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ABSTRACT

Little is known about the thickness of active Alpine rock glaciers, yet they are important
components of the local hydrology. We use GPR data to determine the depth of the
bedrock of AuBeres Hochebenkar rock glacier (Austria). There is no detailed informa-
tion available regarding density and composition of the rock glacier, and assumptions
about the signal propagation velocity have to be made when processing the GPR data.
We use a simple creep model based on surface displacement and slope to calculate the
thickness of the rock glacier along a flow line. We calculated bedrock profiles along
the flow line for three different time periods, using input from multitemporal digital
elevation models. We improved the fit of the profiles by calibrating the values used for
layer densities and considered the model valid where the modelled bedrock profiles are
within error of each other. We then compared the modeled values with the GPR data
to check whether our assumptions for the propagation velocity produced results that
match the model. While the fit is good at the lower end of the rock glacier, the GPR
data appear to overestimate depth in the upper region. We adjusted the propagation
velocity accordingly and find maximum thicknesses of over 50 m and a mean thickness
of 30—40 m. The insights gained from the modeling approach thereby improved the
fine-tuning of the GPR analysis.

INTRODUCTION

Permafrost covers 24% of the land surface of the
northern hemisphere (Lemke et al.,2007). Changes
in depth and distribution of permafrost are trig-
gered by climate change (Haeberli et al., 2011;
Vaughan et al., 2013) and can have far-reaching ef-
fects on the local and regional hydrology (Cheng
and Wu, 2007). Despite the large area of perma-
frost and its known susceptibility to climate change,
there are few long-term data on changes and pro-
cesses in frozen ground.
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Rock glaciers are an example of an ice-rich form
of mountain permafrost found in all mountain re-
gions of the world, yet the volume of water stored
in them, and the rates and controls on their flow and
ice mass change, are generally poorly constrained
(Roer, 2005; Haeberli et al., 2006). This is of con-
cern in areas such as the arid and semi-arid Andes,
where rock glaciers are a primary source of water
(Brenning, 2008; Angillieri and Yanina, 2009), and in
the Tian Shan, where they are expected to play an
increasing role in local water resources under ongo-
ing climate change (Bolch and Marchenko, 2009).
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The number and size of rock glaciers in the Alps
are small compared to these areas of concern;a few
decades ago Barsch (1977) estimated that 0.03 km’
of water was stored in rock glaciers per 1000 m?
over the Swiss Alps, which is an order of magnitude
less than in the Andes (Brenning, 2005). However,
there is a long history of interdisciplinary studies
of rock glaciers in the Alps (Haeberli et al., 2011;
Springman et al., 2012). Two of the longest records
of rock glacier surface velocity measurements, start-
ing in 1918 and 1938, respectively, are from the
Val Sassa rock glacier in Switzerland (Chaix, 1923;
Barsch, 1996) and AuBeres Hochebenkar in Austria
(Pillewizer, 1957; Vietoris, 1958, 1972; Schneider,
1999; Schneider and Schneider, 2001). Multiannual
surface displacement data derived from aerial pho-
tographs are available for Murtel rock glacier going
back to 1932 (Barsch and Hell, 1975). More re-
cently, movement of Alpine rock glaciers has been
monitored by remote sensing at increasingly high
resolution and accuracy, using digital photogram-
metry (Roer and Nyenhuis, 2007; Kiib et al., 1998;
Kiib et al., 2002) and airborne and terrestrial laser
scanning (Kdib et al., 2003; Bollmann et al., 2012;
Klug et al., 2012). While detailed geophysical data
on rock glacier volume and composition are chal-
lenging and labor intensive to collect, the availabil-
ity of both historical and increasingly high-quality
modern-day information on rock glacier surface
velocities allows estimates of other rock glacier
properties from surface velocity, if appropriate rela-
tionships can be established. The relative abundance
of data means that rock glaciers in the Alps can
serve as a valuable testing ground for understand-
ing rock glacier behavior and developing meth-
odologies for monitoring and understanding their
change that can then be exported to less data-rich
regions, where the rock glacier water resource is of
greater relevance to local ecosystems and societies.

In the Tyrol region of Austria, rock glaciers
cover a total area of 167 km? (Krainer and Ribis,
2012). AuBeres Hochebenkar rock glacier (HEK)
is an active tongue-shaped rock glacier in a north-
west-facing cirque in the Otztal Alps (Fig. 1). It
covers an area of 0.47 km?® and extends from a
maximum altitude of 2830 m a.s.l. down to about
2360 m a.s.l., making it one of the largest active
rock glaciers in the Tyrolean Alps. The rock glacier
has two pronounced lobes, the larger one, on the
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orographic left side, showing significantly higher
activity (Schneider and Schneider, 2001). Geo-
logically the bedrock belongs to the Otztal-Stubai
complex and is composed mainly of paragneiss
and mica schist. The mountain climate of the inner
Otztal is relatively dry. For the period 1971-2000,
a mean yearly precipitation of 820 mm and mean
annual air temperature of 2.2 °C was measured
in Obergurgl (1938 m a.s.l.). The geomorphology,
the climatological setting and the history of re-
search at HEK are summarized in Haeberli and
Patzelt (1982), Nickus et al. (2015), and Schallhart
and Erschbamer (2015).

