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Using in situ produced cosmogenic isotopes to estimate rates of
landscape evolution: A review from the geomorphic perspective

Paul R. Bierman
Department of Geology, University of Vermont, Burlington

Abstract. The application of in-situ produced cosmogenic isotopes to problems in
geomorphology has increased rapidly over the past decade. Atleast 57 papers and numerous
abstracts have been published since the mid-1980s when the first mass-spectrometric
measurements of terrestrially produced cosmogenic isotopes were made. Taken at face value,
these studies provide quantitative information about rates of landscape evolution and landform
age; however, the significance of calculated erosion rates and exposure ages depends strongly on
the models used to interpret isotopic data, the validity of assumptions inherent to these models,
and the geologic surroundings in which the samples were collected. This paper attempts to place
cosmogenic isotope studies in a geomorphic context by reviewing fundamentals of the method and
evaluating the validity of assumptions under which these data have been interpreted. At present,
the establishment of high-precision, cosmogenically based glacial and alluvial chronologies is
stymied by the evolution of geomorphic surfaces, the erosion of rock from sampled bouiders, the
potential for isotope inheritance from previous exposure, and the uncertainty of isotopic
measurements. Uncertainties in isotope production rates and the observed variability of exposure
ages on individual geomorphic surfaces limit the confidence with which cosmogenic ages can be
correlated reliably with those obtained by other techniques. Estimation of erosion rates at single
points on the landscape gives useful small-scale information. Extrapolation of these rates over
longer time and larger spatial scales is less sure and most likely biased toward lower erosion rates
by the inadvertent selection of resistant sample sites. However, because erosion rates are so
poorly constrained at present, even estimates to within a factor of 2 may be of significant value to

geomorphologists and tectonicists.

Introduction

Deciphering the shape and history of Earth's surface, in the
context of tectonic and climatic forces, is a fundamental objective
of geomorphology. In order to understand landscape evolution
and the denudation of continents, one must not only identify
germane physical processes, one must also know the time at
which features of the landscape formed and/or the rate at which
these features change,

Recent advances in analytical chemistry and nuclear physics
have provided geomorphologists with the opportunity to constrain
Tates of landscape evolution directly. Use of high-sensitivity
noble gas and accelerator mass spectrometers (AMS) now allows
quantitative abundance measurement of extremely rare isotopes
including those produced by the interaction of cosmic rays with
rock and soil {Raisbeck et al., 1983: Elmore and Phillips, 1987].
For example, the abundance in near-gurface rocks of terrestrially
produced cosmogenic isotopes, such as 3He, "“Be, 2!Ne, 26A] and
%%Cl, has been used along with interpretive models to evaluate
rates of landscape change near the proposed Yucca Mountain
waste repository [Whitney and Harrington, 1993], to cormelate
alpine moraines with continental glaciations recorded in the deep-
sea %0 record [Phillips et al., 1990), to test models of desert
pavement formation [Wells et al., 1991] and to suggest that

Copyright 1994 by the American Geophysical Union

Paper number $4JB0G455.
0148-0227/94/94) B-00455%05.00

105

outcrops in Amntarctica have lost only decimeters from their
surfaces during millions of years of subaerial exposure
[Nishiiziemi er al., 1991a)].

In a general sense, the abundance of in situ produced
cosmogenic isotopes is proportional to landscape stability and/or
age. Favorable circumstances allow isotope abundances to be
used as a proxy for erosion rate or exposure age, both of which
express the residence lime of the sampled material near Earth's
surface. It is important to recognize that all such estimates are
model ages or model erosion rates; they depend strongly on the
model used to interpret isotope abundance and the validity of the
model assumptions.

This paper reviews the theory and application of in situ
produced cosmogenic isotopes specifically from a
geomorphologic point of view. It investigates the validity of
assumptions inherent in interpretive models and considers isotope
studies in the context of what is known about the rate and
distribution of germane surface processes. In conclusion, the
Ppaper presents current limitations of the method and speculates on
the usefulness of cosmogenic isotope measurements for evaluating
the rate at which landscapes change and topography evolves.

