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We have developed a method of studying geologic processes
that occur within the top few meters of the Earth's surface
(e.g., Klein et al. 1986). The method is based on the accu-
mulation of radioactive nuclides produced by nuclear-spalla-
tion reactions induced by cosmic rays on major elements
constituting common minerals. The production rate of these
nuclides is low, ten to a few hundred atoms per gram per year;
their measurement was not possible before the advent of ac-
celerator mass spectrometry, which is capable of measuring

less than 1 million atoms at isotopic ratios as low as 10-16
(Klein, Middleton, and Tang 1982; Middleton et al. 1983; Mid-
dleton and Klein 1986).

Application of the method to problems of geologic interest
is based on the reduction in the production rates, of radio-
nuclides produced in situ, by the overburden of material that
has separated the sample in which they are measured from
the rock-air interface over the duration of the mean lives of
those nuclides. The radionuclides calcium-41, aluminum-26,
and beryllium-10 have half-lives that range from 100,000 to 1.5
million years, making it possible to study subaerial exposure
times of a few hundred to several million years. Erosion rates
of 10-2 to iO centimeters per year can be measured. Pro-
duction rates are reduced by a factor of two under 120-150
grams per cubic centimeter of overlying material, equivalent
to 30-40 centimeters of rock or about 1.5 meters of ice.

Measurements of more than one radioactive product or of
a radioactive product and a stable one (such as helium-3 or
neon-21) often yield information that is qualitatively more valu-
able than that learned from measuring only one. The rate of
buildup of a radionuclide during exposure depends on its pro-
duction rate; its decrease during burial depends on its half-
life. The study of two or more radionuclides makes it possible
to distinguish single uninterrupted exposures from sequences
of exposures separated by periods of burial. In addition, com-
parison of two or more cosmogenic nuclides can be used to
eliminate ambiguities of interpretation that are caused by con-
tributions from production sources not occurring within the
rock—specifically atmospheric production. In the case of be-
ryllium-10 and aluminum-26, the relative production rates are
1:3 in quartz, but 300:1 in the atmosphere; thus, it is possible,
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by examining ratios of these two nuclides, to detect even small
atmosphere-derived contamination. Differences in the expo-
sure environment of the recent past (approximately 10,000 years)
and over a longer term (approximately 100,000 to 1 million
years) can be established at a single sampling location by ex-
ploiting differences in half-lives. Also, by measuring two or
more nuclides produced by different production mechanisms
(e.g., beryllium-10 and aluminum-26, produced by high-en-
ergy secondary cosmic rays, and calcium-41, produced by ther-
mal (very-low-energy) neutrons), it has been possible to
distinguish between erosional and exposure effects.

During a period of study of surface-rock samples contributed
from a variety of locations by Kunihiko Nishiizumi and John
Mercer, we learned that antarctic erosion rates are commonly
as low as 10 centimeters per year, and that bedrock expo-
sures on nunataks only a few meters above the modern ice
surface yield exposure ages of the order of a million years
(Nishiizumi et al. in press); both discoveries provide new in-
formation that has helped to define the objectives of our con-
tinuing study of antarctic Quarternary environments.

During the austral summer of 1986-1987, Peter Webb and
his students from the Polar Studies Institute of Ohio State
University undertook a program of systematic sampling of

surface rock from localities on the floor and walls of the Wright
Valley. Samples were selected primarily to determine the du-
ration of latest subaerial exposure of those localities—that is,
the time elapsed since each locality was last covered by a layer
of glacier ice thick enough to shield the rock from cosmic rays.
We acquired approximately 65 samples, of which 58 have been
analyzed thus far for one or more cosmogenic radionuclides
(see figure 1).

Because of the very substantial contribution of atmosphere-
derived beryllium-10 adsorbed on the surfaces of clay minerals
intimately associated with the quartz samples we are investi-
gating (from other localities as well as from the Antarctic), we
have developed a sample-preparation technique that enables
us to remove, via a process of systematic sequential dissolu-
tion, virtually all of the beryllium-10 that was not produced in
solid-state spallation reactions. Concentrations of beryllium-
10 in samples so treated are consistent with the assumption
that the measured beryllium-10 was produced entirely at the
ground surface during the period of time responsible for ac-
cumulation of the measured concentrations of aluminum-26.

