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ABSTRACT. The formation of ice-cored moraines and push moraines is discussed
in the light of glacier thermal regime and glacier dynamics, Data from two Svalbard
valley glaciers, Erikbreen and Usherbreen are presented. On Erikbreen, fossil forms
were investigated, while on Usherbreen a surge ending in 1985 caused the formation of
new push-moraine ridges. The push moraines are considered as a soil-mechanical
problem. In a theoretical discussion the stress transmitted by the glaciers to the
proglacial sediments is estimated. On Usherbreen, the compressive flow results in
deformation both in old front ridges and in undisturbed frozen sediment layers in the
front sandur. Thus, folding, thrust faulting and overriding all occur. Deformation of
proglacial sediments seems to be highly dependent on the mechanical properties of the
sediments. The sediments are strongly influenced by permafrost conditions. The
unfrozen water content in the sediments governs the deformability, which in turn is
partly determined by pore-water salinity. The distribution of push moraines in
Svalbard is therefore restricted to areas below the Holocene marine limit, and they
occur most frequently in areas of sedimentary bedrock. This study concludes that push
moraines and ice-cored moraines require permafrost conditions. Push-moraine ridges
are not formed in direct contact with the glacier, so they are geomorphologically not
moraines, but deformed permafrost sediments. A model for glacier debris sedimenta-
tion and deformation is outlined for Svalbard glaciers ending on land.

INTRODUCTION

Two major types of moraine are found in front of glaciers
in Svalbard. One is the ice-cored moraine, where an ice core
is preserved by a layer of debris. The other is the push
moraine, showing pushing and sediment thrusting due to
an advancing ice front. Both types seem to be a function
of the glacter thermal regime (cf. Boulton, 1970, 1972: Sollid
and Sorbel, 1988) and the glacier dynamics. In this paper
we will discuss some aspects of the genesis of moraines
under permafrost conditions in Svalbard.

For most glaciers ending on land in Svalbard, an arc
of ice-cored moraines, often up to 50m in height,
Push
moraines (Stauchendmorinen: Gripp, 1929) are small

indicates the outermost postglacial position.
ridges, normally less than 10m in height, forming the
outermost part of moraine areas. These moraines may be

defined as proglacial sediments, pushed and thrust to
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ridges by an advancing glacier. O. Liestol (personal
1960 that
moraines in Svalbard were restricted to areas bhelow

communication, early recognised push
the Holocene marine limit, and that salts of marine
origin weakened the permafrost, allowing deformation of
sediments. In this paper the name push moraines
denotes composite ridges containing sediments with
deformation structures not in direct contact with the
glacier snout. This is in contrast to delormed sediments
in reactivated ice-cored moraines.

Push moraines and ice-cored moraines coexist in front
of some Svalbard glaciers. Glaciological and sedimento-
logical
Usherbreen and Erikbreen. The proglacial moraines on

analysis was carried out on two glaciers,
Erikbreen are fossil forms, generated during former
advances (Fig. la). On Usherbreen active formation of
push moraines was observed and measured during a surge
in 1985.


https://doi.org/10.3189/1996AoG22-1-53-62

Elzelmidler and others: Glacter debris accumulation

g, L

(a) The ablation area and moraine area of
Erikbreen. (b) The glacier-front area of Usherbreen.

