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Surface exposure history using in-situ cosmogenic 10Be, 26A1 & 36C1
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/ Introduction

Production of the long-lived cosmogenic radionuclides, 10Be (Ti/2=1.5Ma), 26A1 (0.7Ma) and 36C1 (0.3Ma),
is dominated by the interaction of cosmic-rays with the upper atmosphere. They are also produced in
exposed surface rocks and within the first meter or so of the Earth's crust. This is called in-situ production
and although only a million atoms or so of 10Be are produced within a ten thousand year exposure period
per gram of surface rock, the technique of Accelerator Mass Spectrometry (AMS) can be applied to
measure this tell-tale signal. The build-up over time of these radionuclides can be utilised as radiometric
clocks to elucidate the exposure history of geomorphic formations and surfaces that have experienced
some event or process that delivers previously unexposed material to cosmic-ray irradiation. Hence the
reconstruction of glacial chronologies (ie time a bedrock surface was uncovered by ice retreat, or
deposition age of glacial moraines), development of raised river terraces and paleo-beach ridges, age of
meteorite impact craters and volcanic eruptions have been addressed with the in-situ method. Moreover,
geomorphological processes of landscape evolution such as surface erosion rates, continental weathering,
sediment transport and deposition, uplift rates can also be studied. A comprehensive presentation of the
in-situ model and methods is given by Lai (1988; 1991). A review of applications of cosmogenic exposure
dating will not be included in this paper and the reader is directed to excellent reviews from a geomorphic
perspective by Nishiizumi (1993), Ceding and Craig (1994), Bierman (1994) and Harbor (1999). For a
review of AMS techniques, laboratory practices, and a discussion of exposure age applications see Tuniz
et al (1998),

2 Model Exposure Ages and Erosion Rates
The in-situ method is a direct radiometric dating technique to construct exposure histories for rocks and
surfaces. In this context, an exposure history means an estimate of the length of time the rock was exposed
to cosmic rays and the average erosion rate experienced during exposure.

The build-up in concentration of in-situ produced radioisotopes can be expressed by

C0(t)= P(9 ,A, t ) ( l - e* )a (1)

where: A, = radioisotope decay constant (a1),
C = concentration (atoms/g) at the present rock surface at time t, with no erosion, and

P = production rate (atoms/g/a) at the Earth's surface as a function of latitude, 9,
altitude, A, and possibly of time, t.

C increases with time during cosmic-ray exposure, at first linearly (ie C~Pt for t « I/A,) and then ever
more slowly until, after a few half-lives, the system reaches secular equilibrium where production equals
decay. Thus by knowing the rate of production and measuring the concentration we can estimate a surface
exposure age as:

A. (2)

After a time t » I/A,, the clock ceases to define a unique age and the saturation concentration is reached,
given by:

C,,(t->oo) = Cn(max) = Po/ X (3)
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In the presence of a constant erosion rate given by £ (cm/a), equation (1) becomes:

C£(t) = P(6, A,t) (1 - e^+E(VA)l) / (X + ep/A) (4)
where p = density of the material (about 3 g.cm'for rocks) and A = macroscopic attenuation length of
cosmic-rays, which for p = 3 represents a distance of -50 cm depth (or equivalently ~ 150 g cm"2). A
determines the effective penetration depth of active cosmic rays and represents the thickness of rock that
reduces the cosmic ray flux by 1/e of its surface value.
For exposure over times t » 1/(A. + ep/A), the surface concentration reaches an erosional equilibrium
value given by:

Ce( t-»«>) = PJ(k + ep/A) (5) and thus
l) (6)

where Co = the equilibrium concentration of the radioisotope with no erosion and CE is the
measured value.

The in-situ method works best over the time period from 5 ka to 5 Ma and can identify erosion rates
ranging from 0.1 to 10 mm/ka. The lower limit of ~ 5 ka is set by the present sensitivity of AMS. Short
irradiations necessarily produce low concentrations of cosmogenic radionuclide and the attainment of a
high level of analytical precision in AMS measurement then requires undesirably large samples.