The ice content of HEK has been estimated at
50% of the rock glacier volume (Haeberli and Pat-
zelt, 1982) in keeping with more recent studies at
other Alpine rock glaciers (Hausmann et al., 2007,
2012), and the rock glacier is thought to have a
massive ice core (Nickus et al., 2015). Surface flow
velocities have been monitored continuously since
1938 by measuring the displacement of marked
rocks along three to four cross profiles (Fig. 1)
(Pillewizer, 1957; Vietoris, 1958, 1972; Schneider
and Schneider, 2001). Surface velocities at HEK
are high compared to many other rock glaciers and
values of over 3 m a™' have been measured. In the
past decade, surface velocities between approxi-
mately 1 and 2.5 m a™' were observed. From the
mid-1990s to 2004, the rock glacier accelerated sig-
nificantly. After 2004, the trend in velocity becomes
less clear and acceleration paused for several years.
Nickus et al. (2015) suggested that the exception-
ally warm summer of 2003 caused changes in the
flow of the rock glacier due to ice loss. In recent
years, up to 2015, velocities have increased again.
Extensive monitoring of the lower parts of the rock
glacier carried out by means of terrestrial photo-
grammetry has found horizontal surface displace-
ment of a similar magnitude as that determined by
the geodetic measurements (Kaufmann and Lad-
statter, 2002a, 2002b; Kaufmann, 2012; Ladstitter
and Kaufmann, 2005). Recently, Klug et al. (2012)
and Bollmann et al. (2012) investigated the spa-
tial distribution of horizontal and vertical surface
displacement using repeat airborne laser scanning
(ALS) data, which can reveal high-resolution spatial
patterns of both surface lowering and horizontal
displacement, as well as digital elevation models
(DEMs) derived from orthoimages. These investi-

Downloaded From: https://bioone.org/journals/Arctic,-Antarctic,-and-Alpine-Research on 18 Aug 2024
Terms of Use: https://bioone.org/terms-of-use



11°0'30"E
!

11°1I'0"E

..;.".‘ Profile 0
o ¥

= GPR 2008
= GPR 2013

46°50'0"N
1
<
v

46°50'0"N

T
11°0'0"E

T
11°1'0"E

FIGURE 1. Location of AuBeres Hochebenkar (HEK) rock glacier in the Otztal Alps, Austria. Ground-
penetrating radar (GPR) data points and profiles collected in 2000, 2008, and 2013, as well as the outlines of the
two lobes of the rock glacier are shown on a hillshade image based on a 2009 LiDAR digital elevation model

(DEM).

gations reveal that vertical changes are small in the
upper part of the rock glacier, while the terminus is
thinning and extending.

Ground penetrating radar (GPR) 1s a useful tool
for determining rock glacier thickness, as well as
internal structure. However, data quality can vary
considerably and interpretation can be difficult if
no further information, such as borehole data or
additional supplementary geophysical data, on
composition and density is available (Hauck and
Kneisel, 2008).

The aims of this study are to (1) analyse GPR
data collected at HEK rock glacier, discussing as-
sumptions made in the interpretation of the data,
and (2) examine the utility of a simple flow model
based on input from multitemporal surface terrain
models in verifying these assumptions. We estimat-
ed the thickness of the rock glacier from the GPR
data, based on estimates of signal velocity and rock
glacier composition. The creep model calculated
thickness based on surface velocity and slope an-
gle derived from DEMs. Using velocity and slope

input from different years, we computed bedrock
profiles for three time steps. We calibrated the mod-
el parameters by varying layer densities within an
expected range to improve the fit of the profiles,
based on the idea that they should remain the same
over time (i.e., within an expected margin of error).
Assuming the model works as desired, model results
can be compared to the bedrock depths found by
GPR to evaluate and adjust the initial assumptions
made in the interpretation of the GPR.

METHODS AND DATA

Digital Elevation Models

Digital elevation models (DEMs) of Hoche-
benkar rock glacier for the years 1953, 1969, 1990,
1997, 2009, and 2010 were used to analyze surface
displacements of HEK over the past six decades.
The 1953, 1969, 1990, and 1997 DEMs were gen-
erated from gray-scale aerial photographs with the
required calibration reports. Image orientation, au-
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tomatic DEM, and digital orthophoto generation
were performed within the application OrthoEn-
gine of the Geomatica software (version 10.3). For
a detailed description of the applied photogram-
metric methods, see Baltsavias et al. (2001), Kiib
(2010), and Klug et al. (2012). The DEMs were
generated automatically from mono-temporal ste-
reo-models with 1 m spacing and the orthoimages
were calculated with 0.2 m ground resolution. The
2009 and 2010 DEMs were compiled from ALS
data with a spatial resolution of 1 m and a minimum
mean point sampling density of 3.5 points per me-
ter (Bollmann et al., 2012). A comparison between
the ALS DEMs of HEK and the dGNSS (differ-
ential global navigation satellite system) heights at
11 fixed points returned a root-mean-square error
(RMSE) of 0.09 m in 2009, and a slightly worse
RMSE (0.11 m) in 2010.