SETTING

The glacier Usherbreen (78715"N, 18740’ E) is located on

the east coast of Spitsbergen (Fig. 2), the largest island of

the Svalbard archipelago. The nearest meteorological
station is in Longyearbyen, where the mean annual air
temperature is about ~6°C: and precipitation is about
200mma '. At Usherbreen, mean temperatures are
assumed to be a little lower, and precipitation higher,
than in Longyearbyven. The glacier Erikbreen (79740'N,
12°30"E) is situated on the northern shore of Liefdefjor-
den, northern Spitsbergen (Fig. 2). In N)’—‘E\It'sund.
~100 km southwest of Liefdefjorden (Iig. 2), there is a
permanent weather station, where the average annual air
temperature is - 6°C and precipitation is normally below
400mma '. Svalbard is in the zone of continuous
permafrost, and the permafrost varies between 100 m in
coastal arcas and more than 400m in the central
mountain areas (Liestol, 1977). The geology of the
Usherbreen area is dominated by Trias layers of marine
schist and some sandstone up to about 300 m a.s.l. Above
this height there is some grey and black schist from Jura
(Flood and others, 1971). Under Erikbreen, mainly
Lower Devonian sandstones are found in the accumula-
tion area, while massive dense marble and interbedded
schists dominate in the ablation area (Hjelle and
Lauritzen, 1982).
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Fig. 2. Map of the Svalbard archipelago, showing ihe
location of the Evikbreen (A) and the Usherbreen area
(B). (1) Nyv-Alesund, (2) Longyearbyen, (3) Sevea.

METHODS

At Usherbreen the glacier-front velocities and the
velocities of the moraine ridges in front of the glacier
were measured by traditional surveying techniques using
a theodolite and electronic distance meter (EDM) [rom
fixed triangulation points to reflectors mounted on stakes.
The sediment structure of the moraines of both
Usherbreen and Erikbreen was recorded at several
excavations. Soil samples were handled using conven-
tional analysis techniques. At Erikbreen, probes of pore
water were taken by lysimeters to measure the content of
salt. The pore water was filtered (millipore 0.8 pm) and
sampled in pre-cleaned plastic bottles. All pore-water
samples were analyzed for major cations [AAS) and
anions (chromatography). Mineralogical analyses were
carried out on a Philips X-ray diffractor. Odegard and
others (1992) and Euzelmiiller and others (1993a)
describe the methods used to record the thermal regime
and glacier dynamics on Erikbreen.

GLACIER DYNAMICS AND THERMAL REGIME

Usherbreen surged in the period 1978-85. Before the
surge the glacier had an area of 29 km” and was 12 km
long. The elevation ranged from 550 to 10ma.s.l. The
outwash plain was a few hundred metres from the fjord.
Average slope was only 2.5°, In 1985 the glacier was
surveyed and mapped (Hagen 1986, 1987; Fig. 3). It was
observed from Landsat satellite images that the glacier
front started to advance in 1978. Satellite images from
1980 show that the front had advanced about 1km,
giving an annual motion of more than 300 m. In the most
active stage the velocity was probably considerably more
than 1 md '. The glacier front moved more slowly in the
following years, and during the summer of 1985 the surge
was in its final stage. The [ront was then resting on a
complex of arching moraine ridges formed during earlier
surge advances. The glacier front was further out in 1985
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Fig. 3. Schematic map of the moraine area of Usherbreen
and stake positions. The ridge system can be divided into
distinct zones ( shaded areas). A and B denote the location
of the sediment sections in Figure 3.

than in any former surge, and it had moved over part of
the old moraine ridges and on to fresh ground. The
glacier had advanced a total of 1.6 km and covered an
area of 4.5km”. The total ice mass transferred to the
lower part during the active surge phase was estimated to
be 0.815 km”, about 20% of the total glacier volume.
Erikbreen was 9km” in area in 1990. The glacier is
heavily crevassed in the ablation area. The altitudinal
distribution of the glacier shows that a large part of the
accumulation area is drained through a relatively narrow
channel to the ablation area. Part of the glacier front
calves lake dammed by
According to radio-echo sounding (Odegard and others,

