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Abstract: Rock and soil temperatures were observed on some nunataks in the
Ser Rondane Mountains during 1985-1989. Three different types of automatic
recorders made it possible to collect the temperature data at 1- to 4-h intervals
throughout the year. Multiple freeze-thaw events were recorded on many bedrock
surfaces and in soil surface layers during the summer season, whereas the ground
was completely frozen during the remaining periods. The number of freeze-thaw
cycles is comparable to those in mid-latitude alpine environments where the frost
action, including frost weathering, heave and creep, is regarded as prevailing geo-
morphic process. Geomorphic change by the frost action, however, is believed
to be insignificant in the most part of the Sar Rondane Mountains, because the
water content of the ground is generally too low. The frost action may be effective
only on the ground with a fairly high moisture content due to snow spray as well
as with frequent freeze-thaw cycles.

1. Introduction

Antarctic nunataks belong to the coldest periglacial environment in the world.
Air temperature does not rise above 0°C throughout the year. Strong insolation in
summer, however, often raises the ground surface temperature above 0°C, and con-
sequently, the frost action may cause geomorphic change in the nunataks.

Since 1985, the geomorphological research group of the Japanese Antarctic Re-
search Expedition has observed the present-day geomorphic processes in the Seor
Rondane Mountains. Items of the field measurements include rates of processes such
as frost heave (MATSUOKA et al., 1988), frost creep, rockfall, ice-wedge cracking and
wind erosion; and their controlling factors as the temperature, moisture and material
properties of the ground, and the direction and speed of wind. This article deals with
temperature regimes on the surface of nunataks, and their relation to the frost action,
i.e., frost weathering and periglacial mass movements.
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2. Study Area

The Sgr Rondane Mountains, lying about 200 km from the nearest coast, consist
of a number of nunataks exposed on the ice sheet. Four sites are selected for observa-
tion of the ground temperature (Fig. 1). One (Site 27-1) is located in Selungen, an
isolated small nunatak close to the Asuka Station; the other three (Sites 26-1, 27-2 and
27-3) in the northern parts of Brattnipene, one of the largest nunatak in the Moun-
tains. Meteorological data at the Asuka Station indicate that the annual mean, maxi-
mum and minimum air temperatures in 1987 were — 18.5, —2.9 and —48.7°C, respec-
tively; and that the katabatic wind from ESE-direction prevails throughout the year
with the mean and maximum velocities of 12.8 and 45.2 m/s, respectively (YAMANO-
UCHI et al., 1988; AYUKAWA, 1989).

These measurement sites are different in climatic conditions. The isolated posi-
tion of Site 27-1 makes it the coldest among the four sites despite of its lowest
altitude; snow supplied by the katabatic wind also prevents a temperature rise. Facing
NW and hence lying leeward, Site 26-1 is in the warmest environment (Photo 1).
Site 27-2 lies on a moraine field surrounded by high mountains except on the north
(Photo 2); the katabatic wind is thus blocked by these mountains despite of a dry-
strong wind often blowing down from Mt. Tekubi (2361 m a.s.l.), the highest peak in
Brattnipene. Climatic condition changes locally within Site 27-3 according to the
aspect of ground surface (Fig. 2; Photo 3). The northern part of the east-facing slope
is subject to constant strong wind and hence to snow spray even in summer. By con-
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Fig. 1. Location of measurement sites.
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Photo 1. View of Site 261 from the north. The arrow shows the location of the
temperature sensor installed into the rockwall. The nunatak stands 350 m
above the ice sheet.

Photo 2. View toward south at Site 27-2, a wide moraine field located at the northern
foot of Mt. Tekubi (behind). The arrow shows the location of temperature
sensors installed at various depths in the ground.
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Photo 3. View of Site 27-3 from the east. Snow-bearing wind often blows up the
debris slope from the southeast.

