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ABSTRACT. We present the snow-accumulation distribution over Austfonna, Nord-
austlandet, Svalbard, based on 29 shallow ice cores that were retrieved from this ice cap
during 1998 and 1999. Mean annual net accumulation is deduced from radioactive layers
resulting from the 1954—74 atmospheric nuclear tests (maximum in 1963) and the Chernobyl
accident (1986). The Chernobyl layer was located in 19 ice cores in the accumulation area,
and the nuclear test layer was located in two deeper ice cores. In addition, the spatial vari-
ation of the depth of winter 1998/99 snowpack was mapped using snow probing, ground-
penetrating radar methods and pit studies. The altitudinal gradient of the mean annual
net mass balance and the altitude of the mean equilibrium line are determined along five
transects ending at the top of the ice cap. The mean annual net mass balance and the equi-
librium-line altitudes show a high degree of asymmetry between the western and eastern
parts of Austfonna, in accordance with the distribution of winter accumulation. Large inter-
annual variations of the accumulation exist. However, the study of the mean annual net
mass balance shows no trend for two different time periods, 1963—86 and 1986 to the date

of the drillings (1998/99).

1. INTRODUCTION

Austfonna (79-80° N, 20-27° E), an ice cap on Nordaust-
landet, Svalbard, has an area of 8120 ka, a maximum alti-
tude of 783 m and a maximum ice thickness of about 560 m
(Dowdeswell and others, 1986) (Fig. 1). The ice cap is divided
into a number of drainage basins which appear to be char-
acterized by diverse flow regimes (Dowdeswell, 1986). Sval-
bard is at the northern extremity of the warm North
Atlantic drift. As a result, the archipelago is particularly
sensitive to climate shifts associated with changes in the
North Atlantic drift.

A number of glaciological investigations have been con-
ducted on Austfonna. Traverses across the ice cap were car-
ried out by A.E. Nordenskjold in 1873, the Oxford
expedition in 1924 (Binney, 1925), H.W:son Alhmann in 1931
(Ahlmann, 1933), V. Schytt in 1957 and 1958 (Schytt, 1964) and
J-A. Dowdeswell in 1983, 1986 and 1987 (Dowdeswell and
Drewry, 1989). Deep ice cores were obtained by Soviet teams
at Vestfonna in 1981 and Austfonna in 1985 and 1987 (Punning
and others, 1986; Zagorodnov and Arkhipov, 1990) and by
Japanese scientists (National Institute of Polar Research
(NIPR)) at Vestfonna in 1995 and Austfonna in 1998 and
1999 (Watanabe and others, 2000).

Data on snow-accumulation distribution are a prerequi-
site to sensitivity modelling of ice caps by means of energy-
balance models (Fleming and others, 1997). Little is known of
the present mass balance of Austfonna, and field investiga-
tions were necessary to obtain data on snow accumulation
and the net accumulation pattern. This paper presents
results of these recent field investigations on Austfonna. The
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aim of this work is to determine (a) the 1997/98 and 1998/99
winter accumulations and mean annual net mass-balance
patterns over the ice cap, (b) the mean equilibrium-line alti-
tude (ELA), (c) the mass budget of the Austfonna accumu-
lation area and (d) natural and artificial radioactive
deposition over the Austfonna accumulation area.

2. DATA SOURCES AND METHODS

2.1. Ice-core data

During two field seasons on Austfonna in April 1998 and
April-May 1999, eight and twenty-one shallow ice cores,
respectively, were drilled in the accumulation area and in
the upper part of the ablation area of Austfonna (Fig. I; Table
1) (Melvold and others, 1999). The cores were retrieved with a
Polar Ice Coring Office (PICO) lightweight auger for shal-
low depths down to about 15 m. The drill produced cores with
a 77mm diameter and a mean length of about 40 cm. In
addition, two deeper ice cores were drilled in 1998 and 1999
by the NIPR (K. Kamiyama and others, unpublished infor-
mation). These cores were drilled with an electromechanical
drill down to 118 and 288 m, respectively.

The snow and firn densities were determined immedi-
ately after the retrieval of the ice cores by measuring the
diameter, length and weight of each core section. Figure 2
shows density profiles along cores X, E, G, N and T. While
the density increases semi-continuously for cores X and E, it
increases abruptly at depths of about 2 m, under the winter
snow layer for ice cores G, N and T. The density of the 1998/
99 winter snow cover was found by averaging the density of
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g 1. Map of Austfonna, with location of the drilling sites, GPR transects and ice-cap contour and an inset showing the location of

Nordaustlandet within Svalbard.

the upper core sections of all ice cores (Table 1). These den-
sities along each transect were used to convert snow-depth
measurements from snow-probing and ground-penetrating
radar (GPR) measurements to m w.e. depth.

Four snow pits, close to cores X, Yand Z (Fig. I; Table 1),
were studied in April 1999 (personal communication from L.
Karlof, 2000). The most important details in the stratigraphy
were the existence of ice layers (2—5 cm thick) at 1.1-1.4 m
depth. In a given pit, there are several thin firn or ice layers
under the first ice layer. It was evident that the layer at about
1.25 m represented the late-summer surface of 1998 and that
the thin firn and ice layers belonged to earlier periods during
the same summer season, associated with surface melting,
and followed by percolation some distance into the snow-
pack before the water refroze and caused the formation of
ice layers. This shows that all the snow above this depth was
accumulated during winter. Similar multiple layers were
also found in the firn cores. Superimposed ice with a density
of 900 kg m * was found just below the winter snow layer for
ice cores G, H, L, M1, O, N, R, Rl, R2, Tand U (Fig. 1).

