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ABSTRACT. In order to determine the equilibrium line (EL) and the annual net 
mass balance over the accumulation area of Finsterwalderbreen, Spitsbergen, Svalbard 
(by detection of the 1962- 63 radioactive peak from the 1961- 62 atmospheric nuclear tes ts), 
we collec ted 14 ice cores, at elevations of 445- 730 m, in the springs of 1994 and 1995. The 
corresponding samples were melted and filtered for laboratory gamma spectrometry. In 
the accumulation area, the 1962- 63 radioactive layer is found well below the surface. The 
mean annual accumulation is not invariably related to altitude. The EL, averaged to 
545 m a.s.!., leads to an accumulation area ratio of 0.3 and indicates a strong negative 
balance. The 584Bqm 2 mean 137Cs deposition rate (1954- 74 nuclear tests ) for eight ice 
cores in the accumulation area is nearly twice the 340 Bq m 2 mean Svalbard value ob-
tained from six other glaciers (at time of deposition ). , 

An in situ gamma-ray detector was lowered down each borehole, and I37CS levels were 
recorded. The counting rate is proportional to the apparent deposition rate and the speci­
fic activity. The laboratory measurements perfectly match the in situ determinations. In 
the ablation area, a dust layer and the associated nuclear test deposits are concentrated 
close to the bare ice surface of the glacier, under the winter snow layer and present max­
imum 137 Cs and 210Pb contents. The dust layer acts like a filter for radioactive materials 
removed from the glacier and its basin by melting and water flow. The original specific 
activities and deposition rates at a given location are enhanced by adsorption of additional 

d · .. h d . I A I' I ' h' . b 137C d 210Pb ra lOactlvlty on t e ust par tIC es. mear re atlOns Ip eXIsts etween s an 
deposition rates. This process is almost constant [or all studied ice co res. The apparent 
137 Cs deposition rate for seven ice cores in the ablation area is 465 Bq m -2 (at date of mea­
surement: IJuly 1995). 

INTRODUCTION lation area and close to the estimated EL, at elevations of 
445- 730ma.s.!. (Fox and Nuttall, in press), we made 13 ice 
cores with a light electromechanical drill (denoted F2, F3, 
F4, F5, F6, F7, F8, F9, FIO, Fllb, F12, Fl3 and F14, with 
depths ranging from a few meters up to 30 m ), and collected 
samples from a pit (Flit ) (Table I). The locations of the cores 
were plotted on an accurate map by Fox and Nuttall (in 
press ), based on a 1990 air photograph (Fig. I). After density 
measurement, the snow samples (25 cm mean length ) were 
sealed in plastic bags. All ice cores consist of superimposed 
ice, even in the accumulation area. Just under the winter 
layer, the snow density rapidly increases to 0.9. Then, in the 
base camp close to the glacier, the samples were melted and 
filtered through ion-exchange resin paper (Delmas and 
Pourchet, 1977), in order to conduct high-resolution gamma 
spectrometry at the laboratory in France. 

Finsterwalderbreen is a surge-type glacier, with a polyther­
mal regime, in a quiescent phase since its last surge around 
1900 (Liest01, 1969; Nixon and others, 1985; Hagen and 
others, 1993). The glacier is located in Spitsbergen at 
77°26' N, 15°15' E. It is 11 km long, has a 44.5 km2 surface, 
and ends on a moraine. It has been chosen as a test site to 
be investigated under EU project EV5V-CT93-0299: "In­
vestigations of glacier surges: measurements and modelling 
of ice dynamics in Svalbard, European Arctic" (Fig. I). 

The aim of the present study is to esti mate the recent net 
mass balance of the glacier and to determine the equili­
brium line (EL), as well as the 137 Cs and 210Pb fallout levels. 
In the accumulation area the detection well below the sur­
face of a reference radioactive peak corresponding to the 
atmospheric thermonuclear tests conducted in 1961- 62, at 
sites including Novaya Zemlya, Russia (71 - 73° N, 55° E ) 
(Aarkrog and others, 1994), and deposited in 1962- 63, can 
be used to determine the net accumulation (Lefauconnier 
and others, 1994). 21°Pb (21.3 years half-life), of natural atmo­
spheric origi n, is the daughter of the rare gas isotope 222Rn, 
from the 238U series. 

