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Abstract

Mountains are fundamental water towers for adjacent, densely populated lowlands. Runoff

will be affected by glacier retreat or earlier snow melt, caused by global warming. Periglacial

landforms, such as ice-rich permafrost or rock glaciers are believed to compensate the

loss in water availability with increasing temperatures. In the arid mountains of Central

Asia, enormous periglacial ice-debris complexes are predominant and believed to contain

a significant amount of internal ice. In order to better understand such a landform, an

ice-debris complex in the Ak-Shiirak massif, in the Central Tien Shan of Kyrgyzstan, was

investigated.

The main aim of this thesis was to understand the structure and genesis of the landform as

well as to estimate the ice content and its hydrological significance. The internal structures

were investigated using Ground Penetrating Radar (GPR). Furthermore a geomorpholog-

ical map and a rock glacier inventory were developed using satellite imageries.

A total of 27 GPR profiles were taken on a glacier and its adjacent ice-debris complex.

Clear reflections were apparent, indicating internal structures. The ice-debris complex was

classified into five landform classes: glacier, medial moraine, lateral moraine, rock glacier

tongue and glacio-fluvial plain. The landform classes showed distinguishable reflection

patterns.

The geomorphological map showed that glacial, periglacial and the gravitational process

domains were most dominant in the study area. The geomorphological characteristics were

in accordance with the internal structures and the GPR reflection patterns. Based on the

GPR profiles and the geomorphological map, the ice-debris complex was interpreted to be

an assembled, intermediate landform shaped by the interaction of glacial and periglacial

process domains.

The ice content of the ice-debris complex could not be estimated using on-site GPR mea-

surements, but was assessed with existing literature. In a rock glacier inventory, a total of

63 rock glaciers were mapped and their ice contents were estimated using a rough approx-

imation. The hydrological significance of the estimated ice volume was similar to that in

rock glaciers in the Northern Tien Shan, but less important than in rock glaciers in the

dry Andes.

Ice in permafrost related landforms is covered with debris and thus shielded from solar ra-

diation. With ongoing global warming these landforms become more important in future

regarding water supply. However, a better understanding of the structures and a quan-

tification of the internal ice would permit a more detailed estimation of the hydrological

significance.
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1 INTRODUCTION

1 Introduction

1.1 Motivation

Human caused climate change is unequivocal and its impacts on natural and human sys-

tems are evident on a global scale (IPCC, 2014).

One of the best known indicators of global warming are glacier length changes (Haeberli,

2005b; Kääb et al., 2007; Oerlemans, 2005). As a consequence of global warming, glaciers

show increased melting and are retreating (Bolch et al., 2012; Haeberli and Beniston, 1998;

Kutuzov and Shahgedanova, 2009; Oerlemans, 2005). Glaciers play an important role as

water reservoirs in the hydrological cycle, especially for arid, densely populated lowlands

(Immerzeel et al., 2010; Viviroli et al., 2007). The glacier retreat will therefore lead to

an earlier runoff maximum and an increased water shortage, especially in summer, when

the need for water is highest (Barnett et al., 2005). Enhanced precipitation or thaw-

ing permafrost could potentially compensate the reduced summer discharge (Bolch and

Marchenko, 2009; Sorg et al., 2012).

In dry areas, ice-rich permafrost is considered to contain a significant amount of ice,

especially in periglacial areas, where a blocky environment offers favourable thermal con-

ditions for buried ice to occur. Permafrost related landforms like ice-cored moraines or

rock glaciers contain an ice content of about 50% (Arenson et al., 2002; Barsch, 1996;

Burger et al., 1999). Ice stored in permafrost should therefore be considered to get a more

realistic assignment of the mountainous reservoir capacity, especially in dry areas.

In the Tien Shan mountains of Central Asia several massive creeping permafrost bodies are

apparent below glaciers. These complex landform assemblages are considered to contain

a significant amount of ice (Bolch and Marchenko, 2009). Previous Ground Penetrating

Radar (GPR) measurements on such an ice-debris complex showed clear indicators for

several hundred meters of buried massive ice (Bolch et al., 2015). In order to estimate

the ice content and the hydrological importance of these features, the internal structures

and geomorphological characteristics are investigated of an ice-debris complex in the Ak-

Shiirak massif in the Central Tien Shan.

1.2 Current Knowledge

The distinct ice-debris complexes were a well known phenomenon in the former Soviet

era. In modern times, the ice-debris complexes are generally regarded as common rock

1



1 INTRODUCTION

glaciers.

A similar ice-debris complex in the Chilean Andes was regarded as a depositional land-

form assemblage resulting from glacier-permafrost interactions during the late Pleistocene-

Holocene glacier advances (Monnier et al., 2014). In contrast, rock glaciers are defined as

lobate or tongue-shaped bodies of perennially frozen unconsolidated material supersatu-

rated with interstitial ice and ice lenses that move downvalley by creep as a consequence

of the deformation of ice contained in them and which are, thus, features of cohesive flow

(Barsch, 1992). Hence, rock glaciers can be regarded as a part of an ice-debris complex

with pronounced geomorphological creep characteristics. An ice-debris complex, however

describes a landform continuum as the result of periglacial and glacial interactions (cf.

Etzelmuller and Hagen (2005); Giardino and Vitek (1988)).

Rock glaciers are thought to be either of glacial origin (e.g. Evans (1993); Humlum (1996);

Whalley and Azizi (1994); Whalley et al. (1995)) or of periglacial origin (e.g. Barsch (1977,

1992); Haeberli (1985); Haeberli et al. (2006); Wahrhaftig and Cox (1959)). Glacier de-

rived rock glaciers originate below glaciers and form of glacier ice and rock fall debris

(Humlum, 1996); in contrast, periglacial rock glaciers are thought to be the result of rock

fall and avalanche deposits (Haeberli et al., 2006). In the Northern Tien Shan, the distri-

bution and characteristics of rock glaciers are related to the interaction with polythermal

glaciers, topographic characteristics, intensive weathering and rock avalanches triggered

by seismic activity (Bolch and Gorbunov, 2014).

The internal structure of rock glaciers is usually described as a two-layer model. Rock

glaciers are composed of an outer layer consisting of blocky, ice-poor sediments and an

inner core, built up by an ice-rich, fine-grained debris matrix (e.g. Burger et al. (1999);

Haeberli (1985); Ikeda and Matsuoka (2002); Wahrhaftig and Cox (1959)). The internal

structures of rock glaciers are best investigated using geophysical methods like electrical

resistivity tomography (ERT) (e.g. Farbrot et al. (2005); Hauck et al. (2003); Isaksen

et al. (2000); Leopold et al. (2011)), refraction seismics (e.g. Maurer and Hauck (2007);

Springman et al. (2012); Vonder Mühll et al. (2002)) or GPR (e.g. Berthling et al. (2000);

Degenhardt (2009); Hausmann et al. (2007)). Often a combination of several geophysi-

cal methods is applied (e.g. Hausmann et al. (2007); Maurer and Hauck (2007)). Other

studies used boreholes to investigate the internal structures of rock glaciers (e.g. Fukui

et al. (2008); Monnier et al. (2013); Vonder Mühll and Holub (1992); Vonder Mühll et al.

(2003)). These studies help to better understand the rock glacier kinematics, thermal

conditions, and the ice content of the different layers.

2



1 INTRODUCTION

1.3 Objectives and Research Questions

The potential of permafrost related, ice-rich landforms to compensate the decrease in

glacier derived discharge and huge ice-debris complexes probably containing a consider-

able amount of buried ice lead to the following main scientific aims and research questions:

1. Estimation of the hydrological significance of the ice-rich permafrost

� How can the hydrological significance of ice-rich permafrost be estimated?

� How many rock glacier features are found in the study area?

� What is the glacier/rock glacier portion?

� How do rock glaciers contribute to the water storage in the study area?

2. Estimation of the ice content of an ice-debris complex

� How can the ice content of an ice-debris complex be estimated?

� How much ice do the different landform parts contain?

3. Investigation of the origin of an ice-debris complex

� How was the ice-debris complex formed?

� How is the ice-debris complex geomorphologically characterised?

4. Investigation of the internal structures of an ice-debris complex

� How are the internal structures of an ice-debris complex characterised?

� How can the internal structures and patterns be interpreted?

3
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2 Background

2.1 Study Area

Figure 1: Location of the study area, delimited by the yellow line (right map is based on
a Landsat8 scene)

The study area is situated in the Ak-Shiirak massif, in the eastern part of Kyrgyzstan

(about 41°50’N; 78°25’E)(see figure 1). The Ak-Shiirak massif is part of the Tien Shan

(Chinese for ’Celestial Mountains’) a 2500km long and 400km wide mountain range in

Central Asia. The Ak-Shiirak massif is located on a mountain plateau, delimited by the

Terskey-Alatoo range in the north and the Kokshaal-Too range in the south (see figure 1).

The Ak-Shiirak is an island-like massif, with its main ridges in south-western-to-north-

eastern direction. The altitude ranges from 3500m a.s.l. (mountain plateau) up to 5000m

a.s.l. The Ak-Shiirak massif is the second largest glacierized massif in Tien Shan, compris-

ing of 178 glaciers (see figure 6). The glacierized area is about 317km2 (status 2003), of

which 87% is covered by large valley glaciers (Aizen et al., 2007; Kuzmichenok, 1989) (in

Kutuzov and Shahgedanova (2009)). Glaciers occur on all sides of the Ak-Shiirak massif

but are most pronounced on the northern aspect. Beside glaciers, several rock glacier like

ice-debris complexes are evident. These ice-debris complexes are mainly occurring below

large valley glaciers and are most distinct on southern aspects. The ice-debris complexes

are large landform features and describe transition features consisting of debris covered

glaciers, ice-cored moraines and typical rock glacier tongues.

The study area was delimited by surrounding rivers, the Sary-Chat river in the north and

east, the Kumtor river in the north-west and the Ak-Tash river in the south. Between

5
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the river systems the boundary line was drawn manually (see the yellow boundary line in

figure 2).

Detailed investigations were done in a tributary valley of the Coendy valley (see the red

boundary line in figure 2) in the south-eastern margin of the Ak-Shiirak massif. The trib-

utary valley is dominated by the Geologov glacier and an adjacent huge ice-debris complex

(see figure 3). The area of detailed investigations was delimited by the hydrological wa-

tershed and was selected due to its representativeness and its accessibility.

Figure 2: Study area and area of detailed investigation (map is based on a Landsat8
scene)

6
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2 BACKGROUND

2.2 Climate and Climate Change

The climate in the Tien Shan is determined by the interaction of the Siberian anticyclone

and cyclonic activity in the West (Aizen et al., 1997). The Northern Tien Shan ranges act

as a climate barrier. Thus, areas in the rain shadow of the Northern Tien Shan show a

continentality gradient with decreasing precipitation and mean temperatures towards the

south-west (Dyurgerov et al., 1993) (in Sorg et al. (2012)). The Ak-Shiirak is additionally

encapsulated by the Terskey-Alatoo and the Kokshaal-Too ranges and shows pronounced

continental climate. At the Tien Shan meteo station (3614m a.s.l.)(see figure 2), the mean

annual air temperature (MAAT) is -7.4°C and the mean annual precipitation is 311mm

(period from 1930-2013). Precipitation is most pronounced in summer. About 67% of

precipitation occur between May and September, with its maximum in July (see figure

4). Low precipitation in winter is caused by the prominent Siberian anticyclone, blocking

the humid westerlies (Böhner, 2006) (in Bolch (2007)). The maximum mean monthly

temperature is 4.5°C in July. The temperature drops to -21°C in January (see figure 4).

Measurements at the Coendy meteo station (see figure 2) close to the investigated ice-

debris complex, exist for a one year period (09/13-09/14). The measured MAAT is -4.35°C.

The maximum temperature was reached in August (4.9°C) and minimum temperature in

February (-16°C).

Figure 4: Monthly mean precipitation and temperature (1930-2013) at the Tien Shan
meteo station (3614m a.s.l.); data source: (Giese, 2004) published in (Giese and Mossig,

2004)

8



2 BACKGROUND

Global climate change is also visible in the Tien Shan. Bolch (2007) evaluated 16 climate

stations in the Tien Shan and showed a clear temperature increase in the last century,

especially in the second half of it. The warming trend coefficient for the Tien Shan is

between 0.8K/100y and 2K/100y, depending on the evaluated period (see table 1).

Table 1: Warming trend coefficients for the Tien Shan

Warming trend Period Author

0.8K/100y 1900-2000 Bolch (2007)
1K/100y 1940-1991 Aizen et al. (1997)
2K/100y 1950-2000 Bolch (2007)

At the Tien Shan meteo station, a warming trend of 0.79K/100y was calculated for the

period of 1930-1996 (see figure 5). More recent temperature data at Tien Shan meteo

station was not used, because the location of the meteo station was changed in 1997.

Figure 5: Temperature trend at the Tien Shan meteo station 1930-1996; data source:
(Giese, 2004) published in (Giese and Mossig, 2004)

Temperature warming is most pronounced in autumn and winter and in areas below 2000m

a.s.l. (Aizen et al., 1997; Bolch, 2007). For precipitation, no clear trend is apparent (Bolch,

2007).
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2.3 Permafrost and the Periglacial Environment

2.3.1 Permafrost

A distinct characteristic of high mountain areas is the occurrence of permafrost. In areas

where the MAAT is close to 0°C or below, permafrost is likely to occur. In continen-

tal climates, permafrost distribution is mainly depending on short-wave solar radiation,

mean annual air temperature, and evaporation (Marchenko, 2001). Beside this, elevation,

slope and aspect, as well as vegetation, snow cover, moisture, and ground water content

are influencing the regional permafrost distribution. Coarse and blocky materials create

favourable thermal conditions for permafrost to occur. Creeping permafrost bodies like

rock glaciers or ice-cored moraines are thus distinct permafrost indicators.

According to Gorbunov et al. (1996) (in (Marchenko et al., 2007)), continuous permafrost

occurs above 3600m a.s.l., discontinuous permafrost between 3600-3300m a.s.l and sporadic

permafrost between 3300-2800m a.s.l. in the Central Tien Shan. Thus, in the Ak-Shiirak

massif, favourable thermal conditions exist and permafrost is therefore a widespread phe-

nomenon (see figure 6), influencing the periglacial geomorphology, slope stability, and

frozen water storage.

