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Abstract

A detailed and comprehensive map of the distribution patterns for both natural and artificial
radionuclides over Antarctica has been established. This work integrates the results of several
decades of international programs focusing on the analysis of natural and artificial radio-
nuclides in snow and ice cores from this polar region. The mean value (37±20 Bq m�2) of
241Pu total deposition over 28 stations is determined from the gamma emissions of its daughter
241Am, presenting a long half-life (432.7 yrs). Detailed profiles and distributions of241Pu in
ice cores make it possible to clearly distinguish between the atmospheric thermonuclear tests
of the fifties and sixties. Strong relationships are also found between radionuclide data (137Cs
with respect to241Pu and210Pb with respect to137Cs), make it possible to estimate the total
deposition or natural fluxes of these radionuclides. Total deposition of137Cs over Antarctica
is estimated at 760 TBq, based on results from the 90–180° East sector. Given the irregular
distribution of sampling sites, more ice cores and snow samples must be analyzed in other
sectors of Antarctica to check the validity of this figure.
 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Artificial radioisotopes resulting from atmospheric thermonuclear tests carried out
between 1953 and 1980 were deposited in Antarctica after transport in the upper
atmosphere and stratosphere, creating distinct radioactive reference levels in the
snow. The dates of arrival and deposition in this polar region are well known and
therefore provide a means to estimate Antarctic snow accumulation rates or describe
air mass circulation patterns (Wilgain et al., 1965; Feely et al., 1966; Pourchet
et al., 1983; Pourchet et al., 1997). The 1955 and 1965 radioactivity peaks provide
two very convenient horizons for dating snow and ice layers and measuring accumu-
lation. Special techniques have been developed over the last 40 yrs to detect and
measure artificial and natural radionuclides present in the ice sheets (Picciotto and
Wilgain, 1963; Delmas and Pourchet, 1977; Pinglot and Pourchet, 1979, 1994). In
Antarctica, total beta counts remain the most frequent radioactivity measurement and
are used to determine the average rate of snow accumulation (Picciotto and Wilgain,
1963; Lambert et al., 1977). Gamma profiles are also used for the determination of
artificial and natural radionuclide fluxes in the region.

The total deposition of artificial radionuclides (mainly 137Cs, 90Sr and 3H) and the
flux of natural radionuclides (especially 210Pb) has been estimated using snow
samples from many Antarctic study areas (Pourchet et al., 1997), although simul-
taneous measurements of these major and complementary radionuclides in the same
snow core are very rare. Snow and ice sheets on the Antarctic continent are not the
only depositories of artificial and natural radionuclides deposited from the atmos-
phere over the south polar region. The deposition and flux of these radionuclides
have also been measured in soils, plants and lake sediments, for example on the
Antarctic Peninsula (Roos et al., 1994). A detailed profile of certain radionuclides
has also been obtained for the Ross Ice Shelf (Koide et al., 1979).

In this work we have extended the previously available total deposition data by
adding the results of a simultaneous analysis of 137Cs, 210Pb and 241Pu in the same
snow cores for about 30 stations located in various parts of Antarctica and a detailed
profile of these three radionuclides for Vostok and Dome Concordia stations on the
Antarctic plateau area. Key results of several decades of international programs and
experiments focusing on artificial radionuclide analyses of snow or ice core samples
in Antarctica are used in this paper.

In a previous paper (Pourchet et al., 1997), a distribution of artificial and natural
radionuclides over Antarctica was proposed, based on 137Cs, 210Pb and 3H data from
snow and ice-core samples. In this work, additional radioactive analysis data are
used to assess and extend the previous data, increasing the significance of statistical
results and validating the distribution pattern previously proposed. The evidence of
a strong correlation between radionuclides may make it possible to estimate the
deposition and flux of one radionuclide from available data for another one. For
210Pb, field data assess the possible double origin (unsupported and supported 210Pb)
of this terrigenous radionuclide in Antarctic snow and ice-core samples, a subject
already discussed by Pourchet et al. (1997). Finally, the establishment of a distri-
bution pattern for artificial and natural radionuclides, which constitute isotopic tra-
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cers, can help us to understand the arrival and deposition of other artificial and natural
tracers via atmospheric transport.