into a ice-cored moraines.
1992) the maximum measured thickness on Erikbreen is
nearly 300 m, decreasing to 50m close to the piedmont-
like front. The average thickness is about 140m.
Thermistor measurements and radio-echo sounding
show that Erikbreen is polythermal, with a cold upper
layer in the ablation area and in parts of the accumula-
tion area. The cold layer represents 25-35% of the glacier
thickness along the central flowline (Qdegard and others,
1992). The ice beneath the cold surface layer is at the
pressure-melting point (Fig. 4). The mean annual surface
velocity ranged from 2 to 45ma . A clear difference
between summer and winter velocities was observed.
Field observations and theoretical calculations indicate
high basal sliding velocities in the ablation area
(Etzelmiiller and others, 1993a; Fig. 4). Ice flow equal
to a balance velocity appears to be maintained in a vear
with positive mass balance, so the glacier is probably not
building up to a surge. This is also indicated by
comparison of digital glacier surface maps based on air
photos from 1938, 1970 and 1990
others, 1993h; Etzelmiiller 1995).

(Etzelmiiller and
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Fig. 4. (a) Thermal regime of Erikbreen, map based on
low-frequency radio-echo sounding ( Odegdrd and others,
1992). (b) Longitudinal velocily profile on Erikbreen,
showing high velocities in the ablation area of the glacier.

RESULTS

Usherbreen moraine dynamics and morphology

The velocity of Usherbreen was measured in 1985 along
two profiles (Fig. 3). The measurements showed that the
velocity was still higher than if the glacier had been in the
quiescent stage between two surges.
increased from about 15.0cmd ' near the margin (S2
and S8) to about 30.0cmd ' 1.5km up on the tongue
(88) (Table 1 Fig. 3).

The velocity observations confirmed that the ice in the

The velocity

old terminal ridges was reactivated. During the first year
of the surge the glacier seems to have moved over the
more than 1km long, flat arca proximal to the old
moraine ridges without pushing up any material, The
glacier advance was then hindered by the ridges. The
whole ridge system was then reactivated and pushed
forward. The glacier moved two to three times as fast as
the ridges nearest the glacier front (see stakes S1 against
52, and S7 against S8 in Table 1 and Figure 3), and the
glacier front therefore gradually advanced over the old
ridges. The motion of the ridges decreased outwards from
the glacier front. However, at 86, 230 m from the glacier
front, the velocity was still 5emd ', and motion was
observed at the surface of the sandur in front of the ridge
system more than 300 m [rom the glacier. Small shear
planes were formed there in the dry, few centimetres

wn
wn
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thick, surface clay layer. Parts of the ridge system were
pushed 200 m forward during the surge (Fig. 3).

Only the old ridges nearest the glacier contained ice
cores that were reactivated. The more distant ridges
contained no pure ice but only folded sandur material
(Fig. 5). The layers in the ridges had different thickness
and consisted mainly of sorted material of diflerent
grain-size, in two main groups: (1) typical sandur
conditions with pebbles, sand and silt, and (2) marine
silt and clay layers (Fig. 5). The compressive flow results
in deformation both in the old ridges and in formerly
undisturbed frozen sediment layers on the sandur in
front of the ridge system. Folding, thrust faulting and
overriding all occur due to differential velocity of the
ridges. The ridges usually had an asymmetric form with
the steepest part downstream, often resulting in a small
talus cone. The layers became gradually steeper towards
the glacier, and close to the glacier dipped about 30°.

Deformed ice layers were observed in the newly folded
ridges (Fig. 5b).

Erikbreen moraine morphology and
stratigraphy

The moraine system at Erikbreen can be divided into
three types (Fig. 6a):
(1) An outermost push-moraine system including three
major moraine lobes.
2) An arc of ice-cored moraines.
(3) An innermost flow-till area adjacent to the glacier
lake.
The frontal ice-cored moraines end in an ice cliff
towards the mud-flow area. Shear planes and material
bands are [requently observed in the ice ¢lifl; showing that

Glacier Pre-1985 push-moraine ridges Ridges recently formed
front moved by the 1985 surge by the 1985 surge £
I T
1 1 1 1 1 1
250 200 150 100 50 metres 0
Sand-rich pebbles Silt/clay iy Shear plane/
: Silt/clay band stratification
Talus/ flow till
Sand E Organic horizon /.’ Foliations
Pebbles
Sandy loam - Ground/glacier ice Profile A

