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The main purpose of this research was to measure the near surface ground temperatures and describe the
main characteristics of the thermal regime of a sheltered arctic coastal cliff. Measurements were made near
Ny-Alesund, western Spitsbergen, Svalbard (79°N, 12°E), in a transect across sediments on top of a coastal
cliff, in a 8 m high coastal cliff and across the beach below the cliff. Temperatures were logged hourly from
August 1987 to August 1988. A local snow cover of 1-4 m on the beach had a strong influence on surface
heat exchange, and hence the dynamics of the ground thermal regime. Late winter temperatures in the
cliff and backshore sediments were stable and ranged from —5°C to —9°C. At the first snow melt events
in spring there was a large heat flux into the ground due to the release of latent heat from refreezing of
meltwater. The interpretation of the temperature records leads to a discussion on some aspects of cryogenic
weathering. The snow-melt period in spring and summer may be a period of rock fracturing, based on the
model of segregation ice growth at subzero temperatures. Steep temperature gradients and available
meltwater at the surface favor water migration in the heavily fractured dolomitic limestone even at the low
hydraulic conductivities expected at below zero temperatures.
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Introduction

Svalbard comprises a group of islands situated
between latitudes 74°N and 81°N and longitudes
10°E and 35°E. The western coast of the main
island Spitsbergen is exposed to relatively warm
Atlantic Water.

Maps of the coastal geomorphology of
Svalbard, excluding Nordaustlandet, show well-
developed coastal cliffs along 25% of the coastline
(Ddegard et al. 1987; Hggvard & Sollid 1988a, b,
1989, 1990, 1991, 1992). Low vertical coastal cliffs
with erosion in bedrock are most frequent in fjord
areas in northwestern Spitsbergen, including
Isfjorden, and in the inner parts of Storfjorden
on the eastern coast. The fjords generally have a
low energy coast as the ice-foot and sea ice protect
the cliffs from wave energy during most of the
year. Coastlines with long fetch and less sea ice
along the headlands normally have pocket
beaches with low bedrock outcrops or continuous
beaches. Submerged strandflat areas along most
of the outer western coast of Spitsbergen reduce
the amount of wave energy reaching the shore.

Arctic coastal rock cliffs are subjected to
diverse subaerial and marine weathering
processes. Frost weathering was already proposed
by Hogbom (1914) and Nansen (1922) to be an
important process in the formation of the coastal
cliffs characteristic of Spitsbergen fjords. Nansen
also suggested that the strandflat forms by the
interaction of frost weathering and marine pro-
cesses at coastal rock cliffs, with frost weathering
as the main fracturing agent and marine processes
responsible for the removal and transport of
material. The strandflat belongs to high latitude
coasts, and its origin has been discussed by Reusch
(1894), Ahlmann (1919), Nansen (1922) and sev-
eral others.

The fractured appearance of the sheltered
coastal rock walls and the amount of angular rock
fragments that accumulate on snow and ice-foot
during spring show that subaerial mechanical
weathering is active (O. Liestgl pers. commun.).
In sheltered areas snow and ice usually persist
until late autumn just above high tide, indicating
that limited amounts of marine energy reach the
cliffs in summer. Marine erosion at sheltered sites
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is probably restricted to storms recurring at inter-
vals of several years. During the entire research
period of one year the sediments close to the
investigated cliff were not disturbed by waves.

No earlier quantitative measurements of
coastal cliff retreat in Svalbard are known to
the authors. In the research area the abrasion
platform is 10-15 m wide. An average Holocene
retreat rate is difficult to calculate due to limited
knowledge of the sea level after the Tapes trans-
gression (Forman et al. 1987) and to the possibility
of a pre-Holocene cliff being reoccupied by the
present sea level. No measurements of present
weathering rates were attempted.

The main purpose of this research was to meas-
ure the near surface ground temperatures and
describe the main characteristics of the thermal
regime of a sheltered Arctic coastal cliff. The
influence of the macroclimate and local factors
such as snow cover and available water are dis-
cussed. Based on the temperature records and a
rough evaluation of moisture conditions, some
aspects of the potential for cryogenic weathering
processes in the rock cliffs of this type are
discussed.