2. Material and methods

2.1. Study area and sample description

The snow and ice samples described in this paper were collected from cores or
pits in different regions of the Antarctic continent, mainly in the 90–180° E sector
from the Russian (Mirny to Vostok), Australian (Casey to Vostok), French (Dumont
d’Urville to Dome C) and Italian (Talos Dome to Dome Concordia) transects. Ice-
coring stations from other programs close to these transects were also used.

Twenty-eight stations previously analyzed for 137Cs (Pourchet et al., 1997) were
subject to new simultaneous 137Cs, 210Pb and 241Pu measurements. The same analyses
were also performed for 24 new locations (Table 1). For Vostok and Dome Concordia
stations, detailed radionuclide deposition measurements were carried out (Table 2).

2.2. Analytical methods and procedure

Using a method developed by Delmas and Pourchet (1977), snow and ice core
samples were melted, weighed, acidified and filtered on ion exchange paper, where
all radionuclides were trapped. After drying, the filters were directly analyzed by
gamma spectrometry using a low background germanium detector (Pinglot and
Pourchet, 1994). Because of low activity, some samples were combined for radioac-
tivity analysis (Pinglot and Pourchet, 1979, 1994). Most of the studied samples were
analyzed at the LGGE laboratory in Grenoble. For high resolution gamma spec-
trometry, the analyzer was protected against all interfering ambient radioactivity, in
particular using an anti-Compton device. This system provides a lower detection
threshold, especially for the isotopes of interest such as 137Cs (30.2 yrs), 210Pb (22.3
yrs) and 241Am (432.7 yrs), daughter of 241Pu (14.4 yrs) (Pinglot and Pourchet, 1994,
1995; Pinglot et al., 1999).

Standard liquid 137Cs, 210Pb and 241Am liquids from the CEA or Amersham labora-
tories (2% uncertainty at 95% of confidence level) were used to calibrate the detector.
The analytical procedures were the same as those used for the snow samples. The
accuracies for our measurements are about 20% for 137Cs and 210Pb and 50% for
241Am. New determinations of 137Cs for the 28 previously analyzed stations (Pourchet
et al., 1997) confirm the accuracy of previous results (Fig. 1). The specific activities
have been corrected for decay to the deposition time.

2.3. Measurements and determination of 241Pu and 137Cs

The 241Pu and 137Cs radionuclides constitute two well-known debris products of
atmospheric thermonuclear tests between 1955 and 1980. 137Cs is characteristic of
both well-known reference layers in snow (1955 and 1965 peaks on beta profiles),
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Table 2
Distribution of 137Cs and 241Pu flux deposition (Bq m�2), and 210Pb specific activities (Bq kg�1) in ice
core samples from Vostok and Dôme Concordia Stations

No. Mean depth 137Cs 241Pu 210Pb
(cm) (Bq m�2) (Bq m�2) (Bq kg�1)