Ground ice
Clay ‘-'...a Top of
g permafrost
Sand-rich clay
o © Alternating pebble and sand
e = layers (rounded) .
Profile B

Fig. 5. Section logged in the push-moraine area of Usherbreen. The structure of the ridge system could be observed tn a cross-
section carved through the ridge system by a water channel ( profile A ). The sediment layers are highly dipped and deformed;
Sfolded ice lavers are frequently observed. Profile B shows a recently developed push moraine, which is _formed mostly i
frictional sands and gravels. In connection lo shear planes, ice lenses were often found. The photo of the ridge in profile B
shotws deformed ice layers.
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Table 1. Results of velocily measurements al Usherbreen in
1985, Stake positions 81, S6 and S7 were situated in the
moraine area (cf. Fig. 3). Strain-rale values are average
values from readings in the measurement periods. For the
push-moraine area. an average shorlening of 3.9ma

(1.0cmd ") between S6 and ST was estimated in the post-

surge period

Profile 1 St 82 83 S 55
Distance to front (m) -30 70 370 820 1470
Velocity (emd '):
15.08 16.08 9.2 20.2 264 31.0 436
16.08-23.08 7.6 14 .4 19.5 21.9 31.3
23.08-27.08 lg 11.2 14.3 16.3 26.0
Profile 2 S6 57 58
Distance to [ront (m) 230 60 60
Velocity (emd ')
17.08-19.08 5.2 6.3 17.8
19.08-27.08 1.9 6.0 17.9
$2/83 8657 S7|S8 SI[S2
Strain rate (a | 0,05 002 03 0.4

it is of glacial origin. The moraine material above the ice
cores is locally built of sand-rich glaciofluvial and
glaciolimnic sediments. They are often disturbed and
tilted, indicating ice advances and reactivation of the ice
cores (Ilig. 6b). Push moraines are concentrated in three
three are internal

Common to all sediment

structures showing [oliation and signs of stress failure.

lobes.

The surficial material in this area is dominated by marine
deposits such as shell-bearing loamy silts, gravelly beach
sediments and consolidated tll layers (Fig. 6b).
Geotechnical work showed that the salt content in
the pore water depresses the [reezing point, leading to
increased liquid water at sub-zero temperatures (cl.
Tsytovich, 1975). The pore-water chemistry ol the push-
moraine material was therefore analyzed. Pore-water
chemistry of samples taken in the marine sediments
differed from that of the lodgement dll, even when the
measurements were taken at adjacent sites. While the
clay-rich marine sequences had a large amount of salt in
the pores (mean l5gl Y, the pore water in the
lodgement tll contained a normal soil water solute of

less than 1g1 ",

DISCUSSION

Glacier debris input, transport and accumulation
—the formation of ice-cored moraines

The debris cover of the ice-cored moraines has two main
origins: (1) supraglacial sedimentation on clean glacier

ice, as observed on Erikbreen, and (2) melt-out of
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g, 6. (a) The moraine area of Erikbreen. 'The solid
circles denote lysimeter sample sites, while the solid
rectangles localise sections veferved lo in lhe lext. (b)
Example of a ive-cored moraine debris cover. Unit I shows
Joliated stratified sediments, varving between well-rounded
glaciofluvial pebbles and sandy silts. Unit I consists of
dipped stratified sands of glaciofluvial ovigin. Unit 1T
shows horizontal stratified lavers in sorted sandy silts.
Unmit IV is a flow horizon rich in pebbles. which can be
recognised all over the moraine area as an upper laver. (¢ )
Example from a push-moraine section. The section shoics
well-sorted  glaciofluveal  and  glacio-marine  sediments,
which are folded and thrusted. Ice push from west lo east.

