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ABSTRACT. This a rticle a ims to give a comprehensive view of the distribution patterns 
[or na tura l and artifical ra dionucl ides ove r Antarctica. \Ve foc us this stud y on 137 Cs, 210Pb 
and tritium. Appl ying various statistica l methods, we show th at the deposition or rad io
nuclides revea ls a struc tured di stributi o n, although loca l d r ift red istributi on and the 
snow-surface roughness disturb the representativeness o f sa mples and produce a "noise" 
effec t. The depos ition o f m C s over Anta rctica (885 TBq ) represents O.OQ% of the to ta l 
deposition of thi s radio nuclide in the wo rld and the cor rela ti on between 1.37 Cs nuxes and 
accumulation shows two sub-popul ations. For the stati o ns w ith a mean a nnua l temper
ature a b ove - 21 QC, a strong correla ti o n is found, whereas th e co rrel a ti on is lower for 
location s vv ith tcmp e ra t u res below - 21 DC . The nu x of 210 Ph \'a ri es from 0.9 to 8.2 Bq 
m 1 a I with values strongly correlated w ith the acc umul a tio n and a well-defin ed spati a l 
structure. The same m echa nism gove rns the deposition o f a rtificial and na tural tri tium 
but it clearl y differs from that of' other ra di onuclide assoc ia ted with parti c ul a te materi a l. 
The "dry fa ll-out" acco unt for between 60 and 80% or the to ta l fa ll-out for the artificia l 
radionuc lides and a round 40% for 2lo Pb. This difTerence is likely related to a tropospheric 
frac tion for 21OPb. Despite its isolated location, the radioacti ve f'a ll-out of ar tificial long
li ved radi onuclides ove r A nta rcti ca has becn ten times greater than for n a tural radio
lluclides. 

1. INTRODUCTION 

A seri es o f atmospheric thcrmonuclear tests during th e 
period 1953- 80, mostl y in the Northern H emi sphere, has in
j ected la rge quantiti es o f a rtificial radionuclides into the 
upper a tmosphere and stratosphere. These radionuclides 
have been transported fr0 111 their so urces over Anta rctica. 
During their transport, they are subj ect to usual removal 
processes. Because of the well-known a rriva l datrs , they 
serve as cha racteri stic reference levels in snow a nd are cur
rentl y used in glaciologica l studi es to determine the average 
rate of snow accumul atio n over the last 40 years. The ar ti
fi cia l and na tural radionuclides present in the ice shee ts o f 
the pola r regions have also been widely used as atmosphe ri c 
tracers to understand the transport and circ ul ation of conti
nenta l, tropospheric a nd stratospheric a ir m asses (Wilgain 
and others, 1965; Feely a nd others, 1966). 

The behavior of fi ss io n product depends upon the la t
itude, the a ltitude and the season when they were released. 
Fis ion products introduced into the equa to ri a l stratosphere 
spread rapidly in their la titudina l band of inj ection but mi 
g rate slowly towards the pole (Picciotto a nd Wilgain, 1963). 

The concent ration of these a rtificially produced radionu
cl ides in Anta rctic and sub-Anta rctic areas is cont roll ed by 
their long-ra nge transport from mid-l atitudes. For tropo
spheric tran sport, a 30 day transit time of the air masses 
from dista nt continenta l regio ns to the South Po le has been 
suggested by M aenhaut a nd o thers (1979). 

Thus, the use of airborne radionucl ides as a tmospheric 
tracers had been demonstra ted Gunge, 1963; R a ma, 1963; 
Lambert a nd others, 1966, 1983; Kolb, 1970; Luyanas and 
others, 1970; Poe t and others, 1972; Telegadas, 1972; Moore 
and others, 1973; Reiter, 1978; 1\ [aenhaut and o thers, 1979). 
However, a fter reaching Anta rctica, the process of deposit
ion or fa ll-o ut o f these radionucl ides is not unifo rm and the 
factors controlling their dep os ition or spa ti a l di stribution 
and the roles o f acc umula tion, wind and loca l top ographic 
conditions a re not completely understood. 

In recent yea rs, studies h ave been made to el ucidate the 
spatial a nd temporal va ria ti on of snow acc umul a tion and 
their depende nce on tempera ture, altitude, dista nce to the 
coast (Yo ung a nd others, 1982; Pettre and o thers, 1986; 
Giovinetto a nd others, 1990; G oodwin, 1991) as well as the 
effec t of ka ta ba ti c wind and cyclonic ac ti vity on snow accu-
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mul a tion (Goodwin, 1990; M organ and others, 1991). The 
spa rse da ta for specific radionuelides have restricted studies 
to de termine their deta iled spatia l va ria tions and to exam
ine facto rs responsible fo r these vari ations such as processes 
of deposition (d ry or wet). Existing mapping of radionuclide 
fa ll-o ut over Antarctica and studies rela ted to spatia l corre
la tions can sti ll be considered as prelimina ry. The present 
paper aims to give a comprehensive view of the di stribution 
pattern for natural and a rtificial radionuclides over Anta rc
tica. An attempt has a lso been made to compute the to ta l 

137 budget of Cs fall-out, from 1955 to 1980. 

