Geological Quarterly, 2011, 55 (4): 375-388

Spatial relationship in interaction between glacier
and permafrost in different mountainous environments
of high and mid latitudes, based on GPR research
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Ground penetrating radar (GPR) surveys were conducted on both the glaciers and their forefields in the Tatra Mountains, Northern Scan-
dinavia and on Spitsbergen — between the 49° and 77° latitudes. The results show that the glacial and periglacial environments
interpenetrate. Permafrost is present in the glacier, and glacial ice may occur in the periglacial environment. What is common for both the
environments is the perennial melting point surface, with the temperature close to 0°C. In the glacier it is the boundary of the cold-tem-
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perate transition surface and on the forefield — permafrost base.
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INTRODUCTION

Glaciology and permafrost science are disciplines research
areas of which are directly connected. Yet, much of the re-
search within these disciplines is carried out separately. This is
due to defining glacial and periglacial fields separately in a
“classical” approach (Lozinski, 1912; Brodzikowski and van
Loon, 1991; French, 2007). When we consider the glacial area
as that part of the Earth’s surface which is completely covered
by a glacier or ice sheet, then the periglacial area comprises also
the area which is to a greater or lesser extent covered with
premafrost, where frost action is a dominant factor (French,
2007). Glaciology, however, is sometimes defined as the sci-
ence dealing with all types of ice (Paterson, 1994), and there-
fore it also includes ice of the periglacial environment, which
may but does not have to occur there. Closer to the synthetic
description of these areas appears to be the term “cryology”
(Dobrowolski, 1923). Permafrost does not need to be associ-
ated with the presence of ice when we are dealing with
so-called dry permafrost, and in this case the area of permafrost
research goes beyond glaciological studies. This comparison of

the definitions shows, however, that the glacial and periglacial
areas interpenetrate, and that a separation of glacial and perma-
frost research is often artificial.

Modern research in geosciences is commonly interdisciplin-
ary, which favours a more synthetic view of the spatial relations
as well as the processes and their effects taking place on land.
Glaciology and permafrost science have much potential for inte-
grative research. “The primary challenge is to overcome the his-
torical barrier that exists between the two disciplines and to inte-
grate rather than exclude knowledge and understanding...”
(Haeberli, 2005). Such an integrated, interdisciplinary approach
is a fundamental methodological assumption adopted here.

This study concerns the relations between glacial and
periglacial mountainous environments of different latitudes, in
conditions of long-lasting permafrost in the glacier forefield,
where the glacier is subject to retreat. An attempt has been
made to determine the extent to which some glacial and
periglacial processes may interpenetrate, for which the course
of the melting point surface (MPS) with the temperature close
to 0°C in the ice and on its forefield during ablation is crucial
(Fig. 1). This approach may facilitate a better understanding of
the interaction of the two environments and their evolution.
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PREVIOUS WORK AND CONCEPT
OF GLACIAL PERMAFROST

Although the presence of permafrost in glaciers and
ice-caps has never been completely excluded in definitions of
permafrost, for practical reasons the presence of permafrost has
typically been confined to the periglacial environment only
(Washburn, 1973; van Everdigen, 1998). Probably the first
who introduced and developed the concept of glacial perma-
frost in a synthetic way was Hughes (1973). He defined the
concept of permafrost in physical terms, as “the physical condi-
tion” which may include in its broadest sense both a medium
built exclusively from ice — at one extreme — and a medium
generally devoid of ice, at the other extreme, since the principal
factor is the temperature. In recent years the concept of perma-
frost as the physical condition seems to prevail. In a more spe-
cific approach to the concept of glacial permafrost, Hughes
(1973) narrowed it down exclusively to the regolith charged
basal ice layer of a glacier or ice sheet (Hughes, 1973). In 1981,
Menzies indicated a significant lack of knowledge concerning
the role of freezing in the relation of the glacier and postglacial
sediment. He presented four hypotheses concerning the migra-
tion of frost at the bottom of the glacier, and indicated the im-
portant role of this process in how a glacier interacts with and
impacts on its substrate. However, none of these publications
specifically integrated research around this issue, which still re-
mained at the interface between glaciology and permafrost sci-
ence. Since then, other researchers have also used the term
“permafrost”, to a greater or lesser extent, when referring to the
glacial environment (e.g., Bjornsson et al., 1996; Etzelmuller et
al., 2003; Etzelmdller and Hagen, 2005), considered glacial
permafrost to be a cold layer of the polythermal glacier or a gla-
cier with its substrate wholly frozen up to the depth of the MPS.
Thus, the concept presented by Hughes has not been further de-
veloped and there is no consensus about what can or should be
called glacial permafrost. The last work which attempts to de-
fine glacial permafrost is Dobinski (2006) where the author
takes the thermophysical point of view.