In figure 6, permafrost favourable conditions are marked in blue and purple. Areas where

permafrost occurs only in very favourable conditions are marked in red and yellow. The

permafrost distribution is modelled as a function of the MAAT in a global permafrost

zonation model of Gruber (2012).

With ongoing climate change permafrost thawing and degradation will continue, leading to

slope instability and enhanced rock fall events (Haeberli and Beniston, 1998) as well as an

increased water discharge from melting ice-rich permafrost bodies (Bolch and Marchenko,

2009; Sorg et al., 2012). In the Northern Tien Shan the permafrost temperature increased

by 0.3-0.6°C in the last 30 years and the average thickness of the active layer increased

by 23 % since the 1970ies (Marchenko et al., 2007). The lower permafrost boundary has

shifted upward by 150-200m in the twentieth century (Marchenko et al., 2007).
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Figure 6: Glacier and permafrost distribution in the Ak-Shiirak massif (Glaciers based
on GLIMS: (Khromova, 2005); Permafrost distribution based on the global permafrost

zonation model of Gruber (2012))

2.3.2 The Periglacial Environment

Periglacial environments are regions with cold and generally non-glacial conditions, in

which frost-related processes or permafrost are either dominant or characteristic (French,

2007).

Periglacial processes are due to seasonal or diurnal freezing and thawing of the ground,

such as cryoturbation and gelifluction (Washburn, 1973). Periglacial environments are

thus found in many high-mountain regions of all latitudes and are closely related to per-

mafrost areas or glacial environments. When investigating periglacial processes, the glacial

environment has to be considered as well.
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There is a close interaction between the glacial and the periglacial system, affecting all

chains of the sediment cascade system within landform evolution (Etzelmuller and Hagen,

2005). When investigating geomorphological processes and the response of the system to

climate change, glaciers and permafrost systems must be regarded as an integrated part

(Etzelmuller and Hagen, 2005).

In the Ak-Shiirak a glacial-periglacial landform complex consisting of several distinct

periglacial landforms was investigated. The most prominent landforms are explained and

an example is shown in figure 7.

Glacier

A glacier (see figure 7a) is defined as a mass of surface-ice on land which flows downhill

under the influence of gravity and is constrained by internal stress and friction at the base

sides. Glaciers are controlled by the accumulation of snow in high-altitudes and ablation

in low-altitudes (UNEP, 2007).

Moraine

Moraine (see figure 7b) is a genetic term for a landscape element formed by deposition

and/or deformation in glacial environments. Usually, moraines are described as ridge-

shaped glacial landforms. Moraines consist of unconsolidated sediments, directly deposited

or deformed and accumulated by glaciers (Schomacker, 2011).

Lateral moraines are ridges of supraglacially deposited debris located along the sides of

valley glaciers. In modern glacial environments, lateral moraines might be ice cored (see

next subsection). Medial moraines are ice-flow parallel debris ridges on the surface of

glaciers. Medial moraines are the surface expression of englacial debris. Medial moraine

material will deposit at the glacier tongue due to glacial melt. Lateral and medial moraines

form only below the equilibrium line altitude ELA (Schomacker, 2011).

Ice-Cored Moraine Complex

Ice-cored moraines (see figure 7c) are ice-marginal landforms that comprise a discrete body

of glacier ice buried underneath sediment (Lukas, 2011). Ice-cored moraines evolve through

the isolation of a body of glacier ice, triggered by the establishment of a debris cover which

shields ice from melting. Other possibilities are differential melting of protected sediment-

covered ice and clean ice, or the cut off from active ice, leading to stagnant or dead ice

bodies (Lukas, 2011).

The main geomorphological characteristics of ice-cored moraines are a rounded surface

and outlines with minor ridges superimposed on it. The appearance is slightly slumping
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but no pronounced fractures are visible. Ice-cored moraines are a fairly stable landform

and generally no fresh scree is visible on the slopes (Ø strem and Arnold, 1970). Often

permanent snow banks on the proximal side are a sign indicating ice-cored moraines.

Excavated ice cliffs are another sign for moraines containing massive ice lenses.

Rock Glacier

”Active rock glaciers (see figure 7d) are lobate or tongue-shaped bodies of perennially

frozen unconsolidated material supersaturated with interstitial ice and ice lenses that move

downslope or downvalley by creep as a consequence of the deformation of ice contained

in them and which are, thus, features of cohesive flow” (Barsch, 1992). In a more genetic

definition, rock glaciers are defined as the visible expression of cumulative deformation by

long-term creep of ice/debris mixtures under permafrost conditions (Berthling, 2011).

The main geomorphological characteristics of rock glaciers are the steep (≥ 30°) and

relatively light-coloured front and side slopes. On the upper surface, pronounced transverse

or longitudinal furrows and ridges are visible (Barsch, 1996). Both characteristics are a

result of the creep behaviour of rock glaciers and are an indicator for internal ice.

Glacio-Fluvial Plain

Glacio-fluvial sediments are deposited by glacier melt-streams, in either ice contact or

proglacial settings (Benn and Evans, 1998). Glacio-fluvial plains (see figure 7e) are the area

where glacio-fluvial sediments are deposited. Glacier-fed rivers show pronounced diurnal

and annual changes in discharge and commonly entrain a substantial supply of coarse,

cohesion less sediment. The entrainment of sediment is highly episodic and increasing

with rising discharge (Benn, 2009).
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Figure 7: Glacial and periglacial landforms: a. glacier; b. medial moraine;
c. ice-cored moraine complex; d. rock glacier; e. glacio-fluvial plain (own photos 2014; c: U. Schinke)
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2.4 Hydrology

Figure 8: Overview of the main river systems: Naryn-Syr Darya and Aksu-Tarim

The study area in the Ak-Shiirak massif is located at a water divide. The south facing

slopes including the Coendy valley are draining into the Aksu-Tarim catchment. The

northern and western part of the Ak-Shiirak massif are draining into the Naryn-Syr Darya

catchment (see figure 9).

The Syr Darya river originates at the confluence of the Kara Darya and the Naryn river.

The Naryn river originates in the study area. The Syr Darya river has a total length of

more than 3000km and is eventually draining into Aral Sea. Glacial runoff contributes

between 6% (Mamatkanov, 2006; Kuzmichenok, 2009) (in (Sorg et al., 2012)) and 10%

(only Naryn basin) (Aizen et al., 1995) to the total runoff.

In the arid lowlands of the Syr Darya people are relying on irrigated agriculture. Depletion

of water resources of the Syr Darya have led not only to the almost disappearance of the

Aral Sea (Micklin, 1988), but since the collapse of the Soviet Union also to political tensions

(Smith, 1995).

The Tarim river originates at the confluence of the Aksu (originating in the study area),

Yarkant, Kaxgar and Hotan river and is ending in a barrier lake in the eastern part of the

Tarim basin (see figure 8). The total length of the Tarim river is more than 2000km.

Glacial runoff contributes between 33% (only Aksu river) (Aizen et al., 1995) and 46-48%

(Dikikh, 1993; You, 1995) (in Xu et al. (2009)) for the whole Aksu-Tarim basin. (Pieczonka

and Bolch, 2015) estimated the contribution to the total runoff due to glaciers imbalance

to be about 20% between 1975-2000 for the Aksu catchment. In the dry Tarim basin

15



2 BACKGROUND

glacier derived runoff is extremely important for irrigation, hydro power and drinking wa-

ter supply (Krysanova et al., 2014; Kundzewicz et al., 2014).

Ongoing climate change will likely influence the runoff seasonality with earlier snow melt

and less glacier melt. This could eventually increase water stress in the arid lowlands

(Siegfried et al., 2012) and lead to political conflicts on water allocation (Bernauer and

Siegfried, 2012).

Figure 9: The water divide at the study area (map is based on a Landsat8 scene)
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3 Data

The following data was used in order to create a rock glacier inventory and a geomorpho-

logical map.

3.1 SPOT-5

SPOT-5 (Systeme pour l’observation de la terre) is a satellite, equipped with two high res-

olution geometrical instruments, offering high resolution remote sensing images. Panchro-

matic images with 2.5 to 5m spatial resolution and multispectral images with 10m spatial

resolution respectively are available. For the study area, a 5m panchromatic scene was

used, taken on September 25 2013 (see table 2). The scene covers an area of 60×69km2.

3.2 Landsat8

Landsat8 is an American satellite providing multispectral images. The satellite was

launched in February 2013 and covers the entire earth surface every 16 days (USGS,

2015). Landsat8 images have a spatial resolution of 15m (panchromatic) and 30m (multi-

spectral) respectively (see table 2). Images are in the World Geodetic System WGS1984

datum (USGS, 2015). The image used in this study covers an area of 190×196km2 and

was taken on October 2 2013 (see table 2).

3.3 SRTM

Shuttle Radar Topography Mission (SRTM) provides a near global Digital Elevation Model

(DEM) with a resolution of 3 arcseconds (90m) and 1 arcsecond (30m) for some regions.

The SRTM DEM was acquired using radar interferometry and was recorded in February

2000 (Farr et al., 2007). For the study area, a 85×113km2 scene with 1 arcsecond spatial

resolution was available. The scene was taken on Februar 11 2000 (see table 2).

Validation using ground control points revealed a vertical and horizontal error of approx-

imately 10m (Farr et al., 2007).
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Table 2: Utilized remote sensing data

Sensor SPOT-5 Landsat8 SRTM

Spatial Resolution 5m 15m (panchromatic) 1arcsec(30m)

30 (multispectral)

Date 25/9/2013 2/10/2013 11/2/2000

Coverage 60×69km2 190×196km2 85×113km2

3.4 Glacier Inventory

The Global Land Ice Measurement from Space (GLIMS) project has the goal of inventory-

ing a majority of the world’s glaciers. The project is a cooperation of several institutions

world-wide (Raup et al., 2007). Glacier mapping was mainly based on satellite data. The

glaciers in the Ak-Shiirak massif were mapped on an Advanced Spaceborne Thermal Emis-

sion and Reflection Radiometer (ASTER) scene. The ASTER satellite image was taken

on October 3 2002. Thus, the mapped glaciers show the glacial extent of 2002. Mapping

was done by members of the Russian Academy of Sciences (Khromova, 2005).
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4 Methods

4.1 Rock Glacier Inventory

In order to estimate the hydrological significance of the ice-rich permafrost, all ice-rich

permafrost features have to be mapped, their thickness and ice content have to be esti-

mated. The mapping and characterisation of permafrost depth and distribution requires

integrated multiple geophysical approaches (Harris et al., 2009). However, such a detailed

investigation was not possible in the scope of this thesis and thus a more proximate ap-

proach was chosen. To estimate the hydrological significance of the ice-rich permafrost,

rock glaciers, as the visible permafrost indicators were mapped and their thickness and

ice content were estimated using a rough approximation.

This rock glacier inventory aims to detect and map all typical rock glacier features in

the Ak-Shiirak massif. Based on the rock glacier inventory, the evaluation of the spatial

rock glacier distribution and the estimation of the total ice stored in rock glaciers will be

evaluated.

Similar approaches using rock glaciers have been carried out mainly in the European

Alps e.g. (Curtaz et al., 2011; Frauenfelder et al., 2003; Guglielmin and Smiraglia, 1998;

Kellerer-Pirklbauer et al., 2012; Krainer and Ribis, 2012; Nyenhuis et al., 2005; Scotti

et al., 2013) and in the Andes e.g. (Brenning, 2005; Esper Angillieri, 2009; Falaschi et al.,

2014; Rangecroft et al., 2014). In Asia only few rock glacier inventories exist e.g. (Bolch,

2004; Bolch and Marchenko, 2009; Gorbunov, 1998; Ishikawa, 2002). For the Central Tien

Shan region, no rock glacier inventory exist so far. This inventory is thus of special interest.

4.1.1 Approach

All rock glaciers in the Ak-Shiirak massif were mapped using high-resolution satellite im-

ages. To compare the mapped rock glaciers with the glacier extent, an existing glacier

inventory was used (see section 3.4). The study area was delimited by the surrounding

rivers (see figure 2 in section 2.1).

Since rock glaciers have similar spectral properties as their surroundings, an automatic de-

lineation of rock glaciers from remote sensing data is difficult (Brenning, 2009). Therefore,

rock glaciers were identified manually on remote sensing images. The following geomor-

phological characteristics of rock glaciers (based on Barsch (1996)) were used:

� Steep (≥ 30°) and relatively light-coloured front and side slopes

� A darker, bouldery surface with furrows and ridges
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� The mean gradient of the upper surface is much less than that of the front and side

slopes

� The upper end may either grade into a steep talus slope or be a depression between

the talus slope and the rock glacier

The remote sensing data used for mapping were a SPOT-5 panchromatic satellite image

and a Landsat8 satellite image. Additionally, GoogleEarth was used to check and verify.

The high-resolution GoogleEarth image in the study area, is a QuickBird satellite image,

taken in 2002. The QuickBird image has a spatial resolution of 0.6m (panchromatic) and

2.4m (multispectral). Even on high-resolution images with a spatial resolution of 0.6m,

the detection of rock glaciers is not easy. Especially the upper delineation of rock glaciers

is difficult and the distinction between rock glaciers and other periglacial features needs a

lot of experience.

To compare the inventoried rock glaciers, glacier outlines based on the GLIMS database

were used. The manual mapping was done in ArcGIS. The features were stored in a

geodatabase. All features were projected to the WGS 1984 UTM Zone 44N.

The following parameters were calculated for every rock glacier feature:

� Minimum altitude at the front [m]

� Maximum altitude of rock glacier [m]

� Elevation range of altitude [m]

� Length [m]

� Width [m]

� Area [m2]

� Slope [°]

� Aspect

The geomorphometry was based on a SRTM DEM with 30m spatial resolution. In the

northern part of the study area, a SRTM DEM with 90m spatial resolution only, was

available. The 90m DEM was thus scaled down to a spatial resolution of 30m. Altitude,

elevation range, length, width and area were directly measured as parameters from rock

glacier polygons. Slope was calculated as the arctangent function of the ratio of elevation

range of altitude and rock glacier length. The mean aspect was calculated in ArcGIS.
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The estimation of the glacier ice volume was based on the glacier ice thickness model

GlabTop (Glacier bed Topography). GlabTop is based on an empirical relation between

the average basal shear stress and the elevation range of individual glaciers, calibrated

with geometric information from paleoglaciers, and validated with radio echo soundings

on contemporary glaciers (Linsbauer et al., 2012). The modelled glacier thickness showed

a spatial resolution of 30m. The glacier ice-thickness modelling was done by Andreas

Linsbauer and Tobias Bolch.

