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Abstract: This study is a comparative investigation of the debris layer and underlying ice of the Koxkar Glacier using
multi-frequency GPR with antennae having different frequencies. Together with analysis of the fluctuation of the radar
signal amplitude and polarity, the debris layer and underlying ice were analyzed on the basis of high-resolution GPR
images. It was found that the optimal average velocity in the shallow layer (0—4 m) is 0.06 m/ns. Images obtained with
different frequency antennas have different characteristics; and the performance of the 200 MHz antenna for a debris-
covered glacier is the best. The interpretation of typical GPR image is validated by using FDTD numerical model.
Combining the debris layer thickness and the underlying ice structure, the effect of debris layer on ablation of glacier ice
and forecast of the glacier change in the aspect of thickness-thinning and glacier retreat can be estimated. This study can
provide as a reference to the formation mechanisms and estimation of the ice volume of glaciers covered by debris.
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INTRODUCTION

The dynamic response of glaciers and permafrost to
climate change is a hot topic in the scientific community
(Bishop et al. 1995; Buteau et al. 2004). The proportion of
the debris-covered part of a glacier to the whole glacier is a
major parameter in glacier retreat and thinning(Daniels,
2005). Meltwater is not only a valuable fresh water resource
but plays an important role in the economic development of
downstream regions in some high-altitude Asian mountain
areas (Hubbard et al. 2003). In the arid area of northwest
China, meltwater is the main contributor to oases-based
water resources (Yafeng et al. 2000).

The debris-covered areas account for more than 60% of
the ablation areas of most continental glaciers; glacier
melting and runoff concentration in the debris-covered area
greatly affects the meltwater volume and route. (Nakawo
and Young, 1981; Mihalcea et al. 2006; Bolch et al. 2007,
Chiarle et al. 2007). These debris blankets effectively
insulate the underlying ice and greatly reduce rates of
ablation relative to that of uncovered ice. Debris-covered
glaciers are apparently less sensitive to climatic warming
and commonly advance to lower altitude than adjacent
bare-ice glaciers (Clark et al. 1994; Gunnar, 1959; Rana
et al. 1997; Han et al. 2005).

Therefore, the debris thickness and structure of

underlying ice is a key point in the study of glacier ablation.
Many techniques, such as use of a high-precision global
positioning system (GPS), satellite-based remote sensing
data monitoring, and measurements using a lidar altimeter,
have been employed to determine changes in the elevation
and velocity of the ice surface (Mayne 1962; Arcone et al.
1998; Nakawo and Rana 1999; Taurisano et al. 2006).
However, such techniques cannot determine the debris
thickness and inner structure, whereas, ground penetrating
radar (GPR) is an effective tool for obtaining such
information.

As a non-invasive investigation tool, GPR has been
widely applied to environmental research in cold regions to
detect the structure and composition of glaciers and
permafrost (Arcone et al. 1995; Murray et al. 1997; Hodson
and Ferguson, 1999; Adam and Knight, 2003; Irvine-Fynn
et al. 2006). When investigating mountain glaciers without
debris or ice sheets, because of the low conductivity of ice
and hence the slight dielectric loss, GPR can penetrate up
to several hundred or even more than 1000 m (Plewes and
Hubbard, 2001). As the high-frequency antenna has good
vertical image resolution, it seems ideal for penetrating
debris and underlying ice (Arcone, 1995; Eisen et al. 2006).
However, when using a high-frequency antenna, the
lower medium may be difficult to distinguish because of
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the great energy losses in the upper medium, and it is
difficult to investigate the spatial relationship between
debris and the underlying ice, which hampers inter-
pretation of GPR data for debris-covered areas (Moorman
et al. 2003; Paul et al. 2004; Stokes et al. 2007). It is thus
necessary to determine the most optimal antenna for
depicting the debris thickness and structure in a field survey.
However, there is little reference on this topic in the
literature.

This study had the following goals. First, we present a
2008 field survey in which three antenna frequencies were
used in observations of the same section of debris-covered
glacier based on detailed in situ survey data and compared
the advantages and disadvantages of several antenna.
Second, to understand the effect of debris thickness in spatial
variability of melt rate, based on GPR survey, we extract
the condition of underlying ice ablation, describe the role
of spatial variability in debris thickness in the spatial
characteristics of ice melt and its correlated processes on a
debris-covered continental glacier. Such work is necessary
to understand mass-balance variation of the debris-covered
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continental glacier and its response to climate changes in
the western part of Tian Shan.