Analytical results for the 58 samples thus far analyzed are
summarized in the table; the locations of samples are plotted
on figure 1. The data show that the areas of Wright Valley
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Figure 1. Map of Wright, Victoria, and Taylor Valleys, Antarctica. Dashed line depicts present limit of glacier ice. (0 denotes locality of
sample for which both beryllium-10 and aluminum-26 have been measured; x denotes locality of sample for which only beryllium-la has
been measured; and # denotes locality of a single sample for which beryllium-la, aluminum-26, and calcium-41 have been measured.)
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Summary of measurements on Wright Valley samples

Beryllium-b!	Beryllium-10/	 Aluminum-27	Aluminum-26/	 Aluminum-26/
beryllium-9	gram	UflCb	(in parts per	aluminum-27	UflCC	 gram

Sample number 	(lo-12)	(106 atoms)	(%)	million)	 (10-12)	(%)	(106 atoms)

86/01	 1.15	 12.43	1.9
86/02	 0.66	 6.82	1.9
86/03	 2.11	 22.59	1.9
86/04	 1.48	 9.28	1.9
86/05	 0.27	 2.30	4.0	 95	 1.99	5.00	10.4
86/06	 0.31	 2.89	4.0	 58	 2.83	5.00	13.6
86/07	 0.19	 2.42	4.0	 82	 1.35	5.00	9.1
86/09	 0.21	 1.74	4.0	 lii	 1.41	5.00	7.9
86/10	 1.11	 10.99	4.0	 58	 8.11	5.00	39.9
86/11 a	 0.60	 7.40	4.0	3,645	 0.38	5.00	30.7
86/12	 0.46	 5.31	4.9
86/13	 0.56	 5.12	4.0	 57	 4.46	5.00	20.8
86/14	 0.24	 3.32	4.0	 67	 2.18	5.00	16.2
86/15	 0.48	 5.07	4.9
86/16a	 0.42	 5.96	4.0	8,246	 0.19	5.00	34.1
86/19	 0.37	 4.86	4.0	 39	 3.59	5.00	20.8
86/20	 0.35	 4.52	4.0	 38	 3.13	5.00	15.9
86/21g	 0.17	 2.21	4.9
86/22	 0.40	 5.18	4.0
86/23	 1.40	 17.67	4.0
86/24	 1.47	 19.57	4.0
86/25	 2.36	 30.98	4.0
86/26	 2.34	 33.01	4.0
86/27	 1.57	 21.36	4.0
86/28	 1.17	 15.95	4.0
86/29	 1.35	 17.28	4.0
86/30	 0.33	 4.47	4.0
86/31	 0.82	 10.90	4.0
86/33	 0.64	 8.17	4.0
86/34	 0.33	 6.29	4.0
86/35	 0.56	 8.02	4.0
86/36	 0.46	 6.36	4.0
86/37	 3.96	 54.87	4.3
86/38	 3.15	 39.92	4.3
86/39	 3.05	 49.56	4.3
86/40	 1.02	 23.13	4.3
86/41	 0.43	 11 .48	4.3
86/42	 0.43	 10.05	4.3
86/43	 0.32	 3.88	4.3
86/45	 0.15	 3.32	4.3
86/46	 0.26	 5.70	4.3
86/47	 0.90	 23.61	4.3
86/50	 5.26	 63.07	4.3
86/51	 4.89	 67.90	4.3
86/52	 7.59	 49.45	4.3
86/60	 3.93	 31.52	4.3
86/61	 0.55	 6.18	4.3
86/62	 4.67	 46.44	4.3
86/63	 5.61	 53.38	4.3
86/64	 12.12	 72.38	4.3
86/65	 5.59	 51.24	4.3
86/66	 4.13	 39.31	4.4
86/67	 6.14	 63.93	4.3
86/68	 6.72	 59.11	4.3
86/69	 7.65	 65.39	4.3
86/70	 7.34	 66.25	4.3

a The sample number is that assigned by the collector (Peter N. Webb).
b 1 6 uncertainty. Includes Poisson uncertainty and measurement reproducibility. All measurements made relative to standard for beryllium-10 (half-

life 1.5 million years). Standard was prepared by Kuni Nishiizumi at the University of California at San Diego.
18 uncertainty-dominated by reproducibility variability. The standard for aluminum-26 (half-life 0.7 million years) was made by diluting NBS standard.

NOTE: plank cells indicate "not measured."
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from which those samples were collected have been exposed
to direct bombardment by secondary cosmic rays for periods
of several hundred thousand to about a million years, and that
the rates of erosion that have prevailed over those surfaces
during that exposure duration have been as low as 10 cen-
timeters per year. Analytical results are plotted on the graph
of figure 2, on which the concentrations of beryllium-10 and
aluminum-26 in antarctic samples are related to exposure time,
erosion rate since exposure began, and cumulative duration
of any protracted burial time since first subaerial exposure. A
detailed interpretation of these data will be published else-

where. While these results lead us to express confidence that
the procedures we have developed will enable us ultimately
to reconstruct comparative exposure histories for different parts
of this terrain, the distribution of samples we have thus far
acquired, collected as they were in conjunction with geologic
field work undertaken in pursuit of other objectives, do not
now permit us to reconstruct the post-glacial history of any of
the dry valleys in the detail that will be possible when these
results are supplemented by analyses of samples we plan to
collect in a series of follow-up field exercises.

