
Geo log i cal Quar terly, 2011, 55 (4): 375–388

Spa tial re la tion ship in in ter ac tion be tween gla cier 
and per ma frost in dif fer ent moun tain ous en vi ron ments 

of high and mid lat i tudes, based on GPR re search

Wojciech DOBIŃSKI, Mariusz GRABIEC and Bogdan GĄDEK

Dobiński W., Grabiec M. and Gądek B. (2011) – Spa tial re la tion ship in in ter ac tion be tween gla cier and per ma frost in dif fer ent moun tain -
ous en vi ron ments of high and mid lat i tudes, based on GPR re search. Geol. Quart., 55 (4): 375–388. Warszawa.

Ground pen e trat ing ra dar (GPR) sur veys were con ducted on both the gla ciers and their forefields in the Tatra Moun tains, North ern Scan -
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INTRODUCTION

Gla ci ol ogy and per ma frost sci ence are dis ci plines re search
ar eas of which are di rectly con nected. Yet, much of the re -
search within these dis ci plines is car ried out sep a rately. This is
due to de fin ing gla cial and periglacial fields sep a rately in a
“clas si cal” ap proach (Łoziński, 1912; Brodzikowski and van
Loon, 1991; French, 2007). When we con sider the gla cial area
as that part of the Earth’s sur face which is com pletely cov ered
by a gla cier or ice sheet, then the periglacial area com prises also 
the area which is to a greater or lesser ex tent cov ered with
premafrost, where frost ac tion is a dom i nant fac tor (French,
2007). Gla ci ol o gy, how ever, is some times de fined as the sci -
ence deal ing with all types of ice (Pat er son, 1994), and there -
fore it also in cludes ice of the periglacial en vi ron ment, which
may but does not have to oc cur there. Closer to the syn thetic
de scrip tion of these ar eas ap pears to be the term “cryology”
(Dobrowolski, 1923). Per ma frost does not need to be as so ci -
ated with the pres ence of ice when we are deal ing with
so-called dry per ma frost, and in this case the area of per ma frost 
re search goes be yond glaciological stud ies. This com par i son of 

the def i ni tions shows, how ever, that the gla cial and periglacial
ar eas inter pen etrate, and that a sep a ra tion of gla cial and per ma -
frost re search is of ten ar ti fi cial.

Mod ern re search in geosciences is com monly in ter dis ci plin -
ary, which fa vours a more syn thetic view of the spa tial re la tions
as well as the pro cesses and their ef fects tak ing place on land.
Gla ci ol ogy and per ma frost sci ence have much po ten tial for in te -
gra tive re search. “The pri mary chal lenge is to over come the his -
tor i cal bar rier that ex ists be tween the two dis ci plines and to in te -
grate rather than ex clude knowl edge and un der stand ing...”
(Haeberli, 2005). Such an in te grated, in ter dis ci plin ary ap proach
is a fun da men tal meth od olog i cal as sump tion adopted here.

This study con cerns the re la tions be tween gla cial and
periglacial moun tain ous en vi ron ments of dif fer ent lat i tudes, in
con di tions of long-last ing per ma frost in the gla cier forefield,
where the gla cier is sub ject to re treat. An at tempt has been
made to de ter mine the ex tent to which some gla cial and
periglacial pro cesses may inter pen etrate, for which the course
of the melt ing point sur face (MPS) with the tem per a ture close
to 0°C in the ice and on its forefield dur ing ab la tion is cru cial
(Fig. 1). This ap proach may fa cil i tate a better un der stand ing of
the in ter ac tion of the two en vi ron ments and their evo lu tion.



3
7

6
W

ojciech
 D

o
b

iń
sk

i, M
ariusz G

rabiec an
d

 B
o

g
d

an G
ąd

ek

 dna lai calg neew teb mu uni tnoc eht fo tpe cnoc lai tinI .1 .giF laicalgirep  – B ,ledom lar eneg – A ,doi rep re mmus eht fo smret ni stne mno ri vne tsor fa mrep RPG  ;tlu ser 
 dna lai calg gn itar ge tni buh niam a sa nwohs dna dez il ar eneg si nur SPM laicalgirep  ot era pmoc( stne mno ri vne iksńiboD )6002 ,



PREVIOUS WORK AND CONCEPT 
OF GLACIAL PERMAFROST

Al though the pres ence of per ma frost in gla ciers and
ice-caps has never been com pletely ex cluded in def i ni tions of
per ma frost, for prac ti cal rea sons the pres ence of per ma frost has 
typ i cally been con fined to the periglacial en vi ron ment only
(Washburn, 1973; van Everdigen, 1998). Prob a bly the first
who in tro duced and de vel oped the con cept of gla cial per ma -
frost in a syn thetic way was Hughes (1973). He de fined the
con cept of per ma frost in phys i cal terms, as “the phys i cal con di -
tion” which may in clude in its broad est sense both a me dium
built ex clu sively from ice – at one ex treme – and a me dium
gen er ally de void of ice, at the other ex treme, since the prin ci pal 
fac tor is the tem per a ture. In re cent years the con cept of per ma -
frost as the phys i cal con di tion seems to pre vail. In a more spe -
cific ap proach to the con cept of gla cial per ma frost, Hughes
(1973) nar rowed it down ex clu sively to the regolith charged
basal ice layer of a gla cier or ice sheet (Hughes, 1973). In 1981, 
Men zies in di cated a sig nif i cant lack of knowl edge con cern ing
the role of freez ing in the re la tion of the gla cier and postglacial
sed i ment. He pre sented four hy poth e ses con cern ing the mi gra -
tion of frost at the bot tom of the gla cier, and in di cated the im -
por tant role of this pro cess in how a gla cier in ter acts with and
im pacts on its sub strate. How ever, none of these pub li ca tions
spe cif i cally in te grated re search around this is sue, which still re -
mained at the in ter face be tween gla ci ol ogy and per ma frost sci -
ence. Since then, other re search ers have also used the term
“per ma frost”, to a greater or lesser ex tent, when re fer ring to the
gla cial en vi ron ment (e.g., Björnsson et al., 1996; Etzelmüller et 
al., 2003; Etzelmüller and Hagen, 2005), con sid ered gla cial
per ma frost to be a cold layer of the polythermal gla cier or a gla -
cier with its sub strate wholly frozen up to the depth of the MPS. 
Thus, the con cept pre sented by Hughes has not been fur ther de -
vel oped and there is no con sen sus about what can or should be
called gla cial per ma frost. The last work which at tempts to de -
fine gla cial per ma frost is Dobiński (2006) where the au thor
takes the thermophysical point of view.