Recent advances in cryogenic weathering
research provide guidance for discussing cryo-
genic weathering based on temperature records.
Reviews of cryogenic weathering are given by
McGreevy (1981) and Lautridou (1988). Labora-
tory research has shown that oscillations around
0°C are less significant than formerly assumed
regarding fragmentation of most rocks. Labora-
tory experiments show critical temperatures for
rock fracturing from —3°C to below ~10°C (Mel-
lor 1973; McGreevy 1982; Lautridou & Ozouf
1982; Letavernier & Ozouf 1987). Using a theor-
etical model of segregation ice growth at subzero
temperatures, Hallet (1983) showed that the most
rapid expansion of preexisting microcracks in an
open system in rocks is expected in the interval
from —5°C to —15°C, depending on available
water, the rock properties and the temperature
gradient on the warmer side of the crack. This
model has recently been supported by an exper-
imental study using a porous sandstone (Hallet et
al. 1991).

Quantitative analysis of the processes that oper-
ate in the Arctic coastal zone is extremely difficult.
No attempt is made to provide a complete eval-
uation of the site specific processes. A more com-
prehensive discussion of the subaerial process
would have to include data on the fracture-mech-

anical properties of different rocks and measure-
ments of moisture conditions. Such data are not
available.

Study area

Location and setting

Temperatures were measured at a north-facing
dolomitic limestone cliff located on the south side
of inner Kongsfjorden on the western coast of
Spitsbergen (Fig. 1). The site is moderately
exposed to wave energy (Figs. 2 and 3). Large
parts of the coastal cliff have subsequently been
removed in the construction of a new quay. The
beach was 14 m wide and backed by an 8 m high
coastal rock cliff.

The study site is located 450m from the
meteorological station in Ny-Alesund. The mean
annual air temperature (MAAT) was —6.0°C in
the period 1971-1988. The mean annual ground
temperature (MAGT) is believed to be about
—5°C, based on measurements in a former coal
mine (Orvin 1944). The mean air temperature
from September 1987 through August 1988 was
—7.6°C, reflecting an unusually cold winter; the
September to May average air temperature was
the third coldest in 20 years. Especially low air
temperatures in the period of a thin snow cover in
December and January imply lower than average
ground temperatures in the research period (Fig.
4).

Snow, ice-foot and sea-ice conditions

The snow accumulation in the 1987-1988 season
was average provided that winter accumulation
on the glacier Austre Breggerbreen 3km from
Ny-Alesund is assumed to be representative of
the coastal zone. There is a 20-year record of
mass balance from Austre Braggerbreen (Liestal
1988; Hagen & Liestgl 1990). No snow depth
measurements are available from the meteoro-
logical station.

Snow began to accumulate at the foot of the
cliff in September, and by the end of October the
local snow depth was 2.0 m. Snow accumulation
reached the top of the cliff (which was usually
free of snow until this time) in early December.
In mid-December the snow depth at the top of
the cliff was 0.25 m. From the end of February
the cliff-top snow cover stabilized at 0.55-0.65 m
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Fig. 1. The research site near Ny-Alesund on the western coast
of Spitsbergen, Svalbard. Shaded areas are glaciers.

until 7 May-10 May when the spring melt began
(Fig. 4).

In 1987 snow and ice had not melted by the end
of August (Fig. 3). This year had the second
coldest June, July and August of the previous 20
years. After a summer of average temperatures
in 1988, snow and ice remained until the middle
of August.

The western coast of Spitsbergen has semi-
diurnal tides. At the research site the average
maximum range is 1.8 m. The maximum tidal
range during 15 years of observations in Ny-Ale-
sund is 2.3m. The average high tide is 0.6m
above mean sea level (T. Eiken pers. commun.).
In 1987 a tidal ice-foot was formed in sheltered
areas of Kongsfjorden as an ice terrace at the level
of maximum high tide. The ice-foot protected the
backshore from nearly all wave energy during the
autumn. At the research site the height of the ice-
foot varied from 0.61 m to 0.77 m above mean
sea level.