During austral summer 1990-1991, we hope to extend our

0.3 L 7-1 0 2x10	 I Wright Valley
Antarctica 

I

5 xl
CZ
C')

ci)
CO

Q

(0
c\J

0.1
CD

Erosion curve

Burial curve

Re-exposure

' e=10
10 6

C=10

Exposure curve

2x106

5x1 06

aE

• Vanda [275m]
Vanda [150m]

• Dais [850m]
• Dais [935m]
* Siegfried [950m]

-2	 -1	 0
log [ (' OBe) / ('OBe)satj

Figure 2. Graphical summary of beryllium-10 and aluminum-26 measurements of antarctic samples from the Wright Valley. The measured
beryllium-10 and aluminum-26:beryllium-10 ratios have been normalized to their saturation values by correcting production rates for altitude.
The upper line represents the ratio of alum inum-26:beryllium-1O as a function of beryllium-10 concentration during exposure; the numbers
above the line indicate the exposure time in years. The lower line shows the aluminum-26:beryllium-10 ratio as a function of beryllium-10
concentration when concentrations are determined by erosion; erosion rates are given in centimeters per year. All samples (but one) from
the Wright Valley plot below these lines, indicating that all have experienced significant periods of burial during the past 105 to 106 years.
An exposure model for samples collected near Lake Vanda is depicted in the graph. About 270,000 years ago, the samples began a period
of burial which lasted for approximately 250,000 years. The samples plot along the re-exposure line in a sequence representing approximately
20,000 years, with the length of time since burial increasing with distance from the Lake. All these samples come from about the same
elevation, 275 meters. Samples from nunataks, in contrast, show evidence of little or no burial.

1990 REVIEW	 17



sample network to include an approximation (exposures per-
mitting) of axial traverses along the three principal dry valleys,
as well as at least one full-width traverse across each valley to
the crest of the divide on either side. At the same time, we
plan to collect, in close association with the quartz that will be
our primary objective, mineral material likely to contain enough
calcium to permit determination of calcium-41 exposure ages
for the same localities. In addition, we plan to collect limestone
samples from a range of elevations on Nussbaum Riegel and
adjacent terrain to assist in our program of developing calcium-
41 as a third cosmogenic isotope for determining exposure
history. Duplicate samples of appropriate materials will be
provided to Mark Kurz of Woods Hole Oceanographic Institute
for measurement of the accumulated concentration of spallo-
genic helium-3, the basic of yet another method that Kurz is
developing for determining exposure ages and erosion rates
of Earth-surface materials.

We are indebted to Kunihiko Nishiizumi and John Mercer,
who provided us with appropriate samples for our initial mea-
surements of concentrations of cosmogenic radionuclides in
antarctic materials, to Peter Webb and his students for pro-
viding us with the suite of samples collected during the 1986-
1987 austral summer, and to Edward Zeller of the University

of Kansas for sending us limestone samples for analysis of
calcium-41. The research reported here was supported in part
by National Science Foundation grant DPP 87-17551.
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During the 1989-1990 austral summer, extensive collecting
was initiated in the Allan Hills (Victoria Land) to document
Permian and Triassic fossil floras and their biostratigraphic
location in this region. One of the principal stratigraphic units
in southern Victoria Land is the Lashly Formation, an alluvial
sequence of Upper Triassic age (Barrett and Kohn 1975). The
Lashly Formation is divided into four members; Member C
consists of carbonaceous shaley siltstones and ripple-laminated
sandstones with abundant, well preserved megafossils (Ga-
bites 1985).

Some of the most interesting elements of this flora are several
ferns, one of which is referable to the Osmundaceae. The spec-
imens consist of once-pinnate fronds with dimorphic, subop-
posite pinnae that are attached to the rachis at intervals of
approximately 2.0 centimeters. Vegetative pinnae are deeply
pinnatifid; the pinnatified segments arise at a slightly oblique
angle, with the tips slightly upturned (figure 1). Pinnae seg-
ments range from approximately 6.0 millimeters wide at the
point of attachment to less than 2.0 millimeters in the more
distal regions of the frond. Venation is of the open dichoto-
mous type. This foliage would probably be assigned to Cla-
dophiebis, a form genus for bipinnate Mesozoic fern foliage
which cannot be attributed to a family due to the lack of re-
productive parts. Some Cladophlebis fronds were no doubt pro-
duced by osmundaceous ferns. What is most interesting about
the Allan Hills specimens is the nature and position of the
fertile parts. The fronds include reduced, modified pinnae ap-
proximately 1.0 centimeter long arising from the rachis at in-
tervals of nearly 2.0 centimeters. Figure 2 illustrates four fertile
pinnae, all oriented in the same plane as the vegetative leaves
(part of a vegetative leaf is visible at the upper left edge of the
figure). Each fertile pinna is a nonlaminated unit which bears
numerous large, tightly compacted clusters of sporangia. The
clusters occur at intervals along the pinna rachis, similar to the
position of pinnae segments on vegetative pinnae. Like all
osmundaceous ferns, sporangia do not appear to be organized
into a distinct sorus; spores have not been recovered from the
specimen to date.

The Osmundaceae is an ancient family of ferns that can be
traced with confidence back to the Upper Permian (Taylor
1981). Almost all of the fossil evidence for the family consists
of permineralized stem segments that display the typical com-
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