Snow temperatures were measured with a thermistor
string at core sites A, G, K and E. Despite clearly negative
temperatures at 10 m depth, the temperature gradient indi-
cates that the ice is close to the pressure-melting point at
about 20 m. At greater depths, colder ice (about —8°C at
160 m depth) was found in a deep ice core drilled on the ice
cap (Zagorodnov and Arkhipov, 1990). This confirms
Schytt’s (1964, 1969) proposal that the Austfonna ice cap
has a subpolar thermal regime characterized by an inner
core of temperate ice surrounded by an annulus of cold ice.
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2.2. Core handling and laboratory analyses

Nuclear weapons tests in the 1950s, 1960s and 1970s, and the
Chernobyl accident in 1986, emitted large amounts of man-
made radioisotopes (e.g. "*Cs and "*'Cs) into the atmos-
phere. Some of this material reached glaciers in the Arctic,
providing permanent records of deposition. In 1999, the
Chernobyl layer in the Austfonna ice cap was never deeper
than 9m, so it was possible to determine the mean annual
net mass balance for 12 years over the whole Austfonna accu-
mulation area by retrieving a series of shallow ice cores. In the
present study, we identify both natural and artificial radio-
active signatures in shallow ice cores drilled in Austfonna in
spring 1998 and 1999. We determined the mean snow accumu-
lation from the radioactive layers associated with Chernobyl
and the atmospheric nuclear tests layer, the latter having a
maximum in 1963 in the Arctic. In addition, GPR methods
have been used to derive continuous profiles of the 1998/99
winter snow cover from seven profiles.

After the fieldwork, all the cores were subsampled (cut
into sections approximately 15-20 cm long) in cold rooms in
order to conduct high-resolution gamma spectrometry. The
radiochemical preparation of these samples mainly involved
melting, acidification and filtration, and final standardized
mounting for gamma radioactivity as described by Delmas
and Pourchet (1977). Altogether, the 1999 cores consist of 700
samples for a total length of 175 m, whereas in 1998 we pre-
pared 250 samples for a total length of 90 m. The Japanese
deep ice cores were subsampled by the NIPR and the
Norwegian Polar Institute (NPI) between the surface and
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Fig. 2. Snow-ice density and "> Cs ( from Chernobyl) profiles
with depth for the southeast ( XEGNT) transect (Fig. ).
Note the changing scale for ™ Cs.
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40 m depth for radioactivity and other measurements (K.
Kamiyama and others, unpublished information).

The high-resolution gamma spectrometry analyses were
conducted in a specially designed laboratory at the Laboratoire
de Glaciologie et Géophysique de I'Environnement, Grenoble
(Pinglot and Pourchet, 1994). It was possible to determine
both natural and artificial radioactivity in the snowpack.
The stratigraphy of the radioactive layers includes "*’Cs from
the nuclear tests (1954-74) and Chernobyl (1986), as well as
2P of natural atmospheric origin (Pinglot and others,
1994). In order to determine the “°Pb winter deposition,
gamma spectrometry was conducted on the upper samples of
the cores representing the winter 1997/98 and 1998/99 snow
accumulations.

2.3. GPR and GPS survey: error analysis and data
processing

During the fieldwork in 1999, we used a RAMAC impulse
GPR system operating at 500 MHz and two Ashtech Z-XII
global positioning system (GPS) receivers to profile Aust-
fonna. Snow radar and GPS data were collected continu-
ously along 300km long traverses following the routes
between the core sites (Fig. 1). The dataset comprises
approximately 150 000 GPR traces and 22000 GPS points.
Manual snow-depth measurements were taken at the core
sites and at a number of intermediate points along the trans-
ects. These 50 manually observed snow depths were used to
check and calibrate the snow depth obtained by the GPR.

The radar control unit, laptop computer, GPS antenna
and receiver were operated from a sledge pulled by a snow-
mobile. The radar antenna was mounted on a non-metallic
sledge pulled 2 m behind the first sledge with the GPS and
GPR units. Each 500 MHz GPR record was collected in the
form of 512 samples with a sampling frequency of
4865 MHz, giving a time window of 105 ns for each trace.
Eight individual radar returns were stacked to increase the
signal-to-noise ratio. This stacked trace was recorded in the
laptop computer. To determine locations, differential or
kinematic GPS was used. In addition to the on-board GPS
receiver (rover), one stationary receiver was located at the
camp site. This reference receiver was related to a fixed geo-
detic point beyond the ice cap. The method is fully described
by Eiken and others (1997).

GPR and GPS data were sampled with fixed time intervals
of 0.5 and 5 s, respectively. The spatial measurement interval
therefore depends on snowmobile speed (~4 m s '), and aver-
aged around 2 and 20 m for GPR and GPS, respectively.

2.3.1. GPR processing

The radar receives signals from different reflectors in the
snowpack. In order to obtain quantitative snow-accumu-
lation measurements from GPR data, it is necessary to con-
vert time-dependent radar return signals to depths. The
winter 1998/99 snow—ice or snow—firn interface must be iden-
tified and separated from the other reflectors. A time-vary-
ing gain function was used to amplify the signal at depth.
Usually two dominant signals can be observed (Fig. 3): the
reflection returned from the surface of the snow cover, which
serves as the time reference; and the echo from the snow—firn
or snow—ice interface. In the ablation and superimposed-ice
area, the snow—ice reflector can easily be identified using the
layer reflection intensity since the winter snow cover lies on
top of uniform cold ice. In the accumulation area, the snow—
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Fig. 3. GPR signals: typical section of a 500 MHz record from the south transect DORRIR?2 around core R ( Fig. 1), which shows
a clear reflection from the ice—snow interface. The distance between the traces is approximately 2 m, and a TWT of 10 ns gives a
depth of about 1.15 m in snow. Repeated events (e.g. vertical ellipses) are system ringing.

firn interface is less distinct, due to a less homogeneous and
less well-developed summer surface. The snow cover lies on
top of heterogeneous firn (firn, superimposed-ice and ice
layers), as shown in the pit and ice-core stratigraphy (Fig.
2). The winter 1998/99 snow cover was identified using the
layer reflection intensity correlated to the core stratigraphy
and manual probing.