englacial debris. The latter is connected to extraglacial
material input in the accumulation area and subglacial
input. Subglacial material input is governed mainly by
two dillerent processes, regelation and basal adfreezing
of till (c¢f. Boulton 1970, 1972). The first process takes
place under temperate ice with basal sliding conditions.
On Erikbreen, high basal sliding values are suggested,
and on Usherbreen the surge advance is mainly due to
basal sliding. Thus, regelation processes are possible.
However, regelation is connected to [ine-grained debris
(cf. Weertman, 1961), and cannot explain the material
bands and even complete sediment layers observed on
exposed glacier ice. The second process is closely
connected to the temperature regime ol the glaciers

(cf. Boulton, 1972). Polythermal surging glaciers in
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Fig. 7. (a) Schematic depiction of the formation of ice-cored moraines under the condition of a rapid advance|surge of the
glacier over bedrock or frictional undeformable sediments. 1, Base of permafrost. 2, Bedrock. 3, Deformed ice during a
surge, glacio-tectonical processes. 4, Temperate ice al the pressure-melting pont. 5, Cold ice. 6, Shear zone and|or englacial
material bands. 7. Transition zone between net melting and net freezing conditions according to Boulton (1972). In this
zone, on-freezing of subglacial sedimenis may lake place. Transporl of malerial lowards the surface. 8. Debris-covered
glacier fronl, malerial cover presereing underlying glacier ice. (b) The same as (a). bul now the glacier advances over a

Srozen. fine-grained sediment laver. This causes deformation of the sediments. 9. Frozen marine/limnic sediment layer. 10,
Deformed sediment layers, push-moraines, with thrusts, plastic deformation|foliation of sediments. In both cases lakes may

be developed between the ice-cored moraine ridge and the glacier front, causing sedimentation of lacustrine sediments in this
area. The ice-cored moraine ridge shows the maximum extent of the glacier advance.

Svalbard have cold marginal zones in the quiescent
phase due to permafrost conditions, and thus low mass
flux (cf. Lefauconnier and Hagen, 1991). It is only
during surges that the glaciers slide and the base is at
the melting point. The cold marginal zones cause the
glacier fronts to be frozen to the ground, preventing
basal sliding motion. Material transported in the
transition between the cold marginal bed zone and
the temperate bed zone is then restricted to englacial or
supraglacial transport, upwards relative to the glacier
surface, as discussed by Goldthwait (1951), Weertman
(1961) and Boulton (1972). On both Erikbreen and
Usherbreen (reezing-on of subglacial sediments can
therefore be assumed. Dye-tracer and suspension-
transport studies and direct observations on Erikbreen
indicate the existence of a basal till layer (Vatne and
others, 1995).

The abundance of ice-cored moraines shows a typical
accumulation pattern of glacial material. Normally, one
or two well-developed arcs of moraines are observed,
followed by a dead-ice terrain with melt-out tills and flow
tills. The rim of ice-cored moraines then denotes the
maximum glacier advance. Thus, the genesis of these
moraines is connected to very active phases, with rapid
advances and high material transport. After an active
phase the glacier remains in the same position for a long
period. melting down. Hence, englacial material is
transported and accumulated at the surface until
permalrost conditions prevent further melting (Fig. 7).
This proposed formation of the ice-cored moraines
requires rapid glacier advances with long-lasting retreat
phases under permafrost conditions.
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Deformation of proglacial sediments —the
formation of push moraines ‘

To investigate whether it is possible for a glacier to
deform proglacial sediments, critical values were estim-
ated for the strength of the sediment and the forces
transmitted from the glacier to the sediment. We can
assume sediment deformation if the transmitted stress
from a glacier (g4 exceeds the sediment creep strength or
vield stress (0w ), at least locally and temporarily.