SITE DESCRIPTION

Given the leading role of the MPS as the axis connecting
both the mountain and the arctic environments, and glacial and
periglacial processes, this research focusses on the fronts and
forefields of the objects situated between the 49° and 77°N
(Fig. 2). This choice allows for a holistic approach to the spatial
context. The study examines the frontal part and the forefield of
the following glaciers: (1) a temperate glacieret (Medeny) lo-
cated in the Tatra Mountains at an altitude of 2000 m above sea
level; (2) Storglacidren, one of the most studied polythermal
glaciers in Scandinavia, the front of which ends at a height of
approximately 1130 m above sea level; and (3) two
polythermal glaciers — Werenskioldbreen and Hansbreen, and
one cold glacier — Ariebreen, located in southern Spitsbergen,
the front of which is several to dozens of metres high. These re-
search areas are located at very similar longitudes (Fig. 2).
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Fig. 2. Location of research areas in Central and Northern Europe

The Tatras represent the highest mountain range of the
Carpathians (2655 m a.s.l.), and also the highest non-glaciated
mountains between the European Alps and the Caucasus. Ac-
cording to Dobinski (2004) sporadic and discontinuous perma-
frost may occur above a height of ca. 1700 ma.s.l. and it is con-
tinuous probably from 2500 m.

The Medena kotlina Valley is located in the upper part of
the KeZzmarska Biela VVoda Valley. It is a poorly developed
hanging glacial cirque of northern exposure, located in a mod-
erately cold climate at altitudes 1850-2200 m a.s.l., where
MAAT = -2°C (mean annual air temperature; Hess, 1965).
From the east, south and west it is shielded by rock walled
peaks, whose height exceeds 2500 m above sea level. Nour-
ished by snow avalanches, the Medeny glacieret occupies the
western part of the cirque. It is the largest example of a firn-ice
field in the Tatras. Its surface usually covers 2-3 ha. The loca-
tion of the GPR profiles are shown in Figure 3A.

Storglaciaren is a small valley glacier located in the
Kebnekaise massif (67°55” N, 18°50’ E), in the northern part of
the Scandinavian Mountains. Lying at an altitude between
1130-1700 m above sea level, it covers an area of 3.1 km?. It is
classified as a polythermal glacier, and has a cold ice layer in its
ablation zone (Jansson, 1996; Holmlund and Eriksson, 1989;
Pettersson et al., 2003). This glacier is located in the area of
mountain permafrost (King, 1986; Kneisel, 1999). The location
of the GPR profiles are shown in Figure 3B.

Our study in southern Svalbard (Wedel Jarlsberg Land)
was carried out on three sites located on selected glaciers
(Ariebreen, Werenskioldbreen and Hansbreen) and their
forefields (Fig. 3).

Avriebreen is a small (0.36 km?), entirely cold valley glacier
(Fig. 3C). There is virtually no firn layer or it is very thin
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Fig. 3. Location of the GPR profiles on glaciers and their forefields

A - Medeny glacieret; B — Storglacidren; glaciers of the Hornsund area, Spitshergen: C — Ariebreen, D — Werenskioldbreen, E — Hansbreen

(2-3 m; Navarro et al., 2008). Ice velocities are low and do not
exceed 1.7 m/year. Ariebreen has significantly retreated during
recent years. In 1990-2007 its surface area shrank by 28%
whereas its volume decreased by 43% in the same period
(Petlicki et al., 2008). The forefield of this glacier contains an
ice-cored moraine dated back to the Little Ice Age and signifi-
cantly older lateral as well as basal moraines (Szponar, 1975).

Werenskioldbreen (Fig. 3D), is a valley-type glacier that
has a well-defined basin boundary. Its accumulation field con-
sists of three sections: the northern section producing the
Skilryggbreen tongue, the central stream of Werenskioldbreen
and the smallest southern section forming the Angellisen
tongue. The tongues are separated by medial moraines, the
largest of which separates the central flow from Skilryggbreen.
The glacier runs longitudinally with its snout veering to the
north. In 1990, the glacier surface measured ca. 28 km? (Jania
et al., 2002). The glacier is moving at a slow pace of a few
centimetres a day (Kosiba, 1960; Baranowski, 1977). A distor-
tion of the medial moraine may suggest a glacial surge. The
glacier represents a polythermal type with a cold ice layer on
the top (Palli et al., 2003).

Hansbreen (Fig. 3E) represents a valley-type glacier with a
complex basin (Jania, 1988), which ends in a cliff in Hornsund.
The surface of the glacier covers ca. 56 km® and the average in-
clination angle is 2° (Jania et al., 1996). Mainly due to highly

negative values of summer balance, an average of —1.3 m of
water equivalent, the net balance is generally negative
(-0.38 m; Szafraniec, 2002). Hansbreen represents the typical
two-layered thermal structure of a polythermal glacier
(Macheret et al., 1993; Jania et al., 1996; Moore et al., 1999).