Terrestrial Production of Cosmogenic Isotopes

A variety of isotopes, termed cosmogenic, are produced as
cosmic rays interact with rock and soil. Six of these isolopes
(*He, '"Be, 14C, 2INe, ], and ¢Cl) are now measured routinely
and have been used in geomorphic studies since the late 1980s.
Isotope production rates are very low, ranging from <10 to >100
atoms g* yr* at sea level and high latitude (Table 1).
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Figure 1. Contour plots of altitude/latitude correction [actors for
cosmic ray flux and isotope production at Earth's surface based on
data presented by Laf [1991]. (lop) Altitude range 0-4000 m;
{bottom) range of 0-2000 m. To obtain production rate at any
altitude or latitude, multiply sea-level, high-latitude production
rate in Table 1 by factor read from the chart.
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Flux of Cosmic Rays

Cosmic rays, predominately neutrons, continually bombard
Earth's surface and produce cosmogenic isotopes. These neutrons
are secondary particles resulting from the interaction of primary
cosmic rays (mostly protons) with Earth's atmosphere. At Earth's
surface, the flux of cosmic rays, and consequently the rate of
isotope production, depends largely on the moduiation of the
primary galactic cosmic-ray flux by Earth's magnetic field and
modulation of the secondary flux by Earth's atmosphere. Primary
cosmic rays (protons) are deflected more strongly by the magnetic
field at the equator than at the poles. The secondary neutrons
interact with atmospheric gasses so that the resulting flux is
attenualed with increasing atmospheric depth. As a result,
cosmogenic isotope production will be greatest in samples
exposed at high elevation and high latitude,

On the basis of contemporary neutron measurements. Lai
[1991] describes the altitude/latitude variation of the cosmic ray
flux and resulting isotope production with a third-order
polynomial (Figure 1). He estimates that these corrections are
accurate to within +/- 10%. Most workers use Lal's method and
data for scaling isotope production rates, although others have
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been published and used [Rose er al., 1956, Pomerantz and
Agarwal, 1962; Lingenfelter, 1963; Yokoyama et al., 1977).

Mechanisms and Rates of Cosmogenic Isotope Production

Isotopes termed *cosmogenic” are produced primarily by four
types of interactions between particles and target nuclei:
spallation, muon capture, neutron activation, and alpha particle
interaction. Different production pathways dominale at dilferent
depths below Earth's surface. Fabryka-Martin [1988] provides a
useful and well presented review of nuclide production
mechanisms. During spallation, the target nucleus is split by the
incoming particle, usually a high-energy, fast cosmic ray neutron.
For example, fast neutron spallation produces 26Al from silicon
and '"“Be from oxygen. Most spallation reactions occur within the
upper meter or two of Earth's surface. Muons, charged particles
of low mass, can interact with the nucleus of the target atom. For
instance, interactions between muons and “°Ca and Si produce
3l and %Al respectively. Muons interact less strongly with
marter than fast neutrons; therefore muon-induced isotope
production rates are lower and muon penetration depths greater
than those characteristic of neutron spallation. Other isotopes,
such as 2%C!1 and *'Ca, are produced primarity or in part by neutron
activation, the nuclear absorption of low-energy or thermai
neutrons, e.g., *Cl from 3*Cl and *'Ca from *°Ca. These thermal
neutrons result either from the interaction and slowing of fast
neutrons and muons or, indirectly, from the decay of U and Th
{Feige et al., 1968; Andrews et al., 1989]. In rock and zoil, aipha
particies are produced primarily by the decay of U, Th, and their
daughter nuclides. Alpha particles are responsible directly and
indirectly for the radiogenic {or noncosmogenic) production of
"cosmogenic” nuclides. For example, the absorption of an alpha
particle and subsequent emission of a neutron by an ‘%0 nucleus
produces ?INe in what is termed an o, n reaction  Such reactions
of alpha particles with light elements are the primary source of
radiogenic thermal neutrons which can produce noncosmogenic
3%Cl and 4'Ca [Feige er al., 1968; Andrews et al., 1985]. Most of
the cosmogenic nuclides produced in situ in rock and soil are also
produced by nuclear reactions in the atmosphere. These
atmospherically produced nuclides are referred to as meteoric or
garden variety [Nishiizumi e¢ ql., 1986], and in most cases,
atmospheric production rates exceed those in rock by orders of
magnitude. A variety of pretreatments have been used to remove
atmospherically produced isotopes from samples in order to
isolate those produced in situ [Leavy, 1987; Nishiizumi et al.,
1989; Brown et al., 1991; Kokl and Nishiizumi, 1992).

