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In the course of the first two legs of the South
Pole—Queen Maud Land Traverse (summer seasons
1964-1965 and 19651966)* more than one ton of
ice and firn samples was collected at 65 glaciological
stations and shipped in the frozen state to the Free
University of Brussels for geochemical analysis.
Although much more work remains to be done before
this program is completed, it is possible, on the basis
of the data obtained so far, to sketch a preliminary,
but encouraging, picture of the major results. Selected
examples are reported here and in a paper prepared
for publication elsewhere (Picciotto et al, submitted).

The last two issues of the Antarctic Journal
contained collections of reports of field and state-
side activities in the U.S. Antarctic Research
Program, 1966-1967. In the current issue, reports
are presented of a group of activities that involve
international cooperation. Observations and re-
sults of research conducted by U.S. scientists at
foreign stations are described, as are studies made
by foreign scientists working with the U.S. Ant-
arctic Research Program. Similar reports in pre-
vious issues of this volume of the Antarctic
Journal appear on p. 45-46, 64-67, and 78-80.

Scientists who wish to conduct research at the
antarctic stations of foreign nations should com-
municate with the Office of Antarctic Programs,
National Science Foundation, Washington, D.C.
20550.

Variations of Stable-Isotope Ratios

Snow precipitation displays relatively large varia-
tions in the abundance ratio of the stable isotopes of
hydrogen and oxygen. The D/H and 0 18 /016 ratios
are inverse functions, amongst other factors, of the
temperature at which snow and rain condense (Dans-
gaard, 1964).

Two main effects of this dependence are of interest
to glaciologists:

(1) At a given location, the snow precipitated in
winter displays lower D/H and 018/016 ratios than
the snow precipitated in summer (Fig. 1). In areas
where dry-snow facies occur, the seasonal periodicity
in the firn sequence is generally reflected by alternat-
ing high and low stable-isotope ratios, as illustrated
in Fig. 2. So far, accumulation rates derived from
stable-isotope variations have been found to be fairly
reliable in most parts of Antarctica (Epstein et al,
1965) as well as in Greenland. However, we found
that this method is no longer applicable in the central
part of the plateau of East Antarctica; because snow-
accumulation rates are very low there, the probability
is high that the precipitation of some years will be
missing from the firn sequence (Fig. 3).

* Antarctic Journal of the United States, vol. I, no. 1,
p. 14-15, and no. 4, p. 129-130.

1966	 1965

Figure 1. Oxygen isotope ratios of precipitation collected at
South Pole Station in 1965, shown as a function of the date
of fall. The 01,11016 ratios are expressed in the usual nay
(in per mill relative deviation from Standard Mean Ocean
Water (SMOW)). The seasonal effect is clearly visible: All
precipitation between early November and late February
(summer) has 8 values above — 51 %o while that from May
to October (winter) has 8 values below 50 %o. The collec-
tion was made by L. Aldaz, South Pole Station scientific
leader, 1965. The isotope ratios were measured by S.
Deutsch.