For estimating the applied stress from a glacier two
scenarios are considered. In the first, the glacier is assumed
to have advanced over a layer of frozen sediments resting
on top of unfrozen deformable sediments with insignificant
bonding between the frozen and unfrozen sediments (Fig.
8a). The applied stress from the glacier (@y) is here a
function of the subglacial shear stress (73,) on the sediments
and the relation between the length (s) of glacier advance
over the deformable sediments and the sediment thickness
(h). The total transmitted horizontal stress (o) on the
sediments can then be estimated after oy = 1,8/h
(Schindler and others, 1978). The second scenario is the
rapid advance of the glacier and push towards an older ice-
cored moraine ridge as observed at Usherbreen (Fig. 8h).
In this case one has to consider the deformation of ice when
the ice hits the moraine ridges. The deformation depends
on glacier velocity, ablation and ice temperature. Because
of the deformability of the ice, lower stress values are
expected to be transmitted to the sediment compared to
the first scenario. Based on Glen’s (1955) flow law the stress
to the sediments (o,)) was estimated by using the situation
for uniaxial compression, confined in one direction (cf.
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Fig. 8. (a) Lefthand diagram shows a schematic draft which was used to estimate values of the glacier-induced stress to the

subglacial sediments (@) when the glacier has advanced over deformable sediments ( Schindler and others, 1978). Here s
is the distance of the glacier advance over the sediments, h is sediment thickness and 7 s basal shear stress. Righthand
diagram shows the relation between s/h. shear stress (7T) and transmitted horvizontal stress (o) on the glacier. (b)
Lefthand diagram shows a drafl of the situalion where the advancing glacier front pushes against a pre-existing ice-cored

moraine (v is glacier velocity, £ is strain ). Righthand diagram shows the stress to the sediments (o)) estimated by using

the situation for uniaxial compression for cold and lemperale ice (see lext ).

Paterson, 1994): oy = 2(5;./.4)!';” where A and n are flow-
law constants and £, is the strain rate in flow direction per
vear. A depends on the ice temperature, and 7, increases
with decreasing A values (Fig 8b, right diagram).

The creep strength of sediment in a permafrost
environment is, in contrast to that of unfrozen sediment,
strongly dependent on liquid-water content, ice content
and the duration of applied stress (cf. Tsviovich, 1975:
Williams and Smith, 1989). Liquid-water content and
ice-content are in turn dependent on sediment type and
sub-zero temperatures. Fine-grained sediment contains
more liquid water than coarse-grained sediment at the
same temperature. In areas with marine sediments, the
free water content is in addition dependent on salt
content of the pore water, which depresses the freezing
point considerably (cfL Tsytovich, 1973: Ogata and
others, 1982). Hence, the Mohr-Coloumb failure criter-
ion takes the following form:

Thsd = Cisq + 0'tanf (1)

where shear strength 7 and cohesion ¢ are functions of
temperature T, pore-water salinity s and time £, tan @ is
the angle ol internal friction, and @ is the effective normal
stress. This equation states that cohesion is the dominant
factor controlling shear strength at sub-zero tempera-
tures. This being due to the fact that the ice-water
equilibrium in the soil pores reacts at varying tempera-
tures and applied stress, leads to ice flow within the soil
and deformation of solid-ice interfaces (Williams and
Smith, 1989).
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Coarse. [rictional sediments have no cohesion in
unfrozen state. The strength characteristics are due to
the normal pressure which governs the frictional forces
between single sediment grains. When [rozen. ice honds
between grains result in a considerable cohesion compo-
Unsaturated
frozen sands or gravels can have strength characteristics

nent. and sediment strength increases,

comparable to sandstones, and deformation will occur in
the ice rather than in the sediment. If there is a high pore-
water content, all pores in the sediment can be filled with
ice when frozen, and the contact between pebbles can be
partly replaced by ice bonds (Tsvtovich. 1975; Johnston,
1981). Friction is then reduced and the creep character-
istics of ice determine the sediment strength. As ice has a
very low long-term shear strength, lavers of super-
saturated gravelly sediments are plastically deformable
under sub-zero temperatures. Plastic deformation of
gravelly sediments therefore requires at least scasonal
sub-zero temperatures, Kiilin (1971 treated the gravelly
push moraines in [ront of Thompson Glacier, Arctic
Canada, as a sliding mass, and calculated maximum
values for cohesion and angle of internal friction as
e =013 MPa ;and 6 =5°.