3 Geomorphic Interpretation
Figure 1 shows the in-situ build-up curve for I0Be concentrations (in units of atoms / g of quartz / year) as
a function of exposure age for different erosion rates using the 'accepted' production rate of 6 atoms of
l0Be /gram-quartz / year. As the erosion rate increases, the time to reach erosion equilibrium is shorter and
the maximum surface concentration is smaller. In simpler terms, high erosion rates imply that a sample
from today's surface has been uncovered rapidly, and its effective residency time at the 'surface' prevents
high concentrations. Thus for constant erosion and prolonged exposure, the in-situ secular equilibrium
concentration is determined only by the erosion rate itself. For young surfaces, say of lOka, typical
erosion rates have little influence, however for exposure ages > 100 ka it can have an important influence
on the observed concentration. If one assumes zero erosion then the model exposure age is necessarily a
minimum age. If on the other hand one assumes sufficient time for the surface to achieve erosional
equilibrium, then the model erosion rate is necessarily a maximum one (see points A and B respectively
on figure 1).
Using two radionuclides with different half-lives constrains the model further and allows a better
simultaneous estimate of the erosion rate and exposure age variables. Figure 2 shows the set of loci for
erosion and age using the concentration ratio of 26Al/'°Be plotted against 10Be content. The two curves
represent limiting cases; the upper curve is for finite exposure without erosion (or the minimum exposure
line), the lower curve for steady state ( t » T !/2) conditions of exposure with finite erosion (or maximum
erosion line)[Nishiizumi, 1991]. Thus samples from sites undergoing 'simple' exposure are expected to
fall within the region between the two curves, while points below them would indicate periods of sample
burial. For the former case, the model age is well-defined and represents the exposure time of the original
surface (equation 2). For a 'surface' in erosional equilbrium, this interpretation is no longer truely valid as
the original surface has long been replaced by layers from below. Here, the term surface is more aptly
looked apon as an evolving landform. The measured concentration cannot be interpreted as an exposure
age per se but a mean effective or apparent age Tapp= \/(k + ep/A) [Lai 1991] (equation 5). This is the time
required to remove a thickness of rock equivalent to the mean attenuation length A of cosmic rays,
typically about 50 cm Thus, even in the simplest cases, the final concentration is determined by two
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parameters - an age and an erosion rate. The major challenge is then to correctly interpret the model
results according to the geomorphic and geologic setting.

4 Measurement of production Rates
Precision and accuracy of exposure histories can only be as good as those of the production rates on
which those histories depend. AMS measurement errors of isotopic ratios typically range from 2 to 4%,
half-lives are determined to better than 2% - while, in contrast, accepted in-situ production rates are
determined to no better than ~ 10%. Hence absolute exposure ages necessarily come with 8-10% error..
Theoretical and computational approaches have been used to estimate production rates of 10Be, 2<iAl and
J6C1 from data on the energy and intensity distributions of cosmic rays, nuclear cross sections and target
densities in various rocks. More appropriately, production rates can be estimated from select and well-
characterised geologic sites if and only if the age of an exposed rock surface or outcrop is accurately
known. In exploiting such geologic sites for calibration, simple exposure must be clearly evident as the
uncertainty in determining P is dominated by the uncertainty in the accepted exposure age, t, of the
surface. Typically radiocarbon dating is used for age control and thus production rate calibration of in-
situ cosmogenic radionuclides is usually not available past ~20ka. This means that exposure ages of older
surfaces are based on the assumption that the average P measured over the past 20ka or so has remained
constant over the whole period of exposure. Improvements to this approach using paleomagnetic records
to estimate temporal variations in production rates is now in progress ( see section 6). A full review of
production rates for "'Be and 26A1 is given by Kubik et al 1999 and for 36C1 by pPillips et al 1996.
Quartz samples associated with the Tioga deglaciation period (-11 ka BP) from the Sierra Nevada Mnts
(USA) were used by Nishiizumi et al. [1989] to obtain production rates normalized to sea level and high

latitude (> 50 ) of 6.03±0.29 Be atoms/g-quartz.a and 36.812.7 Al atoms/g-quartz.a.. However recent
work by Bierman [1996] on samples from glacial erratics from the Laurentide ice sheet, New Jersey
(which were radiocarbon dated to 21.5 ka BP) present '°Be and 26A1 production rates which are 20%
lower. Data from Kubik et al 1999 confirm this.
Production rates for 36C1 are more difficult to determine as the target elements of Ca, K and Cl may
reside in different minerals. The 36C1 calibration sample set [Phillips, 1996; Evans, 1997; Swanson, 1996]
span ages from 5 ka to > 1 Ma and employ radiocarbon and Ar-Ar techniques for time calibration.
Rather than rely on mineral separates to decouple production rate contributions, Stone et al. [1996] and
Evans et al. [1997] readdressed the 36C1 production rate calibration problem by selecting materials that
strongly favor a given production mode by virtue of their composition. Ca calibration was carried out on
calcite (Ca 40%, Ca/K > 103 and Ca/Cl > 104) from Tioga Pass, Sierra Nevada. For an assumed