During the 1994 and 1995 spring seasons, in the accumu-

54 

In the ablation area, melting and water run-off take 
place in summer. Natural and artificial radioactive deposits 
are concentrated in a dust layer just under the winter snow 
layer, and represent an accumulation of dust and particles 
over many years (Pourchet and others, in press). For ice 
cores coll ected close to the EL, the original specific activities 
and deposition rates are enhanced by subsequent adsorption 
of additional radioactivity. Directly in the field, a gamma-
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Table 1. Ice core locations, winter layer thicknesses, accumulation rates and total IS? Cs dejJosition rates from thermonuclear tests 
( at the time of deposition) 

Statioll 

F2 
F3 
F4 
F5 
1'6 
1-'7 
F8 
F9 
FI0 
FII 
FI2 
FI3 
FI4 

Altitude 

ma.s.1. 

668 
607 
610 
557 
513 
500 
525 
535 
700 
585 
586 
484 
+13 

'F2-F6, 1993 94; F7 F14,1994 95. 

Coordinales 

lal. N long. E 

77°25'46" 15°18'12" 
77°26'11 " 15°17'52" 
77°25'59" 15°13'21" 
77°26'17" 15°14'24" 
77°26'38" 15°14'53" 
77°26'56" 15°12'21" 
77°26'29" 15°15'35" 
77°26'44" 15°19'26" 
7r25'55" 15°19'18" 
77°26'24" 15°19'03" 
77°25'58" 15°1.,)'11 
77°26'56" 15°15'06" 
77°27'41" 15°1.1'/8" 

ray detector was lowered down each borehole for deter­
mination of this highly radioactive layer, prior to the 
laboratory measurements. 

IN SITU AND LABORATORY GAMMA-RAY 
MEASUREMENTS 

An in situ gamma-ray detector (NaI (Tl)) was lowered 
down each borehole, and 137 Cs contents (energy window: 
405- 880 keY ) were recorded at successive depths (Pinglot 
and Pourchet, 1989), with a 5 cm depth resolution, As the 

504000 505000 506000 

o 1000 2000 

995 860 

507000 

3000 

508000 - 77"25 ' N 

-= 4000 m 

Fig. I. Map of Finsterwalderbreen with proposed zoneJor the 
equilibrium line (dashed line), drainage basin ( thick line), 
ice cores ( Fl- F14) and altitudes ( m a.s.l). 

J l'illler layer 
. 

1962- 63 layer Annual mass balance 137(;S 

mw.c. 111 W.C. In W.C. year Bqm 2 

l.67 5.52-7.31 0.12- 0.18 464 
1.50 7.96-8.32 0.21 0.23 >278 
1.01 2.33 3.29 0.04--0.07 >572 
1.32 4.74 5.42 0.11 0.13 712 
1.01 1.99-2.20 0.03- 0.04 418 
060 nd 0 nd 
0.27 ncl 0 nd 
0.38 nd 0 nd 
0.45 ncl 0 262 
0.56 ncl nd 1022 
053 7.64--8. 11 0.22- 0.24 > 1196 
0.77 11.40 12.16 0.33 0.36 >776 
0.71 nd 0 ncl 

depth increases, the cosmic-ray signa l decreases. Just below 
the winter layer, the counting rate (integral of counts in the 
energy window; 5 mn counting time) rapidly increases and 
shows a clear maximum at stations F7- Fllb and F14, 
whereas it is not detectable at stations FI2 and F13 (situated 
in the accumulation area as discussed below) (Fig. 2). 

On corresponding ice-core samples, high-resolution 
gamma spectrometry was conducted at the laboratory with 
a high-purity, N-type germanium detector (20.6% relative 
efficiency) used with a low specified background. It was 
mounted with an anti-Compton annulus which combines a 
9 in X 8 in and a 3 in x 3 in plug of NaI (TI ) scintillators 
(Pinglot and Pourchet, 1994). This type of detector exhibits 
excellent efficiency, even down to energies as low as 
46.52 keY (2 IOPb). The absolute effi ciency curve from 
40 keY to 2.6 MeV was established using standard solutions 
(LMRI, Amersham, NBS) and quantitative analysis soft­
ware (db Gamma from Canberra Electronique Company). 
The detection threshold levels for 210Pb a nd 137 Cs were 25 
and 4 mBq, respectively (Pinglot and Pourchet, 1995). 