To construct a snow-distribution map from these GPR
data, the onset time of the surface and snow—ice/snow—firn
reflections must be determined. An interactive mouse-driven
computer program (SIRDAS Data Analysis System from
SUSAR Consulting AS) was used to determine the onset
times and the two-way-travel times (TW'T') between the snow
surface and snow—firn/snow—ice interface along most of the
GPR profiles (80% ). Gaps occurred in the output of the auto-
matic digitizing when the signal from the snow—firn interface
was too weak to be determined. In those areas, no accumu-
lation data were obtained from the GPR measurements.

The electromagnetic wave speed (vg) through snow and
firn can be determined by

Vg = CO/\/E7

where ¢y (2988 x10°m's ") is the speed of the electromag-
netic wave in a vacuum and € is the dielectric constant. The
dielectric constant, in turn, is a function of several param-
eters, of which the most important are density and water
content (Ulaby and others, 1986; Kovacs and others, 1993).
Dry snow and firn are assumed everywhere in spring, and
the thermistor data from the core sites show subfreezing tem-
peratures in the upper 10 m of the snow/firn pack. Density
will thus be the most important factor determining the wave
propagation speed. The snow densities measured at the core
sites varied from 340 to 390 kg m °, averaging to 375 kgm .
Based on empirical models for estimation of the dielectric
constant, this should give a dielectric constant close to 1.7, as
also used by Winther and others (1998) investigating snow
distribution on Spitsbergen, Svalbard. The snow thickness
was calculated from the TWTusing an average electromag-
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netic wave velocity in snow of 230 m s ', following from
using € =1.7. A constant wave speed was assumed to simplify
the depth calculations. Along the GPR profiles, the snow
thicknesses were translated into snow accumulation in
mw.e. using the measured depth—density distributions.

2.3.2. GPR error analysis and data treatment

The accuracy of the accumulation thus obtained, in m w.e.,
depends on the accuracy of the wave propagation speed,
snow density and interpretation of the radar recordings.

The error introduced by density variations was assessed.
The wave propagation speed was estimated using maxi-
mum (390kgm *) and minimum (340 kgm *) densities.
The difference in the wave speed between these two cases
gave a 4% difference in the estimated snow depth. The effect
on the calculated accumulation could be up to 10% in the
measured depth range (0.5-3 m).

The automatic digitizer can pick up the onset times from
the snow surface to within half the sampling interval, that is
equal to about 023 m of snow (Fig. 3). The quality of the
reflection from the snow—ice/snow—firn interface, however,
1s influenced by several factors:

(1) the thickness of the snow cover and the spreading loss,
(2) the roughness of the interface,

(3) interference from nearby reflections rather than a direct
representation of the individual discontinuities in
impedance themselves (especially in the accumulation
area), and

(4) the dielectric constant contrast between the snow and ice
or firn below the snow mainly through changes in density
(Refzlaff and others, 1993; Rosenberger and others, 1997).

All these factors affect the accuracy of the automatic depth
determination.

Moreover, if the wavelengths used are greater than the
thickness of the individual ice layer/snow layers, each internal
horizon corresponds to interference from several layers
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Fig. 4. Snow depth (mw.e.) and surface elevation ( dotted line) for northwest ( XFHMIM2) and south ( DORRIR?2) transects
(located in Fig. 1), measured by radar and GPS. Both unsmoothed and smoothed ( thick black line) radar data are shown. Snow
depths (mw.e,) for the core sites along the transects are also shown (black circles ).

(Harrison, 1973). Interference could lead to random vertical
displacement of some horizons and the visual impression of
a high-resolution record. On Austfonna, the pit and core
studies show several thin, closely spaced ice—firn layers just
below the summer surface. We could thus expect interference
in our GPR data which will affect the determination of the
onset time for the snow—firn interface and lead to noise in
the derived TWT.

The estimated snow accumulation shows large spatial
variations over short distances (50—100 m) (Fig. 4a and b).
We estimated the variability along transects for spatial
averages of groups of data. The variability is given as a coef-
ficient of variation expressed by the ratio of the standard
deviation of a given number of accumulation values (25
points/500 m) to the mean value. The variability for the dif-
ferent groups of data along transects ranges from roughly
25% for the groups of data derived from the accumulation
area to about 12% for data from the ablation area. The high-
er noise signal found in the accumulation area is probably a
result of the random vertical displacement of the GPR hori-
zon due to interference of the radar signal and to less homo-
geneous GPR horizons. By spatially averaging our GPR
data we obtained data with low variability, reflecting pri-
marily real spatial differences in the snow-accumulation
pattern. All accumulation data were therefore spatially
averaged using a 25-point moving average. Analysis of
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several digitized records indicates an average digitizing
error of 5 cm for the snow—ice reflection and 15 cm for the
snow—firn reflection.