Accordingly, the accuracy of the older DEMs
derived from photogrammetry was assessed by
comparing each DEM with the high-quality DEM
of the ALS flight campaign of 2009. Three areas
of stable ground with comparable surface struc-
ture (slope, aspect, height) to the rock glacier were
identified for the DEM intercomparison. The cal-
culated RMSE was less than 0.6 m (Table 1). This
indicates that vertical accuracy of all DEM heights
1s better than 0.6 m (Klug et al., 2012).

HoRri1zoONTAL DISPLACEMENTS

Block movement at four cross profiles is moni-
tored annually by geodetic surveying. Velocities of
single blocks are available for 1953-1955, 1981-
1985, and since 1997. For the other periods, only

TABLE 1

Calculated root-mean-square error (RMSE) for the
generated digital elevation models (IDEMs) versus the
2009 airborne laser scanning (ALS) DEM.

DEM RMSE (stable areas/fixed points) (m)
2010 (ALS) 0.11/0.09

2009 (ALS) Ref./70.09

1997 0.41

1990 0.42

1969 0.29

1953 0.58
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the mean velocity at each profile is known. Addi-
tionally, horizontal surface displacement has been
calculated for certain time frames using the image
correlation software Imcorr (Scambos et al., 1992).
Imcorr has already been applied to calculate low
velocities of glaciers using a variety of input data
acquired from aircraft or satellites (Dowdeswell and
Benham, 2003). The software identifies displace-
ment rates as a function of systematic changes in
image digital numbers. Detailed information about
this software is given in Bollmann et al. (2012). In
this study, 39 dGNSS measurements of the annu-
al geodetic measurement campaign were used for
validation of the 2009-2010 data (Fig. 2, Table 2).
Comparisons between the ALS-based surface dis-
placement raster and dGINSS data indicate an accu-
racy (standard deviation) of the calculated displace-
ment rates of 0.3 m for the period 2009-2010.

GPR

GPR is widely used to determine the struc-
ture and ice content of rock glaciers (Arcone et al.,
1998; Maurer and Hauck, 2007; Hauck and Kneisel,
2008,Von der Miihl et al., 2002). While penetration
depth increases at low frequencies, the depth reso-
lution decreases. Frequencies between 6.4 and 250
MHz have been used to measure thickness of up to
about 40 m and internal properties of rock glaciers
in the Alps, the polar regions, and the United States
(Fukui et al., 2007; Degenhardt, 2009; Degenhardt
et al., 2003; Nickus et al., 2015).

HEK has been surveyed with two different ra-
dar systems, in 2000 (by Nickus et al., 2015), 2008,
and 2013 (this study) (Fig. 1). During the first GPR
campaign in 2000, a transmitter with a frequency
of 6.4 MHz (Narod and Clark, 1994; Nickus et al.,
2015) was used. The signal was displayed on a digi-
tal 100 MHz Scopemeter. Data points were taken
along three cross-profiles that are also used for the
annual geodetic displacement measurements. Bed-
rock depths between 31 m and 43 m were found
at profile 1, between 32 m and 50 m at profile 2,
and between 33 m and 58 m at profile 3, using
an estimated propagation velocity of 0.155 m ns™'.
At the lowest profile (profile 0), it was not possi-
ble to obtain an interpretable GPR signal with the
instrumentation used. Instead, maximum depths
of about 15 m were found by comparing a recent
DEM with topographic information from 1953,
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FIGURE 2. Annual surface velocity of HEK rock glacier for 2009-2010, accurate to 0.3 m, based on ALS DEMs
from 2009 and 2010, results from Imcorr output. LO to L3 indicate location of dGNSS measurement points along
four cross profiles. Black arrows indicate areas with artefacts and bad correlation.

when the rock glacier terminated above this low-
est profile. Rock glacier thickness is greatest at the
center and decreases toward the margins. The bed-
rock could not be measured with GPR at this line
because of the GPR configuration used and the
shallowness of the layer. More detail on methods
and results of this GPR campaign can be found in
Nickus et al. (2015).

For the latter two surveys, a GPR system manu-
factured by GSSI (http://www.geophysical.com/
gssibrochures.htm), a SIR 3000 recorder, and 3200
MLF antennas operating at 15 MHz were used.
The frequency was chosen in order to allow for

the detection of the bedrock reflector, as well as
potentially gaining information about the thick-
ness of the ice-free surface debris, which could not
be detected with the lower frequency used in the
2000 campaign. The measurements were carried
out in winter, and the GPR system was mounted
on a sled construction, allowing for easier move-
ment. The GPR data gathered in 2008 and 2013
were processed using the ReflexW software, ver-
sion 6.0.9, to apply a static correction and auto-
matic gain control, as well as filter operations for
noise reduction. In 2008, a longitudinal profile was
measured roughly in the orographic center of the

TABLE 2
Comparison of adjusted horizontal displacement rates from Imcorr and dGNSS (Imcorr-dGNSS), 2009-2010, n = 39.