According to Wiseman & Coleman (1978),
there is considerable spatial and temporal varia-
bility in ice conditions and ice-foot morphology.
The inner part of Kongsfjorden is usually frozen,
at least during some of the winter. There were
no storms at the research site during the period
without ice-foot and sea ice in autumn 1987 and
summer 1988.

Methods and results

Thermistors were used for the ground tem-
perature measurements. The absolute accuracy
was estimated to be =0.1°C close to 0°C, increas-
ing to +£0.2°C at the ends of the interval +20°C.
The resolution was 0.01°C for the whole range.
Ten thermistors were places in a transect across

Fig. 2. Transect across the €
investigated site. A nearby
coastal cliff at the location of
thermistor 7 is included. Shaded
areas on land are marine beach
material. In the intertidal zone
the ice-foot and sea ice are

? Bedrock ?

P Lo wnw

shaded. Numbers 1 to 10 show -5
location of thermistors.

m (from foot of cliff)
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backshore sediments and across a rock ciff situ-
ated on the south coast of Kongsfjorden, just west
of the first quay in Ny-Alesund (Figs. 2 and 3).
Ground temperatures were measured at hourly
intervals from 26 August 1987 to 26 August 1988
at depths ranging from 0.05-1.20m. Two
additional thermistors recorded temperatures in
the outer shell of the cliff face during the summer
only (20 May-26 August, 1988).

The mean annual values of ground temperature
varied from —6.3°C (thermistor 7) on an exposed
part of the cliff with little snow cover to —2.9°C
(thermistor 10) in shore sediments at mean sea
level (Fig. 2 and Table 1). The average value at
the foot of the cliff was —3.9°C. The lowest mean
ground temperature of —6.3°C is 1.3°C warmer
than the mean air temperature of the same period.

Thermistors 5 and 6 were placed 3.75 m apart
at 0.05 m and 0.35 m depth in the flat area on top

Fig. 3. View to the south-west
of the study site. The shore and
the cliff face north and are mod-
erately exposed to wave energy.
The upper photo is from 24 May
1988. The locations of ther-
mistors 7, 11 and 12 are shown.
The dashed line indicates the
main section. The lower photo
is from late August 1987 and
shows snow and ice at the foot
of the cliff.

of the cliff. The maximum snow depths were
0.75 m and 0.70 m respectively. The mean annual
ground temperatures of —5.4°C and —5.0°C were
2.2°C and 2.6°C warmer than the mean air tem-
peratures of the period. These mean values are
probably representative of flat areas with vege-
tation near the coast. These differences between
mean ground and mean air temperature deviate
little from those at an alpine permafrost site in
southern Norway, estimated to range from 2.2°C
t0 2.4°Cin a flat area with a maximum snow depth
of 0.50m (Ddegard et al. 1992).

Autumn and early winter

At thermistor 8 there was only a slight delay in
cooling close to 0°C, indicating a dry freezing in
the rock wall. This was in contrast with thermistor
3 at the foot of the cliff and thermistors 6 and 9
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Table 1. Average and extreme temperatures.

Average Maximum Maximum

Depth values Maximum Minimum rise drop

Number m °C °C °C °C/h °C/h
1 0.36 =55 17.8 —-18.1 2.23 1.12
2 0.40 -4.0 3.0 -11.8 2.92 0.63
3 0.60 -39 1.1 -6.3 0.21 0.10
4* 0.90 -4.0 0.0 -7.2 0.28 0.45
5 0.05 -5.4 13.0 -19.2 1.87 1.7
6 0.35 ~-5.0 43 -11.7 0.24 0.14
7 0.55 -6.3 13.5 -20.6 0.36 0.43
8 0.25 -4.4 10.6 -10.6 0.96 0.69
9* 1.00 -6.2 0.3 -9.6 0.03 0.04
10 1.20 -2.9 0.1 -5.4 0.12 0.09
1n** 0.05 6.6 238 -0.2 7.29 4.00
12** 0.05 6.9 23.7 -1.4 6.10 323

*August 26, 1987 to May 10, 1988.
**May 20, 1988 to August 26, 1988.
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in sediments on top of the cliff. At the foot of the
cliff, water was mainly supplied from snow and
ice that melted in situ. The temperature at a depth
of 0.6m shows a smooth yearly cycle. A local
snow patch in mid-September minimized heat loss
to the air, and an area at the base of the cliff
remained relatively warm most of the autumn and
early winter (Fig. 5). Thermistor 3 was cooled
slowly to a minimum temperature of —6.3°C in
the middle of February.