Gamma spectrometry on samples perfectly matches the 
in situ determinations, showing maximum 137 Cs contents at 
the same depths, as well as maximum 2lOPb contents (Fig. 2; 

Table 2). The counti ng rate of the in situ detector is propor­
tional (,2 = 0.90) to the 137Cs deposition rate and the speci­
fi c activity (Fig. 3). In order to determine the sensitivity of 
the detector, the measurement from F7 was removed. The 
corresponding radioactive layer was too narrow (0.1 2 m ), 
and the detector response led to an underestimate of both 
the activity (3 instead of 10 Bq kg- I) and the deposition 
(600 instead of 1I00 Bq m - 2) for 137 Cs. 

The detector sensitivity is 0.4 counts s - I per Bq kg- I. This 
value is lower than previous determinations (1.43 counts s 1 

per Bq kg I) (Pinglot and Pourchet, 1989), for similar energy 
windows (430- 440 to 730- 880 keY ). This difference may be 

due to higher density of the ice at Finsterwalderbreen (0.86-
0.92). 

137C s FALLOUT FROM THERMONUCLEAR TESTS 
IN THE ACCUMULATION AREA 

The in situ gamma-ray detector was used to make measure­
ments in the estimated accumu lation area or Finster-
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Fig. 2. In situ gamma-ray (dashed line) and 137 Cs (solid line) measurements vs depthJor nine ice cores in the ablation area, with 
winter snow layer ( arrow). 

walderbreen in order to determine the 1962- 63 layer, down 
to the bottom of ice cores FIO- F13. These direct measure­
ments in the field a re well correlated with laboratory deter­
minations: no, or very weak, 137Cs peak in F IG; peaks at 9.5, 
10 and 15 m, respectively, fo r FI I (na rrow peak), FI2 and FI3 

(Fig. 4). From the in situ a nd laboratory gamma-ray 
measurements, FI2 (with a very weak 137 Cs signal ) and Fl3 
clearly belong to the accumulation a rea. 

In the accumulation a rea of six glaciers over Svalba rd 
(showing a clear densification feature), ass uming tha t no 

Slation 

F7 
F8 
1'"9 
FIO 
FII 
Fllb 
Fli t 
FI2 
FI3 
FI4 

56 

Table 2. 137 Cs and 210 Pb activities and deposition rates if the dust layer, under the winter snow layer ( at the date qf measurement: 
1 Jury 1995) 

DelJlh ( dusf Layer) Winter layer /37Cs 2/oPb 

Top Bottom ToI) Bollom 

m snow mw.e. m snow mBqkg- 1 Bqm 2 counts s I mBq kg- I Bq m 2 

2.61 2.73 1.1 1.21 2.04 10027 11 03 1.11 5214 574 
0.8 1.2 0.27 0.4 0.8 1844 240 0.79 735 96 
1.17 1.36 0.51 0.68 1.05 2397 408 0.87 2180 371 
1.66 1.96 0.80 1.06 1.14 168 44 0.2 385 lOO 
1.28 1.5 0.56 0.75 1.28 3779 718 1.33 2319 441 
1.53 1.67 0.78 0.9 1.28 2039 245 0.44 1448 174 
1.42 1.78 0.68 1.28 601 192 441 141 
1.85 2.26 0.88 1.23 1.42 30 10 0.25 116 41 
1.96 2.3 0.77 0.93 1.96 0 0 0 0 0 
2.26 2.64· 1.05 1.33 1.81 1257 352 0.54 1300 364 
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Fig. 3. Counting rate qf the gamma -ra)' detector vs the deposi ­
tion rate (a) and 137 Cs specific activity ( b ). 

radioactivity is lost by water flow, the mean 137 Cs fallout 
from the atmospheric thermonuclear tests (1954-74) 
reached 340 Bq m 2 (110 Bq m 2 standard deviation) at the 
time of deposition (Pinglot and others, 1994). 

In the accumulation area of Finsterwalderbreen, with 
superimposed ice, the 584 ( ±304) Bq m- 2 mean value for 
eight ice-cores (Table 2; Fig. 4) is nearly twice the mean 
Svalbard value. The 137 Cs deposition is greater than the ori­
ginal atmospheric fallout. It may indicate that additional 
137 Cs is introduced by extra surface deposition (water flow ) 

from higher locations on the glacier, including, then, an 
influence of the basin area. 