SITE DESCRIPTION

Given the lead ing role of the MPS as the axis con nect ing
both the moun tain and the arc tic en vi ron ments, and gla cial and
periglacial pro cesses, this re search fo cus ses on the fronts and
forefields of the ob jects sit u ated be tween the 49° and 77°N
(Fig. 2). This choice al lows for a ho lis tic ap proach to the spa tial 
con text. The study ex am ines the fron tal part and the forefield of 
the fol low ing gla ciers: (1) a tem per ate glacieret (Medeny) lo -
cated in the Tatra Moun tains at an al ti tude of 2000 m above sea
level; (2) Storglaciären, one of the most stud ied polythermal
gla ciers in Scan di na via, the front of which ends at a height of
ap prox i mately 1130 m above sea level; and (3) two
polythermal gla ciers – Werenskioldbreen and Hansbreen, and
one cold gla cier – Ariebreen, lo cated in south ern Spitsbergen,
the front of which is sev eral to doz ens of metres high. These re -
search ar eas are lo cated at very sim i lar lon gi tudes (Fig. 2).

The Tatras rep re sent the high est moun tain range of the
Carpathians (2655 m a.s.l.), and also the high est non-gla ci ated
moun tains be tween the Eu ro pean Alps and the Cau ca sus. Ac -
cord ing to Dobiński (2004) spo radic and dis con tin u ous per ma -
frost may oc cur above a height of ca. 1700 m a.s.l. and it is con -
tin u ous prob a bly from 2500 m. 

The Medena kotlina Val ley is lo cated in the up per part of
the Kežmarská Biela Voda Val ley. It is a poorly de vel oped
hang ing gla cial cirque of north ern ex po sure, lo cated in a mod -
er ately cold cli mate at al ti tudes 1850–2200 m a.s.l., where
MAAT = –2°C (mean an nual air tem per a ture; Hess, 1965).
From the east, south and west it is shielded by rock walled
peaks, whose height ex ceeds 2500 m above sea level. Nour -
ished by snow av a lanches, the Medeny glacieret oc cu pies the
west ern part of the cirque. It is the larg est ex am ple of a firn-ice
field in the Tatras. Its sur face usu ally cov ers 2–3 ha. The lo ca -
tion of the GPR pro files are shown in Fig ure 3A.

Storglaciären is a small val ley gla cier lo cated in the
Kebnekaise mas sif (67°55’ N, 18°50’ E), in the north ern part of 
the Scan di na vian Moun tains. Ly ing at an al ti tude be tween
1130–1700 m above sea level, it cov ers an area of 3.1 km2. It is
clas si fied as a polythermal gla cier, and has a cold ice layer in its
ab la tion zone (Jansson, 1996; Holmlund and Eriksson, 1989;
Pettersson et al., 2003). This gla cier is lo cated in the area of
moun tain per ma frost (King, 1986; Kneisel, 1999). The lo ca tion 
of the GPR pro files are shown in Fig ure 3B.

Our study in south ern Svalbard (Wedel Jarlsberg Land)
was car ried out on three sites lo cated on se lected gla ciers
(Ariebreen, Werenskioldbreen and Hansbreen) and their
forefields (Fig. 3).

Ariebreen is a small (0.36 km2), en tirely cold val ley gla cier
(Fig. 3C). There is vir tu ally no firn layer or it is very thin
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Fig. 2. Lo ca tion of re search ar eas in Cen tral and North ern Eu rope



(2–3 m; Navarro et al., 2008). Ice ve loc i ties are low and do not
ex ceed 1.7 m/year. Ariebreen has sig nif i cantly re treated dur ing 
re cent years. In 1990–2007 its sur face area shrank by 28%
whereas its vol ume de creased by 43% in the same pe riod
(Pętlicki et al., 2008). The forefield of this gla cier con tains an
ice-cored mo raine dated back to the Lit tle Ice Age and sig nif i -
cantly older lat eral as well as basal mo raines (Szponar, 1975).

Werenskioldbreen (Fig. 3D), is a val ley-type gla cier that
has a well-de fined ba sin bound ary. Its ac cu mu la tion field con -
sists of three sec tions: the north ern sec tion pro duc ing the
Skilryggbreen tongue, the cen tral stream of Werenskioldbreen
and the small est south ern sec tion form ing the Angellisen
tongue. The tongues are sep a rated by me dial mo raines, the
larg est of which sep a rates the cen tral flow from Skilryggbreen.
The gla cier runs lon gi tu di nally with its snout veer ing to the
north. In 1990, the gla cier sur face mea sured ca. 28 km2 (Jania
et al., 2002). The gla cier is mov ing at a slow pace of a few
centi metres a day (Kosiba, 1960; Baranowski, 1977). A dis tor -
tion of the me dial mo raine may sug gest a gla cial surge. The
gla cier rep re sents a polythermal type with a cold ice layer on
the top (Pälli et al., 2003).

Hansbreen (Fig. 3E) rep re sents a val ley-type gla cier with a
com plex ba sin (Jania, 1988), which ends in a cliff in Hornsund. 
The sur face of the gla cier cov ers ca. 56 km2 and the av er age in -
cli na tion an gle is 2° (Jania et al., 1996). Mainly due to highly

neg a tive val ues of sum mer bal ance, an av er age of –1.3 m of
wa ter equiv a lent, the net bal ance is gen er ally neg a tive
(–0.38 m; Szafraniec, 2002). Hansbreen rep re sents the typ i cal
two-lay ered ther mal struc ture of a polythermal gla cier
(Macheret et al., 1993; Jania et al., 1996; Moore et al., 1999).