GEOLOGICAL SETTING AND GPR
SURVEY METHODS

The Koxkar glacier is located in the Xinjiang Uyghur
Autonomous Region of western China and is part of western
Tien Shan. The Koxkar Glacier (41°42'N-41°53'N and
79°59'E-80°10'E) (Fig.1) is regarded as a typical continental
glacier (Su and Shi, 2002).

The highest point of the glacier is Mt. Koxkar (6324 m)
and the terminus is at the altitude of 3020 m. The glacier is
25.1 km in length and 83.56 km? in total area (Han et al.
2010). The equilibrium line is at an altitude of 4300 m. The
supraglacial debris area is 19.5 km?, which covers about
83% of the total ablation area. The surface of the debris
layer is composed chiefly of clay, gray and dark-gray granite
particulate fragments and rock masses. From the view of
the thickness distribution, the debris layer gradually thickens
with decreasing elevation in the ablation area, having an
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Fig.1. Location and schematic presentation of the Koxkar Glacier.
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average thickness of 1.5 m at the toe of the glacier and being
more than 2 m thick in some areas (Hai et al. 2006).

We used an SSI (Sensor Software Inc., Canada) Pulse
EKKO-PRO GPR with different antennas working at 50,
100 and 200 MHz to detect the same debris section in the
thicker part of the debris-covered area of the Koxkar Glacier
in June 2008 (a past investigation suggests the debris
thickness is around 1-2 m; Fig.1). GPR profiles of both the
debris and some of the underlying ice were obtained. The
GPR was run in a custom offset mode and traces were
artificially triggered. GPR units were towed manually, with
antennas mounted on a wooden frame to avoid interference
with nearby metal objects. The different antennas were
driven along the same tracks, with same starting and stopping
points. The transmitting—receiving antennae of three
surveys (50, 100 and 200 MHz) were arranged parallel to
each other and separated 2 m, 1 m, and 1 m respectively
and transverse to the profile direction, and the antenna step
distance was 0.1 m to ensure adequate horizontal resolution.
The time windows of the profiles were 160, 160 and 140 ns
respectively. The accuracy of the radio wave velocity
estimate could be improved with 100 and 200 MHz antennas
using field methods such as the common midpoint and
wide-angle reflection methods. Meanwhile, the survey tracks
were recorded with a high-precision GPS.

RESULTS

CMP Velocity Comparison

Precise knowledge of the radar velocity is important in
mapping object depth, and the wave velocity relates directly
to the media type or permittivity. Because the wave velocity
continually changes in a mixed medium, the average wave
velocity with regards to a CMP (Mayne, 1962) is generally
obtained in detecting an object with a complicated medium
on the surface or in the subsurface. Table 1 presents the
radar wave velocity for different media. As other media have
been well determined, this survey focused on determining
related media in the debris layer; Table 1 includes the radar
wave velocities of possible media in glacial areas.

In this study, CMP measurements are carried out
separately with 100 MHz and 200 MHz antennas. We see
from the original 200 MHz CMP data (Fig.2a) that there
are almost no reflections after 110 ns, indicating 110 ns (3.2
m) is probably the maximum penetration depth of the 200
MHz antenna. The velocity superposition is relatively
concentrated (0.06 m/ns) and the CMP results in Fig. 2b
correspond to a time window of about 45 ns (1.5 m). Because
the thickness of the debris layer is less than 1.5 m, we
conclude that the medium permittivity is relatively evenly
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Table 1. Relative permittivity and velocities as cited in the literature
together with the properties we calculate for the USL and ice at

Uvearsoyra

Medium type Relative Velocity Source
permittivity (m/ns)

Ice 3-4 0.150-0.173  Daniels (1996)
Glacier ice 3.1-3.2 0.167-0.170  Eisen et al. (2006)
Snow 1.5-2 0.212-0.245  Eisen et al. (2002)
Soil sandy dry 4-6 0.122-0.150  Daniels (2004)
Soil sandy wet 15-30 0.055-0.077  Daniels (2004)
Soil loamy dry 4-6 0.122-0.150  Daniels (2004)
Soil loamy wet 10-20 0.067-0.095  Daniels (2004)
Sand saturated 10-30 0.055-0.095  Daniels (2004)
Sand dry 4-6 0.122-0.150  Daniels(2004)
Permafrost 4-8 0.106-0.150  Daniels (2004)
Rock 5-8 0.10-0.150 Brandt et al. (2007)
Debris 12-30 0.05-0.070 This study
Ice under debris 3-4 0.15-0.170 This study
Hardpan 4-7 0.157-0.170  This study