METHODS

The study of the area of glacial and periglacial environment
merging into the fronts and forefields of the glaciers has been
carried out using the method of radio-echo sounding of deep
structures. Ground penetrating radar (GPR) is an effective tool
for establishing the boundaries between materials such as ice
and moraine material as well as distinguishing between a dry
medium and saturated one. Therefore, this method is used in
the research of both glacial and periglacial environments.
Thanks to its properties, radio-echo sounding allows deep pen-
etration of ice and detection of internal reflecting horizons be-
tween dry cold ice, and ice filled with water in a liquid state
(temperate ice). The GPR method allow to identification of dis-
continuities in the surface layer of the lithosphere through gen-
eration and propagation of electromagnetic impulses, followed
by registration of the reflected impulses. The radar image is
generated according to the ratios between the power of the
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Table 1

Dielectric properties and radio-wave velocity in selected materials

Material Rels‘t;rvnﬁi?il\?ilg)c/tnc Radio-wave \_/19Iocity

& V [mns™]
Air* 1 0.3
Freshwater* 80 0.03
Bedrock* 4-6 0.12-0.13
Dry clay* 4 0.15
Saturated clay* 25 0.06
Frozen sediment™ 6 0.12
lce* 3.2 0.17

3

\?Vngv(\)/(y((g*z*SOO kg/m”, 2 0.21

*—after Neal (2004) and Moorman et al. (2003); ** — Grabiec et al. (2011)

transmitted and received signal, which are the result of chang-
ing dielectric properties of the material probed (Table 1). Di-
electric properties of crustal surface layers may be the result of
lithology, facial structure, density, physical state of the mate-
rial, water content or sedimentological variation, etc. (Neal,
2004). The radar method provides the best results when sound-
ing structures of significantly different dielectric properties.

The measurements were performed by an impulse GPR,
consisting of a control unit and unshielded antenna of a centre
frequency of 200 MHz. In GPR study a common offset mode
has been used. The GPR set was moved along specific profiles.
The location of the profiles and their length were provided by a
signal from the GPS receiver cooperating with the measure-
ment unit. The course of profile recording was then verified
based on identification of the beginning and end of the mea-
surement on maps. In total, nine profiles of a total length of
808 m were performed. The traces along the distance interval
were recorded at intervals of 0.2 s, or every 10 cm. The separa-
tion of the 200 MHz antenna was maintained constant at 0.6 m.
Each trace was created on the basis of 512 samples with a time
window of 501 ns or 286 ns.

The radar images obtained in the fieldwork were then pro-
cessed by using the following procedures: DC removal,
time-zero adjustment, background removal, amplitude correc-
tion, trace edit, radio-wave velocity models.

For the calculation of the depth scale of the GPR images re-
corded, measurements of the radio-wave velocity (RWV) in
the medium by the CMP method (common-midpoint were
made). The measurement consisted of recording an electro-
magnetic pulse, while systematically increasing the distance
between the antennae by 0.6 m, to a maximum of 20 m. The
measurements of this type were performed in characteristic
points in the area of the measurement, i.e. on the forefield of the
glacier with an ice core, on the forefield without an ice core as
well as on the glacier in the zone of temperate ice and cold ice.

Where there was no measurement of CMP, the RWV has
been estimated on the basis of matching the shape of hyperbo-
las resulting from wave diffraction by the objects located at a
certain depth, to the theoretical hyperbolas.

The average RWV from the surface to the level of the re-
flector (v) is calculated as follows:

L [Eex

txzz - tx21
where: tyq, t, — two-way travel time of reflected wave where
the distance between the antennae (in the CMP method) or the
horizontal distance from the reflector (in the method of match-
ing hyperbolas), respectively x;, x, (Robinson and Coruh,
1988; Moorman et al., 2003). In the absence of applicability of
the above methods, there were adopted velocities obtained in

CMP measurements or hyperbola matching performed in simi-
lar terrain conditions.

RESULTS

The results obtained allow presentation of the hydrothermal
characteristics of selected glaciers and the structure of their
forefields in mountainous environments at different latitudes.

GLACIERET IN MEDENA KOTLINA VALLEY
AND ITS FOREFIELD

In thermal terms the glacieret in the Medena kotlina Valley
is made of temperate ice. The profile analysed runs along the
axis of the glacieret, then at the bottom it changes its direction
to transverse, passing through the frontal — lateral moraine
(Fig. 4). The internal structure of the glacieret is complex. At a
depth of about 4 metres a clear reflection horizon generated on
a layer of coarse-grained material tens of centimetres thick was
recorded. In 2003, this material formed the surface moraine of
the glacieret. During the study period, above this layer the
glacieret consisted of firn with distinct annual layers. However,
in a deeper layer it was made of ice of density of 800 kgm™
(Gadek and Kotyrba, 2003). In the section from 0 to 60 m of the
measurement profile clear hyperbolic structures, interpreted as
diffractions caused by an englacial channel ceiling, were re-
corded. The substrate measurement profile of the glacieret was
clear only between 0 to 40 m of the measurement. The hyper-
bolic structures visible on the radar image in the section be-
tween 40 to 60 m can be interpreted rather as diffractions gener-
ated by the englacial channel ceiling or single boulders. A re-
flection horizon generated on the surface of massive buried ice
was registered in the glacieret forefield (Gadek and Grabiec,
2008). It is covered by 2.7-0.8 m sediments that probably form
the unfrozen part of the active layer.