Mean Amean Std Max Min RMS
Imcorr—dGNSS (m) (m) (m) (m) (m) (m) R’
Pts. 09/10 —-0.10 0.25 0.36 0.96 -1.28 0.37 0.92

Notes: Mean = mean deviation between dGNSS and Imcorr; Amean = average absolute deviation; Std = standard deviation; Max/Min = maximum/

minimum deviation; RMS = root-mean-square error; R* = coefficient of determination.
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rock glacier between 2690 m a.s.l.and 2810 m a.s.l.
This profile consists of 281 data points and is 580 m
long. A 275-m-long transect of 303 data points was
taken near profile 2, at 2690 m a.s.l. A third profile
showed no identifiable reflectors and was discarded.
In 2013 a total of 15,269 data points were gathered
along a 2210-m-long track. The data points were
plotted along GPS tracks taken during the field
campaigns.

For the survey in 2000, Nickus et al. (2015)
assumed a propagation velocity of 0.155 m ns™,
referring to previously published values used in
other studies (Hausmann et al., 2007; Hauck and
Kneisel, 2008). However, propagation velocity
was not measured and may vary significantly in
time and space with changes in grain size, poros-
ity, and ice content. For example, Hausmann et al.
(2012) found densities between 1410 and 2150 kg
m~ at Olgrube and Kaiserberg rock glaciers, us-
ing gravimetry measurements, and it is assumed
in this study that similar variations may occur at
HEK. If the density of ice is 900 kg m™ and the
density of debris is roughly that of granite (~2700
kg m™), a ratio of 1:3 of debris to ice results in
an overall density of 1350 kg m™, whereas a ratio
of 3:1 would yield an overall density of 2250 kg
m™. The propagation velocity of a radar pulse in
granite is 0.130 m ns™' (Davis and Annan, 1989),
while values for ice range from 0.167 to 0.169 m
ns™' (Kovacs et al., 1995; Bauder et al., 2003; Glen
and Paren, 1975).

In this study, to account for velocity variations
due to changes in density, composition, and air
content, depth was calculated for a minimum “like-
ly” propagation velocity of 0.140 m ns™ (~25% ice
content) and a maximum velocity of 0.160 m ns™
(~75% ice content). As travel time increases, the
uncertainty in depth due to the potential velocity
range increases. While different propagation veloci-
ties could be used for different identified layers in
the subsurface (ice-rich permafrost, ice-free debris,
snow), this was not done because it would prevent
intercomparability of surveys across all measure-
ment dates, as no information about layering was
available from the 2000 GPR campaign. On aver-
age the spread of derived thickness obtained using
the velocities given above results in an uncertainty
of 10%—12%. For our initial evaluation of the 2008
and 2013 GPR data, we used a propagation veloc-
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ity of 0.155 m ns'in keeping with Nickus et al.
(2015).

The rock glacier was snow-covered during
the 2008 and 2013 measurements. Probing snow
depth on the rock glacier in a representative man-
ner is very difficult, as local snow thickness varies
greatly (by a meter and more) due to the highly
uneven surface of large blocks. Assuming a propa-
gation velocity of 0.290 m ns™' in dry snow (Span
et al., 2005), the radar pulse travels through 2 m
of snow in 6.9 ns (probing next to the rock gla-
cier in 2013 yielded snow depths in this range).
Doubling that to account for the return journey
gives a travel time in snow of about 14 ns, which
amounts to 3.5% of a typical total run time of 400
ns over a specified 30 m thickness. The error from
snow 1s more significant in thinner regions of the
rock glacier and less so in the thicker parts, unlike
the error caused by velocity variations from rock
glacier layering. To account for the likely impact
of variations in snow cover, density, and composi-
tion of the rock glacier on the propagation veloc-
ity of the radar pulse, an uncertainty of +15% was
assumed for all derived thicknesses for 2008 and
2013.

Creep Modeling

The basal shear stress of an idealized glacier can
be written as

T,=p kg% H * sin (0) M)

where p = density, ¢ = acceleration of gravity, H,
= thickness of the ice, o0 = the slope angle at the
surface, and it is assumed that T, equals the driv-
ing stress T, (form factor ~1) (Cuffey and Paterson,
2010).

Surface velocity can be expressed as

2A
Vi=V,+
n+1

*1," % H, )
where V, is the velocity at the base,and A4 and n are
the appropriate constants of Glen’s low law (Glen,
1958).

Assuming no basal sliding takes place, it follows
that the glacier thickness can be expressed as
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1
n+1

V. (n + 1)
2A (pgsin(oc))ﬂ

H. =

1

Konrad et al. (1999) modified this equation to
include the effect of a layer of ice-free surface de-
bris on a rock glacier, so that

1

n+1

I/S(l’l+1) +&dn+l

,1 ~2u4 @)
2A (pgsin(oc))

H, =
pP; pPi

where H is the thickness of the deforming, ice-rich
layer; p, is the density of this layer; p  is the density
of the debris, and d is the average thickness of the
debris. Combining H and d gives the modeled rock
glacier thickness.