distributed in the shallow debris layer, and the subsurface
layer has better consistency in each penetration position.
The reflected wave signal in Fig. 2¢ is more powerful than
that in Fig. 2a because the wavelength of the 100 MHz
antenna is much longer and the energy attenuation much
lower. Figure 2d shows that the maximum superposition
density is 0.06 m/ns, and the corresponding time window is
110 ns; i.e., the superposition is more dispersed for the 100
MHz CMP result. Furthermore, in the 200 MHz CMP result,
the radar wave velocity slightly differs at different positions
of the debris layer, and the medium heterogeneity is below
the debris layer, so the average wave velocity of the debris
layer is 0.06 m/ns. Compared with the debris layer, the
medium of the ice body is more uniform and has lower
permittivity, but the average velocities for 100 and 200 MHz
at different depths are not significantly different, which
indicates that there is a medium with higher permittivity in
the ice body under the debris layer, which is very likely
meltwater.

Polarity and Amplitude Comparison

When passing through two different medium interfaces,
a radar wave returns three half-cycle wavelets (Arcone,
Lawson et al. 1995). The expression of ‘in debris layer region
of a glacier lead to corresponding changes in amplitude,
and the change in the waveform phase is mostly described
by the reflection coefficient r.

NN
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Here, €, and ¢, are the dielectric constants of two
different media. The greater the contrast between the two
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Fig.2. Original CMP image and analytical results for 100 and 200 MHz; original 200 MHz CMP image (a), 200 MHz CMP analysis
result (b), original 100 MHz CMP image (c), and 100 MHz analysis result (d).
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dielectric constants, the greater the absolute value of the  negative pulse, and the fluctuation in the amplitude decreases
reflection coefficient r. after the pulse, which indicates that r is a maximum at 50 ns

Figure 3 shows three continuous radar traces obtained  and that the dielectric constant of the lower medium is less
from 50 MHz data. The waveforms in the case of continuous ~ than that of the upper medium. Comparing the dielectric
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Fig.3. Waveform of three continuous radar traces obtained from 50 MHz data.
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we note that when the radar passes through the debris to the
ice body, there is a negative—positive—negative pulse
reflection. Therefore, the continuous interface in Fig.3
should be the interface between the debris layer and the
underlying ice.

DEBRIS AND SUB-GLACIAL STRUCTURE

Theoretical resolutions of GPR in materials commonly
found in the glacial and periglacial environment; the
theoretical limit for resolving the layer thickness is between
1/4 and 1/2 of the wavelength (Bernabini et al. 1995; Smith
and Jol, 1995),

Figure 4 presents the results obtained using the 50, 100
and 200 MHz antennas for the same cross-section. There
are significant differences in the three images owing to the
different number of superimposition sample points and
differences in vertical resolution and energy degradation.

The reflection marked as position 2 in Fig. 4c has a
number of hyperbolic diffractions in the supraglacial debris
from a depth of about 1.5 m to the surface. Compared with
the 50 and 100 MHz radar profiles, the 200 MHz profile
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Fig.4. Radar profile of the position marked in Fig.1 obtained at
50, 100 and 200 MHz respectively.
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Table 2. The resolution of different media in the use of the different

antennas
Material ~ Propagation Antenna frequency
velocity S50MHz 100 MHz 200 MHz

Cold ice 0.167 m/ns  0.84-1.67m 0.42-0.84 m 0.21-0.42 m
Temperate 150 mms  0.75-150 m 0.38-0.75 m  0.19-0.38 m
ice
Dryrock  0.120 m/ns  0.60-1.20 m  0.30-0.60 m  0.15-0.30 m
Wetrock  0.100 m/ns  0.50-1.00 m 0.25-0.50 m 0.13-0.25 m
Silts 0.070 m/ns  0.35-0.70 m  0.18-0.35 m 0.09-0.18 m
Clay 0.060 m/ns  0.30-0.60 m 0.15-0.30 m 0.08-0.15 m
Fresh/salt