2.3.3. Differential GPS for positioning

Ashtech’s Precise NAVigation (PNAV) software was used for
processing the GPS data. The PNAV software produces the
so-called “on-the-fly” (OTT) ambiguity resolution in the
measured GPS code and phase data. For OTT initialization,
the first few measurements are used to resolve the phase ambi-
guities, which means determining the integer number of
wavelengths between the satellite and the receivers. After this,
a Kalman filter is used to calculate both static and kinematic
positions. The position of the rover antennae relative to the
fixed GPS receivers is then determined along each transect.
Static fixed solutions were determined for the beginning and
the end of the survey and beside core sites and all points where
the snowmobile stopped. The GPS-measured heights are
related to sea level by subtracting a constant geoid height of
26.62m from the World Geodetic System 1984 (WGS84)
derived ellipsoidal heights.

2.34. Geo-coding

The horizontal and vertical position of the GPR traverses
could be determined from the kinematic GPS survey. How-
ever, a major obstacle to obtaining an accurate horizontal
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and vertical position of each GPR data point is the relatively
poor density of the GPS measurements. GPS data were
obtained at 5s intervals, and GPR at 0.5s intervals. The
starting and ending coordinates of the individual GPR tran-
sect were measured. The horizontal position of the GPR
traces 1s determined by interpolation, assuming constant
velocity and thus equidistant sampling space between the
starting and ending coordinates for each GPR file. The ele-
vation is determined by linear interpolation between the
closest pair of GPS coordinates for each shot. As a result,
locations (z, ¥, 2) were determined to within 0.5 m both ver-
tically and horizontally for most of the data points.

GPS data were also used to fix the position of core sites
and current geometry of the surface, resulting in accuracies
of about 1 m vertically and 5 m horizontally (Table 1).

3. RESULTS
3.1. Radioactivity

3.1.1 %"’ Pb winter deposttion

The measured ““Pb (natural isotope) winter deposition
shows large annual and interannual variations (Table 1).
The mean ?Pb fallout varies by a factor of 2 between
winter 1997/98 (186 Bqm ?) and 1998/99 (43.7 Bqm ?), with
standard deviations of 96 and 26.5Bqm % respectively.
From Figure 5 it is evident that there is a clear positive cor-
relation (r? = 0.88) between 1998/99 winter snow-accumu-
lation rate and 2°Pb fallout, with high accumulation rates
giving high Pb depositions. Interannual *°Pb winter depos-
ition variation can thus be ascribed to differences in accu-
mulation and not to differences in deposition processes.

3.1.2. Reference and ablation layers
The Chernobyl layer has been identified in 19 ice cores from
the accumulation area (Table 2). The Chernobyl deposition
varies from 1 Bqm ? (at core site]) up to 47 Bqm ? (at core
site X), with all activities corrected to 1 January 2000. The
mean value for 19 determinations is 10Bqm % with a
10 Bqm ? standard deviation. There is no clear relationship
with altitude, and a strong spatial variability was observed.
For instance, "*’Cs depositions of 5 and 47 Bqm * were
measured for ice cores X and Z which are situated only a
few hundred metres apart.

Figure 2 shows density and ™ Cs profiles for ice cores X, E,
G, N and T along the southeast transect (Fig. 1). The peak in
B7(Cs corresponding to the Chernobyl layer is clearly seen in
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Table 1. Ice-core locations at Austfonna in 1998 and 1999 with
mean density of winter snow, accumulation during the 1997/

98 and 1998/99 winters, and “"’Pb winter deposition over

Austfonna
Ice core Location Altitude  Density  Winter — *"Pb
(Fig. 1) balance
masl. kgm® mwe Bqm

1998
A 79°50'00"" N, 24°56'09” E 729 320 0.237 17
B 79°47'00" N, 25°24'00" E 586 350 0244 38
c 79°45'00" N, 23°52'00” E 707 340 0363 20
D 79°36'54" N, 23°29'26" E. 708 330 0306 20
Ee 79°45'58" N, 22°47'58" £ 495 310 0.217 8
Fe 79°46'00" N, 22°43'00" E 450 350 0.191 12
Ge 79°45'49'' N, 22°3700" E 410 350 0.162 15
J 79°47'52"" N, 23°59'51"E. 758 330 0.264

1999
E 79°45'54" N, 24°48/35" E 720 362 0.60 59
F 79°52/29" N, 23°32/30" E 727 354.5 0.30 16
G 79°4152'' N, 25°05'46"” E 604 380 0.74 85
H 79°53'51"N, 23°13/49" E 619 390 021025 11
K 79°52'28"" N, 24°02'46" £ 728 374 0.34 20
L 79°57'45" N, 24°10'11"E 620 382 0.31 18
Ml 79°55'03" N, 23°04'39" E 521 377 0.41 33
M2 79°55'28" N, 23°02'11"E 457 337 0.14 10
N 79°39'52" N, 25°1409" E 491 379 0.66 72
O 80°0223"' N, 24°14'49" £ 506 370 0.15-0.28 8
02 80°04'13"" N, 24°16'01"E 435 325 0.25 22
P 79°40'52" N, 23°42'47" E 653 366 0.35 40
Q 79°33'15" N, 23°47'49" E 613 383 0.68 55
R 79°30'42'' N, 24°01’58" E 51l 374.5 0.68 61
R1 79°29'15"" N, 24°10'51"E 433 369 0.62 55
R2 79°26'22" N, 24°26'23""E 365 343 0.56 72
S 79°33'08" N, 22°47'57" E 651 366.5 0.39 37
T 79°37'49" N, 25°22'11"E 360 369 0.67 79
U 79°50'52"" N, 25°47'19" E 619 382 0.65 86
X,Y,Z 79°49'48" N, 24°00'05" E 783 378 036-047 35