To estimate the ice content of rock glaciers, the thickness of the ice-rich layer of every

rock glacier had to be calculated. The thickness of the ice-rich layer was calculated with a

commonly used estimation (cf. Brenning (2005)) (see equation 1). The ice volume of the

ice-rich permafrost was assumed to be 50% (Arenson et al., 2002; Barsch, 1996; Burger

et al., 1999).

The manual mapping of rock glaciers on satellite images is rather inaccurate. The un-

certainty due to sampling variance in a similar study was in the order of -50% to +100%

(Azócar and Brenning, 2010). Similar uncertainties could be expected.

h = 50 ×A0.2 (1)

where:
h = Thickness of ice-rich rock glacier permafrost [m]

A = Rock glacier area [km2]

21



4 METHODS

4.2 Geomorphological Map

In order to investigate the formation and geomorphological characterisation of an ice-

debris complex, a geomorphological map has to be created.

Geomorphological maps can be considered graphical inventories of a landscape depicting

landforms and surface as well as subsurface materials (Otto and Smith, 2013). Geomor-

phological mapping is the attempt to quantitatively and qualitatively characterise the

properties of earth’s surface (Demek, 1976). A geomorphological map should therefore

present a full picture of the landscape and contain information about the distribution and

correlations of forms of a certain appearance, size, origin and age. It must include morpho-

graphic, morphometric, morphogenetic and morphochronlogic data (Klimaszewski, 1982)

(in Gustavsson et al. (2006)).

Geomorphological mapping is a crucial tool in land management, risk management, envi-

ronmental, scientific and engineering purposes. In this study, the main aim of geomorpho-

logical mapping is to visualise the dominant process domains and to better understand

the origin and the genesis of an ice-debris complex.

4.2.1 Process Domains

Process domains are spatially identifiable areas characterised by distinct suites of geo-

morphological processes (Montgomery, 1999). In process domains, one or a collection of

natural processes are dominating the shaping of earth surface (Brardinoni and Hassan,

2006).

Glacial Process Domain

Processes and landforms assigned to the glacial process area are directly formed by glaciers

or glacier motion. This process domain contains the following geomorphological features:

glacier, supraglacial debris, moraine accumulation, ice-cored moraine and permanent snow

patches.

Periglacial Process Domain

Periglacial processes are related to frost processes and are related to permafrost distribu-

tion. In this process domain periglacial slopes, active rock glaciers, less active rock glaciers

and periglacial deposits were mapped.

Gravitational Process Domain

Gravitational processes are the result of gravitational attraction. In this process domain
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gravitative accumulation area, rock slide, vegetation covered talus slope and landslides were

mapped.

Fluvial Process Domain

In the fluvial process domain, areas mainly shaped by the influence of liquid water are

mapped such as: fluvial deposit area, fluvio-glacial deposits and lakes.

4.2.2 Geodatabase Design

Geomorphological mapping is based on the geomorphological mapping legend of the Uni-

versity of Lausanne (cf. Lambiel et al. (2013)). The legend is a morphogenetic mapping

system, built on the following principles:

� The colours represent process categories

� The signatures have a genetic significance and are in the colour of the related process

� The morphodynamic differentiation of erosion and accumulation area is achieved by

white and coloured surface respectively

� The morphography, slope gradient and the lithology are not represented.

The ArcGIS version of the geomorphological mapping legend consists of a geodatabase,

containing three feature classes ”points”, ”lines” and ”surfaces” (Lambiel et al., 2013). Ge-

omorphological symbolisation was predefined, but was manually adapted for some classes.

This legend was chosen, because it is best suitable in high and middle mountain regions

(Lambiel et al., 2013) and, the geodatabase architecture as well as the symbolisation could

be adopted.

4.2.3 Geomorphological Mapping

Geomorphological mapping was mainly based on remote sensing and to a minor extent

also on on-site photography. A SPOT-5 panchromatic satellite imagery and a SRTM

DEM was used. Additionally, GoogleEarth and on-site photography, taken during the

field campaign (13-18 September 2014), were used.

The geomorphological mapping was done in ArcGIS. A copy of the geodatabase of the

University of Lausanne was created. Geomorphological features (”polygons”, ”lines” or

”points”) were then created and stored in the geodatabase. All created features in the

geodatabase were defined by the following attributes:
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� OBJECTID Unique value of every object

� SHAPE Defines if the object is a ”polygon”, ”line” or ”point” feature

� SHAPE LENGTH Length of object (in m)

� SHAPE AREA Area of object (in m2)

� RuleID Defines the geomorphological class of the object

All created features in the geodatabase were projected to the WGS 1984 UTM Zone 44N.

In order to have a consistent and logic database, the following topology rules, based on

Demel and Hauenstein (2005), were applied:

� Polygons must not have gaps

� Polygons must not overlap

� Points must be disjoint

� Lines may overlap lines or polygons

� Points may overlap lines or polygons
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The map visualisation was mainly done, based on the predefined symbology of the geo-

database and was manually adapted (see figure 10).

Figure 10: Visualisation of the geomorphological legend
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4.3 Ground Penetrating Radar

In order to investigate the internal characteristics of a glacier-ice-debris complex (see

section 1.3) geophysical methods have to be applied.

Most common geophysical methods in periglacial environments are electrical methods,

electromagnetic methods, refraction seismics and GPR (Burger et al., 2006; Hauck and

Kneisel, 2008). When conducting geophysical studies, it is recommended to combine at

least two geophysical methods, to validate the results (Burger et al., 2006; Hauck and

Kneisel, 2008). Due to the limited time, and logistical reasons a single device was used.

Considering the potential weakness of a single method investigation, we decided to use

GPR.

In different studies combining geophysical methods, GPR turned out to be most suitable

for the determination of internal structures of talus deposits (Otto and Sass, 2006; Sass,

2006) as well as the delineation of internal boundaries of massive ice (Schrott and Sass,

2008). Successful GPR studies were conducted on permafrost soils (e.g. Arcone (2002);

Moorman et al. (2003), talus slopes (e.g. Otto and Sass (2006); Sass (2006) and rock

glaciers (e.g. Berthling et al. (2000); Hausmann et al. (2012); Isaksen et al. (2000); Krainer

et al. (2012); Monnier et al. (2013).

Therefore, GPR is the most suitable and effective method to investigate the internal

structures of a glacier-ice-debris complex.

4.3.1 Background and Physical Principles

GPR or Radio Echo Sounding (RES) is a geophysical method for non destructive subsur-

face investigations. GPR is based on the transmission and detection of electromagnetic

radiation of frequencies between 10MHz and 5GHz (Daniels, 2004).

Electromagnetic impulses are sent into ground and reflected at subsurface boundaries of

materials with different electromagnetic properties. Electromagnetic waves will therefore

be reflected back to the receiver antenna. The amplitude of the received reflections can

be plotted as a function of time. When plotting a series of reflections, a profile of under-

ground reflections develops (Takahashi et al., 2007).

Thus, GPR basically detects changes in the electromagnetic wave propagation, which is

determined by the electric permittivity (ε), the electric conductivity (σ), and the magnetic

permeability (µ). In GPR use, the magnetic permeability is normally of little importance

and will therefore not be described (Berthling and Melvold, 2008).

Electric permittivity describes the resistance of a medium when setting an electric field
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in it. Electric permittivity mainly determines the velocity of propagation of a material,

which depends mostly on its water content. Electric permittivity is normally expressed

relative (εr) to permittivity in free space (ε0)(8.854×10−12 F/m) (see equation2) (Daniels,

1996). The relative permittivity normally has values between 3 (ice) and 80 (pure water)

(Hubbard and Glasser, 2005).

εr = ε
ε0

(2)

Electric conductivity σ (S/m) describes the ability of a material to conduct electric cur-

rent. Electric conductivity is principally controlled by the amount of dissolved salts in

water. The bigger the impurity of a medium, the higher the electric conductivity (Hub-

bard and Glasser, 2005; Berthling and Melvold, 2008).

There are three important parameters when working with GPR:

� Radar wave velocity

� Radar wave power loss

� Radar wave resolution

They all depend on the electrical properties of the underground material (Davis and An-

nan, 1989).

Radar Wave Velocity

For electric conductivities lower than 100mS/m, which is the case for the materials in

the study area, the propagation velocity remains constant at frequencies between 10 an

1000MHz (Davis and Annan, 1989). Therefore in this study, the velocity of propagation

v is mainly depending on the relative permittivity εr and can be described as follows:

v= c0√
εr

(3)

where c0 (299’792’458 m/s) is the speed of light in free space.

For granite, with a relative electric permittivity of 4-6, a velocity of wave propagation of

about 0.13m/ns results. If the propagation velocity is known, absolute measurements of

depth can be done.
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Radar Wave Power Loss

The second parameter on which wave propagation is depending on, is radar wave power

loss. Most of the power loss is occurring as material attenuation loss, spreading loss and

scattering loss (Daniels, 2004). The attenuation loss of a material is given by:

La = 8.686 × 2 ×R× 2πf
√

(µ0µrε0εr2 (
√

(1 + tan2δ)) − 1) (4)

where:
f = Frequency in Hz

tanδ = Loss tangent of material

µr = Relative magnetic susceptibility of material

µ0 = Absolute magnetic susceptibility of free space

The attenuation therefore increases with electric permittivity, electric conductivity and

radar frequency. As a consequence, the penetration depth decreases with higher frequen-

cies (Hubbard and Glasser, 2005).

Another factor creating loss is the geometrical spreading, which occurs when transmitting

radar signals from the antenna. It is conventionally related to the inverse fourth power of

distance for a point reflector (Daniels, 2004; Davis and Annan, 1989).

Table 3: Typical relative electrical permittivity, electrical conductivity, velocity and
attenuation in common earth surface at 100MHz (based on Davis and Annan (1989))

Material εr σ (mS/m) v (m/ns) α (dB/m)

Air 1 0 0.3 0
Distilled water 80 0.01 0.033 0.002
Fresh water 80 0.5 0.033 0.1
Salt water 80 0.5 0.033 1000
Dry sand 3-5 0.01 0.15 0.01
Saturated sand 20-30 0.1-1 0.06 0.03-0.3
Limestone 4-8 0.5-2 0.12 0.4-1
Shales 5-15 1-100 0.09 1-100
Silts 5-30 1-100 0.07 1-100
Clays 5-40 2-1000 0.06 1-300
Granite 4-6 0.01-1 0.13 0.01-1
Dry salt 5-6 0.01-1 0.13 0.01-1
Ice 3-4 0.01 0.16 0.01
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The third factor adding loss is, scattering. Scattering includes energy loss processes such

as reflection, refraction and diffraction (Hubbard and Glasser, 2005). Scatter loss are

all unwanted and unrelated signals, with the same spectral characteristics as the target

wavelets and occurring in the same time window (Daniels, 1996).

Further wave losses are caused by absorption due to conduction or relaxation (Hubbard

and Glasser, 2005). In table 3 typical electromagnetic properties are listed for the most

common materials.

Radar Wave Resolution

Figure 11: Vertical and lateral resolution; figure source: (Jol, 2009)

Resolution is understood as the limit of certainty in determining the position and geomet-

rical aspects (e.g. size, shape, thickness) of a target (Jol, 2009). GPR resolution has two

main aspects: vertical (range or depth) resolution and lateral (angular) resolution (see

figure 11).

Two reflected pulses can be detected individually, when they are not overlapping. The

widely accepted opinion is that two pulses are distinguishable if separated by half their

”half width” (Jol, 2009). When separated closer together, two pulses will likely be detected

as a single event. Therefore the radial resolution is as follows:

∆r = Wv
4 (5)

The radial resolution length is independent of distance from source, and depending on the

pulse width and propagation velocity.

29



4 METHODS

Lateral resolution is depending on the distance from source and therefore defined as follows

(Jol, 2009):

∆l =
√

vrW
2 (6)

where:

v = Velocity of propagation

r = Distance to target

W = Width of amplitude

4.3.2 Devices

The GPR survey was done using two different devices: Mal̊a ProEx and VIRL-6.

Mal̊a ProEx

Mal̊a ProEx is a modular full-range GPR device developed by Mal̊a Geoscience in Sweden.

Mal̊a ProEx consists of a control unit, a monitor and an antenna. The control unit is the

core device for synchronizing the radar impulses, stacking and storing of the radar traces.

Trace coordinates are stored with an external GPS device, which is connected to an USB-

port (see figure 12).

Figure 12: System design of Mal̊a ProEx (own figure)

An unshielded 25MHz Rough Terrain Antenna (RTA) was used. RTA is a robust GPR

antenna, containing sender and receiver, in one snake-like protection hose. The antenna

has a total length of 13m. The sender-receiver distance is 6.2m. The penetration depth
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is technically limited to 300m. Based on equation 5 an electromagnetic pulse with a

frequency of 25MHZ, has a wavelength of 5.2m. A vertical resolution of about 1.3m can

be calculated. The horizontal resolution is as described depending on the distance from

the source.

VIRL-6

The second GPR device is a self-construction radar built by Vasilenko et al. (2011). VIRL-

6 is a compact lightweight impulse radar, designed for glaciological applications (Vasilenko

et al., 2011). The radar is built up of two main parts: a transmitter (TX) and a receiver

(RX) linked with a synchronization system. The central device is a Control and Recording

Unit (CRU). The CRU performs the synchronization of pulse generation, stacking of signal

and data storage (Vasilenko et al., 2011), (see figure 13). The coordinates are stored with

a connected GPS device.

A 20MHz antenna was used. The antenna has a length of 12m (6m transmitting and 6m

receiving antenna). The penetration depth is up to 600m. The vertical resolution in a

material with an electromagnetic velocity of 0.13m/ns is according to equation 5 about

1.6m.