2. MATERIAL AND METHODS 

After melting and fi ltration (Delmas a nd Pourchet, 1977), 
snow samples obtained from different sta tions in Anta rctica 
(Fig. I) have been a na lysed for total beta activity over 
seve ra l years using low-level counting equipment (Ping lo t 
and Pourchet, 1979). The filters were later combined together 
for each stati on. They were then ana lysed by gamma sp ec
trometry using a specia lly designed low-background scintil
lati on detector (Pinglot and Pourchet, 1994) in order to 
identify, for each site, the total content of caes ium and other 
radio-isotopes from the nuelear bomb tests, together with 
the na tura l radioacti vity. The available da ta of tota l fa ll
out of 137 Cs, 90Sr, 3H and other radionuclides and flu xes of 
21OPb, which have been compi led (from Lambert and others, 
1983; Sanak, 1983; Bendez u, 1978; J ouzel a nd others, 1979; 
Koide and others, 1979, 1981; Raisbeck and others, 1981, 1987, 
1990, and various o ther sources) or generated by us, a re 
given (Table la and b ). The specific activities have been cor
rectedlor decay to the deposition time. The precision of our 
meas urement is about 20% for 137Cs, 210Pb a nd about 100 % 
for flAm, 226Ra and 234Th. 

In Anta rctica, the physical variables, acc umu la tion, 
temperature, a ltitude and distance to the coast are strongly 
linked (Young and others, 1982; Pettre and others, 1986). We 
have first correlated the radionuelides distr ibution with the 
accumulation, because it was anticipated that the we t 
deposition, directly rela ted to the accumu lation, has a 
strong influence on the radioactive fa ll-oul. To complement 
th is approach, spatia l geostatistical investigati ons have been 
performed on the se t of radionuel ides d a ta applying d iffer
ent me thods used for measuring the spati al con-el a tion. 
M a in ly variograms, which represent the half mean-sq ua re 
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Fig. 1. lvIafl if Antarctica s/zowing locations cif ice-coring 
stations. 

differences of g rades (Equa tio n (I) in which x is the spati a l 
coordinate) a nd correlogram s, i.e. the correla tion coeffi c
ient between measurements for each lag h (Eq uation (2)), 
were for a variable T, established : 

1 2 
Gamma (h) = "2 (T(x + h) - T(x)) (1) 

Cor (h) = CovT(x + h)T(x)/(T(x + h)).(T(:r)). (2) 

As a verificati on process, we note that the variographic 
analysis of a ltitudes, in using the same location as the sta
tions with radionuel ide m easurements, shows no nugget 
elTect (thi s m eans exact m easurements without vari abili ty 
at \"Cry sm a ll d istances), a nd tha t it is easy to fit experimen
tal variogram s. The adjustments to Gaussian m odels show 
the long-distance drift in d irec tions 45°, 75° a nd a ll ow ad
justments in directi ons 45 ° a nd 135° for di sta nces, respec
tively, up to 1600 and 970 km. This is, of co urse, related to 
the alti tudes as indicated only fo r the 78 samples a nd cannot 
be genera lized for the whole el evation map. Since the moun
tain ranges a re structures which extend O\"Cr la rge distances 
and almost a lways show sp a ti a l correlati ons (clustering of 
high peaks, no systematic a lternation of one high summit 
and one low summit), the well-shaped va riogra ms for the 
elevation g ives confidence to the quality of the measure
ments. ]\I[oreover, the presence of a nugget effect (non-zero 
vari ance fo r very small dista nces ) would have revealed pos
sible errors of measurements; this is not the case. 

The vari ographic analys is of temperatures shows the 
same ani so tropy as for altitudes. All variogram s show no 
nugget effec t, which indicates a high degree of acc uracy of 
the measurements and no va ri a tion at small dista nces. 

The spa tial co rrelation of acc umulation shows an 
important a nisotropy in the direction NNE 75 a nd SS\\I165, 
which can be interpreted as di rectly related to the elevati on 
edge with the same ori enta tio n. To underline tha t the moun
tain range brings a rather sudden increase of elevation, we 
here extend the term of "scarp edge" to "e levation edge" in 
order to cha racteri ze the influence of the accumulati on (i. e. 
long-range correlation a long the mountain range and shor t
range correla tion across the m ountain range). This physical 
vari able shows some nugge t effec t in some directions like 
d irection 075°, thus indicating a residual va riability at a 
small scale but not in the direction 165°. 

3. RESULTS 

The fluxes of radionuclides, a t a given location in Anta rct
ica, depend on the concentra tion in the a tmosphere, the 
source region, stratosphere- trop osphere exchanges, trans
port and deposition processes (i.e. either wet or dry depo
sition) and post-depositional changes. Recent snow cover 
(less tha n 50 years) is currently dated by the total beta 
radioactivity. The first significant increase of rad ionuclide 
content was obsen 'ed inJa nua ry 1955 (Piccio tto and Wi l
ga in, 1963) a nd corresponds to the arr ival of the Yvy and 
Castle series tests conducted in 1953. This increase in tota l 
beta activity due to a rtifi cia l radionuclides, m ainly 137 Cs 
and 90Sr, is about 20 times higher than the n atura l activity 

. m . dd " level, ma ll1ly due to Pb. The highest reco r e activity was 
in 1965 a nd must have res ulted from the stra tospheric trans
fer of debris from the Dominic and U.S.S.R. tes t seri es. T he 
short-term temporal vari a tions in fall-out of radionuclides 
have been di scussed by m any workers (Wi lgain and others, 
1965; Lambert and others, 1977, 1990; Merlivat a nd others, 
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Table Ja. J\fajor radionuclideJaLl-ollt orJlux, geogmplzical and meteorological parametenJor coring slations 

S/(lI;OIl La/.S L OIlg. E :111. Temp. r l CClll1l . 137es gOs,. JIOPb T . \ 0. 