deglaciation age of 10.3 ka, they obtained P(Ca) = 733 atoms 36ci/kg/year/.%Ca,. Similarly, P(K) was

estimated to be 1770 atoms 36Cl/kg/year/%K using K-rich feldspars (K/Ca > 250, K/Cl > 5xlO4) in
Antarctic moraine boulders

5 Sample collection and Preparation Procedures
The choice of isotope depends on the time-scale estimated for the exposure history and available rock-
type. Quartzites and quartz in sandstones and granites are applicable for 10Be and 26A1 studies; limestones,
calcite and Ca- and K-rich feldspars for3 Cl studies. Typically sample sizes of 0.5 to 1 kg are sufficient.
Sample masses for 10Be and 26A1 should be taken with the aim of obtaining -50 grams of final pure quartz
after chemical treatment. Quartz is characterised by a tightly closed crystalline structure, making it
impervious to intrusion from atmospherically produced (meteoric) I0Be . Were it otherwise, meteoric 10Be
would swamp in-situ production. The major constituents of quartz - Si and O - act as sole targets for
production of 26A1 and l0Be respectively. Remarkably, in contrast to the high abundance of Al in the
Earths' crust, quartz can be pretreated to trace quantities of stable Al that are typically at a level of less
than 200 ppm. As a result, the 26A1 in-situ signal is not diluted by native Al to levels below AMS
detection limits. A complete description of processing quartz samples is given by Kohl and Nishiizumi
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[1992] and by Brown [1991]. Following quartz extraction from crushed rock powder ( 200 to 700 micron
size) using heavy liquid mineral separation, systematic selective dissolution or teachings in dilute HF is
used to remove both traces of Al-bearing minerals and also to remove meteoric 10Be. About 1 mg of 9Be
carrier is added and Be is then extracted by ion-chromatography using ion- exchange resins. For 36C1,
whole rock samples can be used. However as 36C1 is produced both via neutron capture on Cl and
spallation of Ca and K, it is necessary to accurately assay the cleaned rock powder for Ca and K and also
for stable Cl which is a non-trivial task. In addition, to estimate the fraction of available neutrons absorbed
by native Cl, the abundance of elements with large thermal neutron cross-sections (such as Fe, Mn, Gd,
Sm, B, etc.) must be assessed. .If the rock contains high levels of chlorine, then the addition of Cl carrier
during processing may be unnecessary. For example, 100 g of granite containing 200 ppm of native Cl will
supply sufficient AgCl (20 mg Cl) for 1 to 2 AMS targets..
A proper understanding of the geomorphologic context of the sampling site is essential to make a realistic
assessment as to the number and type of samples required to reliably determine an exposure age or erosion
rate. In general, studies have concluded that older surfaces require more care in choosing samples and a
larger sample set to estimate the true mean age and spread.

6 Correction Factors
To use the above model equations of simple exposure to experimentally determine a reliable
exposure age, the sampled site must satisfy three conditions:
1) continual exposure to cosmic rays from time of 'event' without soil, till coverage or burial
2) minimal effects of erosion; or surface lowering.
3) absence of an inherited cosmogenic nuclide signal from a previous exposure episode.