Isotope Production Below Earth's Surface

Understanding the depth distribution of cosmogenic isotope
production is important for deciphering cosmogenic isotope
abundances both in terms of erosion rates and exposure ages.
Erosion rate models require quantification of isotope production
rates experienced by a parcel of rock as it moves from depth
toward Earth's surface during erosion. Many rocks sampled for
exposure dating have probably lost mass from their surface
[Blackwelder, 1927; Rirkeland, 1984; Bierman and Gillespie,
1991]. The effect of such mass loss on measured isotope
abundance and model ages depends on the reiationship between
the rate of isotape production and depth.

In general, rates of in situ cosmogenic isotope production are
highest at Earth's surface and decrease rapidly with depth as
incoming cosmic ray particies are slowed and absorbed. In rock
(p= 2.7 g ecm?®), roughly half the fast cosmic ray neutrons are
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absorbed above a depth of 45 cm. For isotopes produced
primarily by fast neutron spailation *He, e, !4C, 21Ne, 26Al),
the production rate { P, ) at depth {x } in a material of given
density {p) can be described well, over the first several meters of
rock, with an exponential expression considering the surface
production rate (Pp):
P, = P, (el 8) o)
The characteristic attenuation length (A) for fast neutrons is
between 150 and 170 g cm? and has been shown to be roughly
invariant at different locations on Earth's surface [ Kuwrz, 1986b;
Lal 1991; Brown et al., 1992; Sarda et al, 15931

For isctopes such as 36Cl and “/Ca, which are produced in
significant quantities by thermal neutron activation, the situation
is more complex because the distribution of thermal neutrons with
depth is not well modeted by an exponential expression [Bierman,
1993]. Because fast neutrons scatter isotropically as they interact
with matter, some backscatter away from the air/rock interface
before they are slowed to thermal energies [O'Brien et al., 1978].
Consequently, isotope production by thermal neutrons actually
increases between the surface and a depth of about 15 cm
resulting in the possible overestimation of *Cl exposure ages if
samples are inadvenently coilected from eroding surfaces.

Isotope Production Rates

Rates of cosmogenic isotope production vary with time,
location, and target composition. For most isotopes, production
rate estimates remain somewhal uncertain and are constrained by
only a few field experiments and theoreticai calculations.
Theoretical calculations rely on probabilities of nuclear
interactions and measurements of the cosmic ray flux. Empirical
estimates are field-based calibrations during which isotope
abundances are measured in samples for which exposure ages
have been estimated by other means. Field calibration of isotope
production rates over the 100,000-year time scale is confounded
by the paucity of well-dated geomorphic surfaces that have neither
eraded nor been buried since their initial exposure.

On the basis of abundance measurements of short-lived
isotopes and probabilities of nuclear interactions, [Yokoyama et al.
{1977}, Lal[1988], and Lai [1991] calculate production rates for a
variety of long-lived isotopes. Field studies have recently been
used to calibrate the production of *He [Ceriing, 1950; Kurz et al.,
19501, 2!Ne [Hudson et al., 1991], '°Be and Al [Nishiizemi et al.,
1985}, and ¥Cl [Zreda et al., 1991}. Recent work supports earlier
estimates of '°Be and Al production rates [Brown erf al,, 1991;
Nishiizumi et al., 1991a] but there are conflicting estimates of $C1
production rates [Yokoyama et al., 1977; Swanson et al., 1992,
Phillips et al., 1993; Swanson et al.,, 1993]. It is possible that
some production rate discrepancies, such as those for *He
[Cerling, 1990; Kuwrz er al., 1990), may be due to or reconciled by
the use of different protocols for altitude/latitude correction
[Brook and Kurz, 1993}