0 0 m C kg III :l yea r 1 Bq 111 2 Bqm 2 Bq m 2 year' TU t-l \\' 

;\1.1" 77.83 167 20 160 6.9' 30 
.1 9 82.37 191.33 50 29.+ 90 89 96' 1.9' 211 ' 31 
1'9 8+.+ 189 50 30.+ 8+ 17 32 
KI05 67.58 93.70 1351 313 132 33 
\ ' K 631 72.22 96.62 3+21 68 52 3+ 
K Oll1so 7+.10 97.50 3+98 53.9 6+ 52 1.16" 35 
\·k7+7 7125 97.07 3270 8+ +0 36 
\,K 17 78A5 106.8~ 3+70 55.+ 19 35 37 
DB 76.92 95. 17 3+00 32 17+ 38 
Vostok 78A5 106.8+ 3+71 .'i.'H 23 58 39 
BHO 66.73 11 2.83 1315 631 59 +0 
BHDB 66.73 112.83 1315 631 81 +1 
GC38 70.++ 11.7~ 252+ 38.9 121 50 ·f2 
GC fO 71. 17 111.36 2695 +3.6 126 55 +3 
GC+7 73.70 110.20 30+6 52.1 +5 36 ++ 
GO 03 69.00 115.+8 1832 29.+ +76 78 +5 
GO 12 68.9B 126.93 2170 32.6 350 95 16 
GO 15 69.00 130.81 2150 33.3 356 100 +7 
GFOI 68.50 110.85 1800 28.7 367 63 +8 
GFO+ 68.53 107.2+ 2120 32.7 293 +6 +9 
Gt- 113 73.17 110.+5 2960 52.9 65 59 50 
.1RF 6+25 302.25 1690 13.+ 163 32 51 
.1RG 6·k25 302.25 1350 11.3 236 +0 52 
PS 9 90.00 90.00 2800 50.7 80 52 53 
PS 10 80 +6 5+ 
PS 15 79 +0 1.6+ 55 
PS 16 ll6 +5 56 
PS 18 80 7+ 57 
PS 19 7:1 67 58 
PS 20 81 97 59 
PS 21 79 28 60 
PS 22 79 36 61 
PS 7f ll~ fI 62 
PS 77 80 59 63 
PS 78 79 51 6~ 
PS llO IH ' I.ll9' 7202 65 
~ew Hr rcl 80.D 2+0.0 1500 180 5.5' 66 
R. Bouclouin 70.·13 2+.32 20 ·fOO ll.2' 67 
2-11-279 82.9 1ll.2 2610 +9.2 36 1.1 ' 68 
1- 15-·115 85.2 1.6 2630 +8.6 61 1.9' 69 
1-13-370 8.'>.8 8.7 2690 50.0 +2 1.2' 70 
1-10.275 86.6 30.6 2860 +7.9 55 1.+' 71 
2-0-0 82. 1 55. 1 3720 31 0.9' 72 
Liy ingslon [s. 62,(i7 299.62 26.,> + 681 6.7 7+ 
0136 77.16 307. 1 50 23.8 IR9 586'2 75 
B,\S .') 81A7 299.+0 125 28.6 89 600'2 76 
B\S 6 81.60 301.83 130 28.7 92 +95'2 77 
0336 78.75 302. 1 70 26.1 156 +52 11 78 
DO LI 66.7 139.8 +3 10.7 I·H) 3.8' 73 
,\ :3 66.69 139.82 190 1+.3 220 +.7i' I 
0 9 66.70 139.82 223 I.'> 250 5.0'" 2 
D 12 66.70 139.78 2+6 15.3 350 63 :1 
0 23 66.73 139.62 556 17..'> + 10 88 -f 
D 26 66.77 139.55 589 17.9 27:,) H 5 
0 :,3 66.80 139.+3 690 18.3 139 26 6 
D +1 66.90 139.21 92+ 19.8 60ll 8+02 7 
D f2 66.99 139. 11 1028 22 320 65 8 
D I·:~ 67.06 139.01 11+3 22.6 2+0 52 9 
D I,) 67.22 138.83 1353 2+ ~ 20 2271 6.63' 10 
0 +7 67.39 138.6+ 152+ 25.8 260 73 11 
D 30 67.62 138.3:, 1709 27.6 2+0 I02 l 2.69' .1302 12 
0 .13 67.86 137.99 1898 29.8 360 125 13 
0 55 68.03 137.78 1995 31.1 70 20 1+ 
I) .'>9 68.3 f 137.31 2228 3+.3 320 1981 +.76'\ 7202 15 
D 60 6R .. lj 137.20 2291 %.3 260 56 16 
D 66 68.9+ 136.+9 2157 38.8 200 ISl h 17 
D 72 69+1 135.76 2+12 efl.2 230 I07 l 2.+9' 18 
D 80 70.02 13·k82 2+87 +1.+ 2+0 92 19+' 5.23' 6202 19 
D lOO 71.56 1:11.97 3100 +6.3 130 1+5" 2.1 7' 5002 20 
D 120 73.06 128.U 3280 52.3 80 1.:13" 2502 21 
DCa 7+.<i+ 121.17 32·10 53.5 32 ·f702 2:2 
DC b 35 36 1.07 23 
DC 5 3+ 29 2~· 
ne: 15 32 (j l 25 
nCI6 37 56 26 
DC 18 36 5el 27 
DC 80 32 +·1 28 
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Ta.ble lb. /llfinor radionuclidefaLl-out or flux. Source qf data: present studyJor data without brackets, otherwise / Koide and others, 
? 3 -I 5 6" 7· 1979; -J ou;::el and olhers, 1979a; L ambert and others, 1983; Croza;::, 1.967, 1969; Sanak, 1983; Bendezu, 1978; Ralsbeck and 

others, 1987; 8 Raisbeck and others, 1981; 9 Raisbeck and others, 1990; 10 Koide and others, 1981; IlCutter and others, 1979; /2Gw! 
and others, 1994 

Station AaullI. 23Hp U :!:i9 :'!4(Jp u 241p l/ 

kg m 2 yea r I Bq m 2 Bq m 2 Bq m 2 

DC 32 0.2411 1.010 15.1 10 

DC 35 
DC 32 1.5111 

J 9 90 0.521 1.51 16.31 

VoslOk 23 
PSI5 79 
PS 80 

1977; J ouzcl and others, 1979 b; Koide and others, 1979; 
Maenhaut and o thers, 1979). H ere, we will therefore discuss 
spatia l di stributions of total fall-out of a rtificial radionu
c1ides covering the total dura tio n of atmospheri c nuclea r 
tests and fluxes of natural radionuclides. 