when most of the internal friction between the solids can

These values are obtained

be neglected due 1o locally high ice content.
Fine-grained. cohesive sediments have lower angles of
internal friction and considerable cohesion. In unfrozen
state. shear strength is low and depends on the pore-
water pressure (Equation (1)), and sediments can be
deformed over a smaller range. When [rozen, ice bonds

increase the cohesion. and sediment strength increases.

59
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The sediment then acts more like a compact mass,
allowing transfer of stresses over long distances. How-
ever, in fine-grained sediments water remains unfrozen
at sub-zero temperatures, which weakens the sediment.
Tsytovich (1975) distinguishes between weak perma-
frost, which 1s plastically deformable, and hard
permafrost, where the climate and lithology create
non-deformable sediment conditions.

On Erikbreen and Usherbreen, both cohesive and
frictional sediments were deformed (Figs 5 and 6). The
marine sediments in the Erikbreen glacier foreficld can be
considered as clayey loams containing gravels. Such
sediments normally show strength values well below
1.0MPa (cf. T'sytovich, 1973). When considering the
temperature and saline conditions as measured in several
places at Erikbreen, values below 0.2 MPa are realistic.
Marine sediment thicknesses vary locally, and are on the
order of 10m. At its maximum extent, Erikbreen had
advanced at least 200-300m over soft sediments. Basal
shear stress values were then calculated to be about
50 kPa in the [rontal area. For the first scenario (Fig. 8a),
values of 7y on the order of 1-1.5 MPa were estimated,
which will deform most fine-grained sediments with a
considerable unfrozen water content. Lower basal shear
stresses will produce high enough stresses only in thinner
sediment layers (Fig. 8a).

Where the glacier pushes against already existing ice-
cored moraines (Iig. 8b), values of g, <0.3MPa are
realistic, assuming a strain rate ol £ <0.3 a "and cold ice.
This strain rate is similar to the measured strain rate at
Usherbreen (Table 1; Hagen, 1987). The outermost push-
moraine ridges at Erikbreen would probably deform
during applied stresses of this order, assuming weak
cohesive sediments or material supersaturated with clean
ice. Permafrost conditions are, however, required.

On Usherbreen, the observed push-moraine formation
started when the glacier hit the older ice-cored moraines.
The direct measurements made it possible to estimate the
stresses [rom the glacier, using the second scenario (Fig.
8b). With a measured maximum strain rate in the

transition area between glacier front and moraine of

0.5a ' in the post-surge period (Table 1) and a cold
glacier front, stress values of g, ~ 0.4 MPa are estimated.
Deformation is mainly seen in [rictional fluvial sediments
in the Usherbreen glacier forefield. This indicates local
supersaturation of parts of the sediment with ice, or a
clean-ice laver where sliding occurs under permafrost
conditions.

These considerations raise the question whether the
first surge advance of the glacier may have developed the
largest forms, with only minor changes taking place since

the development of the ice-cored moraines hecause of

lower stress values transmitted to the proglacial sedi-
ments. It is debatable which of these two processes is
responsible for sediment deformation. Kilin (1971)
revealed strain rates on the glacier front close to —
0.03a ' which is the same order of magnitude as
measured on Usherbreen (Table 1). Average compres-
0.02a " within the push moraine at
Thompson Glacier, considerably higher than was

sive strain was

measured at Usherbreen during the final stage of the
surge. However, the difference between glacier velocity
and ridge velocity was more enhanced on Usherbreen
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than on Thompson Glacier. It is suggested that the
magnitude of glacier-front deformation due to an advance
plays a minor role but may trigger the deformation
process,