STORGLACIAREN FRONT AND ITS FOREFIELD

The profile in the centre of the front and forefield of
Storglaciéren measures 539 m, 120 m of which are located on
the forefield (Fig. 5 shows first 190 m of the GPR profile). A
distinct two-layer hydrothermal structure of the glacier can be
discerned. The length of the freezing zone is about 70 m, at this
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Fig. 5. Result of the GPR profiling performed on Storglacidren and its forefield, Kebnekaise Massif, Northern Sweden

distance the movement of the glacier is compressive and con-
sists mainly of plastic deformation of the glacier. Shearing ten-
sions and visible ice slip planes also occur in this section. The
thickness of the cold ice layer decreases upwards, which is con-
sistent with the results obtained by other researchers
(Pettersson et al., 2007). Belts visible in the frontal part of the
glacier are associated with the slip lines. Beneath, there is a
layer of temperate ice with a high content of water. A ten-met-
re-long section of the glacier front is covered with surface mo-

raine from melting. In the forefield on the extension of the gla-
cier front there is a distinctive horizon identified as the active
permafrost table. This layer increases in thickness from ca. 0 m
at the contact point with the glacier to about 3 m at a distance of
about 30 m from the glacier front. In the further part of the pro-
file the horizon remains at a similar level. At a distance of about
70 m from the glacier front, in the active layer there occur the
reflections from material of the rubble fraction (unsorted mo-
raine material), which blurs the boundary between the active
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and its forefields, Hornsund area, Spitsbergen

layer and permafrost, and makes interpretation rather difficult.
The lower boundary of the active layer in this part of the profile
lies at a greater depth (about 3.5 m).

ARIEBREEN FRONT AND ITS FOREFIELD

The radar image shows the glacier front in the section that is

appra 10 m long and of a maximum thickness of about
12 m|(Fig. 6A)} Its internal structure is typical for cold ice with a
few diffractions. Hyperbolas appearing in the top layer indicate

the transport of englacial material within the slip planes. The
boundary between the glacier and the ground is clear, underlain

by numerous diffractions generated by the coarse fraction
subglacial material (boulders of diameter not less than 0.4 m).
There are no reflections from subglacial channels. Below the
glacier floor the structure of the image is distorted by overlap-
ping hyperbola shoulders, and in parts where they are not present
the structure is formed by multiple diffractions caused by mate-
rial of the finer fraction. Such a structure stretches over the
forefield of the glacier and is typical of glacial sediments (mo-
raine). The distinctive horizon on the glacier forefield is con-
nected with the bottom of the permafrost active layer. It reaches a
maximum of 1.6 m (220 m of the profile) and becoming thinner
towards the front of the glacier. The thickness of the permafrost
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active layer also decreases towards the beginning of the profile
on the slope of the terminal moraine, reaching a minimum of
about 0.5 m at the peak section. In the permafrost, below the ac-
tive layer, occur unidentified structures (270-290 m,
310-320 m, 340-350 m) which disappear towards the glacier
margin. They may be due to sedimentation in successive phases
of glacier recession. In the frontal moraine the thickness of the
active layer is limited by the occurrence of the ice core under-
neath. The buried ice is visible on the radar image between 120
and 210 m of the profile. Interpreting this structure as the ice core
is justified by much weaker wave attenuation, and consequently
a greater range of penetration as well as the structure with a few
diffractions formed by point objects. The ice buried in the zone
between 120 and 170 m is layered with 3 sediment layers occur-
ring at approximately 80, 125, 160 ns. Assuming that the dielec-
tric properties of buried ice are similar to glacier ice, and assum-
ing the same RWV, the thickness of the ice core in Ariebreen ter-
minal moraine should be estimated at not less than 10 m. In the
lower part of the terminal moraine (170-210 m) the buried ice is
visible only to the depth of the shallowest layer of sediment. At
the peak part of the moraine (140 m) below the active layer there
is a visible hyperbola generated by an object e.g., a boulder bur-
ied in the moraine.