There is both direct and indirect evidence that magnetic field
intensity and therefore isotope production rates have changed
significantly and irregularly over the Pleistocene Epoch
[McFadden and McElhinmy, 1982; Bard et al., 1990; Kurz et al.,
1990; Lal, 1991; McElhinny and Senanayake, 1982; Tric et al.,
1992). Reedy et al. [1983] suggest changes in atmospheric !Be
production of +/-30% over 100 kyr and +/-10% over periods of
200 kyr. There is also evidence for short pericds of excepticnally
high rates of isotope production [Raisbeck et al., 1985].
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Because rocks integrate cosmic ray exposure, the effect of
changing production rates will be damped over time. Calculations
based on palecintensity data of Tric ef al [1992] suggest thatif an
accurate, average production rate could be determined for the past
30 kyr, production rate variations would result in age deviations
no larger than 16% for Holocene samples and less than 10% for
Pleistocene samples [Sarda er al., 1993]. However, some
production rate calibrations are based on samples younger than 15
kyr [Nishiizumi et al., 1989; Cerling, 1990; Kurz et al., 1950;
Zreda et al., 1991}, a period of higher than average field strength
and thus lower than average isotope production. In addition, data
of Kurz et al. [1990] suggest nearly a twofold change in time-
integrated ?He production rates over the past 13 kyr, a greater
change than one would predict by considering records of magnetic
field palecintensity [Kurz et al, 1990; Mazaud et al., 1991].
Currently, the magnitude of the uncertainty introduced by
changing production rates, and by calibration on relatively young
surfaces, is not well constrained but appears to be of the order of
10-20% for Holocene and latest Pleistocene samples.

Sample Collection, Preparation,
and Isotopic Analysis

Sample collection and preparation can be time consuming.
Samples are frequently collected using hammers and chisels to
exploit preexisting weaknesses in the substrate. Mechanical
coring devices can also be used, although they require that cooling
water be available on site. Interpretation of isotope abundance is
simplest if samples are coilected from large, flat-lying surfaces.
Samples collected from surfaces having a more complex geometry
such as vertical faces or spherical boulders require the calculation
of effective neutron fluxes [Nishiizumi et al., 1989; Staudacher
and Allegre, 1993a]. Such caiculations are more difficult and
uncertain for thermal neutrons [Zreda ez al., 1993].

The amount and complexity of sample preparation, prior to
analysis, differ for each cosmogenic isotope. Noble gas
measurements (He and Ne) are made on mineral grains using mass
spectrometry. Extensive chemical pretreatment and preparation of
a chemically pure target are required for isotopic analysis of C,
Be, Al, and Cl by AMS. Initial sample size is usually less than
500 g of rock but depends on a variety of factors, including
lithology, machine sensitivity, and exposure lime.

Nobie gas analyses usually require that one mineral or phase be
separated either by hand-picking, magnetic properties, or density.
The size of the aliquot usually ranges from 0.1 to t g. For 3He
analyses, the minerals pyroxene and olivine have been used most
commonly and with the greatest success [Craig and Poreda, 1986,
Kurz, 1986a; b; Kurg et al, 1990; Cerling, 1950, Welis et al.,
1951; Anthony and Poths, 1992). Several research groups have
presented data which suggest that quartz does not retain He
quantitatively in most terrestrial environments [Cerling, 1990;
Graf et al,, 1991; Hudson et al., 1991].

Cosmogenic '°Be and %Al have been measured in quartz and
olivine [La! and Arnold, 198S; Nishiizumi et al., 1986; Kiein et al.,
1986; Nishiizumi et al., 1989; Nishiizani, 1991; Nishiiziomi et al.,
1991a; b: Brown ef al., 1991, 1992]. In order to measure
cosmogenic %Al reliably, the mineral phase must contain low
levels of the stable isotope, ¥Al; quartz is ideal as it usually
contains less than 100 ppm of Al. For Be measurements, the most
important characteristic is the ability to prepare a sample free of
atmospherically produced °Be. Again, quartz has been shown to
be useful because il is resistant to weathering and alteration and
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can be effectively cleaned of meteoric ®Be by HF etching
[Nishiizumi et al., 1989; Brown er al., 1991: Kohl and Nishiigumi,
1992]. Chemical preparation of Be and Al targess for AMS
involves dissolution of the mineral phase by HF.

Cosmogenic *C1 and "C have been measured in a varety of
lithologies without mineral separation. Interpreting Q1
abundances measured in whole rock samples requires knowing the
major and trace element composition of the rock. Chlorine has
been extracted from rock samples by a variety of means including
fusion, dissolution by HF and precipitation, air stripping from
solution [Leavy, 1987, Zreda er al., 1991] and water leaching
[Bierman, 1993]. Whole rock analyses are not necessary for
interpreting in situ produced '4C abundances because, to the first
approximation, '“C production rates are independent of
composition [Jull ez al., 1992]. In situ produced cosmogenic “C
can be removed from rock or mineral separates by acid dissolution
(D. Lal, personal communication, 1993) or fusion under oxygen
(Jull etal., 1992},

Accelerator mass spectrometry for Al 1°Be, and 34! is
typically able to measure isotopic ratios as low as several parts in
105, The precision (16) of AMS measurement for these isotopes,
based on counting statistics and reproducibility of standards, is
typically < 57%. Nobel gas measurements typically have
absolute uncertainties of = 5% (lo) although ratios can be
measured more precisely [Staudacher and Allegre, 1993a].