Figure 13: System design of VIRL-6; figure source: (Vasilenko et al., 2011)

4.3.3 Data Acquisition

There are three established antenna set-ups when using GPR for profiling: Common mid-

point (CMP), common offset (CO) and wide-angle reflection and refraction (WARR). The

little used WARR set-up keeps one antenna fixed (transmitter or receiver) and moves the

other antenna away. WARR only works well with horizontal plan reflectors (Hubbard and

Glasser, 2005). In the more used CMP set-up, the transmitter and receiver are altered
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apart at a constant interval (Berthling and Melvold, 2008).

Figure 14: Common offset mode; figure source: (Davis and Annan, 1989)

CMP set-up is mostly used to obtain information about propagation of radar waves of the

investigated underground.

In this study, the GPR survey was done using CO mode. CO is the most commonly used

antenna set-up. In CO mode, the transmitter and the receiver are separated at a constant

distance and moved together along the profile. Both, buried obstacles and internal hori-

zons can be detected using this mode (see figure 14).

An appropriate antenna spacing is necessary. Too close antennas will likely mask reflec-

tions from the upper part, whereas too large spacing will decrease the penetration depth

(Berthling and Melvold, 2008). The antenna spacing used in this study was 6.2m (Mal̊a

ProEx) and 5.8m (VIRL-6).

The second parameter which has to be chosen is the time interval between the measure-

ments. The antenna can either be moved continuously or stepwise. The step-mode has

the advantage of a better ground coupling but will need more time. In this study, the

measurements were taken continuously every 0.5s (Mal̊a ProEx) and every 0.2s (VIRL-6)

respectively.

Within three days (14-16 September, 2014), a total of 44 GPR profiles were taken. 12

profiles were taken using Mal̊a ProEx (red line) and 32 profiles were taken using VIRL-

6 (black line)(see figure 15. The total length of all profiles is 21.5km. All parts of the

glacier-ice-debris complex were covered, apart from the orographic right lateral moraine,

as well as the upper rock glacier-like tongue.

32



4 METHODS

Figure 15: GPR profiles taken on the glacier and the ice-debris complex (figure based on
a GoogleEarth scene)

4.3.4 Data Processing

The main objective of data processing in GPR is to improve the radar signals. GPR raw

data needs to be improved before interpretation can be done. The processing contains

techniques to enhance reflections and reduce noise or to represent geometry of reflections

more correctly (Berthling and Melvold, 2008). With existing processing software, an

unlimited data manipulation is possible. However, the cost-benefit ratio has to be kept

in mind. In this study all data processing was done using ReflexW 7.2.3 software by

K.J. Sandmeier. All data processing was done after the data acquisition in order not to

lose important information. In the following section, all processing steps applied will be

described and discussed.
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Static Correction

In a first step, the proper alignment of the surface was corrected. Due to the rough terrain,

the GPR antenna was carried above ground and not directly on the ground. Thus, radar

waves first travel through air, before hitting the ground. Therefore, the first radar signal

identified, is the arrival of the so-called air wave, reflected at the surface. The main

interest however are travel times into the ground, measured from surface. So radar traces

are shifted physically upwards (back in time), to get a proper alignment of zero time

to the surface (Neal, 2004). In figure 16 traces will be shifted upwards, until the first

break appears at the time zero. the correct alignment of the first break is important,

when converting travel times into absolute depth values. The static correction was done

manually for all profiles.

Figure 16: Static correction of the first break in radar traces (own figure)

Signal Saturation Correction

The main aim of the signal saturation correction is to reduce noise and to improve the

signal-to-noise ratio. The signal saturation correction is often achieved applying frequency

filters. Frequency filters remove or reduce stipulated frequency ranges (Hubbard and

Glasser, 2005). High-frequency and low-frequency noise can be removed. Low-frequency

noise can occur due to the proximity of transmitter and receiver. Electrostatic and in-

ductive fields close to the transmitter can cause low-frequency noise. (Jol, 2009). This

so-called wow noise can push traces to the sides forming bow shapes. Wow noise can be

suppressed using a high-pass filter (Neal, 2004). In ReflexW the subtract-mean (dewow)

filter was applied. Subtract-mean (dewow) calculates a running mean value for every value

of each trace. The running mean will then be subtracted from the central point (Sand-

meier, 2014).

To remove high-frequency and low-frequency noise, another filter had to be applied. Ap-

propriate frequency filters are best determined by trial-and-error (Hubbard and Glasser,

2005). Hence, the bandpassbutterworth filter was determined. Bandpassbutterworth re-
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tains a frequency range defined by a low-cut and a high-cut frequency (Sandmeier, 2014).

Frequencies outside defined boundaries will be set to zero. Noise can be suppressed us-

ing this filter when differing from the signal in its frequency content. (Sandmeier, 2014).

Although the subtract-mean (dewow) filter was applied, the bandpassbutterworth filter is

useful, because only low-frequencies outside defined range are set to zero, whereas the

subtract-mean (dewow) affects the whole range.

Signal Amplification

As described in section 4.3.1, the radar signal quickly attenuates with depth. Profound

reflections are hardly visible. For the profile interpretation, a more equalized signal is

needed. Therefore, signal amplification aims to compensate the rapid signal power loss.

When applying a time-dependent gain function, the amplitudes can be equalized and a

more balanced profile results (Jol, 2009).

In ReflexW, the time-dependent gain function was applied. The gain function consists of

a linear and an exponential part:

g(t) = (1+a×t) × e(b×t) (7)

where:

a = a′

pulsewidth

b = b′×v
8.69 with v = 0.1m/ns

The pulse width is automatically taken from the nominal frequency or automatically de-

termined from the first arrival (Sandmeier, 2014). Two filter parameters a’ (linear) and

b’ (exponential) must be entered manually. Parameters depend on the specific data and

ground material. In this study, the linear parameter was set to 0.8 and the exponential

parameter was set 0.

Another filter used, was the automatic gain control (AGC). AGC is a continuously adap-

tive gain function. AGC computes an average signal over a time window for every data

trace. The data point in the centre of the window is amplified by the ratio of the de-

sired output value to the average signal amplitude (Annan, 1999b; Berthling and Melvold,

2008). AGC is suitable where the continuity of stratigraphic horizons is of interest (An-

nan, 1999b). When applying gain functions it has to be kept in mind, that ambient and

systematic noise can be amplified as well. Effects of the gain function and AGC (window
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length = 2.5ns) are apparent in figure 17.

Figure 17: Effects of different gain functions on a single radar trace: raw trace (left),
gain function (middle) and AGC function (right))(own figure)

Migration

Electromagnetic waves propagate conically into the ground, with increasing radius with

depth (Berthling and Melvold, 2008). Point reflectors and steeply inclined reflectors are

therefore systematically distorted, as detected reflections can origin anywhere on the wave

front (Berthling and Melvold, 2008). GPR reflections only give proper information about

depth, when measured perpendicular to the surface, at the zero-offset position. As a

consequence, point reflectors will be represented as upward-directed hyperbolas (Hubbard

and Glasser, 2005).

Migration is the process of correcting geometrical irregularities such as dipping slopes,

planar reflectors and hyperbolas (Hubbard and Glasser, 2005). Migration attempts to

correctly position subsurface layers (Neal, 2004). Migration is a very important processing

step and requires knowledge of the velocity structure (Berthling and Melvold, 2008).

In ReflexW fk migration (Stolt) was applied. Fk migration (Stolt) is based on a two-

dimensional Fourier transform over time and space (Stolt, 1978). The method works in

the frequency-wavenumber (fk) range (Sandmeier, 2014). The transformation is based on

a constant ground velocity, which was 0.13m/ns in this study.

Further Filtering

A vast variety of filters exists to improve the data. Another filter applied on GPR profiles
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was background removal. Background removal subtracts an averaged trace from all traces.

The averaged trace is built up from the chosen time/distance range of the current session

(Sandmeier, 2014). Thus horizontal clutter can be removed. It has to be kept in mind,

that real reflections could be removed as well.

Some of the profiles taken by VIRL-6 at the rock glacier tongue, show a heavy distortion

between 500 and 700ns. In order to minimize the disturbing signal, a multiplication filter

was applied between 500 and 700ns. The multiplication factor was 0.32. It has to be noted

that reflections hidden by the distortion signal, can only partly be recovered.

Topographic Correction

The last processing step done, was the topographic correction of the radar profiles. In Re-

flexW, correct 3D-topography filter was applied. Correct 3D-topography performs a time-

independent correction for each trace in time direction, based on z-coordinates (Sandmeier,

2014). Coordinates need to be stored for every single trace.

During data acquisition, the GPS device of Mal̊a ProEx was not working properly. There-

fore the coordinates were taken from a hand held GPS and manually interpolated. A

linear interpolation was done, resulting in a bit angular surface of some GPR profiles.

4.3.5 Subsurface Velocity Estimation

Normally in GPR profiles, the depth axis is the two-way traveltime (TWT) (Berthling

and Melvold, 2008). A depth conversion of the TWT requires knowledge of the subsurface

velocities.

In this thesis the specification of the depth axis was based on an assumption of the electro-

magnetic properties of the subsurface. All profiles, except the profiles on the glacier, were

plotted with a subsurface velocity of 0.13m/ns. The assumption of the subsurface velocity

was based on other GPR studies on rock glaciers or moraines (e.g. Farbrot et al. (2005);

Sass (2006); Odell et al. (2009)). Since the electromagnetic properties of the subsurface

are not known, the depth specifications show some uncertainties (see table 4). A variance

of ±0.02ns leads to an uncertainty of ±2m in 10m depth, ±8m in 50m depth and ±15m

in 100m depth.
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Table 4: Uncertainty at the time to depth conversion

Subsurface

velocity

Depth at

t=77ns

Depth at

t=384ns

Depth at

t=769ns

0.11ns 8m 42m 85m

0.12ns 9m 46m 92m

0.13ns 10m 50m 100m

0.14ns 11m 54m 108m

0.15ns 12m 58m 115m

A more precise method to determine the subsurface velocity are on-site measurements.

An average subsurface velocity is best obtained by CMP measurements (see section 4.3.3).

Other possibilities to find out the subsurface velocity are through ground truthing or hy-

perbolic fitting (Jol, 2009). Due to technical limitations, no CMP measurements could be

conducted. Therefore the velocity estimation is based on hyperbola fitting. The subsur-

face velocity can be estimated, by fitting a synthetic curve to a hyperbolic reflection. A

hyperbola is the result of a point reflector in an unmigrated GPR profile.

In figure 18 x0 is the position of a point reflector. t0 is the corresponding TWT. tn is the

TWT in position xn. v is the velocity of the electromagnetic wave.

Figure 18: Hyperbola fitting (figure source: (Liu et al., 2010))
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The following hyperbola equation (based on (Chen et al., 2004) results:

t2n
t20

− 4(xn−x0)2
(vt0)2

= 1

(8)

Hence the subsurface velocity can be estimated. However, the method is technically lim-

ited. Curve fitting only works, when hyperbolas are present in profiles. Furthermore, it

has to be assumed, that sender and receiver of a GPR device are in the same position.

Only the average velocity can be estimated. Hence a homogeneous subsurface has to be

expected. Hyperbola fitting tends to produce approximate velocities with an error of ±
10% (Jol, 2009). This method was used in several GPR studies investigating rock glaciers

(e.g. Florentine et al. (2014); Fukui et al. (2008); Monnier et al. (2013)). It was thus

applied in this study as well.
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5 Results

5.1 Rock Glacier Inventory

Figure 19: The rock glacier inventory

Figure 19 shows the mapped rock glaciers in red and the glaciers in blue. The blue line

indicates the water divide. The southern part is draining into the Aksu-Tarim catchment,

the northern part is draining into the Naryn-Syr Darya catchment. A larger version of

this figure is found in Appendix A.1.

5.1.1 Key Characteristics of Rock Glaciers

A total of 63 rock glaciers, covering an area of 8.8km2 were identified and mapped (see

figure 19). Rock glaciers are most prominent on the southern and eastern side of the

Ak-Shiirak massif and on south facing slopes in the inner valleys. The glacierized area

consists of 178 glaciers covering an area of 360km2. The glacierized area covers about 27%
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and rock glaciers cover about 0.7% of the total study area. Rock glaciers cover about 2.4%

of the glacierized area (see table 5).

Table 5: Comparison of glacier and rock glacier area

Area [km2] % %

Study area 1319 100

Glacierized area 360 27.3 100

Rock glacier area 8.8 0.7 2.4

The mean altitude at the rock glacier front in the Ak-Shiirak massif is at about 3880m

a.s.l. The mean altitude at the rock glacier front is lowest in the northern part of the

Ak-Shiirak massif at rock glaciers in north facing direction. The lower minimum altitude

in these rock glaciers could be due to the lower direct solar radiation in north facing slopes,

or due to inactivity of rock glacier features. The minimum altitude at the rock glacier

front can be a good approximation for the lower permafrost boundary. Gorbunov (1996)

stated continuous permafrost in the Central Tien Shan ranges to occur above 3600m a.s.l.

Due to global warming, the lower boundary of continuous permafrost will likely be even

higher.

The mean maximum altitude of rock glaciers is at about 4000m a.s.l. and is often delimited

by adjacent glaciers or recently deglaciated glacier forefield. The mean elevation range of

altitude is 139m. Rock glaciers have a mean length of 656m and a mean width of 295m.

Rock glacier cover a mean area of about 140000m2. The mean slope is 12.2°(see table 6).

Table 6: Key characteristics of rock glaciers

Key characteristics Mean Median Minimum Maximum

Minimum altitude at the front [m] 3883 3920 3073 4339

Maximum altitude of rock glacier [m] 4022 4034 3160 4398

Elevation range of altitude [m] 139 109 29 480

Length [m] 656 550 153 2380

Width [m] 295 256 83 699

Area [km2] 0.14 0.09 0.01 0.74

Slope[°] 12.2 11.6 5.3 21.8
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Figure 20: Key characteristics of the inventoried rock glaciers: a. Mean slope aspect of
rock glaciers and in grey the aspect distribution of the relief; b. mean lower minimal

altitude; c. mean range; d. mean area

Rock glaciers are most prominent on south-eastern slopes (see figure 20a). About 70%

(n=44) of the inventoried rock glaciers occur on eastern, south-eastern or southern slopes.