Table I shows significant variation in the rate ofaccumu
lation, temperature, altitude and fa ll-out o[ radionuclides. 
For example, while the rate of a ccumulation varies by a 
factor of 30, the fall-out of 137 Cs (between 1955 and 1980) 
varies by a factor of no more than 17, and the ~lUPb flu xes 
by a factor of six which suggests a signifi cant influence o[ 
depositional processes on radionuclide flu xes. 

The characteri stics o[ radioactive fall-outs a re not exam
ined for the various radionuclides. 

a. 137Cs 

. 1'7 Over all o[ Anta rctIca the tota l fall- out of ' Cs for the whole 
deposition time (1955- 80) vari es from 17 Bq m 2 (Ross Ice 
Shelf, station F9) to 174 Bq m 2 (DB). It fo ll ows a log-norm al 
distribution, with a tail [or high values above 120 Bq m 2. 

The median of 54 Bq m 2 li es 10 % below the mean value of 
60.2 Bq m 2 revealing an asymmetry in the di stribution. 
The three highest values, la rgely above the other samples, 
a re located at D 53, KI05 and DB a nd appear as ouLliers. 
The data fit well on a half-norm a l probability plo t. Mean 
values obta ined from diverse geographical areas are not sig
nificantly different: 

Location 

Dumom d'UIT illc Dome C ax is 
Cascy-Vostok ax is 
Mirny VosLOk ax is 
South Pole Station 
Dome C stat ion 

,Ileall 
value 

63 
66 
78 
53 
+7 

Standard 
deviation 

29 
20 
53 
19 
12 

Xo. cif 
samples 

17 
12 

13 
6 

Along the Dumont d'Urville---Dome C (DDu- D C) axis, 
which possesses the highest number of va lues, the tota l fall
out is linked with the accumula tion by relation (3), which is 
significant at the 99% confidence level (p = 0.65): 

Y (caesium) = 0.12X (aeeum) + 35.5 . (3) 

The extrapolation [or null accumul ation gives an esti-

438 

:!-IJAm 1013e 2:.!6R a 2.HTh . \ 0. 

Bqm 2 x 109;\t m 2 Bq m 2 yea r I Bq m 2 yea r I 

year I 

15i 22 
0.+2 0.082 0.012 23 

29 
31 

2.0" 39 
0.9() 55 

2.79 65 

f l37 C "d d .. " f 355 B - .} I I' . mate 0 s ry eposJtlon 0 . q m -. n t 11S regIOn, 
the dry deposition wo uld thus represent 56% o[ the tota l 
d . . f' 137 C Th I' . f 137C eposltlon 0 s. e mear regressIOn 0 s \ 'S acc u-
mula tion [or all sampl es yields a consta nt value (interpreted 
as dry deposition) of 49 Bq 111-

2 and a regression coeffi cient 
of 0.0649 m Cs per unit o[ acc umul a tion (p = 0.34). The 
mean va lue of dry deposition represents for all samples 
82 % of the total depos ition. The rela ti vely low corrcl ation 
may be due to: 

(i) The dispersion of the data values. The dispersion of 

these values is caused by the fact tha t the meteorological 

regimes differ from place-to-place. 

(ii ) The acc uracy oi" accumulation a nd deposition meas

urements. The uncertainty in the accumulation meas

urement can be generally neglec ted compared to the 
. n7 uncertall1lyof ' Cs measurements. 

(iii ) The sampling representation, because the sampling 

corresponds, both for ice cores a nd pits, to a small sec

ti on and the representation strongly depends upon the 

local reli ef (sastrug i, dunes) and the drift redistribution. 

At two stations, So uth Pole (SP) and D ome C (DC), the 

mag nitude of effects (ii ) and (iii ) has been estim ated. 

For these two sta tions with 13 and six sampling sites, re

spectively, the sta nda rd deviation is a round 30% (34% 

a nd 23%, respectively). 

Using different complementary method s, we now examine 
the sta ti stical properti es of the 137 Cs di stribution. 

No global correlati on appears on the scatter plot o[ m Cs 
vs temperature, wi th the exception th a t two se ts are totally 
sepa ra ted: temperatures less than - 50°C and temperatures 
over - 35°C with seven samples be tween these two se ts. 
These two sets, and the intermediate group of seven samples 

137 appear also separa ted on the scatter plot of Cs vs acc umu-
la tion with a global linear correlation of 0.34. 

The calter plots of 137 Cs vs accumul a tion, conditioned 
by temperature, reveal the correla tion coeffi cients and the 
regressions [or the different sub-popula tions. The condition
ing yields increasing correlation coeffi cients for t:l7 Cs vs ac
cumul ation with a three-fold filt ering of temperature (Fig. 
2): 0.48 for temperatures below - 38.3°C, 0.58 [or temper
atures between - 38.3° a nd - 26°C a nd 0.86 for temperatures 
above - 21°C. This is confirmed by another filtering aceord-
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Fig. 2. Bivariate graphs 01137 Cs vs accumulation, conditioned (filtered) by temperature. The first scatter plot is Nrep (i.e. not 
represented) Jor observations where no tempemture data are available. The other graphs show the behaviour 01 137 Cs (vertical) vs 
accumulation (horizontal). The comlation coifficient is indicated in the bottom-right corner. These graphs were obtainedJor iso
amplitude andJor isojrequency conditioning. 