WERENSKIOLDBREEN FRONT AND ITS FOREFIELD

Werenskioldbreen represents a type of polythermal glacier
with a relatively wide zone of the glacier front frozen to the
ground (800 m). For this reason, the radar profile includes a
transition zone of the forefield and the glacier in the zone of
cold ice. In the frontal part of the glacier, numerous point dif-
fraction§(Eig. GB) are related to the englacial channels, or more
frequently to the material inside the glacier. Moraine material
deposited on the surface of the glacier refers to the zones of en-
glacial sediments (e.g., 200-220 m in the profile). The glacier
substrate is clearly separated, with numerous diffraction hyper-
bolas caused by coarse-grained subglacial material. In the
forefield, between 60 and 140 ns, there is a visible structure,
limited by two distinct horizons, which has been identified as
buried ice. The thickness of this layer is estimated at about 6 m.
Beneath, there is probably coarse-grained moraine material
(such as in the substrate of the glacier margin), as inferred from
hyperbolas located at the lower boundary of this layer. This
suggests a lack of ice layers below. Between 120 and 160 m of
the profile the layer thickness gradually decreases to 1 m. The
ice buried on the forefield is in contact with glacial ice at the
front. The presence of the outflow of water under pressure on
the glacier forefield in the area analysed also suggests hydraulic
contact between the two structures. Ice buried on the forefield
is the result of sudden overlaying of the glacier front with
fluvio-glacial material, and then a gradual process of separating
the glacier front from the ice under the sandur. As a result of
further recession of the glacier front the connection will be bro-
ken in the near future. A parallel structure of the image above
the layer of buried ice on the glacier front is the result of the
presence of sorted fine sediment layers of fluvio-glacial origin
(sandur). Between the separate layers associated with episodes
of fluvio-glacial sedimentation, especially in the lower part of
this structure, there is the possibility of thin, gradually melting

ice layers. This is seen in the upward decreasing of the distance
between the horizons (visible in the 0-60 m segment of the pro-
file). In the 70-100 m segment the laminar structure of the up-
per part of the profile is replaced by a multi-reflective one,
which suggests the presence of non-sorted moraine material.
The thickness of sandur deposit imaged by GPR is estimated to
be about 2-3 m. As several horizons may be distinguished it
was assumed that the bottom of the permafrost active layer does
not occur deeper than the ceiling of buried ice, which means
that the ice is likely to be subject to seasonal degradation.

HANSBREEN FRONT AND ITS FOREFIELD

This glacier of polythermal type has its front terminating in
the sea. The profile, however, runs across its inactive western
part which ends on land. The polythermal structure of the gla-
cier is shown in[Figure TH. In the cold ice on the glacier margin
a few diffraction hyperbolas generated by the englacial chan-
nels may be seen, while the substrate is composed of diffrac-
tions caused by coarse-grained subglacial material.
Hyperbolas occuring below are likely to be the echo of the dif-
fractions by the material at the bottom of the glacier. The gla-
cier forefield represents a multi-reflective structure, typical of
moraine material. The layer separated by a clear horizon in the
profile’s upper part is interpreted as the active layer of perma-
frost. The thickness of the active layer decreases towards the
glacier front reaching a maximum thickness of about 1.4 m at
the beginning of the profile. From 100 to 130 m of the profile
there is a visible unrecognized structure going down from the
bottom of the active layer towards the glacier margin to the
level of approximately 80 ns. Then, this structure runs parallel
to the ground surface on the glacier forefield. The profile starts
at the top of the terminal moraine dating from the last phase gla-
cier stagnation. In this zone (0—40 m of the profile) beneath the
active layer of permafrost there are structures typical of ice core
with layering of moraine material (three distinctive horizons).
The thickness of the ice cores measured from the bottom of the
active layer to the visible lowest horizon is about 12 m, on the
assumption that a typical velocity of radar wave propagation is
0.16 mns™.

DISCUSSION

The GPR studies conducted allow a distinction between the
processes taking place in the top and bottom part of the glacier,
with particular emphasis on the freezing process occuring both
in the glacier and its forefield in the areas surveyed. In the upper
part it is primarily a characteristic of the relationship between
cold ice and temperate ice. In the bottom part it is interaction of
the glacier ice with the englacial and moraine material includ-
ing permafrost occurring on the glacier forefield.

Repeated over several years GPR research results show the
dynamics of the Medeny glacieret in the Tatras and its rotational
motion (Gadek and Kotyrba, 2007) on both the bedrock and the
dead ice underneath the glacieret margin. The dead ice can be
called glacial permafrost according to the definition proposed by
Hughes (1973). Its long-term persistence is possible thanks to the
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climate here with an average annual temperature of —2°. The
presence of permafrost in the glacieret margin and in other parts
of the valley in which the glacieret is located has also been found
with other geophysical methods (Gadek et al., 2009). In the cli-
mate of the Tatras, where there is not sufficiently low average
annual air temperature, and where freezing is hindered due to the
thickness of the winter snow cover, the recession of the glacieret
will not be accompanied by the transformation of its thermal
structure. Therefore, glacial permafrost, understood as a layer of
glacial cold ice occurring in the upper part of the glacier does not
exist within the Medeny glacieret and it should not be expected
to be completely frozen [Fig. 74).