METHODS

The study of the area of gla cial and periglacial en vi ron ment
merg ing into the fronts and forefields of the gla ciers has been
car ried out us ing the method of ra dio-echo sound ing of deep
struc tures. Ground pen e trat ing ra dar (GPR) is an ef fec tive tool
for es tab lish ing the bound aries be tween ma te ri als such as ice
and mo raine ma te rial as well as dis tin guish ing be tween a dry
me dium and sat u rated one. There fore, this method is used in
the re search of both gla cial and periglacial en vi ron ments.
Thanks to its prop er ties, ra dio-echo sound ing al lows deep pen -
e tra tion of ice and de tec tion of in ter nal re flect ing ho ri zons be -
tween dry cold ice, and ice filled with wa ter in a liq uid state
(tem per ate ice). The GPR method al low to iden ti fi ca tion of dis -
con ti nu ities in the sur face layer of the litho sphere through gen -
er a tion and prop a ga tion of elec tro mag netic im pulses, fol lowed
by reg is tra tion of the re flected im pulses. The ra dar im age is
gen er ated ac cord ing to the ra tios be tween the power of the
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Fig. 3. Lo ca tion of the GPR profiles on gla ciers and their forefields

A – Medeny glacieret; B – Storglaciären; gla ciers of the Hornsund area, Spitsbergen: C – Ariebreen, D – Werenskioldbreen, E – Hansbreen



trans mit ted and re ceived sig nal, which are the re sult of chang -
ing di elec tric prop er ties of the ma te rial probed (Ta ble 1). Di -
elec tric prop er ties of crustal sur face lay ers may be the re sult of
li thol ogy, fa cial struc ture, den sity, phys i cal state of the ma te -
rial, wa ter con tent or sedimentological vari a tion, etc. (Neal,
2004). The ra dar method pro vides the best re sults when sound -
ing struc tures of sig nif i cantly dif fer ent di elec tric prop er ties.

The mea sure ments were per formed by an im pulse GPR,
con sist ing of a con trol unit and un shielded an tenna of a cen tre
fre quency of 200 MHz. In GPR study a com mon off set mode
has been used. The GPR set was moved along spe cific pro files.
The lo ca tion of the pro files and their length were pro vided by a
sig nal from the GPS re ceiver co op er at ing with the mea sure -
ment unit. The course of pro file re cord ing was then ver i fied
based on iden ti fi ca tion of the be gin ning and end of the mea -
sure ment on maps. In to tal, nine pro files of a to tal length of
808 m were per formed. The traces along the dis tance in ter val
were re corded at in ter vals of 0.2 s, or ev ery 10 cm. The sep a ra -
tion of the 200 MHz an tenna was main tained con stant at 0.6 m.
Each trace was cre ated on the ba sis of 512 sam ples with a time
window of 501 ns or 286 ns.

The ra dar im ages ob tained in the field work were then pro -
cessed by us ing the fol low ing pro ce dures: DC re moval,
time-zero ad just ment, back ground re moval, am pli tude cor rec -
tion, trace edit, ra dio-wave ve loc ity models. 

For the cal cu la tion of the depth scale of the GPR im ages re -
corded, mea sure ments of the ra dio-wave ve loc ity (RWV) in
the me dium by the CMP method (com mon-mid point were
made). The mea sure ment con sisted of re cord ing an elec tro -
mag netic pulse, while sys tem at i cally in creas ing the dis tance
be tween the an tennae by 0.6 m, to a max i mum of 20 m. The
mea sure ments of this type were per formed in char ac ter is tic
points in the area of the mea sure ment, i.e. on the forefield of the 
gla cier with an ice core, on the forefield with out an ice core as
well as on the gla cier in the zone of tem per ate ice and cold ice.

Where there was no mea sure ment of CMP, the RWV has
been es ti mated on the ba sis of match ing the shape of hy per bo -
las re sult ing from wave dif frac tion by the ob jects lo cated at a
cer tain depth, to the the o ret i cal hyperbolas.

The av er age RWV from the sur face to the level of the re -
flec tor (v) is cal cu lated as fol lows:

v
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-

2
2
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2

2
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where: tx1, tx2 – two-way travel time of re flected wave where 
the dis tance be tween the an ten nae (in the CMP method) or the
hor i zon tal dis tance from the re flec tor (in the method of match -
ing hy per bo las), re spec tively x1, x2 (Rob in son and Coruh,
1988; Moorman et al., 2003). In the ab sence of ap pli ca bil ity of
the above meth ods, there were adopted ve loc i ties ob tained in
CMP mea sure ments or hy per bola match ing per formed in sim i -
lar ter rain con di tions.

RESULTS

The re sults ob tained al low pre sen ta tion of the hy dro ther mal 
char ac ter is tics of se lected gla ciers and the struc ture of their
forefields in moun tain ous en vi ron ments at dif fer ent lat i tudes.

GLACIERET IN MEDENA KOTLINA VALLEY 
AND ITS FOREFIELD

In ther mal terms the glacieret in the Medena kotlina Val ley
is made of tem per ate ice. The pro file ana lysed runs along the
axis of the glacieret, then at the bot tom it changes its di rec tion
to trans verse, pass ing through the fron tal – lat eral mo raine
(Fig. 4). The in ter nal struc ture of the glacieret is com plex. At a
depth of about 4 metres a clear re flec tion ho ri zon gen er ated on
a layer of coarse-grained ma te rial tens of centi metres thick was
re corded. In 2003, this ma te rial formed the sur face mo raine of
the glacieret. Dur ing the study pe riod, above this layer the
glacieret con sisted of firn with dis tinct an nual lay ers. How ever, 
in a deeper layer it was made of ice of den sity of 800 kgm–3

(Gądek and Kotyrba, 2003). In the sec tion from 0 to 60 m of the 
mea sure ment pro file clear hy per bolic struc tures, in ter preted as
dif frac tions caused by an en gla cial chan nel ceil ing, were re -
corded. The sub strate mea sure ment pro file of the glacieret was
clear only be tween 0 to 40 m of the mea sure ment. The hy per -
bolic struc tures vis i ble on the ra dar im age in the sec tion be -
tween 40 to 60 m can be in ter preted rather as dif frac tions gen er -
ated by the en gla cial chan nel ceil ing or sin gle boul ders. A re -
flec tion ho ri zon gen er ated on the sur face of mas sive bur ied ice
was reg is tered in the glacieret forefield (Gądek and Grabiec,
2008). It is cov ered by 2.7–0.8 m sed i ments that prob a bly form
the un frozen part of the ac tive layer.