Vostok
1 5 0 0 0.0682 ± 0.0136
2 15 0 0 0.1158 ± 0.0232
3 25 0 0 0.0836 ± 0.0168
4 35 0 0 0.1074 ± 0.0214
5 45 0 0 0.0543 ± 0.0108
6 55 0 0 0.0463 ± 0.0092
7 65 0 0 0.0439 ± 0.0088
8 75 0 0 0.0824 ± 0.0164
9 85 0.14 ± 0.03 0 0.0626 ± 0.0126
10 95 0.12 ± 0.02 0 0.0378 ± 0.0076
11 105 0.21 ± 0.04 0 0.0532 ± 0.0106
12 115 0.27 ± 0.05 0 0.0372 ± 0.0074
13 125 0.21 ± 0.04 0 0.0560 ± 0.0112
14 135 0.23 ± 0.05 0 0.0420 ± 0.0084
15 145 0.87 ± 0.17 0 0.0443 ± 0.0088
16 155 2.05 ± 0.41 0 0.0348 ± 0.0070
17 165 3.28 ± 0.66 0 0.0388 ± 0.0078
18 175 5.19 ± 1.04 0 0.0275 ± 0.0054
19 185 9.43 ± 1.88 1.92 ± 0.96 0.0293 ± 0.0058
20 195 11.87 ± 2.37 2.16 ± 1.08 0.0213 ± 0.0042
21 205 15.15 ± 3.03 2.55 ± 1.23 0.0299 ± 0.0060
22 215 12.59 ± 2.52 4.31 ± 2.15 0.0389 ± 0.0078
23 225 6.06 ± 1.12 1.50 ± 0.75 0.0300 ± 0.0060
24 235 5.69 ± 1.14 1.35 ± 0.67 0.0442 ± 0.0088
25 245 11.14 ± 2.23 5.61 ± 2.80 0.0254 ± 0.0050
26 255 18.40 ± 3.68 20.73 ± 10.37 0.0215 ± 0.0042
27 265 5.32 ± 1.06 7.59 ± 3.79 0.0290 ± 0.0058
28 275 0.56 ± 0.11 0.78 ± 0.39 0.0309 ± 0.0062
Dôme Concordia
1+2 10 0 0 0.0170 ± 0.0034
3+4 30 0 0 0
5 45 0 0 0
6+7 60 0 0 0.0362 ± 0.0072
8 75 0.010 ± 0.002 0 0.0223 ± 0.0045
9 85 0 0 0
10 95 0 0 0.0129 ± 0.0026
11+12 110 0 0 0.0216 ± 0.0043
13 125 0 0 0.0148 ± 0.0030
14 135 0.020 ± 0.004 0 0.0245 ± 0.0049
15 145 0 0 0.0214 ± 0.0043
16 155 0 0 0.0153 ± 0.0031
17 165 0 0 0.0169 ± 0.0034
18+19 180 0.10 ± 0.02 0 0.0107 ± 0.0021

(continued on next page)
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Table 2 (continued)

No. Mean depth 137Cs 241Pu 210Pb
(cm) (Bq m�2) (Bq m�2) (Bq kg�1)

20 195 0.07 ± 0.01 0 0.0116 ± 0.0023
21 205 0.19 ± 0.04 0 0.0133 ± 0.0027
22 215 0.11 ± 0.02 0 0.0131 ± 0.0026
23 225 0 0 0
24 235 0.24 ± 0.05 0 0
25 245 0.39 ± 0.08 0 0
26 255 0.24 ± 0.05 0 0.0094 ± 0.0019
27 265 0.69 ± 0.14 0 0.0124 ± 0.0025
28 275 1.53 ± 0.31 0 0.0183 ± 0.0037
29 285 2.45 ± 0.49 0 0.0069 ± 0.0014
30 295 2.09 ± 0.42 0 0.0151 ± 0.0030
31 305 0.78 ± 0.16 0 0.0154 ± 0.0031
32 315 1.45 ± 0.29 0 0
33 325 5.81 ± 1.16 0 0
34 335 3.99 ± 0.79 0 0.0100 ± 0.0020
35 345 2.08 ± 0.41 0 0.0167 ± 0.0033
36 355 1.91 ± 0.38 0 0.0182 ± 0.0036
37 365 1.59 ± 0.32 0 0.0165 ± 0.0033
38 375 1.27 ± 0.25 0 0
39 385 1.61 ± 0.30 2.21 ± 1.10 0.0079 ± 0.0016
40 395 6.49 ± 1.30 10.91 ± 5.45 0.0240 ± 0.0048
41 405 0.75 ± 0.15 0 0.0195 ± 0.0039
42 415 0 0 0.0099 ± 0.0020
43 425 0 0 0.0097 ± 0.0019

137Cs and 241Pu flux values are decay-corrected to the deposition time (1957 for 241Pu; 1965 for 137Cs).
210Pb concentrations correspond to direct values, at the time measurements (respectively 1999 and 2001).
Because of 210Pb half-life (22.3 yrs), there is no decay-correction influence on measured specific activities
between 1999 and 2001 values.

corresponding to the arrival and deposition of artificial radionuclides in Antarctica.
241Pu, on the other hand, is prominent mainly in the older reference level (1955).
Indeed, the Yvy and Castles series of tests conducted in 1953 produced more 241Pu
than the atmospheric thermonuclear tests in the sixties. This radionuclide therefore
makes it possible to distinguish between the two test series.