Table 2. Detection of the Chernobyl layer in the 1998 and 1999
Austfonna ice cores: real and w.e. depths, ™ Cs deposition (on
1 January 2000), winter mass balance and MANMB ( min.
and max. values, for the time pertod from 1986 to the date of

drilling )

Ieccore (Fig. 1) Sample No.  Chernobyl layer depth ~ *’Cs ~ MANMB
m mwe. Bqm? mwea

1998
A 20 819-855 466-497 2 0.41-043
B 20 6.05-627 3.86-4.04 14 0.33-035
C 28 829-867 612-645 14 0.53-0.55
D 21 747-778 393420 11 033-035
J At025  882-1047 524666 1 0.46-0.58

1999
E 9299 810-832 4.86-505 4  0355-037
F 16 641-665 467489 9 036-0.38
G 14-1 578-599 4.17-436 1l 0.29-0.30
H 10 331-353 268287 24 0.21-0.22
K 19 797-759 464492 2 036-038
L 13 444-478 359-389 6 030032
N 10-2 436-458 293-312 13 019-0205
P 19-2 832-849 6.16-631 11 0.48-0.50
Q 16-2 657679 4.04-424 7 0.28-030
R 10 464-501 320-354 3 0.21-0.24
S 18-1 719-737 445-460 4 034-0.35
U 12-1t012-2  4.58-507 313-335 2 0.21-0.24
X 2 8.81-898 576-591 47 0.45-0.46
v/ 9 809-895 465-530 5  039-0445
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one sample (15-30 cm long) along each core. The depth ranges
inTable 2 correspond to the length of the sample. As the alti-
tude decreases from ice core X (783 m) to ice core N (491 m),
the Chernobyl layer depth decreases from 8.9 m to 4.47 m.

The concentration of "’ Cs in core Tis an order of magni-
tude larger than in the other cores along the transect.
Similar high "’Cs concentrations are present in cores Fe,
Ge, Ee, M2 and O2 (Table 3). In all these cores, the high
B7Cs concentration was found just below the winter 1997/98
and 1998/99 snow covers. In ice core T the ®’Cs concentra-
tion is as high as 1353 mBq kg ' and the deposition is 119 Bq
m ? (Fig. 2). This concentration is much higher than that
found in the 19 cores where the Chernobyl layer is present
(cf. "'Cs values in Tables 2 and 3). High concentrations of
B7Cs and *'"Ph have also been found in ice cores drilled on
Kongsvegen (Lefauconnier and others, 1994) and Finster-
walderbreen, Spitsbergen (Pinglot and others, 1997). These
authors attributed this to the drilling of these cores in the
ablation area, where all artificial radioactive deposits are
concentrated, giving rise to high measured values. The dust
layer formed at the surface in the ablation area acts as a filter
that traps radioactive materials that have been removed
from the basin. High concentrations thus indicate that the
cores are drilled in the ablation area. In Figure 6, the
respective concentrations of "’Cs and ?Pb isotopes are
plotted for cores Fe, Ge, Ee, M2, O2 and T. There is a strong
positive correlation between the two isotopes. This suggests
that the concentration process of radioactive materials is the
same for both artificial and natural radioactivity. This is in
accordance with previous work on other Svalbard glaciers
(Pinglot and others, 1997).

In cores M1, O, Rl and R2, only negligible amounts of
2Pk and 7 Cs fallout were found. Based on their positions,
we propose that the cores are from the accumulation area
(Table 3), but, since melting and percolation are quite
intense, the deposited particles may have been washed out
of the snowpack or transported to greater depths. The mean
annual accumulation at these locations could only be
deduced by extrapolation from the mean annual net mass-
balance gradients.

In core J we found two peaks in the "*'Cs radioactivity
profile: one at an original deposition depth of 8.82 m, extend-
ing down to 1047 m (Table 2), and the second at a depth of
22.53-22.88 m. These peaks correspond to deposition from
the Chernobyl accident in 1986 and the nuclear tests (1954—
74) which led to a radioactivity peak in 1963.
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Table 3."7Cs and *" Pb deposition of the dust layers

Leecore (Fig. 1) Altitude o 20 py MANMB
ma.s.L Bqm 2 Bqm 2 mw.e.
Ee 495 279 72 0
Fe 450 31 33 0
Ge 410 79 59 0
Ml 521 0 n.d. 0.09"
M2 457 79 40 0
e} 506 0 nd. 011"
02 435 48 10 0
Rl 433 0 nd. 0.18"
R2 365 0 nd. 0.14"
T 360 119 102 0

* Mass balance based on extrapolation (n.d. means not detected).

3.2. Winter accumulation

Results from the radar soundings together with surface eleva-
tions and snow accumulation (winter mass balance) at ice-
core locations along the northwest transect are presented in
Figure 4a (XFHMIM?2 (22 km) in Fig. ). GPR sounding data
yield additional information on winter snow-accumulation
distribution between the core sites. The GPR data were tuned
to the depth of the previous summer surface. The accumu-
lation from pit studies shows substantial variability over short
distances. This presumably reflects real spatial variability
owing to wind scouring and redeposition, and indicates that
individual measurements are not a reliable estimator of the
average accumulation rates. Figure 4 shows the limited
representativeness of the manual snow-accumulation meas-
urements. It shows that there are marked spatial variations
in accumulation rates over both short and long distances
along the transects. The smoothed snow accumulation (Fig.
4a) ranges from 0.14 to 0.56 mw.e., with a 0.35 mw.e. mean
value. There is a clear correlation between elevation and
snow depth, with values ranging from <020 mw.e. at about
375 ma.s.l. to >0.60mw.e. at 780 ma.s.L.