STORGLACIÄREN FRONT AND ITS FOREFIELD

The pro file in the cen tre of the front and forefield of
Storglaciären mea sures 539 m, 120 m of which are lo cated on
the forefield (Fig. 5 shows first 190 m of the GPR pro file). A
dis tinct two-layer hy dro ther mal struc ture of the gla cier can be
dis cerned. The length of the freez ing zone is about 70 m, at this
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Ma te rial
Rel a tive di elec tric

permitivitty

er

Ra dio-wave ve loc ity

V [mns-1]

Air*   1 0.3

Freshwa ter* 80   0.03

Bed rock* 4–6 0.12–0.13

Dry clay*   4   0.15

Sat u rated clay* 25   0.06

Frozen sed i ment*   6   0.12

Ice*      3.2   0.17

Snow (r = 500 kg/m
3
,

w = 0%)**
  2   0.21

* – af ter Neal (2004) and Moorman et al. (2003); ** – Grabiec et al. (2011)

T a  b l e  1

Di elec tric prop er ties and ra dio-wave ve loc ity in se lected ma te ri als 



dis tance the move ment of the gla cier is com pres sive and con -
sists mainly of plas tic de for ma tion of the gla cier. Shear ing ten -
sions and vis i ble ice slip planes also oc cur in this sec tion. The
thick ness of the cold ice layer de creases up wards, which is con -
sis tent with the re sults ob tained by other re search ers
(Pettersson et al., 2007). Belts vis i ble in the fron tal part of the
gla cier are as so ci ated with the slip lines. Be neath, there is a
layer of tem per ate ice with a high con tent of wa ter. A ten-met -
re- long sec tion of the gla cier front is cov ered with sur face mo -

raine from melt ing. In the forefield on the ex ten sion of the gla -
cier front there is a dis tinc tive ho ri zon iden ti fied as the ac tive
per ma frost ta ble. This layer in creases in thick ness from ca. 0 m
at the con tact point with the gla cier to about 3 m at a dis tance of
about 30 m from the gla cier front. In the fur ther part of the pro -
file the ho ri zon re mains at a sim i lar level. At a dis tance of about 
70 m from the gla cier front, in the ac tive layer there oc cur the
re flec tions from ma te rial of the rub ble frac tion (un sorted mo -
raine ma te rial), which blurs the bound ary be tween the ac tive
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Fig. 4. Re sult of the GPR pro fil ing per formed on the Medeny glacieret and its forefield, Medena kotlina, Tatra Mts., Slovakia

Fig. 5. Re sult of the GPR pro fil ing per formed on Storglaciären and its forefield, Kebnekaise Mas sif, North ern Swe den



layer and per ma frost, and makes in ter pre ta tion rather dif fi cult.
The lower bound ary of the ac tive layer in this part of the pro file
lies at a greater depth (about 3.5 m).

ARIEBREEN FRONT AND ITS FOREFIELD

The ra dar im age shows the gla cier front in the sec tion that is
ap prox i mately 110 m long and of a max i mum thick ness of about
12 m (Fig. 6A). Its in ter nal struc ture is typ i cal for cold ice with a
few dif frac tions. Hy per bo las ap pear ing in the top layer in di cate
the trans port of en gla cial ma te rial within the slip planes. The
bound ary be tween the gla cier and the ground is clear, un der lain

by nu mer ous dif frac tions gen er ated by the coarse frac tion
subglacial ma te rial (boul ders of di am e ter not less than 0.4 m).
There are no re flec tions from subglacial chan nels. Be low the
gla cier floor the struc ture of the im age is dis torted by over lap -
ping hy per bola shoul ders, and in parts where they are not pres ent 
the struc ture is formed by mul ti ple dif frac tions caused by ma te -
rial of the finer frac tion. Such a struc ture stretches over the
forefield of the gla cier and is typ i cal of gla cial sed i ments (mo -
raine). The dis tinc tive ho ri zon on the gla cier forefield is con -
nected with the bot tom of the per ma frost ac tive layer. It reaches a 
max i mum of 1.6 m (220 m of the pro file) and be com ing thin ner
to wards the front of the gla cier. The thick ness of the per ma frost
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Fig. 6. Re sults of the GPR pro fil ing per formed on Ariebreen (A), Werenskioldbreen (B) and Hansbreen (C), 
and its forefields, Hornsund area, Spitsbergen



ac tive layer also de creases to wards the be gin ning of the pro file
on the slope of the ter mi nal mo raine, reach ing a min i mum of
about 0.5 m at the peak sec tion. In the per ma frost, be low the ac -
tive layer, oc cur un iden ti fied struc tures (270–290 m,
310–320 m, 340–350 m) which dis ap pear to wards the gla cier
mar gin. They may be due to sed i men ta tion in suc ces sive phases
of gla cier re ces sion. In the fron tal mo raine the thick ness of the
ac tive layer is lim ited by the oc cur rence of the ice core un der -
neath. The bur ied ice is vis i ble on the ra dar im age be tween 120
and 210 m of the pro file. In ter pret ing this struc ture as the ice core 
is jus ti fied by much weaker wave at ten u a tion, and con se quently
a greater range of pen e tra tion as well as the struc ture with a few
dif frac tions formed by point ob jects. The ice bur ied in the zone
be tween 120 and 170 m is lay ered with 3 sed i ment lay ers oc cur -
ring at ap prox i mately 80, 125, 160 ns. As sum ing that the di elec -
tric prop er ties of bur ied ice are sim i lar to gla cier ice, and as sum -
ing the same RWV, the thick ness of the ice core in Ariebreen ter -
mi nal mo raine should be es ti mated at not less than 10 m. In the
lower part of the ter mi nal mo raine (170–210 m) the bur ied ice is
vis i ble only to the depth of the shal low est layer of sed i ment. At
the peak part of the mo raine (140 m) be low the ac tive layer there
is a vis i ble hy per bola gen er ated by an ob ject e.g., a boul der bur -
ied in the mo raine.