The activity of 137Cs was directly estimated and calculated from high resolution
gamma spectrometry results. To estimate the activity of the 241Pu radionuclide (pure
alpha emitter), characterized by a short half-life (14.4 yrs), we used the gamma
emission of its daughter 241Am, presenting a long half-life (432.7 yrs). 241Pu activity
is calculated from the 241Am measurement using a zero value for the daughter at the
time of explosion (t0).

At time t, the growth of 241Am is calculated using the following equation:
241Am(t) � 241Pu(t0) [e�l1∗t� e �l2∗t] / [( l2 /l1)�1] (1)
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Fig. 1. 137Cs new density activities versus 137Cs previous data (Pourchet et al., 1997) measured in snow
and ice samples for 28 ice-coring stations. Density activities, decay-corrected to deposition time, are
expressed in Bq m�2. Accuracies for 137Cs are about 20% (see error bars).

where l1 (0.069 yr�1) and l2 (0.00231 yr�1) are the radioactive constants for 241Pu
and 241Am respectively.

Based on the radioactive decay law, the maximum activity of 241Am occurs 32
yrs after 241Pu production:

tm � [1 / (l2�l1)]log10(l2 /l1) (2)

where tm is time of maximum activity of the daughter radionuclide, 241Am in this
case. tm is expressed in yrs.

In agreement with detailed profiles of radionuclide deposition on the Ross Ice
Shelf (Koide et al., 1979) and at Vostok and Dome Concordia (this work), and also
with the well documented arrival dates of total beta peaks (Jouzel et al., 1979), we
have assumed that 137Cs and 241Pu deposition are respectively centered around 1965
and 1957. In fact, we have to clearly distinguish between the time of maximum
activity (1955 and/or 1965), well-known in radioactive fallout over Antarctica, and
the time of the mean deposition of each radionuclide 137Cs and 241Pu. Indeed, the
241Pu profile in one ice-core sample showed a maximum activity in 1955, but the
mean value of the total deposition is considered to be centered around 1957. For
137Cs, the maximum activity and the mean of the total deposition occur simul-
taneously, i.e. in 1965. Tables 1 and 2 summarize 137Cs, 210Pb and 241Pu activities
(expressed in Bq m�2) found in the different samples. Note that the absence of
activity values for the 241Pu nuclide in some cases does not indicate the total absence
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of this radionuclide in the snow. In these cases, the activity of 241Pu is simply so
low that it cannot be distinguished due to the detection limit of the analyzer for the
counting times used.

2.4. Measurements and determination of 210Pb

Lead 210, a natural beta emitter, is a long-lived daughter nuclide (half-life 22.3
yrs) belonging to the Uranium 238 family (Picciotto and Crozaz, 1971). Its presence
in the atmosphere is a result of the alpha radioactive decay of radon gas (222Rn).
Note that the atmosphere, via tropospheric and stratospheric circulation, is the major
source of 210Pb in Antarctica. The permanent ice over the Antarctic continent that
prevents the escape of radon from geological substrates, the surrounding ocean with-
out radon emanation and the time required for air masses to move from continental
areas (source of radon emission) to south polar region all result in a low radon (and
its daughter nuclide) concentration in Antarctica (Pourchet et al., 1997).

In this work, 210Pb was directly analyzed by gamma spectrometry. The deposition
of 210Pb and the related natural fluxes are summarized in Tables 1 and 2.

The mean value of the continuous 210Pb deposition flux (A0 expressed in Bq m�2

yr�1) can be estimated by:

A0 � lS / [exp(�lt1)�exp(�lt2)] (3)

where l is the 210Pb radioactive decay constant (l = 0.03114 yr�1); S is the remaining
activity of 210Pb in the total core at the time of measurement, using the mean annual
accumulation rate; this value is expressed in Bq m�2; t1 is the elapsed time (expressed
in yrs) between core sampling and 210Pb measurement; t2 is the elapsed time
(expressed in yrs) between deposition of the deepest part of the core analyzed and
the 210Pb measurement.