II1g to five values of temperatures with tentatively equal 
frequencies: 

Temperatures 

QC 

- 55.4 to 52.1 
- 52. 11050.0 

50.010 - 32.7 
32.7 to - 23.8 

- 23.8 to - 4 

Coifficients qfcorrelation 

0.27 
- 0. 14 

0.54 
0.50 
0.97 

Two strictly different populations appear when cond
itioning the relationship of \37 Cs and accumulation by 
temperatu re . . For temperatures below - 50.7°C, no signific
ant correlation can be obtained , whereas for temperature 
above -50.7 °C linear behaviours are obvious. Thus, the 
regressIOn coeffi cients diminish when temperature 
Increases. 

The statistics of 137 Cs vs classes of accumulation show an 
increase of grade without the assumption of linearity ex
pressed by correlation: 

ACClIlIlulation 137 Cs mean value 137 Cs standard deviation 

kg III 2 year I Bq m 2 Bqm 2 

19-45 58.30 40.02 
45-80 47.73 15.36 
80- 163 50.25 22.42 
153- 313 60. 16 29.61 
313- 631 81.70 19.83 

A ·· h' I . f 137C tnvanate grap Ica representa tion 0 s vs temper-
ature and accumulation shows, in three dimensions, the 
piecewise linear behaviour found in the categorized analysis 
(Fig. 3). 

A principal-component analysis performed considering 
the temperature, accumulation and 137 Cs (Fig. 4) extracts 
66% of the total variance on the first inerti a ax is a nd 95% 
on the plane 1- 2. The observations are clearly split in a co m-

_ 6 .805 
_ 13.610 
_ 20416 
_ 27.221 
_ 34.026 

40.831 
CJ 47.637 
CJ 54.442 
CJ 61 .247 
CJ 68.052 
ID 74 .858 

81 .663 
_ 88.468 
_ 95.273 
_ 102.078 
_ 108.884 

140 
1Z0 
100 

SO 
60 
AD 
ZO 
o 

Fig. 3. Qyadmtic sU1faceJor lempemture vs accumulation and 
137 Cs. 

pact group, with low temperature and low accumul ation, 
a nd a scattered group correlated positively with the temp
erature and the accumulation (with the exception of 
samples D55, F9, GC38, GC6 and PS20). These groups are 
not separated when proj ected on to the 137 Cs vector. The 
principal-component analysis repeated with the addition of 
variable alti tude confirms the same splitting into two 
groups. 

The hierarchical ascending classification (Fig. 5) clar
ifies the split obtained by the factorial analyses. Two groups, 
A and B, are obtained which are specifically related to the 
locali zation and the snow accumulation. A first group 
shows the sampling points in the vicinity of Dumont d 'Ur
ville a nd from there on a line parallel to the eastern coast. 
The second group includes the sampling sites on the polar 
plateau. 

Mean value 
Standard error 

Group A: coastal 

60.0 Bqm 2 

5.3 Bqm 2 

Group B: plateall 

51.9 Bq m ~ 
4.IBqm 2 
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The correl a tion matrices show inversion of correla ti on 
137 coefTi cients for Cs for these two g roups: 

Groll/) rI: coastal Groll/) B: plaleall 

, I/t. Tem/). Accllm. 137 Cs AIt. Temp. Acclltn.. 

- 0.64- 0. 11 0.35 0.91 0.53 0.4-7 
0 - 0.31 0.66 0.4-1 

0.74- 0.25 
I I 

The relationshi p of 137 Cs vs a ltitude a nd tempera ture in
verts betwee n the two groups and the correlati on vs accu
mu lation drops dras ticall y from the coas t to the pla teau 
locations. The regression lines a re different from group A 
(coas tal, Equation (4)) and B (pla teau, Equation (5)): 

Y (caesium) = 0.193 x (aeeum.) + 7.1 2 p = 0.74 (4) 

Y (caesium) = 0.1 45 x (aeeum. ) + 42.35 P = 0.25 . (5) 

a Omnidirectiona l 
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VVith in group B, the average m Cs is 45.4 Bq m 2 for ac

cumu lation below 50 kg m 2 a I which is consistent with th e 

previo us estimati on of "dry deposition". 
T he omn idirec tiona l variog ram (Fig. 6a) is consisLe n t 

with a spherical model w ith a 450 km ra nge. In direct io ns 

N VVl50 and E45, direc tional variograms can be fitted 

with exponential modcls with ranges of 850 and 575 km . 
T he isoli ne maps o f radionuclides show large-sca le 

structures which must not be interpre ted as smooth as it 

may a ppear as th is is due to the limited number of sa mples 

availa ble. The 137 Cs m a p, establi shed on the basis of square 

blocks 250 km x 250 km (Fig. 7), shows a signi fi cant 

increase on the eastern border, reach ing 100 Bq m 2, a nd a 

peak for DC. In th is qua drant, the I37 CS map is somewha t 

sim i la r to a rough m ap o f the elevation gradienl. The m Cs 

fa ll-o ut is above 90 Bq m 2 for 14 squa res, or 875 000 km 2
. 