WERENSKIOLDBREEN FRONT AND ITS FOREFIELD

Werenskioldbreen rep re sents a type of polythermal gla cier
with a rel a tively wide zone of the gla cier front frozen to the
ground (800 m). For this rea son, the ra dar pro file in cludes a
tran si tion zone of the forefield and the gla cier in the zone of
cold ice. In the fron tal part of the gla cier, nu mer ous point dif -
frac tions (Fig. 6B) are re lated to the en gla cial chan nels, or more 
fre quently to the ma te rial in side the gla cier. Mo raine ma te rial
de pos ited on the sur face of the gla cier re fers to the zones of en -
gla cial sed i ments (e.g., 200–220 m in the pro file). The gla cier
sub strate is clearly sep a rated, with nu mer ous dif frac tion hy per -
bo las caused by coarse-grained subglacial ma te rial. In the
forefield, be tween 60 and 140 ns, there is a vis i ble struc ture,
lim ited by two dis tinct ho ri zons, which has been iden ti fied as
bur ied ice. The thick ness of this layer is es ti mated at about 6 m.
Be neath, there is prob a bly coarse-grained mo raine ma te rial
(such as in the sub strate of the gla cier mar gin), as in ferred from
hy per bo las lo cated at the lower bound ary of this layer. This
sug gests a lack of ice lay ers be low. Be tween 120 and 160 m of
the pro file the layer thick ness grad u ally de creases to 1 m. The
ice bur ied on the forefield is in con tact with gla cial ice at the
front. The pres ence of the out flow of wa ter un der pres sure on
the gla cier forefield in the area ana lysed also sug gests hy drau lic 
con tact be tween the two struc tures. Ice bur ied on the forefield
is the re sult of sud den over lay ing of the gla cier front with
fluvio-gla cial ma te rial, and then a grad ual pro cess of sep a rat ing 
the gla cier front from the ice un der the sandur. As a re sult of
fur ther re ces sion of the gla cier front the con nec tion will be bro -
ken in the near fu ture. A par al lel struc ture of the im age above
the layer of bur ied ice on the gla cier front is the re sult of the
pres ence of sorted fine sed i ment lay ers of fluvio-gla cial or i gin
(sandur). Be tween the sep a rate lay ers as so ci ated with ep i sodes
of fluvio-gla cial sed i men ta tion, es pe cially in the lower part of
this struc ture, there is the pos si bil ity of thin, grad u ally melt ing

ice lay ers. This is seen in the up ward de creas ing of the dis tance
be tween the ho ri zons (vis i ble in the 0–60 m seg ment of the pro -
file). In the 70–100 m seg ment the lam i nar struc ture of the up -
per part of the pro file is re placed by a multi-re flec tive one,
which sug gests the pres ence of non-sorted mo raine ma te rial.
The thick ness of sandur de posit im aged by GPR is es ti mated to
be about 2–3 m. As sev eral ho ri zons may be dis tin guished it
was as sumed that the bot tom of the per ma frost ac tive layer does 
not oc cur deeper than the ceil ing of bur ied ice, which means
that the ice is likely to be sub ject to sea sonal deg ra da tion.

HANSBREEN FRONT AND ITS FOREFIELD

This gla cier of polythermal type has its front ter mi nat ing in
the sea. The pro file, how ever, runs across its in ac tive west ern
part which ends on land. The polythermal struc ture of the gla -
cier is shown in Fig ure 1B. In the cold ice on the gla cier mar gin
a few dif frac tion hy per bo las gen er ated by the en gla cial chan -
nels may be seen, while the sub strate is com posed of dif frac -
tions (Fig. 6C) caused by coarse-grained subglacial ma te rial.
Hy per bo las occuring be low are likely to be the echo of the dif -
frac tions by the ma te rial at the bot tom of the gla cier. The gla -
cier forefield rep re sents a multi-re flec tive struc ture, typ i cal of
mo raine ma te rial. The layer sep a rated by a clear ho ri zon in the
pro file’s up per part is in ter preted as the ac tive layer of per ma -
frost. The thick ness of the ac tive layer de creases to wards the
gla cier front reach ing a max i mum thick ness of about 1.4 m at
the be gin ning of the pro file. From 100 to 130 m of the pro file
there is a vis i ble un rec og nized struc ture go ing down from the
bot tom of the ac tive layer to wards the gla cier mar gin to the
level of ap prox i mately 80 ns. Then, this struc ture runs par al lel
to the ground sur face on the gla cier forefield. The pro file starts
at the top of the ter mi nal mo raine dat ing from the last phase gla -
cier stag na tion. In this zone (0–40 m of the pro file) be neath the
ac tive layer of per ma frost there are struc tures typ i cal of ice core 
with lay er ing of mo raine ma te rial (three dis tinc tive ho ri zons).
The thick ness of the ice cores mea sured from the bot tom of the
ac tive layer to the vis i ble low est ho ri zon is about 12 m, on the
as sump tion that a typ i cal ve loc ity of ra dar wave prop a ga tion is
0.16 m ns–1. 

DISCUSSION

The GPR stud ies con ducted al low a dis tinc tion be tween the
pro cesses tak ing place in the top and bot tom part of the gla cier,
with par tic u lar em pha sis on the freez ing pro cess occuring both
in the gla cier and its forefield in the ar eas sur veyed. In the up per 
part it is pri mar ily a char ac ter is tic of the re la tion ship be tween
cold ice and tem per ate ice. In the bot tom part it is in ter ac tion of
the gla cier ice with the en gla cial and mo raine ma te rial in clud -
ing per ma frost oc cur ring on the gla cier forefield.