The grey bar in figure 20a indicates the aspect distribution of the relief. The south-

western to north-eastern orientation of the mountain range is recognisable, with slightly

more dominant southern and northern slopes.

The mean lower minimum altitude of the mapped rock glaciers is highest in south facing

(E, SE, S, SW) slopes and lower in north facing slopes (NW, N, NE) (see figure 20b)

The height difference is most likely caused by the stronger direct solar radiation on south

facing slopes. The mean elevation range of altitude shows a similar north-south trend.

The mean elevation range of altitude is higher on north facing slopes than on south facing

slopes (see figure 20c). Rock glacier expanse is biggest on southern, south-eastern and

northern slopes, but does not show a clear trend (see figure 20d).
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5.1.2 Ice Content

A total glacier ice volume of 21.7km3 was calculated. The total volume of the ice-rich

permafrost in rock glaciers was estimated to be 0.329km3. The ice-rich permafrost was

assumed to have a volumetric ice content of 50%. Thus, a total ice volume of 0.165km3

was calculated (see table 7).

Table 7: Ice content of glaciers and rock glaciers

Parameter Value

Glacier ice volume 21.7km3

Volume of ice-rich permafrost in rock glaciers 0.329km3

Rock glacier ice volume (50%) 0.165km3

5.1.3 Rock Glacier to Glacier Ratio

The rock glacier to glacier ratio helps to estimate the hydrological relevance of rock glaciers.

The rock glacier to glacier ratio was calculated for the Aksu and the Naryn catchment

(see figure 19), within the study area, as well as for the whole study area. The Aksu

catchment covers most of the southern part of the Ak-Shiirak massif as well as the inner

valley, where the area of detailed investigation is situated. The part draining in to the

Aksu-Tarim catchment holds a glacier ice volume of more than 3km3. The estimated rock

glacier ice volume is 0.09km3, resulting in a rock glacier to glacier ratio of 1:34 (see table

8). In the part draining in to the Naryn-Syr Darya catchment, the glacier ice volume is

0.68km3. The rock glacier ice volume is about 0.07km3. The resulting rock glacier to

glacier ice volume ratio is 1:9. For the whole study region, a ratio of 1:23 is therefore

resulting.

Table 8: Ratio of rock glacier to glacier ice volume

Area Rock glacier

ice volume

Glacier

ice volume

Rock glacier to glacier

ice volume ratio

Aksu 0.09km3 3.07km3 1:34

Naryn 0.07km3 0.68km3 1:9

Ak-Shiirak 0.165km3 3.75km3 1:23
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5.2 Geomorphological Map

Figure 21: The geomorphological map

Figure 21 shows the geomorphological map. A larger version of the geomorphological map

is found in appendix A.2.

5.2.1 Surface Area of Process Domains

A total area of 13.9km2 was mapped. Of the total mapped area 40.6% were mapped

as glacial process domain, 25.6% as periglacial process domain, 31.9% as gravitational

process domain and 1.9% as fluvial process domain (see table 9). About 26% of the area

were mapped as glaciers, 21% as periglacial slope and 12.4% as gravitative accumulation

area.
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Table 9: Distribution of the surface area of the geomorphological process domains

Glacial process domain Area [km2] %

Glacier 3.6 25.9

Supraglacial debris 0.9 6.6

Moraine accumulation 0.5 3.8

Ice-cored moraine 0.4 2.9

Permanent snow patch 0.2 1.4

5.66 40.6

Periglacial process domain Area [km2] %

Periglacial slope 2.9 21.0

Active rock glacier 0.4 3.1

Less active rock glacier 0.1 0.8

Periglacial deposits 0.1 0.7

3.57 25.6

Gravitational process domain Area [km2] %

Gravitative accumulation area 1.7 12.4

Rockslide 1.3 9.6

Vegetation covered talus slope 1.1 8.4

Landslide 0.2 1.6

4.45 31.9

Fluvial process domain Area [km2] %

Fluvial deposit area 0.1 1.0

Fluvio-glacial deposits 0.1 0.8

Lake 0.009 0.1

0.26 1.9

Total 13.94 100.0

5.2.2 Geomorphological Genesis of the Ice-Debris Complex

The origin of the investigated ice-debris complex can generally be separated in three differ-

ent parts (see black delimitation in figure 22). The three parts describe distinct landform

sequences with different origins. In the lower part, the different landform sequences meet

and form a complex ice-debris tongue.
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In the eastern and in the western part, small cirque glaciers, surrounded by steep rock

walls are the initial points of the ice-debris complex formation. Rock wall erosion due

to frost weathering lead to supraglacial deposition of debris. Another distinct indicator

for supraglacial debris deposition is a large debris deposition on the north eastern cirque

glacier, likely resulting from a bigger rock slide.

Figure 22: Geomorphological Genesis of the Ice-Debris Complex
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The glacier with supraglacial debris is flowing downvalley, where steep rock walls lead

to further debris input. Snowfall or avalanches on the steep slopes could have led to a

snow and ice deposition on the ice-debris complex. In the eastern part, an overflow of

the adjacent glacier with irregular ice avalanches was likely in former times, leading to

enhanced ice input. Steady ice and debris input lead to an ice-debris mixture. With a

higher debris proportion, the ice-debris complex starts to behave more like a rock glacier

and less like a normal glacier. The geomorphological sequence of the lateral landform

parts at the eastern and the western margin are the same: glacier - supraglacial debris -

ice-cored moraine - moraine accumulation - active rock glacier - (less active rock glacier).

Therefore, the both lateral parts show a typical landform transition.

The third part, affecting the genesis of the ice-debris complex, is the main glacier in

the center of the ice-debris complex (see figure 22). The geomorphological sequence is less

complex: glacier - moraine accumulation. The glacier shows almost no supraglacial debris,

as there are not enough steep rock walls at the glacier margin. At the glacier tongue, a

medial moraine originates as the consequence of the glacier. The medial moraine has likely

originated as a result of glacier downwasting and the deposition of englacial debris.
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5.3 Ground Penetrating Radar

GPR measurements were recorded in a tributary valley of the Coendy valley (see figure 2).

A glacier with adjacent ice-debris complex was investigated. The investigated ice-debris

complex has a length of about 2.3km and a maximum width of 770m. The elevation range

of the ice-debris complex is 300m, the glacier tongue is situated on about 4130m a.s.l. and

the lower rock glacier slope on 3830m a.s.l.

A total of 44 GPR profiles were recorded. The total length of the recorded profiles was

more than 20km. All profiles taken, showed clear reflections and the stratigraphy could be

detected. The penetration depth was variable, but over all between 20-70m. The stratig-

raphy showed different patterns. Strong reflections in the uppermost 6-8m occurred on

all profiles and were caused by air and surface wave arrival and above ground reflectors.

Therefore, the estimation of the active layer thickness was difficult.

The ice-debris complex consisted of different, mostly distinct landforms. In order to facili-

tate the orientation and interpretation, the ice-debris complex was divided in five landform

classes: glacier, medial moraine, lateral moraine, rock glacier tongue and glacio-fluvial

plain. Here, the GPR profiles for all landform classes are shown.

In order to enhance legibility, all profiles were plotted to the same length. The profile

analysis was done in the original profile length. Profiles without comments are found in

appendix A.3. Profiles not discussed in this thesis are found in appendix A.4.

5.3.1 Glacier

On the glacier, two longitudinal and a zigzag profile, describing several transects, were

taken (see figure 23). VIRL-6 device was used. All profiles cover a distance of 7460m.

The electromagnetic velocity for glacier was assumed to be between 0.16m/ns (Davis and

Annan, 1989) and 0.167m/ns (Annan, 1999a) in (Hubbard and Glasser (2005)). A clear

bedrock surface was evident in all profiles.

Longitudinal Profile G-L1

The longitudinal profile G-L1 describes a longitudinal section on the western branch of

Geologov glacier. The profile had a length of 2080m originating at the glacier tongue

(4140m a.s.l.) and ending in the accumulation area (4390m a.s.l.).

The stratigraphy of the profile was characterised by a distinct bedrock reflector, marking

the glacier bed. The maximum depth of the bedrock reflector was 135-145m. The mean

depth was 80m respectively. Beside the bedrock reflector, two distinct reflection patterns

were evident. In the lower part (0-770m) the glacier ice showed no reflections apart from
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Figure 23: Map of GPR profiles on the glacier (map is based on a GoogleEarth scene)

sporadic low-amplitude hyperbolas, probably caused by buried boulders or crevasses. In

the upper part (770-1550m and 1670-1950m) the stratigraphy showed chaotic pattern

around the bedrock reflector. The chaotic stratigraphy was built up by overlapping hy-

perbolas, which were likely indicating temperate ice.
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Longitudinal Profile G-L2

The longitudinal profile G-L2 had a total length of 1730m, originating at the glacier tongue

(4140m a.s.l.) and ending close to a medial moraine. The profile was situated east of the

longitudinal profile G-L1. Clear reflections were evident in the whole profile.

The profile G-L2 (see figure 25) was characterised by a distinct bedrock reflector below

the glacier ice. The bedrock reflector had a maximum depth of 95-100m and a mean depth

of 62m. The stratigraphy of the glacier was almost reflection free, apart from some low-

amplitude hyperbolic curves, which were the result of englacial blocks. The stratigraphy of

the bedrock showed two different patterns. In the lower part (0-900m) loose low-amplitude

reflectors were apparent. In the upper part (900-1730m), stratigraphy was characterised

by high-amplitude, steeply inclined reflectors and bedrock parallel reflector bands.

Transverse Profile G-T1

The transverse profile G-T1 is built up by several cross profiles, linked to a zigzag shaped

profile. The profile was taken in north to south direction, originating at the end of longi-

tudinal profile G-L2 and ending at the tongue of Geologov glacier. The profile had a total

length of 3650m.

The most prominent element of the GPR profile (see figure 25) was the undulating bedrock

reflector. Undulation was caused by the zigzag acquisition of the profile. The bedrock re-

flector had a maximum depth of 98-103m and a mean depth of 62m respectively. Beside the

bedrock reflector, several hyperbolic curves were evident (e.g. 610-620m and 260-2380m).

A more chaotic pattern was evident (2320-2700m), probably indicating temperate ice at

the glacier bed. The stratigraphy of the bedrock was more chaotic, as the stratigraphy of

the glacier ice.
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5 RESULTS

5.3.2 Medial Moraine

On the medial moraine, eight GPR profiles were taken using Mal̊a ProEx (3 profiles) and

VIRL-6 (5 profiles). Out of 8 profiles, three merged profiles are showed in this study: two

longitudinal and one transverse profile (see figure 26). All profiles cover a total length of

2576m. Clear reflections were detected on all profiles.

Figure 26: Map of GPR profiles on the medial moraine (map is based on a GoogleEarth
scene)

Longitudinal Profile MM-L1

The profile MM-L1 (see figure 27) was taken along the medial moraine describing a longi-

tudinal section. The profile was taken in southward direction, ending at the moraine front

(see figure 26). Clear reflections were evident in the whole profile.
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Most prominent reflectors in the profile were continuous and surface parallel air and ground

wave arrivals. Below the surface reflectors, the stratigraphy was characterised by a strong

attenuation of reflections within 30-35m. Some distinct reflectors were apparent. A clear

dipping layer was visible after 10-30m up to a depth of 25m. The dipping layer was

possibly related to a dipping layer found in the transverse profile in 30-40m depth. The

reflector was possibly indicating an internal boundary layer. Below the dipping layer, a

surface parallel reflector (0-25m) could be found in about 50m depth, which would be in-

terpreted as a bedrock reflector. The depth of the bedrock in the transverse profile was in

the same range (about 55m). Another distinct reflector (525-550m) was emerging towards

the surface in 20-25m depth. In the lower zone of the profile, another reflector (590-650m)

occurred in 20m depth with surface parallel orientation. Both reflectors were interpreted

as internal boundary layers, probably indicating buried ice lenses.

Apart from distinct reflectors, low-amplitude reflections occurred. The stratigraphy of

these reflectors was variable. In the upper zone (0-200m), reflections were describing weak

reflector bands dipping to the south. The dipping reflector bands were interpreted as inter-

nal shear horizons of the lateral moraine (cf. Lukas and Sass (2011)). In the central part

(200-380m), reflections were mainly undulating. In the steep part, reflections appeared

surface parallel, but were slightly undulating. Reflections were deformed due to the to-

pographic correction of the profile. In the lower zone, weak reflection bands were again

undulating, but in surface parallel orientation. The stratigraphy could thus be interpreted

as the result of layering, during the landform genesis. The mean subsurface velocity was

0.104 ±0.055m/ns.

Longitudinal Profile MM-L2

The second longitudinal profile (see figure 27) was taken using VIRL-6 device. The profile

was taken in the opposite direction compared with the longitudinal profile MM-L1. the

profile originated out of the tail of the medial moraine, and was orientated in south-to-

north direction (see figure 26). The profile had a total length of 886m and reflections were

visible in the whole profile. Some noise occurred.

The stratigraphy was characterised by surface parallel reflector bands in the lower zone (0-

720m) and a more oblique pattern in the upper zone (720-886m). Several low-amplitude

but continuous reflectors were apparent in the lower zone up to 20m depth. A high-

amplitude reflector (240-275m) emerged to the surface from 12m depth. The inclined

reflector could be interpreted as a shear horizon, caused by unstable slope conditions

on the medial moraine. Another high-amplitude reflector (580-660m) was evident in a

depth of 23m with surface parallel orientation. The reflector was probably proceeding
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up to the top of the medial moraine (800m), but the reflector was disturbed by some

noise. This reflector could be interpreted as an internal boundary layer. The top part

of the medial moraine was characterised by a more oblique stratigraphy. Another high-

amplitude, surface parallel reflector (705-760m) was detected in about 12m depth. A deep

layer (830-880m) was found in 50m depth, slanting up to 30m. The slanting reflector

would be interpreted as a bedrock reflection. Since the longitudinal profile L2 was not

crossing the top of the medial moraine, the bedrock in 30m depth is correlating with the

bedrock detection in 50m depth on top of the moraine. The mean subsurface velocity was

0.13±0.6m/ns, but only few suitable hyperbolas were found.
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Transverse Profile MM-T1

The transverse profile MM-T1 (see figure 28) described a clear transect of the medial

moraine, in west-to-east direction. This profile is a result of three merged profiles. The

total length of the profile was 450m. Clear reflections occurred along the whole profile

and many distinct reflectors were evident.