Another special feature of the 137 Cs distribution in ice 
cores in the accumulation area is the presence of 137Cs well 
below the 1962- 63 maximum. In all ice cores, 137 Cs is found 
down to the bottom of the boreholes, at an estimated date 
well before 1954, when the first tests were conducted. Taking 
into account the value of the mean annual mass balance, 
with the assumption of no great change, the deposition date 
of the bottom layers in ice cores F6, F2 and F4 is at least 
1900; likely about 1915 at F5 and 1950 at F3, F12 and F13. 

This suggests, due to melting and percolation (Ambach 
and others, 1989), the possible transportation of radioactive 
isotopes along the grain boundaries, or the presence of 
many microfractures, or crevasses, all over the glacier sur­
face. 

MEAN ANNUAL ACCUMULATION AND EQUILI­
BRIUMLINE 

The mean annual accumulation is computed over 31 or 
32 years C37 CS fallout from 1962- 63 to 1993 or 1994). The 
1962- 63 maximum was estimated from the 137 Cs profile, 

taking into account the most probable slight vertical trans-
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port due to melting, as described above. This net mass 
balance varies independently with altitude (Fig. 5). It is 
maximum at Fl3 (0.34 m w.e.) at 484 m a.s. !. , and exhibits 
lower values at F3 a nd Fl2 (0.23 m w.e.) at 607 and 

586 m a.s.!., respectively. However, the mass balance is 
highly variable at a given altitude. It can be as low as zero 
for altitudes of 445- 700 m. The EL of Finsterwalderbreen is 
not represented by a constant altitude line but can be 
located roughly in a zone as illustrated in Figure l. 

There exists, from the surrounding basin area (900-
1000 m maximum altitude) a central zone down to 460 m 
altitude where annual accumulation occurs. \t\Te measured 
the thickness of the winter snow layer with a rigid stick. It 
is maximum along this axis (0.77 m w.e. at FI3 for winter 
1994- 95). Ablation determination with stakes (Nuttall and 
others, 1997) shows a similar pattern, with no ablation at 
F9 between the summers of 1994 and 1995. This may be 
due to winter snow topographic features in relation to Erd­
mannberget summit (1035 m) and Tommeliten nunatak 
(597 m ). 

Concerning our study of 12 Svalbard g laciers, the mean 
ELA varies from 340 m (Amundsenissen) to 750 m (Gruv­
fonna and Kronebreen ) (Pourchet and others, in press ). 
\t\Tith an ELA averaged to 545 m a.s. !. , the accumulation 
area ratio (AAR) of Finsterwalderbreen is 0.3. This indi­
cates a strong negative net balance. 

137 Cs AND 210Pb DEPOSITION RATES IN THE 
ABLATION AREA 

In situ (137 Cs) and laboratory (J37Cs and 2IOPb) gamma 
spectrometries were conducted in the seven ice cores and 
their samples, in the ablation area (Fig. 2; Table 2). 

The dust layer corresponding to the ablation surface of 
the glacier, under the winter snow layer, represents an accu­
mulation over many years. The 137 Cs deposition rate at the 
time of measurement, IJuly 1995, varies from 0 (in the accu­
mulation area, for locations higher than the EL) to 
1103 Bq m 2 (station F7, in the ablation area) (Fig. 2). In the 

ablat ion area, radioactivity values are those given at the 
time of measurement, as we do not know the exact initial 
deposition location. 

The 210 Pb deposition rate ranges from 0 to 574· Bq m - 2 A 
linear relationship (r2 = 0.90) exists between 137 Cs and 210Pb 

deposition rates (Fig. 6). This means that the process of con­
centration of radioactive materials is the same for a constant 
natural deposition (2IO Pb ) and for transient events like the 
atmospheric thermonuclear tests of 1954-74 (137 Cs ). In the 
ablation area, close to the EL of Finsterwalderbreen, the 
137 Cs mean deposition is even higher than in the accumula-
. Th 137C d .. r . C tlOn area. e mean s eposltlOn lor seven Ice cores lor 