Re peated over sev eral years GPR re search re sults show the
dy nam ics of the Medeny glacieret in the Tatras and its ro ta tional
mo tion (Gądek and Kotyrba, 2007) on both the bed rock and the
dead ice un der neath the glacieret mar gin. The dead ice can be
called gla cial per ma frost ac cord ing to the def i ni tion pro posed by
Hughes (1973). Its long-term per sis tence is pos si ble thanks to the 
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cli mate here with an av er age an nual tem per a ture of –2°. The
pres ence of per ma frost in the glacieret mar gin and in other parts
of the val ley in which the glacieret is lo cated has also been found
with other geo phys i cal meth ods (Gądek et al., 2009). In the cli -
mate of the Tatras, where there is not suf fi ciently low av er age
an nual air tem per a ture, and where freez ing is hin dered due to the 
thick ness of the win ter snow cover, the re ces sion of the glacieret
will not be ac com pa nied by the trans for ma tion of its ther mal
struc ture. There fore, gla cial per ma frost, un der stood as a layer of
gla cial cold ice oc cur ring in the up per part of the gla cier does not
ex ist within the Medeny glacieret and it should not be ex pected
to be com pletely frozen (Fig. 7A).

The re sults of GPR re search car ried out on Storglaciären
con firm shrink ing of the cold ice layer in the bot tom part of the
gla cier. At the same time, ac cord ing to pub lished data, the
thick ness of cold ice gen er ally de creased an av er age of 8.3
±1.3 m, from about 22% to a max i mum of 57% on the en tire
gla cier sur face (Pettersson et al., 2003). Such an ef fect re sults
from a lo cally faster in wards mi gra tion in the gla cier of the
cold-tem per ate tran si tion sur face (CTS), due to a larger tem -
per a ture gra di ent in a thin ner layer of cold ice. This means that
the cli mate con trols when the thick ness of the cold ice layer
reaches its min i mum, and even if a re ces sion caused by loss of
gla cier mass fol lows, the cold ice layer will not con tinue to
shrink, which in turn may lead to a pro gres sive freez ing of the
en tire gla cier and its sub strate, be gin ning from its frozen front.
The suf fi ciently cold cli mate that pre vails in this re gion, with
an av er age an nual air tem per a ture be low –4°C, al lows deep
pen e tra tion of sub-zero tem per a tures. It is an es sen tial pre req -
ui site for the ther mal trans for ma tion of the gla cier (Fig. 7B).

The most ad vanced freez ing pro cess of such a rel a tively
small gla cier oc curs on Spitsbergen, af fect ing Ariebreen gla -
cier (Fig. 7E). The loss of mass, the sig nif i cant in cli na tion of
the sur face, which fa vours supraglacial run off and hin ders per -
co la tion of ab la tion wa ter, as well as low the MAAT of approx.
–5°C in this re gion have led to the to tal freez ing-up of the gla -
cier. An at tempt to clas sify this type of moun tain gla ciers’ ther -
mal struc tures, which re fers to a dif fer ent course of CTS/per -
ma frost base (PB), is given in the work of Etzelmüller and
Hagen (2005).

Larger gla ciers, which in clude Werenskioldbreen (Fig. 7D) 
and Hansbreen (Fig. 7C) re main polythermal gla ciers. Their re -
ces sion in a cold cli mate and a much lower dy namic of
geomorphological pro cesses causes the for ma tion of a broad
dead ice de posit zone on the forefield, which is not pres ent on
such a scale in the moun tain ous en vi ron ment of lower lat i tudes
– in the Tatra Moun tains or in Scan di na via. The ice of gla cial
gen e sis oc cur ring in this area is part of the periglacial en vi ron -
ment. As in the case of Medeny glacieret in the Tatras, this kind 
of ice ac cu mu la tion in the soil may be called, af ter Hughes
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Fig. 7. Sche matic di a grams il lus trat ing the struc tural mod els 
of gla cier – per ma frost re la tion ship based on the in ter pre ta tion 

of the field data shown in Fig ures 4–6

A – Medeny glacieret and its forefield, B – Storglaciären and its
forefield, C – Hansbreen and its forefield, D – Werenskioldbreen and its

forefield, E – Ariebreen and its forefield



(1973), gla cial per ma frost. The spe cific pat tern of deglaciation
of Werenskioldbreen can be as so ci ated with a slight in cli na tion 
of its front, and a rel a tively flat ter rain on the gla cier forefield as 
well as sta bi liz ing by agradating per ma frost on the forefield till
melt ing on the mar gin (e.g., Murton et al., 2005). 

Based on the re search, three types of re la tions be tween the
gla cier and its forefield can be in di cated:

1. A tem per ate gla cier with per ma frost on its forefield
(Fig. 7A). The gla cier in its whole vol ume is tem per ate and
frozen ground does not oc cur un der neath. Per ma frost oc cur -
rence is pos si ble in the forefield; it may also en com pass mas -
sive ice of gla cial gen e sis. This type may oc cur in the high
moun tains of mid-lat i tudes, in a hu mid cli mate with an av er age
an nual air tem per a ture (MAAT) slightly be low 0°C (about –1,
–2°C). The Medeny glacieret may be an ex am ple of this type.

2. A polythermal gla cier with a frozen gla cier mar gin pen e -
trat ing its sub strate in the frozen sec tion and in the im me di ate
forefield (Fig. 7B–D). Bur ied ice of gla cial or i gin (Fig. 7C) and 
in ac tive ice, cov ered with fluvio-gla cial sed i ment and con -
nected di rectly with the gla cier tongue (Fig. 7D) may be pres -
ent in the per ma frost on the forefield. The evo lu tion of the fron -
tal zone of the gla cier in the cur rent cli mate (re ces sion) re sults
in sep a ra tion of this in ac tive ice. This type of re la tion: gla cier –
per ma frost may oc cur in an arc tic moun tain ous en vi ron ment
(Storglaciären) and in the sub po lar cli mate of south ern
Spitsbergen with a MAAT of about –4, –5oC (Hansbreen,
Werenskioldbreen).

3. A cold gla cier with per ma frost strad dling both the
forefield and the gla cier with its sub strate (Fig. 7E). This type
of re la tion ex ists in the moun tain ous en vi ron ment, and in cludes 
gla ciers of small thick ness and of sig nif i cant sur face in cli na tion 
in cold cli mates (MAAT: –4, –5°C). The pres ence of gla cial ice 
de tached from the gla cier dur ing re ces sion on its forefield is
pos si ble (Ariebreen).