Data are also shown for the south transect (Fig. 4b,
DORRIR?2 in Fig. 1). As with the other profile, there is a
relationship between elevation and snow depth ranging
from 0.46 mw.e. at 300 ma.s.l. to 0.69 mw.e. at 600 ma.s.l..
Between 0 and 20 km, there is a decrease in the snow accu-
mulation with increasing elevation. The smoothed snow
accumulation ranges from 0.50 to 0.73 m w.e., with a 0.64 m
w.e. mean value. The amount of accumulation along the
south transect is about 0.30 m higher than for the northwest
transect. The accumulation as a function of elevation varies
between the two transects, ~0.09 m per 100 m and ~0.03 m
per 100 m, respectively. These two profiles are situated
northwest and southeast of the main ice divide (TFig. I).
Similar changes in snow-accumulation gradient could also
be seen from the eastern to the western part of the main ice
divide, with highest accumulation in the east.

These data have therefore been used to construct the map
of the winter accumulation for 1998/99 as shown in Figure 7.
The accuracy of the map is quite high along the transects,
and decreases rapidly with increasing distance from them. It
shows the overall snow-accumulation pattern on the ice cap,
including the main trends, with decreasing values from east
to west and from south to north. The 1998/99 winter accumu-
lation decreases from 0.65 mw.e. in the southeastern areas
down to about half this value in the northwestern areas.
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Fig. 7. Distribution map of the 1998/99 winter mass balance (m w.e.) on Austfonna, based on ice cores and GPR measurements.

Based on the snow distribution in Figure 7, the winter
accumulation on Austfonna was calculated to be 2.69 x 10°
m®, on the 5474 km? investigated area of the ice cap, corres-
ponding to an average 0.49 m w.e. of snow accumulation.

Table 1 shows winter accumulation for winters 199798
and 1998/99 found at the core sites, with values (based on 8
and 20 measurements made on a large part of the ice cap) of
0.25 £0.06 and 0.45 £0.02 m w.e., respectively. Similar dif-
ferences were found by Schytt (1964), with a total accumu-
lation for 1957/58 that was 50% higher than for 1956/57.

3.3. Mean annual net mass balance

The mean annual net mass balance (MANMB) for the
period from 1986 to the date of the core retrieval has been
determined for the 19 cores where the Chernobyl reference
layer is preserved. After translation to mw.e. and divided by
the time-span between core retrieval and the datum stratum,
and with subtraction of the winter 1997/98 and 1998/99 snow
layers, the MANMBs were determined over 12 or 13 years
("*7Cs fallout from 1986 to 1998 or 1999). The measured net
mass balance ranges from 0.19 to 0.54mw.e.a ' (Table 2),
and the variations mainly depend on the altitude (Fig. 8).
The MANMB is not constant for a given altitude, however.
For instance, it is 0.34 and 0.54mw.e. at ice cores D
(708 ma.s.l) and C (707 ma.s.l), respectively. The MANMB
exhibits maximum values (0.53—0.55 m w.e.) close to the top of
theice cap (Fig. 9). A 0.05 mw.e. MANMB was determined at
Isdomen (79°33'N, 25°05' E; 374 ma.s.l) (Dowdeswell and
Drewry, 1989). This is in accordance with our results.

The MANMB values are higher than the 199798 winter
mass balances (Table 3). This is also true for eight ice cores
retrieved in 1999 compared to the 1998/99 winter mass
balances. This demonstrates that these winter 1998/99 mass
balances have lower values than the mean value over the last
12—13 years.

The mean equilibrium-line altitudes (ELAs) are deter-
mined for five transects, fitting the observations to a linear
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altitudinal gradient of the MANMB (Fig. 8a—¢). From these
gradients the MANMB could be estimated for cores M1, O,
Rl and R2 (Table 3). The northwest transect (XFHMIM?2)
indicates an ELA at 472 ma.s.l. and a mean snow-accumu-
lation gradient of 0.I5mw.e. per 100m. The southeast
(XEGNT) and south (DQRRIR?2) transects show quite dif-
ferent values. For the southeast transect, the ELA is as low as
339 m a.s.l. and the gradient is 0.10 m w.e. per 100 m. This is in
agreement with the thicker winter snow layer deposited in this
area. These determinations are also in close agreement with
earlier investigations. Schytt (1964) indicated 450 and
300 m a.s.l. ELAs for west Vestfonna and northeast Austfonna,
respectively; Dowdeswell and Drewry (1989) determined an
ELA at 330-400 m a.s.l. for northeast Austfonna. The south
transect shows a gradient of 0.06 m w.e. per 100 m, along with
a surprisingly low ELA at 124 m a.s.L. that gives a very large
accumulation—area ratio (AAR). This determination for
Brasvellbreen may explain the surge character in this part
of Austfonna (largest surge in Svalbard in 1937). From the
determination of the ELAs, the AAR is 0.45. These ELAs
and gradients found at Austfonna can be compared to values
for other Svalbard glaciers. The ELA in 1980 at nearby
Storoya was about 115 m a.s.l. (Jonsson, 1982). Kongsvegen and
Kronebreen in northwest Spitsbergen have higher ELAs at 500
and 630ma.s.l., respectively, and much higher net mass-
balance gradients of 0.33 and 0.32 m w.e. per 100 m, respectively.
The difference is due to a more maritime climate on the west
coast of Spitshbergen than on Nordaustlandet.