Fo urteen squares on the plateau (875 000 km 2
) have a value 

lower tha n 50 Bq km 2; 44 blocks, i.e. 2 750 000 km 2
, have es

li ma ted va lues of l:l7 C s be tween 60 and 80 Bq m 2 
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Fig. 6. 01l1nidirectiollall'ariogramsjor 137 Cs (a) and 710 Pb (b). The variogram de/Jicts the con-elation os ajllllction cifdistance_ 
0 11 a l'ariogram, one call read the gLobalfit o/a model ( CZlrve) to the e.\:jJerilllental valllesjor given distances ( Ihe straighllines). 
The horizonta/line is the statistical variance, i.e. the variance without '>j)atia/ correlalion. It is Teach edJor a distance called t/ze 
"range': which is a measure cif the zone rifir!/lllence. B eyond Ihis range_ da ta measurements are .>jJatial{)I inde/Jenden t. T he inter
section cif the model curve with th e vertical a ~is represents the residual variance between lI1 easll1"ementsj or a ve'/y small distance. It 
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441 
Downloaded from https://www.cambridge.org/core. 09 Jun 2021 at 10:21:38, subject to the Cambridge Core terms of use.

https://www.cambridge.org/core


JournalofClaciology 

170.00 160.00 
160.00 150.00 
150.00 

140.00 
140.00 
130.00 130.00 

120.00 120.00 

110.00 110.00 

100.00 100.00 
90.00 90.00 
80.00 80.00 
70.00 70.00 
60.00 60.00 
50.00 

50.00 
40.00 
30.00 40.00 

20.00 30.00 

10.00 20.00 

0.00 10.00 

'10.00 0.00 

Fig. 7. Antarctic map of distribution qfthe 137 Cs. 

A zero correlation coefficient of90Sr vs temperature mainly 
caused by the lack of a relationship in the case of three 
samples J9, D50, D72, with low 90Sr (llO Bq m - 2), masks a 
linear relation with a correlation coeffici ent around 0.90 
[or the six samples which have 90Sr above 140 Bq m - 2. At 
two stations U9 and D80), where we have measurements of 
both 90Sr and 137 Cs, the 90Sr/37 Cs ratio is respectively 1.1 
and 2.1 (mean values: 1.6). These ratios do not differ from 
the global atmospheric ratio of 1.6 (Volchok and others, 
1971; Eisenbud, 1987) and it is not possible to deduce a possi
ble fractionation between these two radionuclides. Eight 
stations analysed both [or 210Pb and 90Sr show a correlation 
of 0.89. 

The atmospheric concentration of 2IOPb, a long-lived 
daughter radionuelide (half-life 22.3 years ) of radon, in the 
atmosphere depends on its rate of production through radon 
decay and its removal by atmospheric scavenging processes. 
The lack of radon sources in Antarctica and the time 
required for air to move from continental areas to this 
region results in a low radon (and its daughter nuelides) 
concentration in Antarctica. 

The origin of 21°Pb over Antarctica has been widely dis
cussed. Lambert and others (1966) suggested an essentially 
stratospheric origin for 210Pb at the South Pole, based on a 
good correlation between 210Pb and fission products over 
the South Pacific and Antarctica, but Lambert and others 
(1983) stated a tropospheric origin for 21OPb. Based on the 
correlation between 210Pb and the stratospheric radionu
elides 7Be and 137 Cs (and a high level of 210Pb at the South 
Pole compared to Punta Arenas ), Maenhaut and others 
(1979) suggested transport of 210Pb to the interior of Antarc
tica through the lower stratosphere and (or) upper tropo
sphere during the austral summer. The almost equal 
residence time of 5.5 days of 210Pb and 222Rn over the sub
Antarctic ocean, for the whole troposphere, suggests rapid 
transport of these radionuclides from their remote continen
tal source; this transport of nuclides from mid latitudes to-

442 

wards Antarctica is not through the lower troposphere 
(Lambert and others, 1990). 

In firn, the total of amount of 210Pb (A ) is the result of 
equilibrium between atmospheric flux (iP ) and radioactive 
decay after deposition. With a constant atmospheric flux, we 
have relation (6) 

iP = AxA (6) 

where A is the radioactive constant of 21Opb. 
The fluxes are calculated from the continuous vertical 

profiles of 210Pb concentration. The quantities measured in 
each of the samples along the profile are summed and 
relation (6) is used to convert the deposition in flux. Another 
method o[ determining fluxes would involve extrapolation 
of the different values measured in the profile to the surface. 
In order to deduce a mean concentration, C at the snow sur
face is linked to the flux by relation (7) 

iP = C x P (7) 

where P represents the mean net accumulation on the site. 
The observed fluxes vary from 0.9 at 8.2 Bq m - 2 a - \ a value 
quite comparable to those obtained by Roos and others 
(1994) from lichens, mosses, grass, soil and lake sediments 
collected on the South Shetland Islands (3.8- 17.5 Bq m - 2 a- I, 
with a mean of 8.6 Bq m -2 a I). These fluxes are strongly cor
related with the accumul ation (relation (8) with p = 0.80 
(significant at the 99 % confidence level ). 

y(210Pb) = 0.0l164X (accum.) + 1.2785. (8) 

The active volcano Mount Erebus has been believed to 
be responsible for the elevated concentrations in McMurdo 
Sound (Crozaz and others, 1964). The apparently high level 
at Roi Baudoin Station is due to the elevated snow-accumu
lation rate at this station. 

The correlation coefficient of - 0.74 between elevation 
and 210Pb flux is in fact stronger (-0.80) for the 17 sites above 
1000 m where the linear negative behaviour is obvious. The 
dry fall-outs for 210Pb are lower than those for 137 Cs and, for 
all the stations, represent about 40% of the flux. The disper
sion of values is significantly lower than for artificial radio
nuclides. Artificial radionuelide fluxes are discontinuous, 
whereas the natural flux from 210Pb is continuous and the 
concentrations in adjacent samples are very similar. The 
measurements are not consistently affected by drift redistri-
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bution but in the case of occasional or discontinuous phe
nomena (nuclear tests, industrial accidents, volcanic events ) 
it would be necessary to ensure representation of the 
sampling. 