The results of GPR research carried out on Storglacidren
confirm shrinking of the cold ice layer in the bottom part of the
glacier. At the same time, according to published data, the
thickness of cold ice generally decreased an average of 8.3
1.3 m, from about 22% to a maximum of 57% on the entire
glacier surface (Pettersson et al., 2003). Such an effect results
from a locally faster inwards migration in the glacier of the
cold-temperate transition surface (CTS), due to a larger tem-
perature gradient in a thinner layer of cold ice. This means that
the climate controls when the thickness of the cold ice layer
reaches its minimum, and even if a recession caused by loss of
glacier mass follows, the cold ice layer will not continue to
shrink, which in turn may lead to a progressive freezing of the
entire glacier and its substrate, beginning from its frozen front.
The sufficiently cold climate that prevails in this region, with
an average annual air temperature below —4°C, allows deep
penetration of sub-zero temperatures. It is an essential prereqg-
uisite for the thermal transformation of the glacier (Fig. 7Bi.

The most advanced freezing process of such a relatively
small glacier occurs on Spitsbergen, affecting Ariebreen gla-
cier[(F10-_7E)] The loss of mass, the significant inclination of
the surface, which favours supraglacial runoff and hinders per-
colation of ablation water, as well as low the MAAT of approx.
—5°C in this region have led to the total freezing-up of the gla-
cier. An attempt to classify this type of mountain glaciers’ ther-
mal structures, which refers to a different course of CTS/per-
mafrost base (PB), is given in the work of Etzelmiller and
Hagen (2005).

Larger glaciers which include Werenskioldbreen )
and Hansbreen (Fig. 7C) femain polythermal glaciers. Their re-
cession in a cold climate and a much lower dynamic of
geomorphological processes causes the formation of a broad
dead ice deposit zone on the forefield, which is not present on
such a scale in the mountainous environment of lower latitudes
— in the Tatra Mountains or in Scandinavia. The ice of glacial
genesis occurring in this area is part of the periglacial environ-
ment. As in the case of Medeny glacieret in the Tatras, this kind
of ice accumulation in the soil may be called, after Hughes

v

Fig. 7. Schematic diagrams illustrating the structural models
of glacier — permafrost relationship bg 8 g interpretation

of the field data shown i 16 |

A — Medeny glacieret and its forefield, B — Storglacidren and its
forefield, C — Hansbreen and its forefield, D — Werenskioldbreen and its
forefield, E — Ariebreen and its forefield

A Medeny glacieret and its forefield

Buried glacial ice
(dead ice, frozen)

B Storglaciaren and its forefield

C Hansbreen and its forefield

Buried glacial ice
(dead ice, frozen)

D Werenskioldbreen and its forefield

Buried glacial ice
(dead ice, frozen)

E Ariebreen and its forefield

Buried glacial ice = \‘g
(dead ice, frozen) \\}\\%\\%\:}\&\\
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(1973), glacial permafrost. The specific pattern of deglaciation
of Werenskioldbreen can be associated with a slight inclination
of its front, and a relatively flat terrain on the glacier forefield as
well as stabilizing by agradating permafrost on the forefield till
melting on the margin (e.g., Murton et al., 2005).

Based on the research, three types of relations between the
glacier and its forefield can be indicated:

1. A temperate glacier with permafrost on its forefield
(Fig. 7A). The glacier in its whole volume is temperate apd
frozen ground does not occur underneath. Permafrost occyr-
rence is possible in the forefield; it may also encompass mgs-
sive ice of glacial genesis. This type may occur in the high
mountains of mid-latitudes, in a humid climate with an average
annual air temperature (MAAT) slightly below 0°C (about 1,
—2°C). The Medeny glacieret may be an example of this typk.

2. A polythermal glacier with a frozen glacier margin peng-
trating its substrate in the frozen section and in the immedigte
forefield (Fig. 7B-D). Buried ice of glacial origin (Fig. 7C) apd
inactive ice, covered with fluvio-glacial sediment and cop-
nected directly with the glacier tongue (Fig. 7D) may be pras-
ent in the permafrost on the forefield. The evolution of the fron-
tal zone of the glacier in the current climate (recession) results
in separation of this inactive ice. This type of relation: glacier —
permafrost may occur in an arctic mountainous environment
(Storglaciéren) and in the subpolar climate of southern
Spitsbergen with a MAAT of about —4, -5°C (Hansbreen,
Werenskioldbreen).

3. A cold glacier with permafrost straddling both the
forefield and the glacier with its substrate[(Fig. 7E). This type
of relation exists in the mountainous environment, and includes
glaciers of small thickness and of significant surface inclination
in cold climates (MAAT: -4, -5°C). The presence of glacial ice
detached from the glacier during recession on its forefield is
possible (Ariebreen).