A map of the MANMB in the accumulation area was
formed based on the 19 ice cores in the accumulation area,
the ELA variations and the location of six cores (Ee, Te, Ge,
M2, O2 and T) in the ablation area (Fig. 9). The larger
accumulation areas are located to the east and south of the
ice divide (Dowdeswell and Cooper, 1986). The map allows
us to calculate the mean annual net mass budget of the Aust-
fonna accumulation area (Table 4).

Based on the two peaks in ' Cs radioactivity found in the
1998 Japanese deep core, it was possible to estimate the
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Fig. 8. Relationship between MANMB at the core sites and
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Table 4. Distribution of the area and total mass budget for the
different mean annual net mass-balance isopleths on Austfonna

(Fig. 9)

Mass-balance interval Avrea between isopleths Total mass budget
mw.e.a ' km? 10° m®
>0.50 138 72
0.40-0.50 468 211

0.30-0.40 1092 382
0.20-0.30 698 174
0.00-0.20 1426 143
0.00—>0.50 3822 982

MANMB for two separate periods, 196386 and 1986-97:
0.50 and 0.52 mw.e., respectively. This difference is not sig-
nificant. The temporal variation of the MANMB has pre-
viously been studied from ice cores over Svalbard, using the
same dating horizons. MANMB at these locations does not
indicate any significant change on Svalbard either (Pinglot
and others, 1999).

4. DISCUSSION
4.1.%7Cs and *°Pb depositions

A number of studies have been carried out on glaciers in
Svalbard to determine the '*Cs deposition in the Chernobyl
layer (Pinglot and others, 1994). In general, the deposition
on Austfonna varies widely, from only a few Bgm ? up to
47 Bqm ? with a mean of 10Bqm 2 (19 cores in the accu-
mulation area) (Fig. 9). Larger variations are also found
for cores drilled only a few hundred metres apart (e.g. Aust-
fonna cores X and Z, respectively 5 and 47 Bqm 7). These
variations must be due to different amounts of fallout or
post-depositional processes.

In Svalbard, the radioactivity due to the Chernobyl
accident arrived in early May 1986. On Austfonna, the first
B7Cs radioactive elements fell on
4 May, whereas the main deposition occurred during 10-11

snow containing **Cs and

May, when a strong low-pressure system with strong precipi-
tation passed Svalbard and Nordaustlandet (Pourchet and
others, 1986). A similar fallout pattern in time was found in
Ny-Alesund. The fallout decreased rapidly after this event
since the Chernobyl emission was restricted to the tropo-
sphere, where residence times are relatively short. The
resulting deposition thus occurred over a relatively short
period, and is mainly due to several distinct snowfalls that
could easily be affected by post-depositional processes.
Moreover, a part of this radioactivity could have propa-
gated downward, due to melting and percolation processes,
especially during warm summers. From the " Cs profiles for
cores X, E, G and N it is clear that melting and percolation
are not very active at these locations; the Chernobyl layer is
well preserved and occurs even at lower elevations. Melting
and percolation has been identified in ice cores drilled on
other Svalbard glaciers (Pinglot and others, 1994). The large
spatial variations indicate that there are effects of redeposition
of snow by the wind in the period just after the Chernobyl
deposition. We compared the average *Cs deposition from
the Austfonna ice cores with that of other cores drilled in
Svalbard (Pinglot and others, 1994). The depositions were
10410 Bgm 2 and 7.6 Bqm ? respectively. This shows that
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Fig. 9. Distribution map of the MANMB (mw.e.) on Austfonna. Isopleths correspond to MANMB contours: 0.5, 0.4, 0.5, 0.2

and 0.0 mw.e. @ '. Dashed lines represent the main ice divides.

the average deposition values are similar over the Svalbard
archipelago. The deposition processes indicate that wet
deposition is very efficient for ?“Pb, while wind scouring
affects sudden events such as Chernobyl.

The "’ Cs fallout from thermonuclear tests found in core ]
1s compared with data from previous studies from Svalbard
glaciers (Pinglot and others, 1994). A "'Cs deposition of
288 Bq m ? (mean value for nine ice cores) is found and, as
already mentioned, the "*’Cs fallout from atmospheric thermo-
nuclear tests 1s about 10—-20 times that of Chernobyl fallout.

The high correlation between ?°Pb winter deposition
and winter accumulation rates indicates a common depos-
ition process. The closely linear relationship results from the
fact that the °Pb concentration is homogeneous in the air
masses over Svalbard.

Variations in “Pb winter deposition are due to differ-
ences in the amount of winter accumulation rather than dif-
ferences in the deposition processes. This means that the wet
deposition of *“Pb by snowfall is very efficient (Preiss and
others, 1996).

4.2. Winter accumulation 1998/99

GPR methods have been used to map the winter 1998/99
snow distribution over Austfonna. Radar soundings can
yield valuable data; they give high-resolution data between
the core sites, but the interpretation of the GPR images may,
at least in some cases, be a matter of subjective judgment.
However, if an accumulation profile based on GPR images
can be calibrated with manual snow-probing and firn-core
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drillings, the interpretations of the GPR images will be less
uncertain (Sand and Bruland, 1998). GPR data can be used
to improve accumulation maps and to check the representa-
tiveness of manual snow-probing and ice-core results. Accu-
mulation is a function of precipitation, sublimation and net
deposition/erosion of snow by drifting

The distribution of accumulation over the ice cap appears
to be influenced by ice-surface topography and meteorologi-
cal factors. The lowest and highest accumulation sites occur
on the north-northwestern and south-southeastern parts of
the ice cap, respectively. The accumulation pattern reflects
the asymmetrical ice divides separating the northern and
western parts of the ice cap from the eastern and southern
parts. Roughly the same pattern was mapped by Schytt
(1964) during the 1957/58 winter. This snow-distribution
pattern reflects the large-scale wind field caused by low-
pressure areas passing across the Barents Sea, bringing
moist air to the eastern parts of Svalbard. This circulation
pattern is controlled by the position of the climatological
low-pressure area near Iceland and the relatively high pres-
sure over Greenland and the Arctic Ocean. Less frequently,
moist air masses arrive with westerly and southerly winds
(Forland and others, 1997a). Polar air masses from the
northeast dominate during the winter period (Barrie, 1986).