The sur face of 0°C is com monly rec og nized as in te grat ing
the gla cial and periglacial en vi ron ments (e.g., Dobiński, 2006;
Fig. 1). In the periglacial en vi ron ment it is called a per ma frost
ta ble (PT) and a per ma frost base (PB), and their con tin u a tion in 
the gla cial en vi ron ment is re spec tively: the gla cier sur face
(dur ing the sum mer sea son) and the bound ary be tween tem per -
ate and cold ice, called the cold-tem per ate tran si tion sur face
(CTS; Pettersson et al., 2007). This iso therm ex tend ing from
the per ma frost-cov ered sub strate to the gla cier marks the
bound ary of freez ing of the polythermal gla cier mar gin, and
this lo ca tion is re spon si ble for the for ma tion of the shear zone
and/or the be gin ning of the pen e tra tion of en gla cial de bris
bands into the gla cier (Etzelmüller et al., 2003) and the cre ation 
of frozen ma te rial, the thick ness of which may be up to sev eral
metres, in the gla cier foot in the cold part of the gla cier (King et
al., 2008).

Dobiński (2006), con sid er ing per ma frost to be a ther mal
state of the litho sphere, re garded cold gla cier ice as per ma frost,
as also any form of nat u rally oc cur ring ice within the litho -
sphere. He in di cated, how ever, a prob lem that is as so ci ated
with the term “cryotic”, which de notes the un frozen por tion of
per ma frost, and which there fore, can not re fer to gla cial ice. 

In this sit u a tion it seems appriopriate to pro pose a so lu tion
which would ex pand the def i ni tion of per ma frost, not least be -
cause in ter est in the re la tion gla cier/per ma frost has risen sig nif -

i cantly, an ever greater num ber of pub li ca tions con cerned with
tem po ral and/or spa tial de pend ence and vari a tion in the gla cial
en vi ron ment and the main el e ment of the periglacial en vi ron -
ment, which is per ma frost (Kneisel, 1999; Etzelmüller et al.,
2003; Kneisel, 2003; Etzelmüller and Hagen, 2005; Haeberli,
2005; Har ris and Murton, 2005; Murton, 2005; Waller and
Tuckwell, 2005). 

There is also a syn thetic ap proach re fer ring to
geomorphological pro cesses which, al though ini ti ated by the
gla cier, cre ate forms be long ing to the periglacial en vi ron ment,
that may be referred to in terms of the paraglacial con cept
(Ballantyne, 2002). Yet, the paraglacial con cept is a one-sided
geomorphological con cept, con cern ing the im pact from the
gla cial en vi ron ment to wards the periglacial one. How ever,
freezing, while be ing the most char ac ter is tic pro cess of the
periglacial en vi ron ment, is also im por tant to the gla cial en vi -
ron ment. Considering ice, in this con text, as a monomineralic
rock al lows, we consider, a more syn thetic approach to the
forms and pro cesses of both en vi ron ments, gla cial and
periglacial (cf., Dobiński, 2011).

The thermophysical freez ing pro cess, al though es sen tially
chang ing the ther mal struc ture of the gla cier and af fect ing a
num ber of its prop er ties, has no gla cial char ac ter be cause it is
in flu enced by the cli mate. Such freez ing oc curs both within and 
be yond the gla cial area, and is par tic u larly char ac ter is tic of the
periglacial en vi ron ment (French, 2007). Study ing the vari a tion
within this pro cess is es pe cially im por tant with ref er ence to the
evo lu tion of per ma frost. The up ward or in ward move ment of
CTS/PB sur faces is mainly re lated to cli mate change, i.e. the
tem per a ture oc cur ring on the sur face of the gla cier. It is in di -
cated by a high cor re la tion reach ing R2 = 0.87 which ex ists be -
tween the change in the thick ness of the Storglaciären cold
layer and the change in tem per a ture BTS (bot tom tem per a ture
of the win ter snow cover). A 1°C in crease in BTS will lead to a
change in the up per bound ary con di tions of the cold sur face
layer, re sult ing in its thin ning of by 3–12 m (Pettersson et al.,
2007). The tem per a ture of cold ice is also sub ject to sea sonal
vari abil ity, but only at sub-zero tem per a tures. In cold ice, just
as in per ma frost, we can dis tin guish the lo ca tion of the zero an -
nual am pli tude of sea sonal tem per a ture changes (ZAA; cf.,
fig. 5 in Pettersson et al., 2007).

At the bot tom of a gla cier, a com plex se ries of pro cesses
takes place (e.g., Boulton and Hind marsh, 1987; Al ley, 1989;
Knight, 1989; Piotrowski et al., 2001; Waller, 2001; van der
Meer et al., 2003), how ever, gla ciers and ice sheets hav ing a
frozen bot tom and ly ing on frozen ground are rarely stud ied and
poorly un der stood. The rev o lu tion in ap pre ci a tion of the in ter ac -
tion of gla ciers with their soft sub strate was lim ited to
warm-based gla ciers (Waller, 2001). Given cur rent knowl edge
in this field, we sug gest a re turn to the con cept of Hughs (1973).
He treated the con cept of per ma frost very broadly, de fin ing it as
a state which may in clude cold gla ciers, con tain ing H2O sed i -
men tary ma te rial re main ing at a tem per a ture be low zero, as well
as frozen rock de void of wa ter in any form. In giv ing a sum mary
of mech a nisms of basal ice for ma tion, Knight (1997) enu mer -
ated the pro cesses as so ci ated with the ac cre tion of ice, diagenesis 
of ice, en train ment of de bris and thick en ing of a se quence. Not
all of these are as so ci ated with gla cial ice. Ac cord ing to him, the
emer gence of new regelation or congelation ice un der the gla cier
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is also pos si ble. Ice of this type is as sim i lated into the gla cier, to -
gether with the weath ered ma te rial, and can be dis tin guished
from ice formed in the gla cier ac cu mu la tion zone on the ba sis of
iso tope stud ies or by an a lysing the com po si tion of gases pres ent
in the ice (Knight, 1997).