The stratigraphy was characterised by surface parallel reflection bands (0-55m, 175-225m

and 285-450m) as well as several clear visible internal high-amplitude reflectors. Unstrati-

fied, chaotic reflections occurred on the western slope (60-170m) and on top of the medial

moraine (225-285m). The chaotic stratigraphy is a potential indicator for ice rich debris.

Several distinct reflectors were evident. A continuous and surface parallel reflector (0-

50m) was found in 15m depth. Another surface parallel reflector (170-205m) was evident

in 20 depth. The surface parallel reflectors were probably indicating internal boundary

layers caused by glacial deposits (Lukas and Sass, 2011). A slanting layer (100-115m)

was dipping from the surface in eastern direction. The inclined layer was cutting off a

zone with oblique high-amplitude reflectors. The high-amplitude reflectors were possibly

indicating an ice-rich layer. The curve fitting in this zone, resulted in a subsurface velocity

of 0.16m/ns.

Two prominent reflectors (230-260m) were found in 55m depth, probably marking the

bedrock surface. The reflectors were dipping in eastern direction and were in the same

depth as the possible bedrock reflectors in the longitudinal profiles. Another prominent

reflector (330-385m) was evident as a continuous slightly dipping layer. The reflector was

situated in 30-40m depth. Other high-amplitude reflectors (250-280m) in 35m were likely

extending this continuous reflector to the top of the moraine. The reflector could be in-

terpreted as an internal boundary layer, indicating the lower end of the ice-rich moraine

deposits.

The radial reflections (400-450m) were due to the influence of water. After 430m a small

glacial stream was crossed, likely causing these radial reflections. The GPR signal was

amplified by contact with water. The mean subsurface velocity was 0.128±0.022m/ns.

High velocities (0.15-0.16m/ns) were measured close to the surface. Ice rich debris or

massive ice is therefore likely to occur on the medial moraine.
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5 RESULTS

5.3.3 Lateral Moraine

The orographic left lateral moraine was investigated using Mal̊a ProEx device. A longitu-

dinal and a transverse profile were realised (see figure 29). The total length of the profiles

was 1264m. Both profiles showed clear recognisable reflections.

Figure 29: Map of GPR profiles on the lateral moraine (map is based on a GoogleEarth
scene)

Longitudinal Profile LM-L1

The longitudinal profile LM-L1 (see figure 30) describes a longitudinal transect of the

lateral moraine. The profile was recorded in south-north direction, originating out of the

lower end of the moraine. The profile had a total length of 1031m. Clear reflections were

evident in the whole profile. The profile could be characterised by a high-amplitude sur-

face parallel reflector band close to the surface. Below these reflectors, a more chaotic and

strongly attenuating stratigraphy appeared.

The strong surface reflectors were due to air and ground wave arrivals, which were intensi-

fied by the rough and blocky surface of the lateral moraine. Apart from surface reflectors,

60



5 RESULTS

the stratigraphy of the profile could be divided in two zones. A lower zone (0-680m) which

was characterised by a strong signal attenuation in 20-25m depth and an upper zone (680-

1031m), which would be characterised by strong and oblique reflections.

In the lower zone, no distinct stratigraphy was apparent, but some clear reflectors were

visible. A clear reflector was evident (120-150m) in a depth of 15m. Another reflector

(490-560m) was detected, in a depth of 15m. A potential correlation between these two

reflectors could not be found. A possible explanation of these reflectors would be the

occurrence of buried ice lenses. The reflectors could be caused by the lower end of buried

massive ice. Subsurface velocities of 0.15-0.16m/ns were measured along hyperbolas, right

above the reflectors. Buried obstacles have similar electromagnetic properties, as clear

ice. Hence buried massive ice is very likely to occur, above these distinct reflectors. The

appearance of massive ice is strengthened, by a typical stratigraphy of overlapping small

hyperbolas (Moorman et al., 2003). Between 130-570m an interrupted, weak reflector was

visible in depths of 40-65m. The reflector could be caused by the bedrock surface.

The upper zone (680-1031m) of the profile, was characterised by a strong and chaotic

stratigraphy, which reached depths of 50m. In comparison to the lower zone, reflections in

the upper zone showed higher amplitudes. The strong oblique reflectors, were interpreted

as the result of an ice-debris matrix. Strong reflections could be caused, due to different

electromagnetic velocities of ice and debris.

A surface parallel reflector (800-850m) in 12m depth could be distinguished, likely indi-

cating buried massive ice. A weak reflector (980-1031m) could be detected, dipping up

from 45m to 30m, potentially indicating the bedrock surface.

The separation of the lower and the upper zone was correlating with the surface topogra-

phy. In the upper zone, the lateral moraine was significantly wider than in the lower zone.

Based on the topography and stratigraphy, the upper zone was therefore interpreted as an

ice-cored moraine, whereas, the lower zone could be interpreted as a lateral moraine with

less ice content. The mean subsurface velocity was 0.135±0.02m/ns. About 0.1-0.16m/ns

in the lower zone and 0.1-0.15m/ns in the upper zone.

Transverse Profile LM-T1

The transverse profile (see figure 30) showed a transect of the western slope of the lateral

moraine (see figure 29). The profile was recorded in a east-to-west direction, starting at

the top of the moraine and ending at the margin of the glacier. The profile had a total

length of 233m and reflections were clearly visible in the whole profile.

The profile showed clear reflections building a chaotic stratigraphy. The signal depth

decreased towards the glacier from 70-100m depth(0-60m distance) to 40-60m depth (60-

61



5 RESULTS

190m) and 25-30m depth (190-233m). Two prominent reflectors were evident. The first

reflector (5-58m) had a syncline shape. The depth of the reflector was 9-18m. Above

this reflector, a relatively reflection free zone occurred. The syncline reflector could be

interpreted as the lower boundary of buried massive ice. Below this prominent reflector,

three less prominent but more or less parallel reflectors occurred in depths of 30m, 45m

and 65m respectively. These reflectors probably showed the stratification of ice and debris

layers.

A second prominent reflector (170-230m) was evident in a depth of 25-40m. The reflector

had again a syncline shape and could be interpreted as bedrock surface or the lower

buried margin of the lateral moraine. Again, indicators for buried ice occurred above this

reflector. Hence, massive ice of up to 25m thickness could be expected.

In the center of the profile (60-110m) a zone with little reflection occurred, close to the

surface. A maximum depth of 20m was apparent. Next to the reflection zone, a zone with

little distinct reflections and a rather oblique stratigraphy was found. In this part of the

lateral moraine, massive ice (reflection free zone) and ice-rich debris (oblique stratigraphy)

is likely to be expected. The mean subsurface velocity was 0.11±0.038m/ns, but only few

suitable hyperbolas were found.
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5.3.4 Rock Glacier Tongue

At the rock glacier tongue, a total of 15 GPR profiles were taken, using VIRL-6 device

(see figure 31). The total profile length was about 7.1km. All profiles showed clear

visible reflections. A severe signal distortion occurred between 500-700ns, making the

identification of reflections in this part difficult.

Figure 31: Map of GPR profiles on the rock glacier tongue (map is based on a
GoogleEarth scene)

Longitudinal Profile RG-L1

The lower longitudinal profile RG-L1 had a total length of 571m. The profile was taken
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against flow direction of the rock glacier, starting at the rock glacier front and ending close

to a periglacial lake. The profile showed clear identifiable stratigraphy, down to a depth

of 40m (front) and to a depth of 50m (upper part).

The stratigraphy of the profile RG-L1 (see figure 32) was characterised by weak surface

parallel reflector bands in the lower part (0-220m) of the profile. In the upper part (220-

571m), a more chaotic stratigraphy prevailed. Two strong surface parallel reflectors were

evident in the lower part of the profile. The first reflector (15-35m) in 20m depth and the

second reflector (190-245m) was evident in 15m depth. More less pronounced reflectors

were visible. The surface parallel stratigraphy could be interpreted as different internal

layers. The surface parallel reflectors in rock glaciers are commonly explained as the

result of frequent mass movements covering snow cover in the rooting zone of rock glaciers

(Berthling et al., 2000; Degenhardt, 2009; Farbrot et al., 2005). Hence the surface parallel

reflectors were likely caused by alternating layering of rockfall deposits and snow cover or

avalanches.

The stratigraphy of the upper part was characterised by chaotic and undulating reflectors.

A syncline layer (260-290m) was found in 20-25m depth. The most prominent element

of the profile were several reflectors (340-380m), slanting up to the surface. The slope of

the dipping layers was between 21-44°. The slope of these inclined layers was less steep,

than inclined layers, measured on another rock glacier in the northern Rocky Mountains

(see Florentine et al. (2014)). The slanting layers were likely related to the concave ridges

at surface. The transverse ridges are a potential indicator for the internal deformation.

Hence the slanting layers were interpreted as debris bands, deformed by creep behaviour

of the rock glacier tongue (Florentine et al., 2014; Fukui et al., 2008). Based on hyperbola

fitting, the estimated subsurface velocity was 0.06-0.12m/ns in the lower part and 0.06-

0.155m/ns in the upper part respectively.

A mean velocity of 0.11±0.029m/ns resulted.

Longitudinal Profile RG-L2

The second longitudinal profile RG-L2 (figure 32) had a length of 439m. The profile was

located at the eastern margin of the rock glacier tongue. The profile was taken in flow

direction of the rock glacier (see figure 31). The stratigraphy of the profile showed strong

reflections in the upper 10-13m, followed by a surface parallel or slightly undulating pat-

tern.

The strong surface reflector was likely due to ground and air wave reflections. The surface

reflector was followed by a zone of sub parallel reflections, which occurred up to a depth
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of 40-50m. Surface parallel reflections start to become more undulating after 220m.

A distinct surface parallel reflector (60-240m) was evident in 25-30m depth, probably

indicating the bedrock surface. Two smaller, horizontally situated reflectors (105-170m)

were evident in a maximum depth of 20m, emerging to the surface. A possible explanation

of these reflectors, could be an internal water flow path. Emerging water was be observed

close-by, reinforcing the possibility of internal water flow paths. In the lower part of

the profile (300-400m) a clear reflector was visible in a depth of 70m, slanting up to

50m. This reflector could again be interpreted as a bedrock indicator. The depth of

the bedrock reflection was significantly deeper than further up in the profile. Compared

to the height of the rock glacier tongue, the bedrock was expected in shallower depth.

The deep bedrock reflector could be interpreted as a debris filled glacial over deepening.

The estimated subsurface velocity was 0.1-0.13m/ns in the upper part (0-300m) and 0.05-

0.07m/ns in the lower part (300-439m) respectively. Thus, the mean subsurface velocity

was 0.093±0.03m/ns.
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Transverse Profile RG-T1

The transverse profile RG-T1 describes a clear transect of the upper part of the rock

glacier tongue (see figure 31). The profile had a total length of 461m, and was taken in

west-to-east direction.

The stratigraphy (see figure 33) was characterised by weak surface parallel reflections in

the eastern part (0-100m) and a chaotic pattern caused by overlapping of inclined layers

in the western part (100-461m). Clear reflections were apparent to a depth of 50m. Below

50m, reflections started to fade out. A strong reflector (170-230m) was found in 75-80m

depth, probably indicating the bedrock surface.

Several high-amplitude short reflectors (e.g. 105-115m, 195-200m) were found in 10-15m

depth, building a surface parallel line. The reflectors were likely caused by buried boul-

ders or ice lenses. In the unmigrated profile, these point reflectors occurred as hyperbolic

curves, but were geometrically corrected, using the migration function. The hyperbolas

were used to estimate the subsurface velocities of the point reflectors. The estimated ve-

locity was 0.12m/ns (65-75m), 0.12-0.17m/ns (195-200m) and 0.13-0.17m/ns (270-275m).

Clear ice has an electromagnetic wave velocity of 0.167m/ns see table 3 in methods sec-

tion 4.3.1. The estimated velocity showed similar values. Hence, buried ice-lenses could

be expected in depths of 10-15m.

Further, weak low-amplitude reflectors were apparent. The reflectors were building syn-

cline structures, dipping up to surface in eastern direction. Visible ridges on the rock

glacier surface, lead to the assumption, that slanting reflectors were also caused by inter-

nal deformation. Syncline structures in transversal GPR profiles were also found in other

studies and interpreted as slanting debris-rich layers, related to ridges at surface (Fukui

et al., 2008; Monnier et al., 2013). Thus, the inclined layers were likely indicating internal

deformation due to rock glacier creep. The mean subsurface velocity was 0.1±0.034m/ns.

Transverse Profile RG-T2

The second transversal profile RG-T2 described a more diagonal transect of the rock

glacier tongue (see figure 31). This profile was taken diagonal to the flow direction, in

south-western direction. The profile was originating at the north-eastern margin and had

a total length of 717m. The stratigraphy could be clearly distinguished in the whole pro-

file. In the upper 30m, the reflections were well recognizable. In a depth of 30-70m the

reflections were less clear distinguished. Below 70m no reflections were detectable.

The stratigraphy (see figure 33) was characterised by undulating reflector bands in sur-

face parallel orientation. Undulating reflector bands were overlapped by weak, strongly

inclined, hyperbolic reflections, letting the stratigraphy look chaotic. Strongly inclined
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reflections, could be interpreted as multiple hyperbolas, caused by many small ice lenses

(Moorman et al., 2003). Therefore, smaller ice lenses are likely to be found. The compo-

sition of the rock glacier tongue could be expected to be an ice-debris mixture, which is

commonly accepted (e.g. (Haeberli et al., 2006)).

Some distinct, surface-parallel reflectors were visible. An almost surface parallel reflector

(5-40m) was apparent in 13-15m depth. Other reflectors were found in 21m depth (260-

290m) and 15m depth (590-615m). The layered stratigraphy could be explained as the

result of stratified ice and debris layers. The stratification was the result of rockfall and

avalanche events in the rooting zone of the rock glacier.

A high-amplitude reflector (45-70m) was evident in the upper part of the profile. The re-

flector was dipping from 10 to 20m depth, probably indicating an internal shear horizon.

A deep low-amplitude reflector was evident, most likely caused by the bedrock surface.