The thermistors on the beach and upper part
of the cliff showed large fluctuations at subzero
temperatures during autumn. The maximum
freezing rate was 0.78°C/h. In late October a
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Fig. 5. The upper graph gives air temperatures from the
meteorological record in Ny-Alesund. Only observations at
07:00 and 19:00 are plotted. Maximum and minimum tem-
peratures between these observations are not included. The
dashed lines indicate 30-day moving averages. The lower graph
gives ground temperatures during autumn freeze. The numbers
refer to thermistor numbers.

period of three days of surface melt occurred (Fig.
5).

Late winter

At the cliff base (thermistor 3), the temperature
rose from a minimum of —6.3°C in mid-February
to —5.8°C in mid-April. In late winter thermistor
3 continued to record low temperatures (Fig. 6).
Temperatures remained below —5°C for more
than four months. Thermistor 8 in the cliff showed
temperatures slightly below those at the foot of
the cliff. In March and April temperatures varied
between 0.36°C and 0.46°C, corresponding to
gradients of 0.14°C/m to 0.18°C/m. The other
three thermistors on the beach also showed stable
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Fig. 6. The upper graph gives air temperatures from the
meteorological record in Ny-Alesund. Only observations at
07:00 and 19:00 are plotted. Maximum and minimum tem-
peratures between these observations are not included. The
dashed lines indicate 30-day moving averages. The lower graph
gives ground temperatures during spring thaw. The numbers
refers to thermistor numbers.
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temperatures from March to April ranging from
—4.4°C to —5.6°C.

Snow-melt period in spring

Ground temperature records reveal distinct tem-
perature anomalies during spring on portions of
the rock wall not exposed to direct insolation.
The ground temperatures at snow-covered sites
in late winter were stable until the first snow melt
in the beginning of May. As discussed later, it is
presumed that release of latent heat from the
refreezing of meltwater in the snow cover and
sediments caused a steep rise in ground tem-
perature. At the onset of thaw the rock wall was
covered with several metres of snow. In the spring
there were two periods of surface melt each fol-
lowed by surface cooling of bedrock and sedi-
ments to subzero temperatures (Figs. 6 and 7).
Thermistor 8, in the rock wall at 0.25 m depth,
measured surface cooling during most of May,
interrupted by short warming periods (Fig. 6).
The maximum rise in temperature at thermistor 8
was 0.24°C/h, recorded during the second surface
melting event. The maximum rise during the first
event was not detected because of a break in the
record on 10 and 11 May. The maximum rise in
temperature in shore sediments at the second
period of snow melt was 2.9°C/h at thermistor 2,
observed 22 May (Fig. 6). The site was covered
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Fig. 7. Ground temperatures and gradients on top of the cliff
during the spring thaw in 1988. Thermistor 5 (continuous line)
at 0.05 m depth and thermistor 6 (dashed-dot line) at 0.35 m
depth were placed 3.45 m apart. Horizontal heat flow is assumed
negligible, and the differences are regarded as near surface
temperature gradients during the period of snow-melt.

with 2m of snow. The steep rise is probably
caused by percolation and subsequent refreezing
of meltwater into the sediment. On 22 May the
maximum air temperature was 4.2°C. This was
the ninth day of air temperatures above 0°C.
The total surface snow melt was 0.15-0.20 m,
measured on a snow stake on top of the cliff (Fig.
4),

Near-surface measurements in the coastal cliff in
summer

In addition to the 10 sensors shown in Fig. 2, two
sensors were placed at a nearby site in the coastal
cliff at 0.05 m depth 2.0 m and 3.0 m above the
foot of the cliff (Fig. 3, thermistors 11 and 12), and
measured from 20 May—26 August 1988 (Table 1).
There was no snow at the thermistor locations.
The lower thermistor was placed in a nearby
vertical rock wall, the upper in a wall of about
70°. The average temperatures were 6.6°C and
6.9°C, which are 2.7°C to 3.0°C higher than the
average air temperature during the same period.
The sensor cables were protected by aluminum
tape to minimize direct heating by radiation. The
rock surface was frequently 8°C to 10°C warmer
than the maximum air temperatures in periods of
direct insolation. The maximum rock tempera-
tures were 23.7°C and 23.8°C.