We apply this equation to a central flow line of
the rock glacier for different time periods using in-
put derived from the available multiannual DEMs
in order to provide an alternative data set of the
glacier thickness. The calculated thicknesses yield a
modeled bedrock profile along the flow line. Sur-
face velocities and slope angles change with time,
but for the model to be considered valid, the posi-
tion of the bedrock profile must remain the same
or within the margin of error associated with the
model uncertainty, regardless of changing surface
velocity and slope input. Comparison of the mod-
eled bedrock profiles at each modeled date was used
to evaluate the model performance. The required
model inputs are surface velocity and slope angle,
the thickness of the surface debris layer, density of
the layers, and the flow law constants n and A.

Surface slope angle and velocity are derived
from the DEMs. The surface of the rock glacier is
marked by strong, small-scale variations in the form
of ridges, furrows, and crevasses, which are well rep-
resented in the high-resolution ALS DEMs (Klug
et al., 2012). In order to avoid these surface features
affecting the thickness calculations, slope angles and
velocity data points were resampled as averages over
25 m cells.

The thickness of the surface debris layer was
identified from the higher frequency GPR measure-
ments of 2008 and 2013, and we used an average

value from both years to increase the available data,
as GPR data for the surface debris thickness along
the flow line was only sampled where the GPR
tracks intersect the flow line. At these intersections,
the GPR data indicated surface debris thicknesses
within 1 m of the mean of all data points. In the
modeled rock glacier thickness,a change in thickness
of 1 m of the surface debris layer leads to a change of
no more than 5% in total thickness on average.

A was taken to be 2.4 X 107 Pa™ s7!, in keep-
ing with Konrad et al. (1999). This is the value
suggested for ice at —2 °C (Cuffey and Paterson,
2010). Changing A by *+30% results in a change
in modeled mean rock glacier thickness of up to
about 2 m (7%—10%). As deformation in the ice-
rich layer arises from ice deformation, n is taken
to be 3, which is widely used for the viscoplastic
deformation suitable for glaciological applications
(e.g., Cuftey and Paterson, 2010).

For an estimate of the density of the ice-rich per-
mafrost layer and the ice-free debris layer, we refer
to values determined by Hausmann et al. (2012) at
Olgrube and Kaserberg rock glaciers, that is, a debris
density of 1604—1900 kg m™ and a density of 1410—
2150 kg m™ for the ice-rich layer. Density variations
within these values (Hausmann et al., 2012) can cause
changes in modeled thickness of up to around 3 m.

We discuss how and if the differences between
the modeled bedrock profiles can be reduced by
calibrating the values used for layer densities and
debris thickness. The densities of the ice-rich per-
mafrost and debris layers are varied within the range
found by Hausmann et al. (2012). Layer densities
should remain the same over time, as large changes
are considered unlikely. The thickness of the debris
layer and, in consequence, the overall density are
allowed to change slightly over time. Agreement
is considered good when the mean and maximum
differences between the bedrock profiles are small.

This process of calibration was carried out for a
100-m-long stretch of the flow line located in the
upper region of the rock glacier at roughly 2720—
2755 m. The rock glacier surface has not under-
gone any substantial changes in this section along
the time line and is of fairly uniform incline.

Assuming the creep model works as desired, the
model is expected to provide bedrock profiles that are
consistent over time. Bedrock depth along a central
flow line was modeled using surface velocities and slope
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angles from three different time periods (1953-1969,
1990-1997, 2009-2010). Assuming the errors on the
model input parameters to be independent and sum-
ming them in quadrature provides an error assessment
of about 15% of the mean modeled thickness along the
flow line for all three time periods. The modeled bed-
rock profiles are considered consistent if they are within
this error of each other.

Given the uncertainty of the initial assumption of
the propagation velocity interpretation of the GPR
data, comparison of the modeled rock glacier thick-
ness with those derived from the GPR can be used to
provide an independent check on the GPR-derived
thicknesses. If the initial assumptions made in the in-
terpretation of the GPR are wrong, model results are
expected to differ strongly from the GPR results and
the propagation velocity could be adjusted accord-
ingly and calibrated using the modeled thickness.

RESuLTS

Creep Modeling

To assess quantitative agreement and adjust pa-
rameters, a calibration process was carried out for
a section of the flow line taken as representative

(Fig. 3). The best fit of the three bedrock profiles
was achieved with a low density for the debris layer
(1604 kg m™) and a high density for the ice-rich
layer (2150 kg m™). With these values the mean
(maximum) difference between the modeled pro-
files for the section of the flow line used for calibra-
tion was —0.5 m (3 m),5 m (9 m),and 6 m (7 m) for
the periods 1953—1969 vs. 1990-1997, 1953-1969
vs. 2009-2010, and 1990-1997 vs. 2009-2010, re-
spectively. For the entire flow line, the mean differ-
ences were between —0.3 and 2 m, while the maxi-
mum differences ranged from 9 to 11 m.