Photo 4. View of Site 27-3 from the north, indicating the location of temperature
sensors installed into the ground (the arrow), the temperature recorder (T),
the frost-heave frame (F), and the box for measurement of wind erosion

(W).
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Fig. 2. Schematic diagram of Site 27-3, showing the location of the experimental plots. The
point numbers indicate the temperature recorders described in the text.

trast, the southern rockwall part of the east-facing slope and the upper part of the
north-facing slope are subject to neither strong wind nor snow spray at least in sum-
mer. Such snow spray at the former site keeps the ground in wet condition.

These sites are composed mainly of biotite gneiss and granite of late Proterozoic
or early Paleozoic ages (KosMA and SHIRAISHI, 1986). Ground surface features of these
sites are classified into the following three categories: rockwalls, debris slopes (referred
to as debris-mantled rectilinear slopes in IWATA, 1987) and moraine fields. Sediments
of the debris slopes (Sites 27-1, 27-3) are derived from in-situ weathered material from
the bedrock. Those of moraine fields (Sites 26—1, 27-2) are derived from other nuna-
taks as glacial drift. Grain size of these sediments ranges from silt to gravel, but silt
fraction is usually less than 10% in weight.

3. Instrumentation

Rock and soil temperatures were automatically measured using three different
types of recorders (Table 1). Recorders A and B plot data on a chart and run con-

Table 1. Temperature recorders.

Type of recorder Sensor Channel Range (°C)" . il:&cr%;?ia)g)
A. Takara: Seven-corder Thermistor 1 —30~+430 3
or —30~+20
B. Grant: Miniature chart recorder Thermocouple or 4 —50~ 450 4
thermistor or —30~+20

C. Grant: Squirrel meter logger Thermistor 4 —25~+425 1
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Site Ground 1985 1986 1987 1988 1989
type Jan Jan Jan Jan Jan
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Fig. 3. Periods of rock and soil temperatures on record, shown by bars.

tinuously more than a year with the help of a lead storage battery (DC 6 or 12 V).
Recorder C, a C-MOS-type logger which stores data in memory IC, was used only in
summer. Two types of temperature sensors were used, which are a thermistor and a
thermocouple of copper-constantan.

A probe was inserted in a 1.5cm-deep hole drilled into rockwall, connected to
recorder A or B (Table 1), and thereby rock surface temperature was monitored at 3
or 4-h intervals. Four probes, inserted at various soil depths and connected to record-
er B or C (Table 1), made it possible to determine a temperature profile at every
sampled time (1 or 4-h intervals). Rock surface temperature was observed on rockwalls
at Sites 26-1, 27-1 and 27-3. Soil temperature was done on debris slopes and moraine
fields at all measurement sites. Although mechanical troubles sometimes interrupted
the data collection, we got available data at maximum for four years (Fig. 3).

4. Bedrock Temperature Regimes

The solar insolation heats rock surface during summer days, often raising the
surface temperature above 20°C (Fig. 4). Diurnal ranges of rock surface temperature
are usually between 20 and 30°C during fine summer days, while they are quite small
in winter. Freeze-thaw cycles, defined as temperature oscillation above and below
0°C, occur frequently from October to March.

Difference in the aspect of ground surface produces a time lag in temperature
curves (Fig. 5). Being subject to insolation in the morning, the northeast face (Site
27-3; point | in Fig. 2) attains the daily maxima earlier than the northwest face (Site
26-1) does. Aspects influence also daily ranges: the windward northeast face shows
somewhat smaller ranges than the leeward northwest face does, probably because the
wind carrying snow particles prevents a temperature rise. In addition to the aspect
effect, irregular rock surface also produces local variation in temperature. Cavernous
weathering features, so-called ‘“‘tafoni” (e.g. SELBY, 1982), develop on the rockwall at
Site 27-3. Daily temperature ranges inside of a tafone (about 50 cm in diameter) are
about half those outside of the tafone (Fig. 5). This indicates that insolation weather-
ing which results from alternate warming and cooling is not responsible for the tafoni
development. The spatial variation in daily ranges is virtually produced by the daily