These near surface temperatures (0.05m
depth) on the north-facing coastal cliff exhibit
the most drastic temperature fluctuations. Rapid
temperature changes were recorded during nights
when the weather suddenly changed from fog to
direct insolation or vice versa. The fastest tem-
perature rise was recorded 15 June 1988 from
04:18 to 05:18. The rates for thermistors 11 and
12 were 7.3°C/h and 6.1°C/h, respectively. The
meteorological record shows a change from fog to
sun at this time. The maximum recorded cooling
rates of 4.0°C/h and 3.2°C/h were measured July
24 between 10:34 and 11:34 and May 25 between
04:18 and 05:18.

Discussion

Interpretation of near surface temperature
gradients and heat flow

Interpretations of the thermal regime in autumn,
late winter, spring and late summer are depicted
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in Fig. 8A-D. The ice-foot and later sea ice pro-
tected the upper inter tidal zone and the back-
shore from waves during autumn and winter.
Snow accumulated undisturbed, reaching a maxi-
mum depth of four to five metres in February.
The accumulation and melting of snow on the
beach had a strong local influence on near surface
heat flow and moisture conditions during the
entire year, from the first snow accumulation in
September 1987 until the end of the snow melt in
August the following year.

Autumn and early winter. — In early autumn most
of the rock cliff cooled rapidly at the surface to
temperatures considerably below 0°C (Fig. 8A).
Average temperature gradients calculated from
thermistors 5 and 6, were about 9°C/m in the
upper 0.3 m of marine deposits on top of the cliff
in November. A local snow patch at the foot of
the cliff in September prevented strong surface
cooling.

Late winter. — During late autumn and early
winter, the snow cover stabilized ground tem-
peratures and the near surface heat flow on the
backshore and in the lower parts of the cliff (Fig.
8B). The vertical component of heat flow in the
cliff can be calculated from the late winter dif-
ferences in temperature between thermistor 3 at
the foot of the cliff and thermistor 8 in the rock
cliff. Assuming a thermal conductivity in the bed-
rock of 2.3 W/mK, the vertical heat-flux ranges
from 0.3 to 0.4 W/m?, Because of the low rates
of heat flow and stable temperatures during two
to three months, the measured temperatures in
beach sediments probably do not deviate much
from the temperature at the base of the snow
(BTS).

The surface ground temperature under thick
snow cover in late winter is mainly controlled
by the temperature of the underlying permafrost
(Haeberli 1973; Haeberli & Patzelt 1982). BTS-
measurements might be used as a quick and reli-
able way to obtain estimates of the permafrost
temperature (King et al. 1992). The temperature
from February to May at thermistor 3 was less
than 1°C colder than the MAGT at the top of
the cliff. The higher late-winter temperatures in
beach sediments close to the sea, compared to
those at the foot of the cliff, indicate a lateral
heat flow from the sea which causes a warmer
permafrost close to the intertidal zone (Fig. 8B).
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Fig. 8. Ground temperatures in November, April, early June
(1-15) and August. Numbers at the thermistor locations are
average values in the period. Dashed lines indicate isothermal
lines. The arrow in early June points to a zone of steep surface
temperature gradients during snow melt.
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No temperature measurements were made in
the intertidal zone.

Snow-melt period in spring. — At the first snow-
melt events in spring, we infer that the sudden
release of latent heat from the refreezing of
meltwater caused a large heat flux into the
ground. In the cliff top sediments maximum tem-
perature gradients occurred during the first period
of surface melt, with peak values of about
15°C/m calculated from thermistors 5 and 6
(Fig. 7). The temperature decreased with depth.

In the first week of June the snow pack probably
became nearly isothermal at 0°C, and thereby
buffering strongly the temperature at the rock
and sediment surface until the snow melted. At
the top of the cliff the snow remained until late
June; at the foot of the cliff until mid-August.
During the snow-melt period, the temperature
gradient at depth decreased (Fig. 7), and hence
also the refreezing of meltwater at the surface.
Near-surface temperature gradients increased
abruptly as soon as the snow and ice cover vani-
shed.