This bedrock reflector was found in 50m depth after 100m, dipping to more than 80m

depth, after 450m. A thickness of 80m could be strengthened by comparison with the

valley topography. The estimated subsurface velocity was 0.12±0.031m/ns.

Transverse Profile RG-T3

The third transversal profile RG-T3 (see figure 33) described another diagonal transect

of the rock glacier tongue. This transect was recorded in south-eastern direction. The

profile originated at the end of the profile RG-T2 (see figure 31). The total length of the

profile was 375m. In the whole profile, the stratigraphy was clearly detectable to depths

of 30-40m. No reflections were detected below 70m.

The stratigraphy of the profile was characterised by undulating and chaotic reflections in

the upper part (0-120m) of the profile and mainly weak surface parallel reflection bands in

the lower part (120-375m) of the profile. The most prominent reflectors were found in the

upper part of the profile. A surface parallel high-amplitude reflector (17-42m) was found

in 25m depth. This reflector was surrounded by more distinct, surface parallel reflectors

(5-15m and 50-60m) in a about 20m depth.

Another distinct reflector was found in the middle section of the profile (120-160m), dip-

ping from 8 to 17m. The reflector may be a shear horizon and is possibly related to the

bulge-like features visible on the surface. Just below this dipping layer, a further distinct

reflector was found (140-180m) in a depth of 20m. The reflector was orientated parallel

to the surface and was probably indicating an internal boundary between materials with

different electromagnetic velocities. The stratification could be explained, as the result of

rockfall and avalanche deposits in the rooting zone of the rock glacier.

In the lower part of the profile, surface parallel reflection bands dominated. The reflection
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bands were interrupted by several syncline reflectors, dipping up to the surface in north-

western direction. Syncline reflectors could be again interpreted as the result of internal

deformation, due to rock glacier creep.

Between 100-200m, a clear reflector in a depth of 70m was apparent. The deep reflector

could be related to the bedrock surface. The depth of the bedrock surface was correlating

with the bedrock reflectors in the profiles RG-T1 and RG-T2. The estimated subsurface

velocity was 0.094±0.024m/ns.
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5 RESULTS

5.3.5 Glacio-Fluvial Plain

On the glacio-fluvial plain, one longitudinal and one transverse profile were taken (see

figure 34). The longitudinal profile was recorded using Mal̊a ProEx, and the transverse

profile using VIRL-6. The profiles had a total length of 842m. Reflections were found in

both profiles.

Figure 34: Map of GPR profiles on the glacio-fluvial plain (map is based on a
GoogleEarth scene)

Longitudinal Profile GF-L1

The longitudinal profile GF-L1 (see figure 35) was in north-to-south direction, starting at

the tail of medial moraine. The profile had a total length of 672m. Reflections were visible

in the whole profile.

The stratigraphy of the profile could be characterised by continuous surface parallel reflec-

tions in the upper part of the profile followed by a rather oblique pattern. Two prominent

zones were apparent where a chaotic stratigraphy was visible to a depth of 30m (0-200m)

and 40m (270-515m). The second zone of the oblique stratigraphy was built up by several

syncline hyperbolas. Besides the two zones, an oblique stratigraphy was visible as low-

amplitude reflections up to a depth of 75m.

In the second prominent zone, a dipping reflector (300-360m) was visible. The reflector

was dipping from 10m to a depth of 30m and was likely describing the lower margin of

the glacio-fluvial sediment fillings. A distinct, syncline reflector (630-660m) was evident
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in a depth of 40-45m. The reflector was probably indicating the bedrock surface.

Surface parallel reflections were probably caused by air and ground wave arrivals, but likely

also by fluvial sedimentation, as not only two but more than six reflectors were appar-

ent. Such a stratified pattern often appears in fluvial sediments (cf. Beres et al. (1999)).

The higher penetration depths in the two prominent zones were possibly caused by the

occurrence of liquid water. The estimated subsurface velocity was 0.096±0.022m/ns.

Transverse Profile GF-T1

The transverse profile GF-T1 (see figure 35) described a transect of the flood plain. The

profile was in a north-eastern direction. The profile origin was on the south-western mar-

gin. The profile had a total length of 173m. Reflections were visible along the whole

profile.

The stratigraphy of the profile could be characterised by several high-amplitude reflectors

in surface parallel orientation. The reflectors were visible up to 40m depth, but deepest

reflectors and reflectors with high-amplitudes were found in the center of profile. These

parallel reflections were likely caused by glacio-fluvial sedimentation processes.

A high-amplitude reflector (10-30m) was found in about 20m depth, in surface parallel

orientation. The reflector was probably correlated with a discontinuous high-amplitude

reflector (40-90m) in the same depth. The high-amplitude reflector could be interpreted

as an internal boundary layer, probably caused by the lower end of glacio-fluvial fillings.

An inclined reflector (100-115m) was apparent in 40m depth. The reflector could likely be

extended, building a syncline layer around the prominent zone. The reflector was prob-

ably indicating the lower margin of glacio-fluvial stratification. 15m below this reflector,

another distinct reflector was evident. The reflector was probably indicating the bedrock

surface in a depth of 55m. The bedrock detection was in greater depth, as in the longi-

tudinal profile GF-L1. Since the bedrock was detected further south in the longitudinal

profile, no correlation between these two bedrock reflectors could be made. The subsurface

velocity was 0.1±0.03m/ns, but only few suitable hyperbolas were found.
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6 DISCUSSION

6 Discussion

GPR measurements on glaciers are widespread and provide good results (e.g. Kutuzov

et al. (2015); Machguth et al. (2006). GPR is also used to study the internal structures

of rock glaciers (Merz et al. (2015); Monnier et al. (2014). However, to understand the

complex internal structures and its origin of a rock glacier, the whole landform continuum

has to be considered. The use of GPR to investigate a whole proglacial ice-debris complex

is relatively new and unknown but proved to be a suitable method (cf. Monnier et al.

(2014)).

6.1 Structure of Landforms

Based on the GPR profiles a proglacial ice-debris complex was investigated and different

landforms could clearly be distinguished. Glacier, moraines, glacio-fluvial plain and rock

glacier features could be detected and showed distinct internal structures (see figure 36).

The distinction between glacier and adjacent moraine was most pronounced and more

difficult between periglacial landforms.

The distinction of geomorphological landform features could be also made on a landform

assemblage in the Andes, where the distinction between debris-covered glacier and moraine

was most pronounced and more difficult between moraine and rock glacier features (Mon-

nier et al., 2014). Thus, it can be hypothesised, that the internal structures of landforms

of the same geomorphological process domain are more difficult to distinguish.

Figure 36: Internal structures of the investigated ice-debris complex (own figure)
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Glacier

GPR profiles on the glacier showed almost no internal reflections but a distinct bedrock

reflector. The homogeneity of glacier ice and its very low electrical conductivity lead to an

almost reflection free stratigraphy. A more chaotic pattern close to the bedrock reflector

was interpreted as temperate ice (see figure 24). Similar stratigraphy was also found on

other glaciers and interpreted as temperate ice (cf. Irvine-Fynn et al. (2006)). The change

in GPR pattern is most likely due to a changing dielectric constant, caused by intracrystal-

lar liquid water. The investigated glacier is therefore interpreted as a polythermal glacier.

Glaciers in the Central Tien Shan are considered to be of polythermal or even cold nature

(Osmonov et al., 2013; Shi and Liu, 2000).

Moraines

In the glacier ice-debris complex, the lateral and medial moraines are adjacent to the

glacier. The moraines are thus the first landform of the periglacial process domain. GPR

profiles taken on the moraines, showed a completely different pattern than on the glacier.

The stratigraphy was much more heterogeneous with a chaotic pattern, surface parallel

and dipping reflectors. Similar heterogeneous stratigraphy was also found by Langston

et al. (2011) in a proglacial moraine in the Canadian Rocky Mountains.

An exposure on the lateral moraine of Gornergletscher allowed field evidence to GPR

measurements (cf. Lukas and Sass (2011)). The sub parallel GPR reflectors were in-

terpreted as alternating clast- and matrix-supported stratified diamicts and intercalated

sorted debris units (Lukas and Sass, 2011). A similar composition could be expected in

the medial moraine. The investigated lateral moraine however showed clear indicators for

buried ice. Especially in the upper part distinct reflectors and the stratigraphy varied

from the stratigraphy in the medial moraine. In the lower part of the lateral moraine (see

figure 29) the pattern was more similar to the pattern found in the medial moraine.

Rock Glacier

The stratigraphy of the rock glacier as a whole landform, was characterised by mostly

surface parallel, slightly undulating or dipping reflector bands. Surface parallel reflectors

were more pronounced in the longitudinal profiles. Transverse profiles showed a more

undulating stratigraphy. Even undulating or dipping reflectors, consisted of layered and

mostly parallel reflection bands. Thus, the internal structure of the rock glacier, was

mainly dominated by a layered stratigraphy.

A surface parallel stratigraphy, is common in rock glaciers. A similar stratigraphy was
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found in rock glaciers in Svalbard (Berthling et al., 2000; Farbrot et al., 2005; Isaksen

et al., 2000), Colorado (Degenhardt, 2009), Antarctic (Fukui et al., 2008) and in the Alps

(Maurer and Hauck, 2007; Monnier et al., 2013). The layered stratigraphy is interpreted

as alternating ice-rich and ice-poor layers. Alternation of ice-rich and ice-poor layers were

also found in boreholes. Monnier et al. (2013) found vertical alternation of ice-rich and ice-

poor layers with an extracted ice content of 15-30%. Vonder Mühll and Holub (1992) found

a massive ice layer, followed by debris layers in Murtel-Corvatsch rock glacier and Fukui

et al. (2008) found only very thin debris layers alternating with thick layers consisting of

bubbly ice.

The layered stratigraphy could also be explained by the two-layer model. The model

explains rock glaciers to be built up of an outer layer consisting of blocky materials and

an inner layer consisting of a fine-grained ice-debris matrix (Wahrhaftig and Cox, 1959;

Haeberli et al., 2006). Since strong air and ground wave arrivals were apparent as high-

amplitude reflectors in the upper 6-8m, the active layer was hard to detect. Therefore, no

distinct reflector was visible marking the inner and the outer layer. Hence, the existing

profiles are interpreted to only show the ice-rich inner layer.

The longitudinal profile RG-L1 (see figure 32) showed two distinct patterns. A weak

surface parallel stratigraphy and a more chaotic stratigraphy in the upper part. These

two patterns were interpreted as a more active rock glacier, where the stratigraphy was

more chaotic and a less active rock glacier, where the stratigraphy was more surface

parallel. The prominent slanting layers could describe internal shear horizons and are

likely related to the concave ridges at the surface. The shear horizons were slanting up to

the surface in creep direction. Reflectors were slanting because the creeping rate is higher,

closer to the surface. Arenson et al. (2002) state, that in degrading permafrost and due

to enhanced ice melt, creep rate increases towards the surface. Hence, slanting layers are

indicating enhanced creep towards the surface and could also be an indicator for degrading

permafrost.

Glacio-Fluvial Plain

The stratigraphy of the glacio-fluvial plain was more chaotic in the longitudinal profile

and surface parallel in the transverse profile. The GPR stratigraphy was interpreted as

the result of sedimentation of glacio-fluvial-deposits. However, glacio-fluvial sediments

are notoriously difficult for GPR, due to the high clay and water content (Woodward and

Burke, 2007).
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6.2 Genesis of the Landform Complex

The analysis of the geomorphological characteristics of the investigated ice-debris complex

showed a polygenetic origin with different landform sequences. The landform sequences

showed a transition from glacial to periglacial landforms. Similar geomorphological tran-

sitions were also found in the Andes (Monnier et al., 2014) and in the Northern Tien Shan

(Gorbunov et al., 1992).

In the geomorphological map, the landform transition was most pronounced, where rock-

falls from steep rock slopes have lead to debris input. The large glacier part, without

supraglacial debris, does not show a distinct transition. Thus, the transition from a

glacial to a periglacial landform is mainly depending on the availability of debris and is

therefore the result of glacier and permafrost related deposits (cf. Etzelmuller and Hagen

(2005); Haeberli (2005a).

The landform transition is not only geomorphologically but also structurally visible. With

ongoing glacier to rock glacier transition, the layered stratigraphy is becoming more pro-

nounced. The layered stratigraphy is the result of rock wall erosion as well as snowfall and

avalanches, which have created an alternating deposition of ice or snow and debris layers

on the glacier. The layered stratigraphy is thus an indicator, that debris and ice in the

ice-debris complex are originating form the adjacent rock walls and helps to understand

the creep and deformation behaviour of the ice-debris complex.

To better understand the genesis of ice-debris complexes, it is important to understand

under what circumstances ice-debris complexes occur. The spatial distribution of the in-

ventoried rock glaciers (see section 5.1) provide information on favourable conditions of

rock glaciers. The inventoried rock glaciers were often a part of an ice-debris complex.

Hence, the inventoried rock glaciers can serve as a proxy for ice-debris complexes.

In the Ak-Shiirak massif, the inventoried rock glaciers are found most prominently on

south-to-eastern slopes and are situated in continuous (or less in discontinuous) permafrost

(rough estimation based on the permafrost zonation index by Gruber (2012)). The inves-

tigated ice-debris complex has a southern aspect and is situated in continuous permafrost.

The occurrence of permafrost can be confirmed by ground temperature measurements

around the investigated ice-debris complex. The occurrence of permafrost is required for

rock glaciers to occur (Barsch, 1996; Haeberli, 1985; Wahrhaftig and Cox, 1959) and is

thus also a prerequisite for similar ice-debris complexes to exist. The dominant south-

facing aspect is likely resulting in a higher solar radiation and less winter precipitation,

78



6 DISCUSSION

due to the lee side of the Ak-Shiirak massif.

Beside the south-facing aspect and the occurrence of permafrost, the ice-debris complexes

in the Ak-Shiirak massif are characterised to appear below glaciers surrounded by steep

and heavily eroded rock walls. In the Northern Tien Shan, the distribution and charac-

teristics of large rock glaciers is hypothesized to relate to the same conditions. Beside the

location below glaciers and the topographic characteristics, intensive weathering and rock

avalanches triggered by seismic activity are hypothesized (Bolch and Gorbunov, 2014).