0.033 m/ns  0.17-0.33 m 0.08-0.17 m 0.04-0.08 m
water

has obvious reflections near the ground surface, but its
echoes are not strong under the supraglacial debris because
of the rapid energy degradation characteristics of the high-
frequency antenna. The reflection at 50 MHz is more
consistent than that at 100 MHz, which indicates the
difference in permittivity in the study area. However, at the
interface of the supraglacial debris and ice body, the 50 MHz
profile has larger amplitude. Compared with the 50 MHz
radar profile, the 100 MHz radar profile seems more
shattered under the debris and ice interface and presents
more radar clutter in the corresponding area. These
characteristics support the conclusion of the preceding CMP
analysis that the ice body near the debris has a more uneven
distribution with increasing depth, which gradually becomes
less apparent greater depth.

It is estimated from the waveform analysis that the
continuous reflecting layer in Fig. 4 is the interface between
debris and underlying ice. It is generally believed that the
medium under debris mostly is an ice body with low
permittivity. However, there are other strong reflections in
the 50 and 100 MHz images, which suggest other mediums
in the ice body near the supraglacial debris.

The reflection marked as position 1 in Fig. 4 cannot be
well distinguished from the background in image a.
Compared with the background, position 1 in image b has a
clear reflection outline. The reflection is much weaker in
image ¢ owing to the rapid loss and absorption of the high-
frequency antenna signals. This suggests that the radar wave
has passed through some medium having a high attenuation
coefficient, such as silt or wet clay (1-300 dB/m). The
electromagnetic wave degradation and absorption through
the medium are related to the frequency, as well as the
medium’s humidity (Daniels 2005; Berard and Maillol
2007). Considering the amplitude analysis of position 1,
the medium at position 1 probably has high water content.
In the melting season, the ice body under the supraglacial
debris probably melts, and the water probably penetrates
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downward through cavities and crevasses within the ice
body. Some clay and gravel initially present in the debris
may be conveyed downward along with the meltwater and
later settle in the cavities and crevasses. Therefore, position
1 probably corresponds to the presence of silt or wet clay.

Position 2 is more distinguished from the background
in image c than in images a and b, indicating a symmetric
hyperbolic point-source reflection, which is hardly even
distinguished in image a. Owing to a number of different
sized stones in the debris, no great fluctuations in permittivity
are determined through polarity analysis. Both signals
indicate that rock fragments probably cause hyperbola
reflections in the area of the debris and ice body interface.
From the antenna resolutions, we conclude that the sizes of
rock fragments range from 0.3 to 0.6 m.

Positions 3 and 4 in Fig. 4 show the profile of the
interface between the debris-covered layer and the ice body.
As seen in the 50 MHz (a) and 100MHz (b) images, the
profile is fairly continuous, whereas a fracture is seen to a
certain degree in the 200 MHz image. The fine distinctions
of the interface are not clearly displayed in images a and b
owing to their resolution; however, they can be seen clearly
in image c. After careful analysis, we believe that the
interfaces of debris and ice in positions 3 and 4 are not
continuous, and that the size of the debris or ice body
responsible for discontinuity and migration of the interface
is less than 0.21 m. There are two possible reasons for the
profile fracture. (1) The supraglacial debris is a mixture of
rocks of all sizes, and pressing and rubbing between the
bottom of the supraglacial debris and top of the ice body is
similar to that between the bedrock and the bottom of the
glacier. Thus, part of the underlying ice body may rapidly
melt under certain pressure and friction, and some of the
debris falls downward. Therefore, the mixture is seen to have
minor faults in the radar profile. (2) Heat from the debris
surface transfers to the ice body, although the thicker
supraglacial debris insulates the underlying ice body. In the
melting season, the underlying ice body may absorb heat
from the debris above, which probably leads to strong
melting on a local scale, and some debris falls into the ice
body.

Position 5 in Fig. 4 corresponds to reflection at a
relatively deep position of the underlying ice body. From
the results obtained using the three antennas with different
frequencies, it can be confirmed that the radar echoes
continue downward from the interface between debris and
the ice body. This suggests that the actual reflector is larger,
at least 0.84 m, and indicates that there is probably a large
melting zone in the ice. As the radar wave passes through
the pure ice body, the radar image commonly displays a

smooth zone; however, at position 5, minor folds suggest
that the ice body contains different impurities. The reflection
is continuous from top to bottom; therefore, we believe that
the melting water penetrates downward from the interface
between the supraglacial debris and ice body. This would
lead to ice gradually melting from top to bottom, and thus,
the remarkable reflection at position 5 is probably the
reflection of sedimentary debris carried by meltwater.