The pos si bil ity of ac cu mu la tion of regelation or
congelation ice oc curs not only in the gla cier sub strate. At a
much greater scale it oc curs in the form of so-called in ter nal
acumulation in the ac cu mu la tion area of the gla cier. This type
of ac cu mu la tion is com mon. In ter nal ac cu mu la tion in other ar -
eas may be re spon si ble for 5 to 70% of gla cial ac cu mu la tion
(Trabant and Mayo, 1985; Bazhev, 1997; Rabus and
Echelmeyer, 1998). These types of ice are typ i cal of the
periglacial en vi ron ment in as much as they are not able to pro -
duce a gla cier on their own. Ice (snow) ac cu mu la tion is nec es -
sary for this to happen, at least in the initial phase.

The thick ness of ice-rich de bris layers be neath the
Spitsbergen gla ciers de ter mined us ing GPR ranges from 0.5 to
13 m (King et al., 2008), Boulton and Dobbie (1993) in di cate
thick nesses in the range of 4–47 m. 

In all the gla ciers sur veyed, which have a polythermal
struc ture, there can clearly be dis tin guished a bound ary be -
tween cold and tem per ate ice. At the front of the gla ciers,
where the frozen gla cier part ends, sed i ment lay ers be gin to ap -
pear (Figs. 5 and 6). In the sub strate we can ob serve a char ac -
ter is tic ho ri zon, which dis ap pears up wards to the top of the gla -
cier. Anal y sis of the evo lu tion of the gla cier fronts as well as
pub lished in for ma tion al lows two dif fer ent in ter pre ta tions of
these places. One in volves decollement of the ice-de bris layer
be neath the gla cier. The decollement con sti tutes also the
bound ary be tween the ar eas re spec tively cov ered and not cov -
ered by per ma frost. The freez ing pro cess is static and the gla -
cier move ment does not limit it sig nif i cantly. The gla cier dy -
nam ics are lim ited by the freez ing pro cess to a large de gree.
The in crease in the ten sion in the frozen sec tion of the gla cier
may cause decollement which does not reach the bot tom of per -
ma frost be cause of in suf fi cient pres sure from (weight of) the
frozen sec tion of the gla cier.

Phys i cal anal y sis of the ther mal struc ture of gla ciers al low
us to ap ply to them a model de rived from re search on per ma -
frost fol low ing uni fi ca tion of the terms (see Dobiński, 2006).

The re sults ob tained show ther mal vari a tions of moun tain
gla ciers in re ces sion. The Tatras, mid-lat i tude moun tains, rep re -
sent a mar ginal area of gla ci ation in which a tem per ate glacieret
oc curs. A larger area of gla ci ation to gether with polythermal gla -
ciers is the sub arc tic area of North ern Scan di na via, whereas
Svalbard has a rel a tively wide range of gla ci ation, where large
val ley gla ciers and out let gla ciers are polythermal, while smaller
moun tain gla ciers are en tirely frozen. In very gen eral terms one
can say that the vol ume which frozen de pends on the amount of
snow ac cu mu la tion. The ther mal struc ture of the gla ciers de -
pends on the air tem per a ture which pre vails in their en vi ron -
ment, and the per co la tion of wa ter in the firn zone, which is re -
stricted along with global warm ing by the in creas ing sur face of
ac cu mu lated ice. The de crease of their range re sults in the ex po -
sure of their forefields, in which there are also vis i ble traces of
re treat ing gla ci ation in the form of bur ied and dead ice. In some
in stances bur ied ice may have a di rect con nec tion to the gla cier,

al though it does not show any signs of move ment. Most of ten
there are, how ever, dead ice blocks with sig nif i cant en gla cial de -
bris lay ers within them. The ice, al though of gla cial or i gin, be -
longs to the periglacial en vi ron ment.

CONCLUSIONS

1. In all ar eas stud ied it was found that gla cial pro cesses as -
so ci ated with the ac cu mu la tion, ab la tion, and gla cier move -
ment over lap with periglacial pro cesses whose main char ac ter -
is tic is freez ing, cov er ing both gla cial and periglacial en vi ron -
ments. The integrating en vi ron men tal axis in the re la tion so de -
fined is the perennial MPS. In the gla cier this is the bound ary of 
the cold-tem per ate tran si tion sur face (CTS) and on the forefield 
it is the per ma frost base (PB).

2. The deg ra da tion of gla ciers means that in fa vour able cli -
ma tic con di tions, i.e. at fairly low av er age an nual air tem per a -
tures, the CTS may in creas ingly in clude gla cier ice and pen e -
trate into the sub strate. Where the av er age an nual air tem per a -
ture is lower than –1°C, the deg ra da tion of the gla cier can cre -
ate con di tions for per ma frost aggradation in its sub strate even
be fore its com plete melt ing. The en tire gla cier is then sub ject to
the freez ing pro cess, which in fact is iden ti fied as a basic
periglacial process.

3. Also un der the gla cier, and es pe cially un der the frozen
front of a polythermal as well as a cold gla cier, freez ing pro -
cesses that lead to the for ma tion of a de bris-laden layer oc cur.
This layer is only par tially formed by the ef fect of gla cial pro -
cesses, as its ac cu mu la tion (trans port) is de pend ent on the
move ment of the gla cier. Its freez ing is, how ever, caused by the 
pen e tra tion of cold from the at mo sphere, or the ad vance of the
gla cier on to the area cov ered by per ma frost. In both cases, in -
ter ac tion and over lap ping of gla cial and periglacial processes
occur.

4. Both on the sur face and the floor there may be pres ent ice 
which is not the re sult of snow ac cu mu la tion but is a con se -
quence of other pro cesses, such as regelation, congelation or
in ter nal ac cu mu la tion. These pro cesses alone would not al low
the emer gence of the gla cier, and there fore all of them, and the
ice cre ated in this way, orig i nally be long to the periglacial en vi -
ron ment.

5. In ter ac tion be tween the gla cial and periglacial en vi ron -
ments in moun tain ous ar eas be tween 49° and 77°N is com plex,
and is based on dif fer ent re la tions be tween the MAAT, ther mal
char ac ter is tics of gla ciers, and the MPS, which pen e trates gla -
ciers and its forefields and con sti tutes a hub be tween both
environments.
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