236	 ANTARCTIC JOURNAL



Stake	Stratigraphy
readings Depth
25 Nov 64 cm

vs

17 Jan 64	m
20

sm
(30 Nov 62) m30 Jan 63

mh

Feb 62- 	60
26 Nov 61	m

Feb 61	.T

Nov 60 80,
Nov 69
Feb 60 

loo C
5 Nov 58

120- m

14Jan58
160

160

-66	-54	-52	-50	-48	-46	-44
öox /SMOW

depth hoar_ _- ice crust - s: soft - m medium - h: bard

Summer 1963-1964

-60	-68	-56	-54
6 o /SMOW

--	depth hoar.. -:ice crust -	hard layer

Stratigraphy
Depth

Jan 1965	cm
0

20 PARA

60

60

80 v

100

120

140	h.L

160

180-

200

220

-is

S

Figure 2. Oxygen isotope ratio variations with depth in the
firn at South Pole Station. The samples were collected in a
pit dug beside an accumulation stake erected in 1958 by
Weather Bureau personnel and read every year since then.
Each maximum in the 8 values corresponds to a summer
season, in agreement with the readings at the stake and with
the stratigraphy. An average accumulation rate of 6.5
g/c111 2• yr is derived, in good agreement with direct surface
measurements. The strikingly high value for the 1957-1958
summer was found in several other pits dug in the same
area and corresponds to an unusually warm summer in the
weather records of the station (Picciotto et al, 1966). This
case provides a good example of the potentialities of stable-
isotope measurements for studying past climatic variations.

(2) If the seasonal variations are cancelled out by
considering average values over several years, the
average isotopic composition of the precipitation is
then correlated with such geographical factors as
latitude or altitude. Fig. 4, which is based partly on
unpublished data from the South Pole—Queen Maud
Land Traverse, provides a good example of such a
correlation at continental scale. The potential useful-
ness of this correlation in studies of deep-ice cores is
obvious. Incidentally, the average annual 011/0hh

ratio measured in firn obtained at the Pole of Inac-
cessibility (Fig. 4) is the lowest ever recorded, as was
to be expected for the Earth's coldest area.

Snow-Accumulation Rates

Estimating snow accumulation along the previ-
ously unexplored route of the traverse was a major
objective of this program. However, interpretations
of pit stratigraphy were very uncertain under the best
of circumstances and impossible under others on
account of the very low accumulation and the fre-
quent obliteration of the firn structures by intense
metamorphism.

Two geochemical methods based on the measure-
ment of low-level radioactivity were used to estimate
average accumulation rates, one for the last 10 years
and the other for the last 80 years. Highly sensitive
analytical procedures were developed to allow the
application of these methods to the small samples
obtainable with standard hand-drilling equipment.

Figure 3. Oxygen isotope variations with depth inin tue firn
at the Pole of Inaccessibility (Picciotto et al, submitted).
Here, as in Fig. 2, the 8 values display periodic fluctuations.
The presumed summer maxima are marked ''S." However,
if one assumes each maximum to correspond to one summer
season, the resulting accumulation rate would he 8.6 ± 0.9
g/cm2. yr, while the true rate estimated from reliable meth-
ods is 3 g/cm 2• yr. This large discrepancy is ascribed to the
fact that several seasons may not be represented in the firn
sequence oii'imtg to the very low accumulation rate.
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Figure 4. A verage 6 value of the firn (repre-
senting average 6 value of the precipitation)
as a function of elevation of the ice sheet of
East Antarctica. Data for the Queen Maud
Land traverses were obtained by S. Deutsch
and R. Gonfiantini; for Princess Ragnhild
Coast, by Gonfiantini et al (1963); for Little
America V and Byrd Station, by Epstein
et al (1965). The values for Victoria Land
svere derived from deuterium analyses by
Lorius (1963).
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Radioactive Horizon

It has been shown that the fallout of radioactive
debris from the Castle nuclear test series (March
1 954) formed a reference horizon in the antarctic ice
sheet (Wilgain et al, 1965). The firn layer corre-
sponding approximately to January 1955 is easily
identifiable because of the sudden increase in gross
/3-activity, due mostly to fission products, which
occurs there. Fig. 5 shows selected examples of radio-
activity profiles obtained in localities where the 1955
horizon was positively identified. In Table 1, the
accumulation rate derived from such profiles is com-
pared with the rates inferred from pit studies. The
latter rates are systematically higher, showing that
the identification of annual layers based on strati-
graphic criteria is often misleading in this region.