In order to test our interpretation of Position 5 in Fig. 4,
we have used a Finite-Difference Time-Domain (FDTD)
(Lee, Venkatarayalu et al. 2002; Sneddon and Survey 2002;
Moran, Greenfield et al. 2003; Diamanti, Giannopoulos et
al. 2008; Guan and Hu, 2008) model that solves Maxwell’s
equations in two dimensions(Fig.2). Same modeling
technique has been used previously by Andrea and others.

The model was run repeatedly to account for different
geometries and medias. The input parameters were based
on each radar image to be validated. The central frequency
was set to 50 MHz and a grid cell size of 0.125 m was used
in all simulations. A Ricker wavelet source was used as a
rule of thumb. Different scan times were used in simulations
for different media. It should be stressed that FDTD
simulation focuses on form and identifying medium, rather
than scale.

Figure 5 presents three simulation results for vertical
void of different form. Figure 5a(1) presents observed and
modeled radar images of a crevasse with vertical walls and
two small inner bridges. The modeled radar image shows
clear superimposed hyperbolic reflections. Which shows
the steep incidence angle of the radar signal on the vertical
walls causes more energy to be deflected and lost downward
and sideways.

There are several superimposed hyperbolic reflections
within underlying ice in position 5 in Fig. 4, Comparison
with the simulation results, which indicates that the
reflections are caused by adjacent englacial void. According
to the variation distance described above, it can be concluded
that void widths show irrigular distribution form top to
bottom.

DISCUSSION

Multi-frequency Antenna

Radar profiles obtained using three antennas with
different frequencies clearly show the interface of the
supraglacial debris and underlying ice body. The degradation
and absorption of electromagnetic waves through a
medium depend on the frequency of the waves as well as
the medium humidity. When the medium has a greater
water content, the electromagnetic wave degradation is
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Fig.5. Modeling of continuous square crevasses. Modeled geometry (continuous same square crevasses), a(l); modeled geometry
(continuous difference square crevasses), a(2); modeled geometry (long square crevasses), a(3); modeled radar image, b(1,2,3).

quicker (Baili et al. 2009), especially at high frequency.
Therefore, we can estimate the water content in different
profile positions through degradation features. In an
experiment, we find that the ideal penetration depths in terms
of resolution for 50, 100, and 200 MHz antennas in a debris-
covered area are 150 ns (4.5 m), 100 ns (3 m) and 60 ns
(1.8 m) respectively, and that the 100 MHz antenna
performs fairly well for an ice body near debris, while the
200 MHz antenna is better for the supraglacial debris.

The resolution of GPR is directly related to the antenna

JOUR.GEOL.SOC.INDIA, VOL.80, DEC. 2012

(Bano et al. 2000; Brosten et al. 2006; Booth et al. 2009;
Bradford et al. 2009). Figure 6 presents the average
amplitudes of the three antennas with different frequencies.
The 50 MHz antenna provides the largest average amplitude
and the worst resolution comparing with the 100 MHz and
200 MHz antennas, whereas the 200 MHz antenna provides
the smallest average amplitude and the best resolution,
especially near the surface at 0-1.5 m. The higher the
frequency, the less the maximum penetration depth, When
penetrating a medium of crushed stone and loose pebble,
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Fig.6. Average amplitudes of 50, 100 and 200 MHz antennas in
the Fig. 3 profile.

the maximum depth in the case of 50 MHz is 47 m and the
maximum depth in the case of 200 MHz is 28 m (Jol 1995),
while the resolution in the case of 50 MHz is 0.6—1.2 m and
that in the case of 200 MHz is 0.15-0.3 m. That is, in the
detection of debris at varying depth and with varying surface

N

characteristics, more information can be acquired by repeat
measurements with antennas having different frequencies.

Debris Thickness and Distribution of Englacial Melting
Water

From analysis of the radar wave in terms of polarity and
amplitude, it is found that there is always local ablation at
the interface between debris and the underlying ice body
and within the ice body. The horizontal continuity in the
image indicates that the layered distribution in the debris-
covered area of the glacier is regular. However, obvious
reflections in the underlying ice suggest that there is some
filler having high water content within the ice (such as mud
or silt). In addition, empty cavities in the underlying ice
are also identified (position 5 in Fig.4), which shows
the debris thickness have great effect for underlying ice
ablation..