Ground Temperature in the Sor Rondane Mountains 61

40

20

Rock temperature °C
o
i
i
i
]
|

Vi l,fllf\ " p, WNW

" Jan [ Feb'[ Mar | Apr |'May [ Jun 1 Jul | Aug 1Sep l Oct |rN0v ‘ Dec |

Fig. 4. Annual fluctuation in rock surface (1.5cm depth) temperature at Site 26-1 (the

northwest-facing rockwall) in 1986. Daily ranges are shown with solid lines.
Note that records are limited within +30°C.
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Fig. 5. Fluctuations in rock surface (1.5 cm depth) temperature during summer days,
recorded on the smooth rockwall at Site 26-1 (a), on the rim (b) and on the
inner surface of a tafone at Site 27--3 (¢).

maxima rather than the minima. In other words, the solar insolation is the most
important control on daily temperature variation.

Figure 6 shows a comparison of monthly freeze-thaw frequencies among the three
sites corresponding to those in Fig. 5. An effective freeze-thaw cycle is defined as a
fall below —2°C on the rock surface followed by a rise above +2°C (MATSUOKA,
1990a). A number of effective freeze-thaw cycles occurred on these rockwalls, parti-
cularly from October to March. These frequencies are comparable to those in such
mid-latitude alpine environments as Colorado Front Range (THORN, 1979), French
Alps (CoutarRD and FraNcou, 1989) and Japanese Alps (MATsuOKA, 1990a), where
freeze-thaw action is regarded as the predominant agent for rock breakdown. None-
theless, our observation provided little evidence for intense frost weathering in the Sor
Rondane Mountains. Rock fragments little accumulate under rockwalls, and little
breakage of painted bedrock occurred during four years. Such inactivity in frost
weathering can be explained in terms of low moisture content of the bedrock. Labo-
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Fig. 6. Monthly freeze-thaw firequency recorded on rock surfaces in 1986: N, is the
number of cycles oscillating above and below 0°C . N, is the number of the
effective freeze-thaw cycles defined in the text.

Table 2. Average moisture contents of rock samples collected
Sfrom rockwalls.

Degreg of saturation (%)

Site Aspect e -
January 1986 January 1987
261 NW nd* 37.2 (5%%)
27-1 w 3.7 (4 32.4 (6)
27-3 NE 32.2 (6) 37.2 (6)
* No data.

** The number of samples.

ratory experiments showed that frost weathering becomes active when the degree of
saturation in the rock is more than 75-80% (e.g. MATSuOkA, 1990b). A field mea-
surement in Japan also revealed that high moisture content is responsible for intense
frost weathering (MATSUOKA, 1990a). Bedrock moisture contents in the Sar Rondane
Mountains, however, are quite low, usually less than 75% in the degree of saturation
(Table 2). Frost weathering is regarded as inactive in this region unless both blowing
snow and subsequent its melting provide high moisture to the rockwall.

5. Soil Temperature Regimes

Temperature profiles in soil layers on the east-facing debris slope at Site 27-3
(Fig. 7) exhibit similar annual variation to the rock surface temperature (see Fig. 4),
i.e., wide ranges and frequent freeze-thaw oscillation during the summer season.
Diurnal freeze-thaw layers are often formed in December through February, whereas
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the soil is completely frozen during the remaining seasons (Table 3).

The active layer features, evaluated from temperature profiles in soil layers,
however, are quite different among the sites (Fig. 8). Diurnal thaw depths are very
shallow at Site 27-1 where snow provided by the strong katabatic wind prevents the
ground from thaw penetration. The maximum thickness of the active layer is only
8 cm during the period of observation (Table 4). The number of freeze-thaw cycles is
also very small at this site.