Pb210 Method

Pb 210 , a natural /3-emitter with a 22-year half-life,
is produced in the atmosphere by the decay of Rn222
and is present in minute amounts in atmospheric
precipitation. To determine accumulations by ref-
erence to Pb 210 , one can apply the following equation,
which is easily derived from the law of radioactive
decay if it is assumed that no vertical migration of
Pb 21° takes place in the firn (Crozaz et al, 1964):
In A, = in A 0 - A.h/a, in which A 0 represents
the specific activity of Pb 21 ° of the snow at the
moment of deposition; h refers to the depth of Pb21°
from the surface, expressed in water equivalent; a is
the annual rate of water accumulation; and A is the
radioactive constant of Pb-°. If both A 0 and a remain
constant in time, which is a reasonable assumption
considering average values over several years, a plot

4000 m Altitude

of log A,, versus h should yield a straight line with a
slope that is inversely proportional to the accumula-
tion rate. Fig. 6 shows such plots for several antarctic
stations. The accumulation rates so derived are in

Table 1. Accumulation rates along the route of the South
Pole-Queen Maud Land Traverse 1.1

Accumulation in c/cm 2/yr. from
Station Traverse	F. P. 2	Stratigraphy3	Remarks

Max.	Mm.
0	0	6.5±0.5	6.5	7.5	South Pole

	

24	6.9±0.2	8.0	8.0
2	48	6.9±0.2	9.8	9.8
3	72	4.3±0.4	6.6	6.6
4	96	5.14:0.4	7.2	5.6
4a	110	5.9±0.4	11.2	11.2
5	125	(2.8)	7.2	4.8
5a	140	4.7±0.2	5.5	5.5
6	155	5.0±0.4	8.2	6.1
7	185	4.3±0.2	6.8	5.6	First turning

8	215	5.3±0.4	6.0	2.8	
point

9	245	4.2±0.2	6.4	5.6
10	275	5.7±0.2	?	?
11	305	2.9±1.0	?	?
12	338	5.0±0.4	8.0	6.4
13	370	4.2±0.2	8.9	8.1
14	395	5.1±0.2	7.2	6.0
15	415	6.0±0.2	11.4	7.1	Second turn-

16	445	(3.9)	5.4	4.3	
ing point

17	470	1.0±0.3	5.3	?
18	496	4.3±0.4	8.8	6.7
19	519	4.6±0.2	7.5	5.3
19a	536	6.0±1.0	-	-
20	545	(4.6)	7.9	7.1
21	570	1.9±0.2	7.6	4.4
22	595	2.4±0.1	7.0	5.4
23	620	(6.8)	13.3	?
24	650	2.8±0.2	?	?
25	680	4.5±0.2	7.6	5.7
26	710	2.6±0.4	?	5.7
27	740	3.9±0.2	7.8	5.3
28	770	2.8±0.2	6.5	?
29	797	2.7±0.2	12	3	Pole of

Inaccessi-
bility

'Cf. Antarctic Journal of the United States, vol. I, no. 1, p. 14-15.
2 Values derived from the distribution of fission-product activity

(average, 1955-1965).
Values derived from the tentative counting of annual layers in
2-rn-deep firn sections.
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good agreement with other estimates. These results
indicate that the several-year average value of the
accumulation has not varied by more than 10 percent
over the last 80 years.

Extraterrestrial Material in Antarctic Ice

That most of the extraterrestrial matter falling on
the Earth's surface consists of microscopic particles
with dimensions of the order of 10 to 10-2 cm
seems to have been well established. In all of the
attempts made to collect this material and estimate
its influx rate, the contamination from terrestrial
sources has been a formidable problem. Owing to the
remoteness of the central part of the plateau of East
Antarctica from sources of terrestrial contamination,
that region is one of the most favorable on Earth for
carrying out such studies.

The best criterion on which to establish an extra-
terrestrial origin for the particles is the presence of
radioisotopes induced by cosmic rays. It is extremely
difficult, however, to derive reliable influx rates from
radioisotope measurements; moreover, they require
the examination of amounts of ice of the order of
tens or hundreds of tons. Inasmuch as the collection
of ice in this quantity is impractical, we have, as a
first'step, attempted to estimate influx rates from
chemical measurements of much smaller samples.
The measurements were concentrated on pairs of
elements whose abundance ratios in the Earth's crust
are as different as possible from ratios in the average
solar material reaching the Earth. It is generally
admitted that the extraterrestrial material most suit-
able for this purpose is contained in the chondritic
meteorites.