The surface of 0°C is commonly recognized as integrating
the glacial and periglacial environments (e.g., Dobirski, 2006;
In the periglacial environment it is called a permafrost
table (PT) and a permafrost base (PB), and their continuation in
the glacial environment is respectively: the glacier surface
(during the summer season) and the boundary between temper-
ate and cold ice, called the cold-temperate transition surface
(CTS; Pettersson et al., 2007). This isotherm extending from
the permafrost-covered substrate to the glacier marks the
boundary of freezing of the polythermal glacier margin, and
this location is responsible for the formation of the shear zone
and/or the beginning of the penetration of englacial debris
bands into the glacier (Etzelmuller et al., 2003) and the creation
of frozen material, the thickness of which may be up to several
metres, in the glacier foot in the cold part of the glacier (King et
al., 2008).

Dobinski (2006), considering permafrost to be a thermal
state of the lithosphere, regarded cold glacier ice as permafrost,
as also any form of naturally occurring ice within the litho-
sphere. He indicated, however, a problem that is associated
with the term “cryotic”, which denotes the unfrozen portion of
permafrost, and which therefore, cannot refer to glacial ice.

In this situation it seems appriopriate to propose a solution
which would expand the definition of permafrost, not least be-
cause interest in the relation glacier/permafrost has risen signif-

icantly, an ever greater number of publications concerned with
temporal and/or spatial dependence and variation in the glacial
environment and the main element of the periglacial environ-
ment, which is permafrost (Kneisel, 1999; Etzelmuller et al.,
2003; Kneisel, 2003; Etzelmuller and Hagen, 2005; Haeberli,
2005; Harris and Murton, 2005; Murton, 2005; Waller and
Tuckwell, 2005).

There is also a synthetic approach referring to
geomorphological processes which, although initiated by the
glacier, create forms belonging to the periglacial environment,
that may be referred to in terms of the paraglacial concept
(Ballantyne, 2002). Yet, the paraglacial concept is a one-sided
geomorphological concept, concerning the impact from the
glacial environment towards the periglacial one. However,
freezing, while being the most characteristic process of the
periglacial environment, is also important to the glacial envi-
ronment. Considering ice, in this context, as a monomineralic
rock allows, we consider, a more synthetic approach to the
forms and processes of both environments, glacial and
periglacial (cf., Dobinski, 2011).

The thermophysical freezing process, although essentially
changing the thermal structure of the glacier and affecting a
number of its properties, has no glacial character because it is
influenced by the climate. Such freezing occurs both within and
beyond the glacial area, and is particularly characteristic of the
periglacial environment (French, 2007). Studying the variation
within this process is especially important with reference to the
evolution of permafrost. The upward or inward movement of
CTS/PB surfaces is mainly related to climate change, i.e. the
temperature occurring on the surface of the glacier. It is indi-
cated by a high correlation reaching R? = 0.87 which exists be-
tween the change in the thickness of the Storglacidren cold
layer and the change in temperature BTS (bottom temperature
of the winter snow cover). A 1°C increase in BTS will lead to a
change in the upper boundary conditions of the cold surface
layer, resulting in its thinning of by 3-12 m (Pettersson et al.,
2007). The temperature of cold ice is also subject to seasonal
variability, but only at sub-zero temperatures. In cold ice, just
as in permafrost, we can distinguish the location of the zero an-
nual amplitude of seasonal temperature changes (ZAA,; cf.,
fig. 5 in Pettersson et al., 2007).

At the bottom of a glacier, a complex series of processes
takes place (e.g., Boulton and Hindmarsh, 1987; Alley, 1989;
Knight, 1989; Piotrowski et al., 2001; Waller, 2001; van der
Meer et al., 2003), however, glaciers and ice sheets having a
frozen bottom and lying on frozen ground are rarely studied and
poorly understood. The revolution in appreciation of the interac-
tion of glaciers with their soft substrate was limited to
warm-based glaciers (Waller, 2001). Given current knowledge
in this field, we suggest a return to the concept of Hughs (1973).
He treated the concept of permafrost very broadly, defining it as
a state which may include cold glaciers, containing H,O sedi-
mentary material remaining at a temperature below zero, as well
as frozen rock devoid of water in any form. In giving a summary
of mechanisms of basal ice formation, Knight (1997) enumer-
ated the processes associated with the accretion of ice, diagenesis
of ice, entrainment of debris and thickening of a sequence. Not
all of these are associated with glacial ice. According to him, the
emergence of new regelation or congelation ice under the glacier
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is also possible. Ice of this type is assimilated into the glacier, to-
gether with the weathered material, and can be distinguished
from ice formed in the glacier accumulation zone on the basis of
isotope studies or by analysing the composition of gases present
in the ice (Knight, 1997).