Topographical factors affecting accumulation are eleva-
tion, exposure, steepness and aspect of the terrain slope.
Precipitation related to orographic lifting of the moister air
is an important process in the polar regions. Southerly and
easterly winds will deposit snow rapidly after reaching Aust-
fonna, when the air masses are lifted and cooled. However,
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Austfonna is situated in a precipitation shadow for moister
air masses from the west. This explains the maximum accu-
mulation on the windward side of the ice cap. The relatively
high accumulation found along the leeward side of the ice
divide is probably a spillover effect, transferring high-accu-
mulation area to the leeward side by wind effects. This effect
was also very distinct on Austre Broggerbreen (Forland and
others, 1997b).

In order to calculate typical altitudinal accumulation
gradients at different transects, the winter precipitation values
are expressed as ratios to the accumulation at base camp. The
accumulation—altitude relationship for the southern part of
Austfonna indicates both a precipitation decrease and
increase, depending on the distance from the dome of the ice
cap. The precipitation gradients range from —4% per 100 m
(southeast transect) to almost 3% per 100 m for the south
transect (elevation span 250-775 m a.s.1.). In the northern part
there is a precipitation gradient increase of 10-15% per 100 m
(elevation span 250—-77> ma.s.l). Different gradients should
therefore be used for the northern and southern parts of the
ice cap. We emphasize that the measured precipitation gradi-
ents may not be representative of winter precipitation trends
for other years, but the winter snow distribution was similar
for winters 1997/98, 195758 and 1956/57. For comparison, For-
land and others (1997b) reported a gradient of precipitation
with elevation of 20% per 100 m for the Ny-Alesund area,
whereas Hagen and Lefauconnier (1995) reported a gradient
of 25% per 100 m for Broggerbreen. A study of the snow dis-
tribution carried out on several Spitsbergen glaciers has
shown that gradients vary greatly, ranging from 0.003 to
0.237 m w.e. per 100 m (Winther and others, 1998). As for Aust-
fonna, most of these variations are due to the location of the
ice cap in relation to direction of the moisture-bearing air
masses. This implies that it could be difficult to obtain gradi-
ents with large spatial validity.

4.3. MANMB

The MANMB at the top of Austfonna is 0.5 mw.e. (mean
value for 1963-97) and can be compared to and discussed
in relation to earlier results. This is much higher than the
value of 0.06—0.07 m w.e. reported by Ahlmann (1933). How-
ever, as mentioned by Schytt (1964), the low value reported
by Ahlmann was due to difficulties in interpreting the strati-
graphic method of determining accumulation, leading to
incorrect estimates of the accumulation rates. IFrom total
beta radioactivity measurements, Punning and others
(1986) reported a net mass balance of 0.81 m w.e. This high
value was due to difficulties in interpreting the radioactivity
profile, which included natural and artificial components.
Zagorodnov and Arkhipov (1990) estimated this mass
balance to be 0.3 mw.e. for recent centuries. K. Kamiyama
and others (unpublished information) determined the 1963
layer by the tritium method, and their mass-balance deter-
minations are in close agreement with our values.

5. CONCLUSIONS

Chernobyl fallout has been detected in 19 ice cores from the
accumulation area of Austfonna. Radioisotopes from the
atmosphere are mainly deposited on the ice surface by wet
deposition (snowfall), as demonstrated with *°Pb. Post-
depositional processes due to wind scouring, melting and per-
colation, as demonstrated by the "’Cs and *°Pb analysis,
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result in large spatial variations of the specific isotope con-
centrations.

Comparison of the Austfonna winter mass-balance
results from GPR, manual snow probing and ice cores shows
that the first significant reflection detected corresponds to
the snow—firn (above the firn line) and snow—ice (below
the firn line) interface. GPR could be used for winter snow
surveys, but reliable measurements of the snow thickness
are only obtained when GPR is calibrated with manual
depth measurements. The radar results show marked spatial
variations in accumulation rate over both short and long
distances. The winter snow accumulation and the MANMB
are higher on the southeastern than on the northwestern
side of the ice cap, indicating that more winter accumu-
lation comes with easterly than with westerly winds.

The results show large spatial variations in the MANMB
rates (max. 0.54 mw.e) even at a given altitude, as well as in
the net mass-balance gradients (0.059-0.151 m w.e. per 100 m)
and ELAs (124—467 m a.s.1) across the ice cap.

The mean annual net mass budget of the Austfonna accu-
mulation area is about 1 km®, as determined from five different
1sopleths (Table 4). This budget may be slightly underestimated
due to the locations of some of the ice cores on ice divides rather
than on flowlines. The AAR of Austfonna reaches 0.45.

Our study from several Svalbard ice cores indicates that
there is no trend in the accumulation rates over the periods
1963-86 and 1986-97/98.

The mean annual net balance gradients presented here
can be used as input for models of the mass and energy
balance of glaciers in the Arctic.
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