For these measurements, extremely sensitive ana-
lytical methods had to be developed, the best of
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them being the neutron activation of ice samples kept
frozen until after irradiation. Several elements have
been measured in firn samples collected near South
Pole and Roi Baudouin Stations. It can be seen in
Tables 2 and 3 (Brocas and Picciotto, 1967) that the
chemical ratios measured in the South Pole firn are
much closer to those of chondrites than to those of
typical crustal rocks.

Assuming a chondritic origin for the nickel, the
influx rate of extraterrestrial matter over the entire
Earth's surface should be between 3 and 10 million
tons per year. Owing to the various uncertainties
involved, these numbers should be considered as
upper limits.

Table 2. Abundance of chemical elements (in 10- 9g/g) in
firn from Antarctica and other regions.

Sierra	Princess	Greenland	South
Element	Nevada	Ragnhild	ice sheet	Pole

(California)	Coast

Na	460	1,390	77
K	310	470	60	8
Mg	160	-	24	6
Ca	390	220	38	8
Cl	500	1,830	27	(10
Ni	-	 4.3	-	1.5

Dansgaard, W. 1964. Stable isotopes in precipitations. Tellus,
16: 436-468.

Epstein, S., R. P. Sharp, and I. Goddard. 1963. Oxygen
isotope ratios in antarctic snow, firn, and ice. Journal of
Geology, 71: 698-720.

Epstein, S., R. P. Sharp, and A. J. Gow. 1965. Six-year
record of oxygen and hydrogen isotope variation in South
Pole firn. Journal of Geophysical Research, 70: 1809—
18 14.

Gonfiantini, R., V. Togliatti, E. Tongiorgi, W. De Breuck,
and E. Picciotto. 1963. Geographical variations of
Oxygen-18/Oxygen-16 ratio in surface snow and ice from
Queen Maud Land, Antarctica. Nature, 197: 1096-1098.

Lorius, C. 1963. Le deutérium: Possibilités d'application aux
problémes de recherche concernant la neige, le névé et la
glace dans l'Antarctique. Paris, Institut Géographique
National. 102 p. (Comité National Francais des Recher-
ches Antarctiques. Publication no. 8.)

Picciotto, E., R. Cameron, G. Crozaz, S. Deutsch, and
S. Wilgain. Determination of the rate of snow accumula-
tion at the Pole of Relative Inaccessibility, East Antarc-
tica: a comparison of glaciological and isotopic methods.
Submitted to Journal of Glaciology.

Picciotto, E., S. Deutsch, and L. Aldaz. 1966. The summer
1957-1958 at the South Pole: an example of an unusual
meteorological event recorded by the oxygen isotope
ratios in the firn. Earth and Planetary Science Letters, 1:
202-204.

Wilgain, S., E. Picciotto, and W. De Breuck. 1965. Strontium
90 fallout in Antarctica. Journal of Geophysical Research,
70: 6023-6032.

Table 3. Chemical ratios (by weight) in antarctic snow
samples, chondrites, and typical terrestrial rocks.

Substance	 Na*/Ni	K*/Ni	Ca*/Ni	Mg/Ni
Firn, 1961-1963,

Roi Baudouin Station	75	41	12	-
Firn, 1950-1953,

South Pole	 2	5	5	4
Chondrites	 0.5	0.07	1	11
Basalts	 185	93	500	290
Igneous rocks (average)	360	320	455	260

* The values obtained for Na, K, and Ca at Roi Baudouin Station
have been corrected for an oceanic contribution by assuming that
all Cl is of oceanic origin and that the other elements are present
in the same relative abundance as in ocean water.
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