The possibility of accumulation of regelation or
congelation ice occurs not only in the glacier substrate. At a
much greater scale it occurs in the form of so-called internal
acumulation in the accumulation area of the glacier. This type
of accumulation is common. Internal accumulation in other ar-
eas may be responsible for 5 to 70% of glacial accumulation
(Trabant and Mayo, 1985; Bazhev, 1997; Rabus and
Echelmeyer, 1998). These types of ice are typical of the
periglacial environment in as much as they are not able to pro-
duce a glacier on their own. Ice (snow) accumulation is neces-
sary for this to happen, at least in the initial phase.

The thickness of ice-rich debris layers beneath the
Spitsbergen glaciers determined using GPR ranges from 0.5 to
13 m (King et al., 2008), Boulton and Dobbie (1993) indicate
thicknesses in the range of 4-47 m.

In all the glaciers surveyed, which have a polythermal
structure, there can clearly be distinguished a boundary be-
tween cold and temperate ice. At the front of the glaciers,
whege the froze cier part ends, sediment layers begin to ap-
pear|(Figs. 5]anfl 6).|In the substrate we can observe a charac-
teristic horizon, which disappears upwards to the top of the gla-
cier. Analysis of the evolution of the glacier fronts as well as
published information allows two different interpretations of
these places. One involves decollement of the ice-debris layer
beneath the glacier. The decollement constitutes also the
boundary between the areas respectively covered and not cov-
ered by permafrost. The freezing process is static and the gla-
cier movement does not limit it significantly. The glacier dy-
namics are limited by the freezing process to a large degree.
The increase in the tension in the frozen section of the glacier
may cause decollement which does not reach the bottom of per-
mafrost because of insufficient pressure from (weight of) the
frozen section of the glacier.

Physical analysis of the thermal structure of glaciers allow
us to apply to them a model derived from research on perma-
frost following unification of the terms (see Dobinski, 2006).

The results obtained show thermal variations of mountain
glaciers in recession. The Tatras, mid-latitude mountains, repre-
sent a marginal area of glaciation in which a temperate glacieret
occurs. A larger area of glaciation together with polythermal gla-
ciers is the subarctic area of Northern Scandinavia, whereas
Svalbard has a relatively wide range of glaciation, where large
valley glaciers and outlet glaciers are polythermal, while smaller
mountain glaciers are entirely frozen. In very general terms one
can say that the volume which frozen depends on the amount of
snow accumulation. The thermal structure of the glaciers de-
pends on the air temperature which prevails in their environ-
ment, and the percolation of water in the firn zone, which is re-
stricted along with global warming by the increasing surface of
accumulated ice. The decrease of their range results in the expo-
sure of their forefields, in which there are also visible traces of
retreating glaciation in the form of buried and dead ice. In some
instances buried ice may have a direct connection to the glacier,

although it does not show any signs of movement. Most often
there are, however, dead ice blocks with significant englacial de-
bris layers within them. The ice, although of glacial origin, be-
longs to the periglacial environment.

CONCLUSIONS

1. In all areas studied it was found that glacial processes as-
sociated with the accumulation, ablation, and glacier move-
ment overlap with periglacial processes whose main character-
istic is freezing, covering both glacial and periglacial environ-
ments. The integrating environmental axis in the relation so de-
fined is the perennial MPS. In the glacier this is the boundary of
the cold-temperate transition surface (CTS) and on the forefield
it is the permafrost base (PB).

2. The degradation of glaciers means that in favourable cli-
matic conditions, i.e. at fairly low average annual air tempera-
tures, the CTS may increasingly include glacier ice and pene-
trate into the substrate. Where the average annual air tempera-
ture is lower than —1°C, the degradation of the glacier can cre-
ate conditions for permafrost aggradation in its substrate even
before its complete melting. The entire glacier is then subject to
the freezing process, which in fact is identified as a basic
periglacial process.

3. Also under the glacier, and especially under the frozen
front of a polythermal as well as a cold glacier, freezing pro-
cesses that lead to the formation of a debris-laden layer occur.
This layer is only partially formed by the effect of glacial pro-
cesses, as its accumulation (transport) is dependent on the
movement of the glacier. Its freezing is, however, caused by the
penetration of cold from the atmosphere, or the advance of the
glacier on to the area covered by permafrost. In both cases, in-
teraction and overlapping of glacial and periglacial processes
occur.

4. Both on the surface and the floor there may be present ice
which is not the result of snow accumulation but is a conse-
quence of other processes, such as regelation, congelation or
internal accumulation. These processes alone would not allow
the emergence of the glacier, and therefore all of them, and the
ice created in this way, originally belong to the periglacial envi-
ronment.

5. Interaction between the glacial and periglacial environ-
ments in mountainous areas between 49° and 77°N is complex,
and is based on different relations between the MAAT, thermal
characteristics of glaciers, and the MPS, which penetrates gla-
ciers and its forefields and constitutes a hub between both
environments.
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