In this work, in order to estimate 210Pb deposition flux, we have systematically
chosen to analyze data between the first reference layer of 1955 and the top of the
core (or sometimes a few meters below the top). This interval was previously the
subject of total beta radioactivity measurements used to determine the mean
annual accumulation.

3. Results

3.1. Comparison between prior and new 137Cs determinations

As already pointed out, we carried out new 137Cs determinations for 28 previously
analyzed stations (Pourchet et al., 1997). For all 28 stations, old and new 137Cs
measurements are linked by the following equation:

Y (prior 137Cs values) � 0.8615 X (new 137Cs values) R2 � 0.91 (4)

(n � 28)
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where prior and new 137Cs values are expressed in Bq m�2.
However, a detailed analysis of the scatter plot of old 137Cs vs. new 137Cs shows

two outlying pairs of measurements. After eliminating these pairs, the relation
between old 137Cs vs. new 137Cs shows a linear correlation of 0.98. The relation is
as follows:

Y (prior 137Cs values) � 0.9225 X (new 137Cs values) R2 � 0.98 (5)

(n � 26)

This trend confirms the validity of previous results (Pourchet et al., 1997) and that
of the analytical procedure.

3.2. History and Vostok and Dome Concordia chronologies

The chronology of the arrival of undifferentiated or major artificial radionuclides
is very well known in Antarctica. The first significant increase (peak intensity) of
total beta radioactivity was observed in January 1955 (Picciotto and Wilgain, 1963;
Vickers, 1963; Woodward, 1964; Wilgain et al., 1965) and corresponds to the arrival
of the Yvy and Castles atmospheric thermonuclear tests, conducted in the Pacific
Islands in November 1952 and March 1954, respectively. The continuation of high-
yield bomb tests in the atmosphere, despite the nuclear moratorium in 1960, main-
tained the radioactivity of Antarctic precipitation at a significant level. The minimum
fallout observed in 1961, was then followed by an increase reaching a maximum in
1964–1965 (Picciotto and Crozaz, 1971). The highest recorded total activity due to
the American and U.S.S.R. test series arrived in January 1965 (Wilgain et al., 1965;
Lambert et al., 1977; Jouzel et al., 1979). Note that the marked activity surge (highest
intensity peak) in the 1955 reference layer with regard to total activity in 1964–1965
is due to a combination of several factors including the very high power of first
detonation of the Castle test series, the southern hemisphere location of the test and
the time of the year at which it was set off (rapid transfer into the atmosphere and
to the ground).

The two reference layers were clearly identified in the Vostok 137Cs profile at
respectively 250–260 cm (88.3–92.0 cm w.e.) and 200–210 cm (70.1–73.7 cm w.e.)
depths (Fig. 2a) and should be considered as two unambiguous references for dating
210Pb and 241Pu deposition. As we have already pointed out, 241Pu deposition in
Vostok is mainly concentrated in the 1955 layer. This is in accordance with Ross
Ice Shelf 241Am deposition (Koide et al., 1979), the 239+240Pu snow profile at Dome
C (Cutter et al., 1979) and our results at Dome Concordia (Fig. 2b).

3.3. 210Pb dating and origin

The mean annual accumulation for the 1955–1998 and 1965–1998 periods deduced
from both reference levels are respectively 2.05 and 2.18 cm of water equivalent
(w.e.). For the 1955–1998 period, the mean annual accumulation deduced from the
radioactive decay of 210Pb in the snow profile is 2.57 cm w.e. The conversion of
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Fig. 2. 137Cs, 241Pu and 210Pb profiles versus depth of two shallow Vostok (a) and Dôme Concordia (b)
ice cores, with the 1955 and 1965 radioactive reference layers (indicated by an arrow). Radionuclides
deposition (137Cs and 241Pu) are expressed in Bq m–2, and 210Pb specific activity, in Bq kg�1. Depth is
expressed in cm of snow equivalent.
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real snow depths to water equivalents eliminates all distortion related to differences
in the compaction of snow layers. The activity density profile of 210Pb (Bq kg�1) is
therefore expressed as a function of the depth expressed in cm of water equivalent.
For this estimation, we assumed a constant deposition flux of 210Pb from the atmos-
phere to the snow, a closed system for lead following its deposition, and no changes
in 210Pb activity through exchanges by diffusion or percolation of melt water
(Picciotto and Crozaz, 1971). This value is significantly higher than the absolute
137Cs determination. Possible reasons for this discordance include the following fac-
tors:

(i) a change in the annual 210Pb deposition flux;
(ii) a change in the annual snow accumulation;
(iii) part of the total 210Pb (210Pbt) content in the snow coming from 210Pb supported

by long-life radionuclides of the 238U family (210Pbs).

