or frost shattering. 

 

6.3. Weathering stage of glacial landforms  

 

Several relative dating methods for glacial landforms and sediments were successfully 

used in the Himalayas (e.g., Burbank and Cheng, 1991; Shiraiwa and Watanabe, 1991; 

Owen et al., 1997; Asahi and Watanabe, 2000). No relative dating methods, however, 

have been established in the arid and cold mountain-sheltered basins of High Asia, 

where cavernous weathering phenomena associated with salts are extensively observed. 

In order to evaluate the relative dating data of moraines, therefore, this study referred to 

the Moriwaki method, which was employed to assess the morainic gravels modified by 

salt weathering in several regions of Antarctica (Moriwaki et al., 1991; Augutinus, 

2002; White et al. 2009). 

 

6.3.1. Relative dating method  

 

The original Moriwaki method (Moriwaki et al., 1991) is a relative dating method 

established in the central Sør Rondane Mountains (east Antarctica), where salt 

weathering and oxidation have been the major weathering processes through the Late 

Cenozoic (Matsuoka, 1995). In this method, the weathering degree of each of the largest 

100 gravels in a 10 % 10 m quadrangle on the moraine surface was first described on the 

basis of the following items: (1) freshness and staining, (2) cavernous weathering and 

(3) ventifact. This procedure suggests that item (1) was the crucial criterion of 

weathering in this region, while items (2) and (3) were subordinate. Using the 

combination of these criteria, therefore, the degrees of weathering (DW) of individual 

gravels were classified into the following five groups: 

 DW0: fresh clast 

 DW1: stained clast without cavernous weathering, ventifact, and crumbling 
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 DW2: stained, cavernous weathered and/or ventifacted, not crumbled 

 DW3: distinctly stained and somewhat crumbled 

 DW4: strongly stained and crumbled 

Lastly, to define the weathering stage of till composed of gravels with different 

weathering degrees, a weathering index was assigned to each deposit using the 

following formula: Wi=N0%0+ N1%1 +N2%2+ N3%3 +N4%4 (N0, N1, N2, N3, and N4 

denote the number of the DW0!4 numbers, respectively). 

 In this study, a modified version of the Moriwaki method was applied to the 

granites and phyllites on moraine surfaces. First, the number of measured gravels was 

modified; 50 boulders with diameter greater than 30 cm were assessed at the crest of the 

moraines. This change was made because the morainic surface boulders associated with 

the GM and GH groups have frequently not been very well preserved, probably because 

of the subsequent weathering. Second, the definitions of the individual DW groups were 

changed. This is because the differences in the weathering features of the measured 

gravels are particularly exhibited in cavernous surfaces and/or disintegration, probably 

associated with salt weathering and frost shattering, rather than in stained and 

ventifacted surfaces. Therefore, the DW groups for the gravels in this region were 

classified as follows:   

 DW0: not cavernously weathered 

 DW1: cavernously weathered to slight extent (Photos 6.1A and 6.2A) 

 DW2: distinct cavernous weathering; gravels of this group are identified as 

typical “tafoni” (Photos 6.1B and 6.2B).  

 DW3: weathered to disintegration (Photos 6.1C and 6.2C) 

 DW4: weathered to the surface level (Photo 6.1D); most of the scattered 

fragments are completely weathered to sand grains in the case of gravels with 

schistosity (Photo 6.2D). Then, the weathering index of each moraine was determined 

by the same formula as used by Moriwaki et al. (1991).  

 Fig. 6.2 shows the six measurement sites: the lower reaches of Koksu, 

Karajilga, and Akjilga; the Muksu and Muzjilga basins;  and the hillslopes at the 

southern shore area (South Hill). The main geomorphic settings of these regions were 

already described in the Chapters 4 and 5. 
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6.3.2. Weathering indices of glacial deposits  

 

Four distinct glacial landform groups (GH, GM, GL, and GLL) were distinguished in and 

around the Karakul closed basin. Among these groups, the separation of the GL, GM, 

and GH groups is examined on the basis of the relative dating method applied for 

granites and phyllites. 

 Regarding the granite gravels, I obtained weathering data from moraine 

deposits in the Koksu, Karajilga, and Akijiga basins, and from in-situ boulders on the 

South Hill (Fig. 6.3), where the exposure age is probably equal to that of the GH 

moraine groups because the measurement site at 4160 m a.s.l. never underwent 

inundation throughout the four palaeolake highstands. As shown in the data from the 

Akjilga basin, boulders on the GL moraine mostly exhibit fresh surfaces and are 

evaluated to have a weathering index value of 28 (Fig. 6.3). In comparison to this group, 

the boulders on the GM moraines in the Akjilga and Karajilga basins display various 

degrees of cavernous weathering; their weathering index values range from 74 to 94, 

which is significantly higher than that of the GL moraines. Furthermore, the data from 

the GH moraine in the Karajilga basin and South Hill show that the surface boulders are 

mostly weathered to the ground level, with weathering index values ranging from 135 to 

138, i.e. distinctly higher value than that of the GM moraine in the Akjilga and Karajilga 

basins (Fig. 6.3). On the other hand, the weathering index values for the GM and GH 

moraines in the Koksu basins are clearly higher than those in the other regions 

mentioned above. However, it is of great significance that the weathering index values 

in the Koksu basin, 130 for the GM moraine and 178 for the GH moraine, are compatible 

with the morphostratigraphy of the moraines (Fig. 6.3). Consequently, it is reasonable to 

conclude that the differences in the weathering indices of the surface granite boulders in 

the three moraine groups are consistent with differences in the inferred exposure times. 