Near-surface temperatures in the rock wall in sum-
mer. — Instantaneous rates of temperature change
at the surface were considerably higher than the
observed value of 7.3°C/h because of the depth of
the measurement (0.05 m) and the long sampling
interval (1 hour). Large temperature gradients
occurred at sudden changes in insolation. More
detailed interpretations are difficult on such lim-
ited temperature data.

Because of the dependence of the thermal
regime on local factors such as sea-ice conditions,
ice-foot morphology, moisture conditions and
snow cover, care must be taken in generalizing.
However, the main characteristics of the observed
heat flow in late winter and the surface tem-
peratures at the onset of thaw are probably typical
for large areas of the coast of Svalbard. At sites
where snow accumulates on the beach, tem-
peratures approaching mean annual ground tem-
perature of near coastal areas are probably
reached every year at the foot of the cliff in spring
before the onset of thaw, independent of the
variations in air temperatures and snow cover
during autumn. These strongly buffered thermal
conditions are probably typical for the fjord areas
in northern Spitsbergen and the eastern coast. On
the western coast, where the measurements were
made, sea-ice conditions are known to show great

variability from season to season. Because of the
cold winter in 1987/88, there was extensive sea
ice during the measuring period.

The potential for cryogenic weathering

The relation between thermal regime, moisture
content and rock fracturing is not fully under-
stood, and the following discussion is mostly con-
ceptual. The discussion is restricted to rock
fracturing related to the phase changes of H,O
and is based on an interpretation of seasonal
changes in ground temperature and heat flow.
The importance of diurnal temperature variations
and thermal stresses are difficult to evaluate based
on the shallow temperature measurements rec-
orded in summer. Nevertheless, these processes
could be important for rock fracturing directly
below the surface of the rock wall (Hall & Hall
1991).

Lautridou (1988) suggests that bursting in non-
cracked rocks is caused by the pressure of the
water in the core of the rock whose movement is
blocked by the freezing front, with absorbed
water possibly playing a small additional role.
Assuming the water pressure arises from the 9%
volumetric expansion when water freezes, great
expansive pressure is only possible in a closed
system in rocks close to saturation. Whether these
conditions are often met in nature is questionable
(Hall 1986). Since no measurements of moisture
conditions exist, the potential of a volumetric
expansion model cannot be evaluated.

Both laboratory research and theoretical
models show that water migrates toward a single
freezing front in rocks in a similar way to what is
well known in soils (Fukuda 1983; Hallet 1983;
Walder & Hallet 1986). This water migration can
generate heaving pressures in freezing soils that
attain values of more than 18 MPa (Radd &
Oertle 1973). The ice pressure in excess of water
pressure depends on the temperature at which
water freezes. Ice pressures necessary to expand
microcracks in sound rock are on the order of
10 MPa (Hallet 1983). In an open system such
pressures are only possible at temperatures sev-
eral degrees below zero. Water absorbed on the
surface of minerals remains unfrozen at tem-
peratures considerably below 0°C. The low ice
pressures associated with the freezing of water in
cracks in an open system close to 0°C have little
importance with regard to rock fracturing.

Segregation ice growth in cracks at subzero
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temperatures does not require cooling tem-
peratures. Accelerated segregationice growth can
even occur during periods of temperature rise at
the rock surface, assuming that water transport is
the limiting factor. The hydraulic conductivity at
subzero temperatures will increase with rising
temperature. This seemingly paradoxical situa-
tion, that ice growth can be accelerated by surface
heating, is discussed by Hallet et al. (1991, page
293).

The mobility of unfrozen water at subzero tem-
peratures is critical to the model of segregation
ice growth at subzero temperatures. In the exper-
imental study a porous sandstone was used (Hallet
et al. 1991), In the field situation described here
the hydraulic conductivity along interconnected
cracks is probably important in addition to the
properties of the rocks. Costal cliffs along the
coast of Svalbard are generally heavily fractured.
During the snow-melt period these cracks are
mostly ice-filled. Williams & Smith (1989, page
199) suggest that ice masses in a frozen soil do
not represent barriers that would greatly limit soil
permeability. The analogy to ice-filled cracks is
speculative but could be significant, especially in
rocks of low permeability. If continuous air-filled
passages exist along the cracks, migration of water
vapor can occur.