The spatial investigations of 2lOPb, based on 23 stations, 
reveals surprisingly well-defined structures on the omni
directional variogram (Fig. 6b), with a clearly modelled 
growth up to the sill reached for a distance of 1100 km. The 
210Pb stations were clustered either in the line starting at 
Dumont d'Urville or on the Antarctic Plateau and along 
the coast. The directional variogram (Fig. 6a) for NNWllO 
(Dumont d'Urville line) shows a smaller range at 700 km, 
thus providing better information than the larger grid of 
the other measures. One hundred and sixty-two blocks of 
250 km X 250 km were estimated for 210Pb (Fig. 8). How
ever, the map is purely indicative, due to the limited number 
of stations available. The second population of blocks above 
2.5 Bq m - 2 a- I is clearly related to the scarp edges at the cir
cumference of the continent. This is consistent with both the 
correlation coefficient Of21OPb with altitude and the 0.57 cor
relation coefficient with latitude. 

d. Trit ium 

The data for tritium fall-out are given as the total amount of 
tritium deposited between 1955 and 1980 along the DDu
DC axis, South Pole and Ross Ice Shelf (Table la ). The tri
tium is incorporated in water vapour as HTO and most of 
the tritium present in Antarctica between 1955 and 1980 is 
due to atmospheric testing of fusion bombs which injected 
tritium into the stratosphere. The tritium deposition in Ant
arctica is strongly influenced by seasonal cycles and smooth
ing of the seasonal variations occurs by diffusion in the 
vapour phase during firnification (Merlivat and others, 
1977; Jouzel and others, 1979a). The tritium fall-out over 
Antarctica varies from 211 to 840 TU m of water 
(I TU = 118 Bq I- I) and the average is 529 TU m of water. 
A plot of total tritium content vs rate of accumulation in 
seven stations along DDu- DC shows a good positive correl
ation of 0.84, suggesting a regular increase in tritium depos-

ition with the increase in rate of accumulation. Despite the 
first values for very smalllag distances h around 50 km, the 
four subsequent variogram values for 500, 800 km, etc. are 
consistent. The variogram with nine stations can surpris
ingly be modelled. 

The station on the Ross Ice Shelf, which is 450 km from 
the coast but at 50 m elevation, is depleted in tritium com
pared to other stations. This suggests that moist air might 
have picked up the tritium from the surface and redistribut
ed it elsewhere by eddy diffusion. The substantially higher 
tritium content, by a factor of 2, at the South Pole indicates 
preferential injection directly from the stratosphere (or 
opening of the stratosphere) by the direct vapour exchange 
of the tropospheric air mass with the stratospheric mass. 
However, for the preferential tritium fall-out at the South 
Pole, Jouzel and others (1979a) suggested that, because of 
the growth of stratospheric clouds and their precipitation 
in the higher troposphere (Stanford, 1973), a significant per
centage of tritium-rich stratospheric water could be re
moved from the stratosphere and accounts for large tritium 
injections during the Antarctic winter at the South Pole. 
This stratospheric cloud-formation mechanism could have 
played a particular role during 1973 for which the very high 
tritium fall-out is not related to the nuclear explosion calen
dar but is the coldest year at these levels for the 1954-78 
period (-84°C) Uouzel and others, 1979a). However, a link 
with nuclear testing cannot be discarded (the fact that the 
1973 French explosions produced a relatively large amount 
of debris has recently been disclosed). 

The deposition of tritium over Antarctica is strongly 
related to mixing within the stratosphere and the processes 
of precipitation from the troposphere. The tritium formed at 
upper levels is brought down from higher stratospheric alti
tudes within the circumpolar vortex and then is passed into 
the troposphere by vertical exchange processes over the 
polar regions during the Antarctic winter when no temper
ature inversion exists at the South Pole tropopause. When 
these particular conditions exist, a continuous rapid ex
change of air between the lower polar stratosphere and the 
troposphere possibly occurs (Martell, 1970). Tritium conccn-
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Fig. 8. Antarctic map cif distribution cif the 210 Pb. 
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tration in the Antareti c prec ipitati on is much higher than in 
precipita tion at tempera te southern latitudes. Koide a nd 
others (1979) suggestcd this was due to the diluting influence 
of the ocean at most intermediate latitude sta tions and th a t 
continenta l effects a re ver y important in understanding tri
tium deposition. 

Fina lly, we note two inLeresting features of tritium fa ll
out. First, the latitudina l a nd seasonal dependence of this 
fa ll-out shows simil a rities between natural (analysed on 
snow fa ll en before the first nuclear testing) and artificial tri
tium; these simila riti es show that the same mechanisms 
govern the deposition of artifi cial a nd na tural tritium 
Gouzel a nd others, 1982). Secondl y, the seasonal patterns of 
tritium a nd f3 fa ll-out clearly differ, with the maxima occur
ring respectively during the Antarctic winter and Anta rctic 
summer. According to Taylor (1968), thi s is due to the differ
ent transfer mechanisms involved. f3 products are trans
ported with particul a r m ateri a l in the lower stratosphere 
and enter the stratosphere at mid latitudes (seasonal fa ll
out va ri ation characterized by a summer max imum ), 
whereas tritium, formed at higher levels, is brought down 
from higher stratospheric a ltitudes within the circumpola r 
vortex and is then passed into the troposphere over the 
pola r regions during the Antarctic winter. 

e. Other radionuclides 

TI ' . f 2+lp d 239 2+0p hI . '1 l e Illvcntoncs 0 u a n u a re roug y Slml a r 
for DC a nd stati onJ9 on the Ross Ice Shclf (Table lb ). The 
231:l p /239 0 40p ... d . h h I ' u - u ratIo IS III goo agreement WIt t e va ues 
obta ined from lichens, mosses, grass a nd soil collected on 
the South Shetl and Islands (Roos and others, 1994) or in 
the M cMurdo Sound a rea and around Syowa Sta tion 
(H ashimoto and others, 1989). 2+IAm inventory at the South 
Pole and DC also agrees with the South Shetland Isla nds 
inventory but di sagrees with 2~l pu at DC and the Ross Ice 
Shclf: a t DC, 2<1 lAm, a daughter product of 2+lpu represents 
at the date of measurement (1992) less than 3% of 241 Pu. 
Koide a nd others (1979) suggested for 238pu a major contri
buti on to the SNAP-9A event in 1964 and for Hlpu the re
fl ec tion of the Mike, Yvy and early American 
thermonuclear tests, characterized by their very high ra tio 
of 2<1 1puF39 2+0pu : 27 in 1953 compared to a global world 
rati o of 13 (Roos and others, 1994). 