The surface velocity of the rock glacier has in-
creased significantly over the majority of the flow
line from 1997 to 2010, including in the section
used for calibration. There are no signs to suggest
an increased amount of debris input, so it can be
assumed that more debris is transported downbhill as
the velocity increases, resulting in a thinning debris
layer (Ikeda, 2004; Olyphant, 1987).

The fit was improved further by reducing the
thickness of the debris layer from 11 m (mean
thickness from the initial GPR analysis) to 9 m
for the most recent period. To account for this in
the overall density value, the density ratio between
the debris layer and the ice-rich layer was changed
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FIGURE 3. A 100-m-long section of the flow line that was used to improve the model fit by calibrating the
layer densities and thickness of the debris layer. The thick dashed lines with error bars show the best fit that was
achieved within the limit values and under the conditions that densities remain the same for the three time steps.
The thinner dashed lines indicate the potential spread due to varying the parameter values. The solid lines show
the surface elevation as derived from the 1969, 1997, and 2010 DEMs.
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from 25%:75% to 20%:80% for this period. For
the calibration section of the flow line, we found
a mean (maximum) difference of 4 m (9 m) and 5
m (6 m) for the periods 1953—1969 vs. 2009-2010
and 1990-1997 vs. 2009-2010, respectively. For
the entire flow line, the differences decrease by a
similar magnitude.

The modeled bedrock profiles lie within the ex-
pected range of uncertainty throughout the flow line.
Varying the layer densities within the limit values men-
tioned above yields changes in the mean and maxi-
mum differences that are relatively small compared
to the general uncertainty. Qualitatively, the modeled
bedrock profiles generally show better agreement in
regions where the rock glacier is thinner (Fig. 4).

Differences in the modeled bedrock cannot
clearly be attributed to corresponding velocity dif-
ferences. In the lowest section of the rock glacier,
surface elevation has decreased since 1969, while
the terminus has moved farther downhill. There are
some large discrepancies between the oldest profile
and the two more recent ones here (Fig. 4).

GPR

The GPR data gathered in 2008 and 2013 in-
dicated two main reflectors below the rock glacier
surface, which we interpreted as the interface be-
tween surface debris and the ice-rich permafrost,
and the permafrost-bedrock interface, respectively.
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FIGURE 4. The upper three panels show consecutive sections of the flow line. Solid lines show the surface of
the rock glacier in three different years. Where the GPR profiles intersect the flow line, the depth of the bedrock
as determined by the GPR at a propagation velocity of 0.155 m ns™ is marked. Circles show GPR values from
the 2013 measurement campaign, stars the values from 2000, and triangles the values from 2008. The bedrock
depth was modeled using velocities extracted from DEMs for the periods 1953-1969, 1990-1997 and 2009-2010,
as well as the respective surface slopes (dashed lines). The lowest panel shows the surface velocities in m a™ along
the entire flow line during the respective time periods, as extracted from the DEMs.
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TABLE 3

Depth of bedrock and the ice-free surface debris, as measured by ground-penetrating radar (GPR) in 2000, 2008,
and 2013, using signal propagation velocities from 0.14 to 0.16 m ns™' to account for uncertainties regarding the
composition of the rock glacier.

Propagation velocity

Average depth of surface debris (m)

Average depth of bedrock (m)

(m ns™) 2008 2013 2000 2008 2013
0.140 6.8 9.9 33.6 39.0 32.0
0.155 7.8 11.2 35.0 43.9 35.6
0.160 8.1 11.6 39.0 44.9 36.8

These two layers can be seen above the terrain step
at 2580 m a.s.l. Below the step, only one clear re-
flector remains. In the radar data showing two re-
flectors, the upper layer boundary can generally be
seen fairly well, while the bedrock reflector is often
hard to detect with confidence and can generally
not be identified for each entire profile (Fig. 5).

The maximum difference in total thickness of
the rock glacier for the minimum and maximum
velocity was roughly 7 m at a travel time of 691
ns, which corresponds to a thickness between 48
m and 55 m. The average total thickness over all
measurements was 33 m for 0.14 m ns™ propaga-
tion velocity and 40 m for 0.16 m ns™' propagation
velocity. Table 3 shows the average thickness over
the velocity spread for the years 2008 and 2013, as
well as the thickness calculated with a velocity of
0.155 m ns™' for comparability with the 2000 data.
It should be noted that the values for the difterent
years cannot be compared directly, as the GPR data
were taken in different parts of the rock glacier.

The 2013 data revealed that bedrock depth de-
creased markedly below around 2600 m, where
the terrain steepens. The 2013 data intersect the
2000 data here and indicate that thickness may
have decreased significantly in this zone. Compar-
ing DEMs from difterent years, Klug et al. (2012)
found negative vertical changes between 1 and 4
m in this area between 1997 and 2009. Up to an
altitude of about 2675 m a.s.l. (Profile 2), the GPR
results indicate that the rock glacier is thickest in
the center and thins toward the margins. Above this
altitude, maximum thickness appears to shift toward
the orographic left margin. The terrain beside the
rock glacier gradually steepens into a clift face here,
so a depression of the bed seems possible.