The first reason can be eliminated given the known constant 210Pb deposition flux
over the time period in question. Similarly, the second reason can be eliminated
given the absolute dating provided on the basis of the 1955 and 1965 reference layers
with respect to the surface.For the last reason, the 210Pb dating, in all snow samples,
must be calculated using 210Pb excess (210Pbe) expressed in Bq kg�1 from:

210Pbe � 210Pbt�
210Pbs (6)

where 210Pbe is the excess or unsupported 210Pb activity produced in the atmosphere
by radioactive decay of 222Rn, 210Pbt the total 210Pb activity measured in snow
samples and 210Pbs the 210Pb activity supported by long-life radionuclides of the
238U family.

For the 1955–1998 period a similar value of the yearly average accumulation
deduced from 137Cs or 210Pb is obtained when we apply a constant value of 9 mBq
kg�1 to the 210Pbs. With this value, 210Pbe and 210Pbs are equal for a 65-year old
snow sample. This result is consistent with a previous estimation based on 226Ra
measurements at Dome C, where the same activity for both parts of 210Pbt was calcu-
lated for 60-year old snow (Pourchet et al., 1997). Note however that snow redistri-
bution by wind should not be neglected as it can disturb snow and 210Pb deposition
over several yrs, and consequently the 210Pb dating.

At Dome Concordia, the 137Cs and 241Pu profiles (Fig. 2b) are very similar to the
Vostok profiles and give a mean annual accumulation of 3.2 cm w.e. since 1955.
Even if the accuracy of the 241Pu values is only about 50%, we obtain accurate mean
annual accumulation values because the depth of corresponding reference layer is
very precise. However, the 210Pb profile is very disturbed and does not allow proper
dating or an estimation of the unsupported 210Pbe.

3.4. Total deposition and fluxes of radionuclides

3.4.1. Radionuclide deposition and the 137Cs/241Pu relationship
For the whole studied deposition period (1955–1980), the total 137Cs fallout over

all the stations analyzed (Table 1) varies from 16 (P8 station) to 181 Bq m�2 (km
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200), with a mean value of 64 ± 32 Bq m�2. The median of 56 Bq m�2 lies 12.5%
below the mean value, revealing an asymmetric distribution of 137Cs, as observed
in Pourchet et al. (1997). Some very high values from 200 km, R. Baudoin, M.M.,
DB, D45, D53, New Byrd and CM2 stations can be considered as outliers. A map
of the deposition and distribution of 137Cs over Antarctica for the whole deposition
period (1955–1980) shows that radionuclide fallout is higher over coastal areas. We
deliberately decided to describe the radionuclide distribution in the most documented
and studied area in Antarctica, i.e. the 90–180° East sector (Fig. 3). Data from the
other sectors of Antarctica cover shorter periods and would likely be insufficient to
draw conclusions on a global radionuclide distribution law. Despite major scatter in
individual values, classification of this data into several groups of accumulation rates
clearly shows a positive correlation between 137Cs deposition and accumulation. As
well, we observe a discontinuity in the relation (Fig. 4) near an accumulation rate
of 150 kg/m2/year, indicating the possible existence of two radionuclide distribution
laws. This discontinuity, already observed (Pourchet et al., 1997), lies between coas-
tal areas and the polar plateau. The first classes, characterized by low accumulation
rates and 137Cs fall-out, correspond to the plateau area. The second group includes
the sampling sites near the coast. Note that the leaching of radioactive aerosols is
higher for sampling sites characterized by low accumulation rates (e.g. Antarctic
plateau). Assuming that is possible to extrapolate 137Cs flux values to zero accumu-
lation, a “dry flux” of 43 Bq m�2 is obtained for 137Cs, which is consistent with a
previous estimation of “dry deposition” (Pourchet et al., 1997). Comparison of 137Cs
distribution in three latitudinal classes shows discontinuities in deposition. For 60–
70°, 70–80° and 80–90° lat. S, mean 137Cs deposition is respectively 77, 58 and 57