At Sites 27-2 and 27-3, by contrast, active layers appeared frequently, although
their depths are quite different among the sites. The active layer is always deeper at
Sites 27-2 and 27-3N (the north-facing slope at 27-3; point 2 in Fig. 2) than at Site
27-3E (the top of the east-facing slope at 27-3; point 3 in Fig. 2). The moisture
content of active layers seems to control their depths: higher moisture content at Site
27-3E results in shallower active layers (Table 4). Frozen ground with high ice con-
tent, on thawing from the surface, releases a large amount of the latent heat. Active
layers at Site 27-3E thus penetrate slowly into the frozen ground, usually exceeding
not more than 20cm in depth; whereas those at Sites 27-2 and 27-3N, containing
little moisture (Table 4), penetrate more quickly and sometimes reach 30 cm in depth.
Because many debris slopes and moraine fields in the Sor Rondane Mountains are in
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Fig. 7.  Annual fluctuation in soil temperature at Site 27-3E (the east-facing debris slope)
in 1987. Daily ranges are shown with solid lines. Note that records are limited
Sirom +20 to —30°C.

Table 3. Monthly freeze-thaw frequencies observed at various depths in east-facing debris
slope Site 27-3E.

1987
Depth (cm) - - Annual total
Jan. Feb. From Mar. to Oct. Nov. Dec.
3 19 12 completely frozen 3 16 >50
8 13 1 completely frozen 0 8 >22
15 1 0 completely frozen 0 3 >4
30 0 0 completely frozen 0 0 >0

Days without data lI 0 - o 0 KO i 12 23
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dry condition like the latter sites, 30 cm is likely the common value as the maximum
depth of active layers.

The thaw depth, D, is an important control of frost action working on debris
slopes with high moisture content. For example, MATSUOKA et al. (1988) showed that
the value of D influences the amount of succeeding frost heave. Visible heave (more
than 0.2 mm in height) occurs when D exceeds 8 cm; large heave (more than 1.0 mm)
occurring when D exceeds 12 cm. Such frost heave activity was observed on the slope
at Site 27-3E (see Fig. 2 and Photo 4) where D exceeeds 8 cm frequently during the
summer season (Fig. 9). By contrast, frost heave is not likely to occur at Site 27-1
where the thaw depth never excceeds 8 cm. In spite of deep active layers, frost heave
is probably inactive at Sites 27-2 and 27-3 either. This is due to low moisture contents
in the active layers. The refreezing of such dry active layers must not be accompanied
with ice segregation: hence, the ground is never heaved.

The thaw settlement of frost-heaved soil grains on a slope results in the downslope
movement of these grains, referred to as frost creep (e.g. WASHBURN, 1979). This
process may also occur on slopes with both high moisture and a deep active layer like
Site 27-3E, although such places seem rather uncommon in the Ser Rondane Moun-
tains. Frost action is hence believed to be the major geomorphic process only where
both the moisture and the depth of active layer exceed certain critical values.

6. Summary

The number of freeze-thaw cycles during the summer season was estimated based
on the spot measurements of rock surface temperature, and it is suggested that frost
weathering is the major agent in the Sgr Rondane Mountains. No distinctive rock
breakdown, however, occurs under low water content in the bedrock. Frost weather-
ing may hence work only on the rockwall being subject to abundant water supply
through snow spray caused by wind.

Diurnal freeze-thaw layers up to 30cm in depth are frequently formed on soil
surfaces during the summer season. Frost heave and possibly frost creep occur on
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some windward slopes where snow spray and subsequent melting of the snow lead to
high moisture content in the active layer. The amount of frost heave increases with the
depth of active layer. Despite of thick active layers, however, low water content of
the leeward slopes may result in minor activity of frost heave and creep. In the Sgr
Rondane Mountains, the activities of frost weathering and periglacial mass movements
are therefore believed to be limited to the places where the moisture content and depth
of active layer exceed certain critical values.
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