Where the GPR tracks cross the central flow
line used for the creep model or pass with 10 m
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of it, the measured bedrock depths were compared
to the modeled depths. Using the “initial guess”
propagation velocity of 0.155 m ns™' and the “best
fit” model parameters, the GPR generally appeared
to overestimate depth compared to the modeling
approach in the upper regions of the rock glacier,
while agreement between GPR and model was
good below about 2500 m a.s.l. where thickness is
lower and the GPR signals are of better quality.

In our final assessment of the GPR. data, we
therefore used the lower limit of what we con-
sider a likely propagation velocity (0.140 m ns™)
for measurements taken above 2500 m. The GPR
values lie within the expected range of error after
reprocessing. Nonetheless, difterences between the
GPR and model remain, in some sections of the
flow line, more so than in others.

The resultant rock glacier thickness shows maxi-
mum depths in excess of 50 m in the upper re-
gions of the rock glacier, while it thins rapidly in
the steeper regions of the tongue. About 40% of the
rock glacier area shows depths between 30 and 40
m. Greater depths occur only on the orographic left
side above 2600 m a.s.l. The general pattern is in
keeping with the earlier results from 2000 (Nickus
et al., 2015). Due to the lower propagation veloc-
ity we used, thickness values are lower in the upper
regions of the rock glacier. A rough approximation
of the thickness distribution is shown in Figure 6.

DiscussioN

Creep Modeling

We acknowledge that a fundamental source of
uncertainty is whether a creep law generally used
for ice can be used to describe rock glacier move-
ment. Haeberli and Patzelt (1982) suggested that
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FIGURE 6. Approximate thickness distribution at Outer Hochebenkar rock glacier as estimated from the GPR
data.The colors indicate the depth of the bedrock.The rock glacier thins rapidly toward the tongue. The thickest
parts are located on the orographic left side of the rock glacier.

the movement of HEK rock glacier can main-
ly be attributed to the deformation of ice and
therefore a stress regime similar to that of glaciers
can be applied. Kiib et al. (1998) and Kiib and
Vollmer (2000) stated that supersaturated perma-
frost can be approximated as behaving like mas-
sive ice due to incompressibility, while this may
not be the case for structured permafrost. Rignot
et al. (2002) found rock glacier motion similar to
that of glaciers in Antarctica and discussed that
the rheology of rock glaciers is comparable to
that of glaciers in cases where massive ice is pre-
sent. Haeberli et al. (2006) mentioned ice con-
tent exceeding saturation as a condition for ap-
plying ice rheology. Konrad et al. (1999) argued
that the assumptions made in developing their
modified version of Glen’s low law (which we
used in this study) are backed by borehole data
from Galena Creek and Murtél rock glaciers. We
suggest that this is a valid best-guess approach,
which should be improved upon in the future if
better information regarding the composition of
Hochebenkar rock glacier becomes available.
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While it is likely that variations in air tempera-
ture are a main control for rock glacier accelera-
tion or deceleration (Roer et al., 2005; Kiib et al.,
2007), other factors, such as the presence of liquid
water (Ikeda et al., 2008), a changing mass balance
or basal sliding, should also be considered in future
modeling of rock glacier dynamics. An appropriate
discussion of these issues is beyond the scope of
the presented study, which focuses on developing a
very simple model that allows a first-order assess-
ment of rock glacier thickness and the validation
of assumptions made in the interpretation of GPR
data due to limited available information on rock
glacier composition.

The aim of our study was to develop a first-
order estimate of rock glacier thickness from
surface information that is easy to apply and
does not require detailed information regarding
composition. For this reason and because such
data are not available to us, we did not vary layer
densities or debris thickness along the length of
the flow line. Doing so might well improve the

model fit of the bedrock profiles for the differ-
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ent points in time. Varying the layer densities
within the limit values suggests that the ice-
rich permafrost layer of our two-layer model is
on the dense end of the spectrum we consider
likely, implying a fairly high percentage of de-
bris within the layer, at least in the upper parts
of the rock glacier.

The largest discrepancies between the three bed-
rock profiles occurred at the lower end of the flow
line. Since 1969, the surface elevation of the rock
glacier has decreased here, while the terminus has
moved farther downhill. For the sake of simplicity
and to be consistent in the logic of the approach,
we used a mean value of debris thickness in the
model (mean values for all parameters). In the ter-
minus region, overall thickness approaches and dips
below this value of debris thickness, which partially
explains problems in this zone.

Although there are large uncertainties to the
modeling approach, we suggest that the consistency
within the error is a sign that it can be used for a
rough approximation of rock glacier thickness. For
us, this proved helpful in evaluating the GPR data.