The presence of glacial polish, rock varnish or demonstrably 'fresh' surfaces provide evidence that
minimal weathering has occurred. Large boulders perched on moraine crests indicate little or no
reorientation over time. Sampling flat horizontal surfaces or centrally atop large meter-sized boulders at a
distance from edges, reduces the importance of geometric corrections to production rates.. But there are
many pitfalls that must be considered which challenge these assumptions. There are also a number of
factors which alter the assumed constancy of production rates over the exposure period.
Age estimates based on conditions where (a) erosion is taken as zero, (b) till, soil and snow cover is not
accounted for, and (c) cosmic ray shielding due to sloping surfaces or the topography of the surrounding
terrain is ignored, will result in an underestimate of the true exposure age.. Material in which an in-situ
signal from a previous exposure episode has not been removed leads to an age overestimate. In order to
zero an inherited signal, glacial scouring during advance or delivery of a fresh surface must incur removal
of ~1.5m of rock. Thus although glacial striations may indicate no erosion, it does not guarantee that the
clock has been reset. A proper grasp of the geomorphology and geology of the sampling environment are
crucial factors in minimising these effects. Measurement of large sample populations from a defined site
or formation (and even multiple samples from a single surface or rock) is essential to map the apparent
age distribution in order to extract a good estimate of the true age.
The cosmic ray flux is a function of altitude due to atmospheric absorption and of latitude due to the
effects of the Earth's magnetic field. Thus production rates also vary accordingly and scaling factors have
been determined [Lai, 1991] (see fig 3) to calculate the specific production rate for a given latitude and
altitude at the sampling site in order to get an exposure age.
An added complication results from variations over time of the both the intensity of the Earths magnetic
field and of pole position. A production rate determined at a site where a sample had been irradiated
during the last 10 ka may not be correct for a sample irradiated, say over the past 100 ka (Clarke eta 1
1995 and references therein). Records of paeleomagnetic intensity over 200 ka comes from marine cores.
This data can be used to better estimate the time-averaged production rate by integrating variations in
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paleomagnetic intensities over the exposure period. Modelling these secular variations of production rates
is an important aspect in improving the accuracy of the iri-situ dating method

7 Cosmogenic dating projects at ANSTO
In parallel with a successful MC AMS program, the ANTARES AMS facility at ANSTO is coordinating
two major programs which involve applications of 10Be, 26A1 and 36C1 to surface exposure studies. The first
program is the application of in-situ cosmogenic radionuclides to the study of glacial histories during the
Quaternary in the Southern Hemisphere. The emphasis is on a comprehensive and unified investigation to
determine and improve the glacial chronology (both relative and absolute) in order to support modeling
for global climate change studies in our region. The second program involves studies focussed on
landscape evolution and geomorphology of the Australian continent. For both, collaboration with glacial
geomorphologists and geologists is essential to assure project success We have constructed and operate a
fully equipped geochemistry laboratory for processing and preparation of in-situ AMS rock samples and
have developed AMS techniques at ANTARES to measure these cosmogenic radioisotopes at the required
sensitivity.

Glacial chronologies
Three geographic regions are targeted - Tasmania, New Zealand and Antarctica. Glacial
geomorphologies evidenced in these regions are the result of different aspects of climate change -
both regional and global.

• The controversial discovery of beechwood and marine fossil remnants in the TransAntarctic Mts
suggests an intense deglaciation about 3 Ma ago and thus a dynamic behaviour of the East Antarctic
Ice Sheet. Exposure ages from the Prince Charles Mts at Lambert Glacier, whose advances and
retreats reflect changes in Ice Sheet size, will add to an understanding of the Pliocene history of the
Ice Sheet. Initial results give exceptionally low erosion rates of 0.2mm/ka consistent with other
measurements elsewhere in Antarctica. Exposure ages from 2.2Ma on nunatak peaks (altitude
(1200m) to 0.1 Ma for moraine boulders near the coast (altitude 150m) indicate that for the past IMa
at least, surfaces 500m above today's Lambert Glacier have been ice-free.

• The Tasmanian ice cap and its piedmont glacier systems tends to archive regional climatic effects.
We are dating the complex glacial history of the Plateau Ice cap and the extent of glacial advance
over the West Coast Ranges during the Pleistocene. Our preliminary results are consistent with the
qualitative chronology and are most encouraging. 36Cl-ages for dolerite erratics on the Plateau
moraines range from -16 ka to 80 ka and 10Be-ages on quartz samples from Cradle Mt cirque
(altitude 1300m) are 16-26 ka while erratics at trim lines a few kilometres northward following the
ice flow range from 65 to 75 ka. This indicates that the Last Glacial Maximum in Tasmania was in
recession by at least 16ka ago. l0Be-ages along the major river outlet valleys (Arm, Forth and Mersey
) range from 50 ka at the youngest ice limit to 380 ka at the oldest identified glacial advance. Results
from the West Coast region show a far more complex history with l0Be-ages spanning from 16ka to
850ka.