Fig. 3. Deposition and distribution Antarctic map 137Cs (sector 90–180° East) for the whole deposition
period 1955–1980.
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Fig. 4. Variation of total 137Cs deposition versus accumulation rates in sector 90–180° East of Antarctica,
and illustration of existence of two radionuclide distribution laws between coastal areas and polar plateau.
Density activities values represent the 1955–2000 period. Radionuclide deposition is expressed in Bq
m�2, and accumulation rates in kg m�2 year�1.

Bq m�2. A clear change in 137Cs deposition processes is observed close to the break-
ing slope on Antarctic plateau, near 80° lat. S.

The maximum deposition of 241Pu is observed at 200 km, but many stations (57%
of stations studies) are below the detection limit (between 5 and 10 Bq m�2),
depending on the counting time. The total fallout of 241Pu over stations for which
this radionuclide is detectable (Table 1), varies from 9 (F9 station) to 99 Bq m�2

(200 km), with a mean value of 37 ± 20 Bq m�2. Regarding the 137Cs distribution,
the median value of 241Pu, i.e. 36 Bq m�2, is close to the mean value, demonstrating
the symmetry of the distribution of this radionuclide. Nevertheless, given the large
dispersion of values around the mean and the low number of results studied, we
must be cautious when analyzing 241Pu. Note also that the least squares method was
used for statistical analysis and the linear best-fit regression was forced through
the origin.

Considering only the stations for which 241Pu is clearly detectable, i.e. 28 stations,
137Cs and 241Pu total deposition values are highly correlated (Fig. 5a) according to
the following equation:

[241Pu ] � 0.484 [137Cs ] R 2 � 0.92 (n � 28) (7)

This relationship is very close to that obtained from lichens (Alectoria nigricans
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Fig. 5. 241Pu versus 137Cs deposition (a) and 210Pb flux versus 137Cs deposition (b) in different types of
samples (snow, soils and lichens). Radionuclides deposition are both expressed in Bq m�2, and 210Pb flux
deposition in Bq m�2 yr�1.
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species) collected on the Antarctic Peninsula area by Roos et al. (1994) (eight sam-
pling stations):

[241Pu ] � 0.454 [137Cs ] R 2 � 0.99 (n � 8) (8)

At the time of deposition, the mean 137Cs/241Pu ratio for total deposition is 1.9
for the snow stations and 2.3 for the lichens (Table 3). The detailed profiles of
Vostok and Dome Concordia give similar values (2.2 and 2.7, respectively). This
relative concordance between 137Cs and 241Pu is not observed on various types of
moss and grass, sampled during the SWEDARP expedition, because of the effects
of submergence and meltwater that alter the radionuclide ratios, as explained by
Roos et al. (1994). Similarly, sediment samples collected on the Antarctic Peninsula
show strong variations in the 137Cs/241Pu ratio and no relationship has been found.
Normally sediments, like snow, are good accumulators of tracers (radionuclides in
our case) and therefore could provide a 137Cs/241Pu ratio close to that observed in
snow and lichen samples. However, the very low rate of sedimentation in the lakes
concerned (30–100 cm to 1000 yr�1) and the large surrounding snow fields delivering
meltwater to the lakes explain the high variations (Roos et al., 1994).

3.4.2. Reference levels for the 137Cs/241Pu at Vostok and DC
The very large Pu ratios (137Cs/241Pu) observed during the early US test series are

confirmed for Vostok station by the separate 1955 and 1965 peak ratios (respectively
0.9 and 5.9). Similar trends have previously been observed for the Ross Ice Shelf
(Koide et al., 1979) but with different absolutes values. The 1965 value measured
at Dome Concordia is too low for a significant evaluation of this ratio. With 241Pu
deposition centered at 1957, the maximum activity of 241Am at the same level would
occur 32 yrs later, i.e. in 1989. Due to its long half life, the relative importance of
this radionuclide is increasing.