 As for the phyllites gravels, I obtained data from the moraines in the Muksu 

and Muzjilga basins. In these basins, both the GL and GM moraine deposits exhibit 

highly weathered appearances, as compared to the granite gravels belonging to the same 

group (Fig. 6.3). The weathering index values for the GL and GM moraines range from 

94 to 103 and from 145 to 147, respectively (Fig. 6.3). These values obviously show the 

temporal changes in weathering features with exposure age. 
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6.3.3. Implication of weathering index 

 

The discrimination between the weathering statuses of the GH, GM, and GL moraines 

was elucidated by using the modified weathering index of Moriwaki et al. (1991), 

focusing on the development of cavernous forms on surface boulders. The progress of 

such cavernously weathered forms was probably caused by salt weathering, as described 

in the Section 6.2. Therefore, the exposure time required to produce the large gaps 

between the weathering indices of the three moraine groups will be assessed through a 

comparison with those of numerically dated moraines in East Antarctica, where the 

main agent of rock-weathering seem to be associated with salt action.  

 In East Antactica, the weathering index of Moriwaki et al. (1991) was applied 

to glacial moraines in the three regions listed in Table 6.2. It should be noted that the 

moraine ages implied by the different weathering stages are significantly discrepant 

between the inland (the Sør Rondane Mountains) and coastal (the Bunger Hills and 

Mather Peninsula) regions. In the former region, the different weathering index values 

show a separation of ages ranging from a few hundred thousand to a few million years 

(Table 6.2). In contrast, those in the latter regions indicate a separated time of some 

thousands to a few tens of thousands of years.  

 One of the main reasons for such distinct contrasts in age would be the salt type 

operative on the weathering process. Experimental tests of the power of salts indicate 

that sodium sulphate (Na2SO4), sodium carbonate (Na2CO3) and magnesium sulphate 

(MgSO4) are consistently effective in debris liberation (Goudie and Viles, 1997). 

Moreover, a field experiment in the Sør Rondane Mountains demonstrated that 

significant breakage over 4 years occurred on porous tuff blocks from soluble salts of 

thenardite (Na2SO4) and halite (NaCl), but were not visible on those with saline 

solutions of gypsum (CaSO4&2H2O), which is the most common salt there (Matsuoka, 

1996). Among the salts mentioned above, halite and thenardite are abundant in the 

coastal region (the Vestfold Hills) adjacent to the Mather Peninsula, East Antarctica 

(Gore et al., 1996), but rare in the inland region (the Sør Rondane Mountains) 

(Matsuoka, 1995). This most likely led to the large disparity in the rock-weathering 

rates of these regions.   
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 In the Lake Karakul region, both gypsum and halite are detected in the 

weathered material (Fig. 6.1 and Table 6.1). However, the XRD data qualitatively 

suggests that gypsum appears abundantly compared to halite (Fig. 6.1). This probably 

indicates that the rock weathering in this region progresses much more rapidly than that 

in the Sør Rondane Mountains, but more slowly compared to the coastal region of East 

Antarctica. Consequently, the different weathering index values from the three moraine 

groups likely suggest three major glacier advances, separated in time at least over some 

ten thousand years. 

 

6.4. Summary 

 

Cavernously hollowed, shattered and stained rock surfaces were identified as the major 

weathering features in the Karakul closed basin. It should be noted that gypsum and 

halite were detected in the soils beneath the cavernously weathered gravels. This 

indicates that the cavernous forms on the gravels were most likely caused by salt 

weathering. 

  The relative dating of the moraines was investigated using a weathering index 

based on the degree of the physical weathering of surface boulders. The measured 

indices showed significant differences between the GH, GM, and GL moraines, whose 

chronological positions corresponded to those of the H, M, and L Shorelines, 

respectively. Considering the predominant salt type operative on the weathering, the 

differences between the weathering indices of the three moraine groups probably reflect 

the wide separations in the exposure times, covering at least some ten thousand years. 
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Photo 6.1. Different degrees of physical weathering of granites. (A) A boulder with 

somewhat cavernous weathering. The scale is 30 cm. (B) A boulder with strongly 

cavernous weathering. The black backpack is 50 cm in height. (C) A disintegrated 

boulder with extensive cavernous weathering. The scale is 20 cm long. (D) Boulders 

weathered to the surface level. The scale is 100 cm. 
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Photo 6.2. Different degrees of physical weathering of phyllites. (A) A boulder with 

somewhat shattered features. The pen is 15 cm long. (B) A boulder with cavernous 

weathering features in addition to shattering features. The pen is 15 cm long. (C) 

Disintegrated gravels. A portion of the scattered fragments exhibits cavernous 

weathering. The scale is 100 cm long. (D) Gravels with advancing granular 

disintegration. It should be noted that most of scattered fragments are completely 

weathered to sand grains. The dashed line shows the original outline of a boulder 

inferred from weathered materials. The scale is 20 cm long.
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Photo 6.3. Salts beneath overturned surface gravels on southern hillslope at 4,160 m 

a.s.l. The scale is 20 cm long.
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Photo 6.4. Stained rock weathering features. (A) Stained surface boulders developed 

on the GM moraine in Akjilga basin. (B) Strongly stained morainic surface gravel. The 

pen is 15 cm long.