The flu xes of cosmogenic-produced lOBe a re higher by a 
factor of about 2 at the South Pole (2.7) compared to DC 
(1.6). The rati o of lOBe between the South Pole and DC is 
not simil a r to the ratio of accumulation for these two sta
ti ons. This difference m ay be due to dry fa ll-out. If we 
ass ume the same concentration of lOBe in snowfall at these 
two stations, dry fall-outs a re respectively 30% and 50 % a t 
the South Pole and DC. 

23-'Th (0.01 2 Bq m - 2 a I) and 226R a (0.082 Bq m - 2 a I) 
flu x (decay products of the 238U family) are reported fo r 
the first time at DC. 23+Th is a short-lived radionuclide 
(24 d ays ) in secular equilibrium with 238u. The 226Ra fl ux 
(the long-lived radi onuclide before radon) is about 7% of 
the tota l 210Pb flux. After deposition, this 226Ra produces 
210Pb . . h d" d f 226 R m snow, WIt apparent ra lOactlve ecay 0 a 
(",1600 years). In 60 year old snow, the activity of this 210 Pb 
is the same as the remaining activity of 21oPb incorpora ted 
in snow by direct a tmospheric scavenging (6% ). For the las t 

d · . 210Pb . b 210Pb d century, snow atmg usmg IS easy ut supporte 
226 by R a should not be neglected. 
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A compa rison between the a rtificial (,37 Cs, 90Sr, 3H ), ter-
. (2IOPb 23 1Th 226R ) d . (lOB ) d' n genous , , a a n cosmogel1lc e ra 10 -

nuclides indicates that a rtifi cial radionuclides constitute 
more than 90 % of the tota l long-lived radionucl ides depos
ited in Anta rctica during the 1955- 80 period. 

4. DISCUSSION 

Most thermonuclear tests inc reased the radionuclide debris 
of the Northern Hemisphere's troposphere and stratosphere. 
While tropospheric radionuclide debris deposited quickly 
on the Earth's surface, the stratospheric debris began to 
mix. After the initial tropospheric input had been depos
ited, deposition over Antarctica was primarily from strato
spheric input. The Southern Pola r troposphere received a 
much sma ller initial artificia l radionuclide input from ther
monuclear tests. Most of th e radionuclides it received came 
from the stratosphere. This idea can also be substa nti ated by 
radio-i sotope measurements performed in Anta rctica (Pic
ciorto and Wilgain, 1963; Crozaz, 1969; Taylor, 1968) and by 
the 1.5 years residence time suggested by Pourche t and others 
(1983). The a rrival of a rtificia l radionuclides is in December 
and J anua ry when opening of the stratosphere ta kes place. 
A pronounced max imum deposition in the Antarctic 
summer has been illustra ted for 3H Gouzel and others, 
1979b) and 137 Cs (Lockha rt a nd others, 1965), suggesting that 

the Southern Hemisphere does undergo seasona l va ri ati ons 
in stratospheric- tropospheric exchange such as observed in 
the Northern Hemisphere. J ouzel and others (1979a) sug
gested a 2 year delay for the a rrival of tritium a t the South 
Pole after its production in the Northern H emisphere and 
noted the existence of high values in South Polar snow. 

The estimated dry fa ll-out is 82, 60 and 40 % for 137Cs, 
90Sr and 2loPb, respectively. These di spersed values can be 

explained by the geogr aphical heterogeneity of the 
sampling a nd by the low number of common measurements. 
The simil a r origin for 137 C s and 90Sr should result in the 

same percentage of dr y fa ll-o ut for these two radionucl ides. 
'Ve therefore attribute the observed differences to the uncer
tainty of the determina tions. For 2loPb, the sm aller value 
may reflect the arrival, from the surrounding continents, of 
a tropospheric fraction directly incorporated in the clouds. 
The tritium case is a lso different and the expl anation for 
70% of the apparent dry fa ll-out may be the effect of the 
direct molecular vapour exchange of atmospheric air 
masses with stratospheric m asses. The observed difference 
between radionuclides should be applied for a classification 
of transport processes concerning stable species. 

The omnidirectional variograms for 137 Cs show "noise", 

(nugget effect) equivalent to half of the sta tistical vari ance. 
This noise i due to the low representativeness of a snow core 
in the estimation of discontinuous flu x. This will result in a n 
. .. d . f 137 C U I'k 137C lIlaccurate estImatIOn an m appmg 0 s. n I e s, 
the 210Pb deposition flux fluctuates little or none and the 
"nugget effect" associated w ith thi s radionuclide is smaller 
than for 137 Cs (6% ). A local variation in transpor t, accumu

lation and dry fall-out a t high-alti tude inland stations, such 
as DC, DB and Vostok, or preferential injection directly 
from the stratosphere a t the South Pole (for tritium ) are 
the most probable causes for variation in the di stribution of 
radionuclides (I37CS and 90Sr) at these stat ions. 
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