Table 3
Spatial variations of 137Cs�241Pu ratio in different Antarctic locations. and comparison of the calculated
fission products relationships in different types of samples (snow, sediments, soils and lichens)

137Cs/ 241Pu
Snow Vostok Dome J9 (1) South Shetland Island (11)
stations Concordia

lichens moss, grass, sediments
soils

1955 peak 0.9 0.6 1.6
1965 peak 5.9 9.2
Mean value 1.9 2.2 2.7 5.4 2.3 7.1 5.9

(n=27) (n=8) (n=11) (n=3)

The number of determinations (n) used to calculate the mean value are indicated in brackets. The biblio-
graphic references for the station J9 (1) and the South Shetland Island (11) correspond respectively to
Koide et al. (1979) and Roos et al. (1994) (see Table 1).
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3.4.3. Mean 210Pb/137Cs ratio and relationship
The 210Pb deposition flux (210Pbf) is linked to total 137Cs deposition (Fig. 5b) by

the relation:

[210Pbf] � 0.041 [137Cs] R 2 � 0.84 (n � 49) (9)

Compared to the 137Cs/241Pu relation, the 210Pb/137Cs ratios are very close for snow
or ice-core samples and the lichens studied by Roos et al. (1994).

The good correlation between the different radionuclides suggests the creation of
an undifferentiated radionuclide deposition (or flux) map over Antarctica. With this
aim, we have calculated the equivalent 137Cs deposition (Table 1) using all available
210Pb or 90Sr data.

4. Discussion

The proposed map is constructed using a constant ratio between the different radio-
nuclides. This relationship does not take into account the differences in the fallout
mechanisms for radionuclides observed elsewhere, for example the differences in
the dry and wet deposition between 210Pb, 90Sr and 137Cs (Pourchet et al., 1997).

In this work we have estimated the 210Pb deposition flux from total 210Pb and not
from the direct atmospheric 210Pb (210Pbe). The two values differ by 6%.

For 241Pu estimates based on 241Am measurements, we have assumed a zero value
of 241Am at the time of deposition. In fact the real zero value is the detonation time
about 1.5 year earlier. The resulting error is less than 10%.

The greatest source of dispersion between measured and estimated values is the
lack of representativeness of the snow samples. Local topography (dunes, sastrugis)
and drifting of the snow are very present in Antarctica. For 21 stations, the 137Cs
budget is less than the estimated dry deposition, revealing local partial erosion of the
deposited snow. At Vostok station, the roughness of the snow surface is equivalent to
five yrs of deposition (30 cm), centered around 1965 and representing 40% of the
137Cs budget. This could explain the two different 137Cs budgets observed at this
location.

Due to the very short duration of 241Pu deposition, this radionuclide will be more
affected by this phenomenon. This could explain the differences between 241Pu depo-
sition at several stations.

The irregular geographical distribution of the measured points does not allow us
to establish reliable equidensity scatter plots. For example, to validate the estimated
deposition values between Terra Nova and Dumont d’Urville, more samples are
necessary (Fig. 3).

The mean deposition of 137Cs in Antarctica obtained from data in the literature is
clearly lower than the values estimated (240–260 Bq m�2) from soils sampled on
South Shetland Island (60° lat. S) by Roos et al. (1994) and Godoy et al. (1998).
Similarly, deposition values published by UNSCEAR (1982) indicate 300, 180 and
70 Bq m�2 for latitudes from 60 to 70° S, 70 to 80° S and 80 to 90° S, respectively.
Previous values seem to overestimate 137Cs deposition in Antarctica. The limited
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number of samples and related values used to calculate these deposition values could
be the main reason for the difference between their estimations and our results. With
an area of 13,500,000 km2 and a median value of 56 Bq m�2, the total deposition
of 137Cs over Antarctica is estimated at 760 TBq, representing less than 0.08% of
the total worldwide deposition of this radionuclide. 137Cs and 210Pb transported in
the stratosphere represent excellent atmospheric tracers and could be used to estimate
the deposition of other sources of pollution (heavy metals, pesticide, etc.) found
in Antarctica.
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