Distributional pattern of push moraines on
Svalbard

The distribution of push moraines on Svalbard shows a
clear pattern (Fig. 9). The forms are (1) all found below
the Holocene marine limit and (2) most [requently found
in arcas of sedimentary bedrock. The unfrozen water
content in the sediments governs their deformability
under permalrost conditions, which in turn is dependent
on pore-water salinity. This explains localisation accord-
ing to point (1). In frictional sediments, ice-rich horizons
work as sliding planes and deformation zones. Croot
(1988b) claimed that ice 1s not necessary to explain push-
moraine forms in Iceland and that high pore-water
pressure will cause decollation of sediments and then
thrusting. He suggested that the availability of meltwater
which reduces sediment strength and of near-surface
ground-water is crucial for the formaton of push
moraines. On Svalbard, the permafrost condition
prevents the water draining into the ground. The
active-layer thickness is normally less than [ m, and the
observed deformation structures at Erikbreen and
Usherbreen clearly propagate into permalfrost. In addi-
tion the active layer remains melted for only 2-3 months
during the summer.

Dependence of the formation of moraines on the
bedrock geology is suggested to be due to periglacial
frost weathering and glacier erosion. Frost weathering
and glacier erosion produce fine-grained debris in areas
dominated by clastic bedrock and high material inpur
to the marine environment. This favours increased
accumulation of fine-grained sediments in the shore
area.

Several authors have claimed that the [ormation of
push moraines in Svalbard is connected to the surge
behaviour of the glaciers (cf. Croot, 1988a; Lefauconnier
and Hagen., 1991). According to the above considera-
tions, this means that rapid glacier advance over
sediments over a large area is needed to produce
sediment deformation. However, push maraines in other
arcas arc built without surging glaciers. For example,
Thompson Glacier in Arctic Canada built up push
moraines during an advance spanning 10vyears at
average velocities of less than 20ma  (Kdlin, 1971).
Rapid, non-surge advances should have a comparable
effect on the marginal area of Svalbard glaciers. This
would explain the push moraines at Erikbreen, which
does not seem to he a surge-type glacier.

CONCLUSIONS

The formation and preservation of ice-cored moraines on
Svalbard is related to cold glacier-front margins directly
connected to permafrost conditions. Debris accumulation
is due to supraglacial sedimentation or melt-out of
englacial debris. Ice-cored moraine development is
favoured by rapid advances and long retreat phases.
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Fig. 9. Distribution of push moraines on the Svalbard
archipelago. based on air-photo inlerprelation  { scale
1230000 and 1:15000). Only push moraines in the
sense described in the lext are registered. Push-moraine
Jorms can easily be recognised and distinguished from ice-
cored moraines by their regular ridge pattern. Most
moraines are connected to morphologically sofler rock Lypes
(clastic sediments. shales, ele.). All registered push
moraties are situated below the Holocene marine limit.
In areas with thick surficial material cover, push moraines
are more frequent (e.g. on Fdgeoya). The shaded area
displays the areas of metamorphic pre-Devonian bedrock on
Spitsbergen.

The main factor controlling the formation of push
moraines is the soil mechanics of the sediments which are
strongly influenced by permalrost conditions. The
unfrozen water content of the sediments governs deform-
ability, which in turn depends on pore-water salinity. At
Usherbreen, the compressive flow under a glacier
advance results in
formerly undisturbed frozen sediment layers on the

reactivation of old ridges and in

sandur in front of the ridge system. Thus, folding. thrust
faulting and overriding all occur, The surge behaviour of
the glaciers accelerates the development, but may not be
the only cause. It is suggested that the push moraines at
Usherbreen and Erikbreen are not swrictly glacier forms
but periglacial forms. Push moraines on Svalbard are
deformed and disturbed sediments in permafrost where
the stress applied is of glacial origin.
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