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Surface-exposure dating of
antarctic glacial deposits
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Cosmic rays produce many different nuclides at the surface
of the Earth, dominantly by spallation reactions with the major
elements of the rocks (Lal 1988). If the production rate of a
cosmogenic nuclide is known, measurement of the amount
present in the rock can then be used to obtain an exposure age.
This technique has particular importance for antarctic glacial
geology because direct dating of glacial deposits is critical to
understanding past fluctuations in the antarctic ice sheets. Dur-
ing the 1989-1990 and 1990-1991 field seasons, we collected
samples from glacial deposits and lava flows in the McMurdo
Dry Valleys to test and apply this method.

The emphasis of this research has been the use of cosmic-
ray-produced helium-3, because it is stable, has the highest
production rate of any cosmogenic nuclide, and can be meas-
ured with a conventional mass spectrometer (e.g., Kurz 1986).
Collection efforts have focused on rocks containing quartz and
olivine, which are minerals with slow helium-diffusion rates,
thus minimizing loss problems (Trull, Kurz, and Jenkins 1991).
Preliminary studies indicate that some cosmogenic helium is
lost from some quartz samples (Brook et al. in press); however,
this mineral should be useful for younger samples (i.e.,
<100,000 years), and there is no evidence of helium loss from
olivine. Samples are collected from top surfaces, or from known
depths within the rock, because production rates are depth
dependent and are significant only within the top several
meters.

Several important geological assumptions are inherent to the
technique. The samples to be dated cannot have experienced
significant erosion or soil cover in the past or, in the case of
glacial moraine boulders, cannot have changed orientation dur-
ing the exposure period (i.e., through boulder rolling). Erosion,
soil cover, or boulder rolling all will decrease the accumulation
of the nuclide to be measured, yielding an exposure age that is
lower than moraine age. Exposure to cosmic rays prior to dep-
osition or exposure to any other source of the nuclide (such as
nucleogenic processes) can yield erroneously old exposure
ages. In addition to these assumptions, it is necessary to know
the production rates, which are a function of latitude and alti-
tude. Although there have been a number of attempts to mea-
sure production rates at other locations (e.g., Kurz et al. 1990),

there are significant uncertainties both in the determinations
and in extrapolating the results to high latitude relevant to
antarctic samples.

The most detailed field work was performed on quartz sand-
stone moraine boulders from Arena Valley (Brook and Kurz in
press; Brook et al. in press; Brook et al., Antarctic Journal, this
issue); helium data on quartz suggest that the moraines range
in age from approximately 113,000 years (Taylor II) to >1.10
million years (Taylor IVB). Based on the helium-3 data, a subset
of the samples was selected for beryllium-10 and aluminum-26
measurements. The subset yielded reasonable agreement with
the helium ages (Brown et al. 1991), although there is evidence
that the older samples have lost some helium-3. These data
provide the first direct dates on the glacial deposits of Arena
Valley.

Preliminary exposure ages from volcanic rocks in Taylor Val-
ley are as old as 1.2 million years, but the ages are in all cases
younger than the eruption ages (based on Wilch et al., 1989),
suggesting that the volcanic outcrops have been glaciated. The
exposure ages increase with altitude, a phenomenon that sug-
gests that the older fluctuations in the Taylor glacier involved
the largest ice volumes.

Several aspects of the field work were designed to help con-
strain the production rates. Samples of well-preserved lava-
flow surfaces were collected from Mount Erebus, Mount Morn-
ing, and the foothills of the Royal Society Range; measurements
of helium-3 in these samples coupled with independant potas-
sium-argon dates will be used to calibrate the production rates.
We are also attempting to measure production rates in experi-
mental targets during a known exposure period. In this exper-
iment, tritium-free water is placed in a high-vacuum, stainless-
steel vessel, atmospheric gases are removed by degassing, and
the vessels are placed at various locations. The helium-3 accu-
mulation during the exposure period of at least 1 year is then
attributed to cosmic ray spallation reactions with oxygen. Pre-
liminary results from a single vessel (left at 2,700 meters ele-
vation on Mount Feather in the Quartermain Mountains for 1
year) yielded a production rate of 611 atoms per gram per year.
Assuming the tritium/helium-3 production ratio is 1.17 (Lal and
Peters 1967), this corresponds to a sea-level production rate of
approximately 190 atoms of helium-3 per gram per year, a rate
that agrees well with the production rate extrapolation from
low latitudes (Brook and Kurz in press). Although there are
significant uncertainties in this estimate caused by solar-cycle
variations and corrections for helium-3 production during air
transport of the vessels, the result demonstrates that the ap-
proach will be extremely useful in calibrating helium-3 produc-
tion rates. Deployment of additional water vessels is planned
for the future.

The preliminary results demonstrate that surface-exposure
dating can yield extremely useful geochronological data. The
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data coupled with field observations, however, indicate the im-
portance of well-constrained field geology. Due to the assump-
tions inherent to the technique, it is criticial to collect from well-
defined moraine ridges, and to evaluate the exposure history
of each sample. Additional studies will be required to evaluate
the assumptions of exposure-age dating and to refine the pro-
duction rate estimates.
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Annual ablation rates
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The annual ablation rates of ice in the Lewis Cliff ice tongue,
near 84°15'S and 161°05'E, were measured on 7 December 1990
using 21 bamboo poles planted in the ice on 2 January 1988.
Information regarding the ablation rate of the Lewis Cliff ice
tongue is needed to help explain why a large number of meteor-
ite specimens has accumulated on its surface (Cassidy and
Whillans 1990).

The locations of the bamboo poles on the Lewis Cliff ice
tongue are shown in the figure in relation to a set of surveyed
lines established during the 1990-1991 field season. The abla-
tion rates were determined by measuring the lowering of the
ice surface at each locality relative to a notch that had been cut
into each pole to mark the level of the ice surface at the time of
implantation. The lowering of the ice surface was measured

with calipers that have a reading error of only 0.00254 centi-
meters.

The annual ablation rates (365 days) across the upper Lewis
Cliff ice tongue based on six of the seven stations (61 to 68,
figure) range from 3.4 to 5.6 centimeters per year with an av-
erage of 4.4 ± 0.3 centimeters per year (the error here and else-
where is one standard deviation of the mean). Station 64 was
excluded because a snowdrift had covered the ice surface in
which the bamboo pole was originally implanted.

The results derived from the stations across the lower Lewis
Cliff ice tongue (18-1 to 18-7, including G-18, figure) suggest
that the annual ablation rates at this location increase from east
(4.7 centimeter per year, 18-7) to west (9.3 centimeters per year,
18-1). The increase in the average ablation rate coincides with
higher wind speeds along the western side of the ice tongue,
but may also reflect the proximity of Mount Achernar, which
may cause local warming. The average annual ablation rate of
all eight stations along the lower crossline is 5.8 ± 0.7 centime-
ters per year.

The long profile of ablation sites (G-14 to G-20 and station
2-1, figure) yielded rates between 1.0 centimeter per year (2-1)
and 7.3 centimeters per year (G-15). Site G-16 in firn indicated
an intermediate ablation rate of 5.2 centimeters per year. The
average annual ablation rate along the long profile of the ice
tongue is 5.1±0.8 centimeters per year based on all seven sta-
tions.

Although the average annual ablation rates of different parts
of the Lewis Cliff ice tongue are not statistically distinguishable
from each other, the ablation rate along the western edge of
the ice tongue is notably more rapid than it is along the eastern
edge. In addition, the ice of the lower ice tongue as a whole is
ablating more rapidly than that of the upper ice tongue. Corn-
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