Autumn and early winter. ~ The temperature
measurements in the rock wall in autumn indi-
cated a dry freezing with negligible latent heat
effects. The rapid freezing of the rock wall prob-
ably limits segregation ice growth in periods of
surface cooling in autumn. Due to an early snow
cover the foot of the cliff remained relatively
warm during autumn, but the sustained tem-
perature gradients were low and there was prob-
ably limited available water.

Conditions considered favorable for segre-
gation ice growth at subzero temperatures occur
during melting periods in autumn, but only for a
few days. Temperature gradients and moisture
conditions during periods of surface melt are dis-
cussed in more detail below.

Snow-melt period in spring. ~ At the investigated
coastal cliff the temperature gradients and moist-
ure conditions in the period of snow-melt in spring
could lead to segregation ice growth at sustained
subzero temperatures according to the model by
Hallet (1983) because (1) the release of heat from
the refreezing of meltwater caused steep gradients

with values on the order of 5°C/m to 15°C/m
in the outer 0.25m, (2) the temperature of the
bedrock just below the surface (—4°C to —6°C)
is low enough to cause high ice pressures yet not
so low as to hinder water migration significantly,
(3) favorable conditions last for several days or
weeks, allowing time for segregation ice growth
even at low hydraulic conductivities, and (4) when
the snow cover has reached 0°C percolating
meltwater is available at the rock surface at
pressures close to atmospheric pressure (Fig. 8C).
These thermal and moisture conditions fit the
experimental study using acoustic emissions (Hal-
let et al. 1991), except for the calculated tem-
perature gradients which are lower and the
duration which is slightly longer. At the foot of the
cliff, the snow-melt period with available water at
the surface lasted more than two months.

Conclusions

The main characteristics of the thermal regime
are depicted in Fig. 8. The ice-foot and sea ice
made it possible for a thick snow pack to accumu-
late undisturbed on the beach. The distribution
of snow and ice on the backshore influenced
moisture supply and surface heat exchange during
most of the year. A local snow patch at the foot
of the cliff in mid-September minimized heat loss
to the air, and this area remained relatively warm
most of the autumn and early winter. In late
winter a snow cover of 1-4 m stabilized ground
temperatures and heat flow. The rock surface
temperatures at the onset of thaw ranged from
—6°C at the foot to —9°C in upper parts of the
cliff (Fig. 8B). The first periods of snow melt in
spring were characterized by a large heat flux into
the ground due to the release of latent heat from
refreezing of meltwater. At the foot of the cliff
snow and ice remained until August.

The described thermal regime in spring and
summer is probably typical for this type of coast
in northern and eastern Svalbard, where sea ice
is stable in winter and snow accumulates in front
of the cliffs. On the western coast, where the
measurements were made, sea-ice conditions are
unstable.

Our understanding of rock fracturing mech-
anisms related to the thermal regime is incom-
plete. The interpretation and discussion above
actually suggest that the spring and summer snow-
melt periods are favorable for crack expansion
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and rock fracturing in the studied transect. This
is based on the model of segregation ice growth
at subzero temperatures (Hallet 1983; Walder &
Hallet 1986; Hallet et al. 1991). At the foot of the
cliff favorable temperature gradients and moist-
ure conditions lasted throughout most of the sum-
mer, but the temperature gradient decreased from
the first snow melt events in the spring until the
total disappearance of snow in August. Similar
conditions also occurred during melting periods
in autumn, but only for a few days. The hydraulic
conductivity in heavily fractured rocks at subzero
temperatures is critical in this model.

The importance of thermal stresses, diurnal
temperature variations in the outer shell and the
potential of volumetric expansion models are dif-
ficult to evaluate based on the field data. Studies
of the thermal regime of Arctic coastal rock cliffs
are continuing in Liefdefjorden, northern Spits-
bergen, for comparison with the results from Ny-
Alesund.
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