Figure 7 presents a map of englacial intense ablation
and the distribution of debris thickness According to the
results for the englacial structure and debris thickness (Fig.7),
the position of englacial intense ablation mainly distributed
in the location of thinner debris. It is concluded that the
position of the most intense ablation at the glacial surface is
not at lower altitude terminus definitely, For such a glacier
covered by thick debris, ice body in a glacier covered by
thin debris is affected by temperature, on the contrary, the
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Fig.7. The track of GPR survey line (a), the position of englacial intense ablation (b), the distribution of debris thickness (c).
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Fig.8. The relation of Intensity of surface ablation (ISA) under
debris of diierent thickness.

one by thick debris is seldom affected by temperature, but it
is affected by englacial ablation.

Figure 7 presents the relation of intensity of surface
ablation and debris thickness, which shows when surface
debris thickness is more than 3 c¢m it acts as an insulator
against external temperature variations on the ice body, Our
survey shows that the thickness of debris at the terminus of
3100 to 3300 m a.s.l is far greater than 3 cm(Han et al.
2010).

The Effect of a Debris Layer on Ablation of Glacier Ice

In different positions of the same glacier, the debris
thickness distribution is affected by many factors. Debris
thickness tends to increase as the elevation of the Koxkar
Glacier decreases. The topography, microclimate, and ice-
layer ablation under debris also affect the debris thickness
at the same altitude. The structure and water content
determine the debris thickness to a certain extent. The debris
that the main components are dry sand or rock have a great
thermal conductivity (Fig. 9) and the debris that the main
components are clay and silt will protect the underlying ice
from external radiation these kind of debris mainly
distributed in glacier terminus.

Based on (SPOT) image (5m resolution)taken in late
April 2006, Han et al discribed the distribution of the ice
cliffs and supraglacial ponds (Han et al. 2010) ,this study

shows that there is intense supraglacial ablation between
3300 and 3700 m. The shrinkage of the Koxkar glacier
terminus was less than 2% of the total length during the
period 1988-2006(Changwei et al. 2007).

According to the results for the distribution of the ice
cliffs and supraglacial ponds, it is concluded that the
position of the most intense ablation at the glacial surface is
not at the terminus but at higher altitude, where the glacier
is covered thinly with debris and affected greatly by
temperature. This intense ablation at high elevations leads
to accumulation of melt water at the surface, which forms
glacial surface lakes and accelerates their expansion. At the
same time, the rugged glacial surface and thick debris cover
results in much of the discharge of the surface lake draining
through englacial streams rather than surface rivers. With
the expansion of glacial surface lakes, lake water transfers
heat to adjacent ice, thus contributing to the warming of the
ice body in these regions. This drainage promotes the
development of subglacial water systems and thus the
melting and thinning of ice in some regions and thinning of
the glacier. In the context of climate warming, the expansion
of glacial surface lakes and intensification of englacial melt
are mutually promoting.

The rate of glacier thinning will therefore increase in
some regions, and the debris thickness at the terminus will
increase in the future, which will further increase the
difference in ice thickness between high-altitude areas and
the terminus. Therefore, the central positions of intense
ablation may be disconnected and there will be a dead ice
zone at the terminus owing to the insulation of the ice body
by debris Fig.10.

CONCLUSION

Using GPR surveys of the Koxkar Glacier, comparative
investigation of the debris layer and underlying ice of the
Koxkar Glacier using multi-frequency GPR with antennae
having different frequencies, and the performance of the
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Fig.10. A schematic diagram of the variation of surface lake and terminus in the future.

200 MHz antenna for a debris-covered glacier is best

Due to the effect of debris covered, Local ablation will
leads to accumulation of melt water at the surface, which
forms glacial surface lakes and accelerates their expansion.
At the same time, the rugged glacial surface and thick debris
cover results in much of the discharge of the surface lake
draining through englacial streams rather than surface rivers,
which will affect the glacial ablation way in some extent.

This study, through a combination of GPR survey results
and consideration of the characteristics of the glacier itself,
reasonably explains these observations, which also shows
that some continental glacier will occurs more substantial

retreat in the future in the context of climate change. In
addition, this study provides a reference for research into
the formation mechanisms of the dead ice zone at the
terminus of other glaciers. This study provides a reference
for research into the formation mechanisms and estimation
of the ice volume of glaciers covered by debris.
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