this dust layer is 465 Bq m -2, compared to 292 and 
170 Bq m 2, respectively (values not corrected to the time of 
deposition ), in the acc umul ation areas of Finsterwalder­
breen and from six Svalbard ice cores (Pinglot and others, 
1994). This shows a strong 137 Cs concentration. This increase 
in 137 Cs deposition reinforces the previously mentioned 
extra deposition due to water now and infiltration at the 
glacier surface during the summer season (at F7 the deposit 
is 1103 Bq m - 2 ). This dust laye r, by a subsequent adsorption, 
acts like a filter for radioactive materials removed from the 
basin (a soil sample fromTommeliten nunatak showed 137Cs 

activity). 
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Fig. 4. 137 
CS VS depthfor nine ice cores in the accumulation area, with estimated 1962-63 thermonuclear test maximum. 

The mean 1993- 94 and 1994- 95 winter depositions ror 
2!OPb for all studied ice cores on Finsterwalderbreen were 
62 and 29 Bq m - 2, respectively. As much as ten times this 
value is found in the dust layer (even without half-life cor­

rection ). Ice cores recovered close to the EL exhibit concen­
trations of 137 Cs and 2!OPb which are clearly present in the 
dust layer. This process allows the location and mapping of 
the ablation area and EL zone on Finsterwalderbreen, as 
described above. 

Analysis of the profile at FIO, together with a small 
amount of 137 Cs (42 Bq m - 2) indicates that FIO is located in 

the accumulation area, with a mean annual mass balance 
close to zero (Fig. 4). 

Large water run-off deeply influences the deposition of 
particles, as demonstrated at FI1. Two ice cores (Fll and 
Fllb, 5 m apart) and a pit (FlIt) (Figs 2 and 4) show a great 

. b'I' f 137C d 210Pb d . . . h d I vana I Ity 0 S an eposltJons 111 t e ust ayer, 
from 192 to 718 Bq m - 2 for 137 Cs, and from 141 to 441 Bq m- 2 

for 210Pb (the winter layer shows a 17 Bq m - 2 2!OPb deposi­
tion). Fll belongs to the set of ice cores showing strong 137Cs 
and 2!OPb contents of the dust layer under the winter snow, 
but also a continuous 137 Cs distribution down to 10 m depth. 
The 0.69 Bq kg - 1 maximum 137 Cs content between 9.34 and 
9.64 m, which is also a maximum 210 Pb content (0.44 Bq 

58 

kg- I) does not represent 1962- 63, but rather a layer with a 
concentration of isotopes due to melting and redistribution. 

CONCLUSIONS 

In the accumulation area of Finsterwalderbreen, with 
superimposed ice, the detection well below the surface or a 
radioactive peak corresponding to the atmospheric thermo-

Altitude (m) 
800 

~FIO 

700 

600 
Fll F6 
F7 ~ + 

F8 
500 

F14 

400 
o 

F4 • 
FS 
+ 

F2 • 
F3 
+ 

+F12 

0.1 0.2 0.3 
Mean annua l net mass balance 

(m w.e.year· l ) 

F13 
+ 

0.4 

Fig. 5. Mean annual net mass balance vs altitude at Finster­
walderbreen. 
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nuclear tests conducted in 1961 - 62 can be used to determine 
the mean annual net accumulation. This accumulation var­
ies independently with respect to altitude, with a maximum 
of 0.34 m w.e. However, due to infiltration, 137 Cs is found 
down to the bottom of the bore holes, at estimated dates well 
before 1954. 

In the ablation area, all a rtificial radioactive deposits 
are concentrated in the ice surface layer just under the 
winter snow. On corresponding ice-core samples, gamma 
spectrometry perfectly matches the in situ determinations, 
showing maximum 137Cs contents at the same depths. The 
counting rate of the in situ detector is proportional to the 
137 Cs deposition rate and the specific activity. A linear rela-
. h ' . b \37 C d 2\OPb d . . tlOns Ip eXIsts etween s an eposltlOn rates. 

This dust layer acts like a filter for radioactive materials re­
moved from the basin . In the ablation a rea, close to the EL, 
the 137 Cs apparent mean deposition in the dust layer is high­
er than in the accumulation area, 465 vs 292 Bq m- 2

, mak­
ing it possible to locate and map the ablation area and the 
EL zone. With an ELA averaged to 545 m a.s.!., the AAR is 
0.3, indicating a strong negative net balance for Finster­
walderbreen. 
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