• The Younger Dryas is a major short-term climatic reversal to glacial conditions superimposed on the
last deglaciation between 11-13 ka ago and appears throughout climatic records in the Northern
Hemisphere. Gosse et al [1996] show evidence for the Younger Dryas in the USA using in-situ
cosmogenic dating methods, which is the most direct means to accurately date this important change
(see figure 4). Evidence for such a reversal in the Southern Hemisphere is equivocal. Two sites, one
in Tasmania and the other in New Zealand have been identified as excellent candidates to prospect
for the Younger Dryas and have been sampled for in-situ exposure dating of their terminal moraines
sequences. -1'-
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Landscape Geomorphology
The antiquity of the Australian landscape generally precludes the application of exposure dating. In this
context we can apply the in-situ method to evaluate long-term average erosion rates, arid region process
related to sand or sediment transport, deposition and burial stages.
• The in-situ method can distinguish between material persistently buried to those experiencing

periods of exposure. The Victorian Plateau, along the Western Australia coastline contains
extensive upstanding relief of sand regolith escarpments. Their formation process can be
explained by either subsurface weathering and laterization of existing sandstone or
contrastingly, by deposition and accumulation of transported material onto bedrock. In order to
distinguish between these processes, we have measured two 10Be depth profiles of 3.5m
through the regolith to bedrock. Results convincingly indicate that these escarpments are
accumulation zones for transported sand with a surprisingly high deposition rate.

• The subaerial preservation of remnants of the Australian craton, and in particular of the Ashburton
surface in Davenport province in central Australia, is believed to be the result of its geomorphic and
tectonic stability over the past 700 Ma or more. This would make them perhaps the oldest persistent
landform on Earth and implies exceptionally low rates of weathering that stands in conflict with
recent studies that suggest denudation of several kilometres of relief over the that period. Our studies
focus on using two independent but complimentary methods - apatite fission track and in-situ
cosmogenic isotopes - to measure, respectively, long term (1-100 Ma) and short term (<1 Ma)
continental weathering rates of these features and similar ones found in Africa.

• Desert dunefields occupy nearly 40% of land area of Australia. The origins of dune material,
their mobility and turnover periods are not well identified. In a novel approach to using in-situ
produced l0Be coupled with thermoluminescence, we are investigating the formation,
movement and relative histories of dunes in the Simpson desert and at Cape Flattery,
Queensland. Select dunes have been sampled over their external surface and also cored to upto
10 meters in depth.

FIGURE CAPTIONS
Figure 1

Concentration build-up curve of 10Be in units of l0Be atoms /gram-quartz as a function of exposure age
for different values of erosion rate. As the erosion rate increases, saturation occurs at earlier times and
results in an erosional equilibrium concentration value lower than the secular equilibrium concentration
under zero erosion. A measured concentration of 3xlO6 atoms/g requires a minimum exposure age
(assuming zero erosion) of 300,000 a (point A), or if exposure was sufficient to arrive at equilibrium (
> 2Ma) a maximum steady state erosion rate of 10"4 cm/a (1 mm/ka)

Figure 2
Calculated values of the 26A1/ 10Be ratio (atoms/atoms) plotted as a function of the l0Be concentration for
steady state irradiation histories for different erosion rates and exposure ages. The upper curve
represents the locus for surface exposure at zero erosion and the lower bound, the locus for surfaces
undergoing prolonged exposure at constant erosion (erosional eqquilibrium). Curves are based on
production rates for l0Be and 26A1 of 6 and 36 atoms/g.a respectively at sea-level and high latitudes
(>60°).The region bounded by the two curves locates all surfaces which experience an exposure history
within these limits and without burial or uplift.[Nishiizumi, 1991]

Figure 3
Variation of in-situ production rates as a function of latitude and altitude, P(A, 0), normalized to the
sea-level, high latitude production rate (P)(latitude >60°). The polynomial parameterization given by
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Lai [1991] for latitude and altitude variations of the cosmic ray flux were used. For example the
production of lOBe at 2 km altitidue in Antarctica is 5 times higher than at sealevel, while for the same
altitude at the equator it is only 2 times larger.

Figure 4
Schematic representation of Younger Dryas exposure ages from in-situ 10Be measurements on erratics
and bedrock surfaces from the Titcomb Lakes moraine, USA. The full squares mark minimum
exposure ages (based on production rates of Nishiizumi, [1989]). Circles mark maxiumum exposure
ages using calibration data from Clark [1995]. The vertical lines denote the time period of the Younger
Dryas cooling event [Gosse, 1996].
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