The investigated ice-debris complex in the Ak-Shiirak range has probably formed during

glacier advances in the late Pleistocene-Holocene and during the Little Ice Age (LIA). In

the Kyrgyz Tien Shan, several glaciation maxima resulted in multiple moraines and drifts

from late Quarternary glaciations (Koppes et al., 2008). Radiocarbon dating from buried

soils in a lateral moraine (Narama and Okuno, 2006) and ice-core boreholes on an ice cap

(Takeuchi et al., 2014) suggest that the Tien Shan region was considerably warmer at the

end of the Pleistocene than at present. With glacier advances, the extent and altitudinal

range of permafrost has changed as well several times during the Holocene (Gorbunov,

1996). The massive buried ice in the upper lateral moraine could be an indicator for

a readvance of the glacier, followed by the incorporation of glacier ice in the ice-debris

complex (Monnier and Kinnard, 2015a).

The complex appearance and the large rock glacier tongue, lead to the assumption that

the investigated ice-debris complex has formed during former glacier advances.

6.3 Ice Content

Ice is ubiquitous in a glacial-periglacial environment. The investigated ice-debris complex

not only consist to a major part of ice, but was also shaped under the influence of ice.

Geomorphological features like ice cliffs, ridges and furrows as well as thermocarst are

distinct indicators for the presence of buried ice.

To estimate the ice content and distribution of subsurface ice in the ice-debris complex,

GPR measurements were taken. GPR profiles showed distinct indicators of ice like the

almost reflection free glacier ice, delimited by the glacier bed, or buried ice lenses in the

ice-cored moraine. The ice content is more difficult to estimate, where an ice-debris matrix

is apparent, or a layered stratigraphy of alternating ice and debris layers could be found.

In order to estimate the ice content of the different landforms, an attempt in measuring

the subsurface velocities by using the hyperbolic fitting method, was applied. The hyper-

bola fitting method is a rough approximation only. The subsurface velocity is depending
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on the ice, air and liquid water content of the subsurface, as well as from the electro-

magnetic properties of the subsurface material. Subsurface velocities above 0.15m/ns can

be interpreted as ice or dry sand, whereas subsurface velocities below 0.06m/ns can be

interpreted as saturated sand, or clay (after Davis and Annan (1989)). Thus, the result

of hyperbola fitting has to be interpreted as a general subsurface parameter and not from

the ice content only. This method was already used in other GPR studies on rock glaciers

(cf. Florentine et al. (2014); Fukui et al. (2008); Monnier et al. (2013)).

The results of the hyperbolic fitting method are summarised in table 10. The subsurface

velocity was highest on the medial and on the lateral moraine and were lowest on the rock

glacier and on the glacio-fluvial plain. The moraines could thus be interpreted to consist

of more blocky and dry material containing ice lenses or air pockets, whereas the rock

glacier and the glacio-fluvial plain could be interpreted to consist of more fine-grained and

wet material, probably containing less ice. However, the estimated velocities are based on

GPR measurements, which represent a two-dimensional model along a transect. Thus, a

statement about the subsurface properties of a whole landform, only based on a few tran-

sects is not very significant, since the subsurface properties of such landforms can be very

heterogeneous. Furthermore, two different GPR devices were used, with an unshielded

antenna. This would mean, that prominent hyperbolic reflectors used for curve fitting,

might also originate from aboveground.

Considering the methodological uncertainties, a quantitative estimation of the ice content

was not possible. Nevertheless, the hyperbola fitting method can help with the spatial

distribution of the subsurface ice. In the transverse profile MM-T1 on the medial moraine

(see figure 28) the highest velocities (0.15-0.16m/ns) were measured close to the surface,

which could indicate, the ice-rich ice-debris matrix to occur closer to the surface. On the

longitudinal profile RG-L1 on the rock glacier (see figure 32), the less active and the more

active part could be identified. The less active rock glacier part, probably containing less

subsurface ice, showed lower subsurface velocities, compared to the upper, more active

rock glacier part.

Another possibility to estimate the ice content of periglacial landforms, is to use geo-

morphological characteristics. Janke et al. (2015) developed a system do classify debris-

covered glaciers and rock glaciers based on satellite imagery. Debris-covered glaciers and

rock glaciers are understood to be part of a landform continuum, as they degrade from

valley glaciers, to debris-covered glaciers and eventually rock glaciers (Giardino and Vitek,

1988) in (Janke et al. (2015)). The classification scheme consists of six classes. The classi-

fication system is linked to field observations and measurements of the ice content. Thus,
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Table 10: Subsurface velocities of GPR profiles in [m/ns]

Landform Number Mean Std deviation Minimum Maximum

MM-L1 5 0.104 0.055 0.07 0.2
MM-L2 3 0.13 0.36 0.09 0.16
MM-T1 11 0.128 0.022 0.1 0.16
Medial moraine 0.121

LM-L1 39 0.135 0.02 0.08 0.16
LM-T1 6 0.11 0.038 0.065 0.17
Lateral moraine 0.123

RG-L1 29 0.11 0.029 0.06 0.155
RG-L2 7 0.093 0.03 0.05 0.13
RG-T1 8 0.1 0.034 0.07 0.17
RG-T2 17 0.12 0.031 0.07 0.19
RG-T3 16 0.094 0.024 0.06 0.14
Rock glacier 0.099

GF-L1 6 0.096 0.022 0.06 0.12
GF-T1 9 0.1 0.03 0.06 0.15
Glacio-fluvial plain 0.102

the ice content could be estimated using the geomorphological features only.

The classification system could partly be applied to the investigated ice-debris complex.

The transition of the glacier with supraglacial debris (class 2 - fully covered, ice content:

65-85%) to the ice-cored moraine (class 3 - buried glacier, ice content: 45-65%) at the

northern margin of the ice-debris complex could be classified. The rock glacier tongue was

classified as class 4 - proper rock glaciers with an estimated ice content of 25-45%.

Clear distinguishable landform features can be classified using this approach. However

with more complex landform assemblages, classification will become more difficult. Snow-

fall, available debris and temperature that affect glacial and periglacial processes make it

difficult to assign landforms to a single class (Janke et al., 2015).

Using either method, it is assumed that the ice content in the landform continuum will

decrease with the transition from a glacier to a rock glacier. A significant assignment of

ice proportion to the different landform elements of this ice-debris complex is not possible

without accurate on-site measurements.
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6.4 Hydrological Significance

With ongoing glacier recession, it is expected that ice-rich permafrost bodies compensate

at least partly the recession in snow and glacier melt derived runoff (Bolch and Marchenko,

2009; Sorg et al., 2012). Therefore, an estimation of the regional storage and release po-

tential of the ice-rich permafrost was done. According to Barsch (1992), rock glaciers are

the visible expression of creeping ice-supersaturated mountain permafrost. Thus, the in-

ventoried rock glaciers were used to estimate the hydrolgical significance. The hydrological

significance of rock glaciers is primarily related to the ice-debris matrix, which functions

as an aquifer, having recharge, discharge, through-flow and storage characteristics (Burger

et al., 1999). To estimate the hydrological significance, the ice storage potential of rock

glaciers was compared to the storage potential of glaciers. Hence a ratio of rock glacier to

glacier ice volume (see section 5.1.3) was calculated and compared to other regions (see

table 11).

In the semi-arid Andes (3:1)(Azócar and Brenning, 2010), in the arid Andes (1:2.7)(Azócar

and Brenning, 2010) and in the Andes of Santiago (1:7)(Brenning, 2005), the hydrologi-

cal significance is expected to be higher than in the Central Tien Shan (1:23)(Bolch and

Marchenko, 2009), where glaciers hold 23 times more ice volume than rock glaciers. In the

Swiss Alps (1:83)(Brenning, 2005), the hydrological significance is expected to be much

lower. In the Northern Tien Shan, the hydrological significance is only slightly lower than

in the Central Tien Shan.

A higher rock glacier to glacier ice volume ratio does not necessarily mean that less ice is

stored in rock glaciers, but that the glacierized area is bigger. Therefore, the ice volume

ratio is strongly depending on the occurrence, size and spatial distribution of glaciers.

Considering the geographical latitude (see table 11), the hydrological significance of rock

glaciers is increasing with a lower geographical latitude. This correlation can be explained

with a higher solar radiation, with lower geographical latitude, resulting in enhanced

glacier melt and a good insulation of rock glacier ice, due to a debris layer.

However, the manual mapping of rock glacier bodies only using remote sensing data is

rather inaccurate. Especially the delimitation of the upper rock glacier end, which often

ends as a transition into a scree slope, is difficult (Krainer and Ribis, 2012). The rock

glacier inventory does not distinguish between active and inactive rock glaciers. The ice

content of inactive rock glaciers is thus calculated the same way as active rock glaciers,

although in the investigated rock glacier tongue, clear GPR patterns show differences be-

tween active and less active parts. The estimated ice content of rock glaciers and hence
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the rock glacier to glacier ice volume ratio is thus a rough guess. In a similar study, un-

certainties were estimated to be in the order of -50% -100% (Azócar and Brenning, 2010).

In this study, the uncertainty is expected to be in the same range.

Table 11: Hydrological significance of rock glaciers as water stores worldwide

Location Latitude Ratio of
rock glacier
to glacier
ice volumes

Source

Semi-arid Andes(Chile) 29°-32°S 3:1 Azócar and Brenning (2010)
Arid Andes(Chile) 27°-29°S 1:2.7 Azócar and Brenning (2010)
Andes of Santiago(Chile) 32°-34°S 1:7 Brenning (2005)
Central Tien Shan 41°N 1:23 This study
Northern Tien Shan
(Kazakhstan/Kyrgyzstan)

42°-44°N 1:31 Bolch and Marchenko (2009)

Swiss Alps 45°-47°N 1:83 Brenning (2005), based on
data from Barsch (1996)

This estimation focussed on the rock glaciers only. For a more holistic estimation of the hy-

drological significance, the whole periglacial area, especially the ice-debris complexes have

to be considered. GPR measurements showed distinct patterns of ice-rich permafrost and

buried massive ice in the morainic parts of the ice-debris complex. On an ice-debris com-

plex in the southern part of the Ak-Shiirak massif, point GPR measurements in 2012

revealed massif buried ice. Ice depths of up to 300m were measured (cf. Bolch et al.

(2015)). In the Northern Tien Shan, permafrost related periglacial landforms such as

lacustrine and alluvial sediments, moraines, rock glaciers and other blocky materials are

expected to contain up to 80% of ice (Bolch and Marchenko, 2009). Hence, the estimation

of the total water stored in ice-rich permafrost and permafrost related ice-debris com-

plexes is difficult. With ongoing global warming and associated glacier melt, ice stored

in permafrost related landforms such as ice-debris complexes, will become an increasingly

important fresh water source (Bolch and Marchenko, 2009).
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7 Conclusion and Outlook

In this thesis, internal structures and geomorphological characteristics of an ice-debris

complex were investigated and described, in order to understand the origin of the land-

form complex and to get information about its ice content. The hydrological significance

of such landforms was addressed, creating a rock glacier inventory and estimating a rock

glacier to glacier ice volume ratio.

More than 20km of GPR profiles were taken to investigate internal structures. The GPR

profiles were mostly characterised by a surface parallel layered stratigraphy. It is as-

sumed, that the layered stratigraphy is the result of the alternating deposition of rock

and ice avalanches. Beside the layered stratigraphy, the profiles indicated bedrock, buried

massive ice lenses, distinct reflection patterns and internal shear horizons. Based on the

GPR profiles, the ice-debris complex was divided into five landform classes: glacier, me-

dial moraine, lateral moraine, rock glacier tongue and glacio-fluvial plain. The assigned

landform classes fitted well with the developed geomorphological map. In the geomorpho-

logical map, the glacial (40%), gravitational (32%) and periglacial (26%) process domains

were the most dominant.

The detection of the ice content using GPR was more difficult. Unless buried massive ice,

with a distinct boundary between ice and adjacent debris is present, the quantification of

the ice content solely using GPR measurements is hardly possible. Additional CMP or

geoelectrical measurements could improve the interpretation of GPR profiles and hence

the detection of buried ice. The use of the curve fitting method to identify the subsurface

properties, proved to be only partly suitable, as only a limited amount of suitable hyper-

bolas were apparent and thus too high uncertainties occurred. When applying GPR, one

should know what subsurface properties are to be expected.

The use of mainly satellite imageries to develop a geomorphological map, was success-

ful. GPR measurements combined with geomorphological information helped to better

understand the origin and transition of this ice-debris complex. The ice-debris complex

could be structurally as well as geomorphologically characterized and is understood as an

intermediate landform shaped by the interaction of glacial and periglacial process domains.

The hydrological significance of ice-rich permafrost related landforms was addressed by

creating a rock glacier inventory for the Ak-Shiirak massif. A total of 63 rock glaciers

were mapped. About 70% of the rock glaciers had a southern to eastern slope aspect.

The ice content of the inventoried rock glaciers was estimated to be 0.165km3. Compared
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to adjacent glacier ice, a rock glacier to glacier ice volume ratio of 1:23 was calculated.

The hydrological significance of the ice stored in rock glaciers is in the same range as in

the Northern Tien Shan, but less significant compared to the ice stored in rock glaciers in

the Dry Andes. The major drawback of a rock glacier inventory is that only a part of the

periglacial environment was considered for the estimation of the hydrological significance;

ice-cored moraines or other permafrost related landforms were ignored.

With ongoing global warming, glaciers will further retreat and ice-rich permafrost will

degrade. Water stored in ice-rich permafrost and permafrost related landforms will be-

come a more important source for fresh water. The glacier recession will leave moraine

depositions, dead ice bodies or ice-rich permafrost and will lead to an increased proglacial

environment. These circumstances offer favourable conditions for ice-debris complexes to

develop. It is thus likely, that the transformation of glaciers to ice-debris complexes or rock

glaciers will increase with ongoing global warming (cf. Monnier and Kinnard (2015b)).

Considering the increasing hydrological importance of permafrost related landforms, espe-

cially in a region where fresh water is scarce, a more detailed quantification of the water

storage is desirable. Insights on the internal characteristics, the ice content and the devel-

opment of ice-debris complexes remains unsatisfactory. Further research and geophysical

investigations are recommended.
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