GPR

At the locations where the GPR measurements
from 2008 and 2013 intersect, thickness appears to
have decreased in the time between the measure-
ments. While this may in part indicate problems in
the interpretation of the data, comparing DEMs
from 2006, 2009, and 2011 confirmed a lowering
of the surface in these areas by up to 2 m.

While the uncertainty in bedrock depth in-
troduced by density and thus velocity variations
is only 1-2 m at the comparatively thin tongue,
it rises to values of 57 m in the thickest parts.
The rock glacier i1s characterized by pronounced
furrows and ridges, as well as crevasse-like forma-
tions, which shift in size and position from year to
year. This can cause further errors when comparing
GPR data from different years, particularly in the
rapidly changing zone near the terminus.

The varying quality of the reflectors identi-
fied in the radargrams suggests that rock glacier
depths of 40 m and more are near the upper limit
of what can be measured with a GPR at 15 MHz.
Nickus et al. (2015) did not report problems de-
tecting bedrock reflectors using 6.4 MHz, yet

upper reflectors cannot be detected with this fre-
quency. In the 2008 and 2013 data, an upper re-
flector, probably indicating the interface between
ice-free debris and ice-rich permafrost, could be
detected well in the upper part of the glacier,
yielding information on the ratio of ice-free de-
bris to ice-rich permafrost. In the lower, thin-
ner part of the rock glacier, only one reflector
remained visible. An explanation could be that
there 1s no layer separation in this part of the gla-
cier. However, even with clear layer separation, it
is likely that the vertical resolution of the GPR
was insufficient to determine an upper reflector
in this comparatively thin part of the rock glacier.
For future GPR campaigns, joint multifrequency
measurements would be desirable.

Can a Simple Numerical Model Help
to Fine-Tune the Analysis of Ground
Penetrating Radar Data?

Our simple numerical model was helpful for
fine-tuning the GPR analysis. Comparing the
GPR data with the modeled values suggested that
the “initial guess” propagation velocity was too
high in the upper regions of the rock glacier, while
it fits the modeled data well at the tongue. This im-
plies that propagation velocity varies considerably
within the area of the rock glacier because of vari-
ations in density and composition. While the mod-
eling approach proved useful for dealing with GPR
data of varying quality, it naturally cannot replace
more detailed geophysical measurements. None-
theless, we see the results of the model as an indica-
tion that different propagation velocities should be
applied in certain regions of the rock glacier and
believe that doing so improved the quality of the
GPR results, avoiding a systematic overestimation
of the thickness. Model results also implied that a
low propagation velocity should be used for most
of the rock glacier, which in turn suggests that the
ice content may be lower than previously thought.
Considering the wider perspective and possible ap-
plications at other sites, we believe that our method
can help to improve GPR analysis at comparable
rock glaciers where boreholes or other geophysical
data are not available or data quality is poor. A main
assumption of our method is that we use a simple
creep law to approximate rock glacier movement.
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We have detailed our arguments for this above. If
the method is to be applied at another site, it should
be carefully considered whether or not this is a val-
id approach for the site.

SuMMARY AND CONCLUSIONS

In this study, we calculated rock glacier thickness
using a simple creep model and compared model
results with GPR data. GPR 1is a useful tool to in-
vestigate the thickness of midlatitude rock glaciers.
However, depths ranging from a few meters to over
50 m, as found at Hochebenkar, require the fre-
quency to be adjusted accordingly, which means
that details are lost in the upper layers and/or that
the bedrock horizon is not always clearly visible. In
the absence of direct observations of rock glacier
composition from a drilled borehole that could be
used to constrain GPR velocities, various assump-
tions based on measurements from similar sites had
to be made regarding the composition and den-
sity of the rock glacier for the interpretation of the
GPR presented in this study.

The thickness of the rock glacier was modeled
from surface velocity, slope angle, and surface debris
layer thickness using a simple slab low model. The
model performance was cross-checked by applying
the model to input extracted from multitemporal
DEMs and further calibrated by varying layer den-
sities within a likely range.

Comparing the GPR data to the model results,
we found that the GPR data overestimated rock
glacier thickness in the upper region of the rock
glacier, so we adjusted our “initial guess” propaga-
tion velocity in this area. Propagation velocity is
likely to vary considerably as a result of changes in
composition. This causes significant challenges in
the interpretation and processing of the GPR data.

Although significant refinement is necessary and
large uncertainties remain, our simple modeling
approach was helpful in fine-tuning the analysis of
the GPR data, yielding some valuable insights. We
believe this method can be applied at other rock
glaciers as long as similar assumptions regarding the
nature of the rock glacier movement can be made
there.

Further geophysical measurements, such as GPR
at a range of frequencies, seismic and drilling, would
provide additional information about the compo-
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sition and density of the rock glacier. This would
probably be very useful for improving the model
from its current status of “one value fits all.” None-
theless, the model results suggest that rock glacier
thickness and volume could potentially be estimat-
ed from displacement data gained from high-accu-
racy DEMs for different years, and we find that our
simple modeling approach improved the analysis of
the GPR data. This could prove useful, particularly
in areas where extended fieldwork is impractical.
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