Interpreting Isotope Abundance

Translating measured isotope abundances into geomorphically
useful data requires conceptual and mathematical modeis built on
a variety of potentially uncertain and, in some cases, untestable
assumptions. Cosmogenic erosion rates and exposure ages are
often quoted with uncertainties based only on the counting
statistics of the underlying isotopic measurements. The true
uncertaipties of model ages and model erosion rates are greater, as
they must encompass not only uncertainties in production
parameters resulting (rom Earth's changing magnetic field but also
model assumptions such as no-inheritance or steady state erosion.

Other Sources of "Cosmogenic" Isotopes

Isotopes termed "cosmogenic" can also be produced by a
variety of means not directly reiated to the present period of
cosmic ray exposure. If these other sources of isotope production
are not considered and corrected for, isolope inventories and
exposure ages will be overestimates and calculated erosion rates
will be underestimates. As mentioned previously, atmospheric
production of '"Be, %C, and 2%CI is significant; interpretive
models assume that sample pretreatment has removed any
meteoric contamination.

Radlogenic isotope productlon. The production of
"cosmogenic” isotopes resulting from the decay of U and Th can,
in some cases, be significant. In most cosmogenic isotope studies,
no correction has been made for radiogenic production, a
reasonable approach for samples exposed at high altitude or for
long pericds of time. .

On the basis of whale rock elemental abundances, Sharma and
Middizton [1989] conclude that radiogenic production of 1%Be is
unimportant but that radiogenic production of Al is significant
However, because U is concentrated in minerals other than quartz
[Tiek and Ledger, 1981; Turner, 1993] radiogenic %Al is
probably insignificant in many samples analyzed for cosmogenic
isotopes. Brook and Kurz [1993) suggest that radiogenic
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production of *He is minimal in most rocks and that radiogenic
*He can be corrected for during analysis. In situ production of C
appears 0 be inconsequential [Zito er al., 1980; Fabryka-Martin,
1988; Raisbeck and Yiou, 1990].

Estimates of radioggnic C1 production have been made by a
number of authors [Apdrews er al., 1986; Bendey et al., 1586;
Leavy et al., 1987, Fabryka-Martin, 1988 Andrews ef al., 1989].
For young samples, exposed at low elevations, radiogenic
production can account for significant portion of the measured
3%Cl. For example, Bierman [1993] estimated ratios of %CI/C1
resulting from U- and Th-induced neutrons for 129 granitic rocks
using the method of Andrews et al. [1989] and found a mean
radiogenic *CI/C1 ratio of 21+/-18 x 107% with a range of 4 x103
to 125 x 10°15,

Neon 21 can be produced radiogenically as %0 absorbs alpha
particles, The abundance of radiogenic 2'Ne can be estimated
from the concentration of U and Th [Ozima and Podosek, 1983].
Calculations, and measurements made on shielded samples, show
significant amounts of radiogenic *Ne should be produced in
quartz extracted from older granites. For instance, we found a
INe excess (over atmosphere) of 1.5 x 107 atoms g7 in shielded
(675 g cm?; 2.5 m rock) samples from a Precambrian granite (>1
b.y.) in Texas (B. Hudson, Lawrence Liverrnore National
Laboratory, unpublished data, 1992).

Geologic inheritance. Isotope abundance has been measured
in rocks collected from a variety of landforms including moraines
and alluvial or debris flow fans. When caiculating modei ages for
such deposits, it has been agsumed that boulders were deposited
on the landform with no preexisting inventory of cosmogenic
isotopes. There are only sparse data by which to test the
assumption of no inheritance. A boulder riding on the ice of
Taylor glacier, Antarctica, has a *He exposure age of 9 ka [Brook
and Kurz, 1993]; the implications of this age and the problem of
inheritance are discussed by Brook et al. [1993]. Bierman [1993]
sampled several boulders in a roadcut through a moraine in the
Bishop Creek drainage, east side the Sierra Nevada, Califomnia.
These boulders, shielded by >8 m of GlI, have ratios of 36C1/C1
between 50 and 100 x 10", of which only about half can be
explained by radiogenic production.

Some isotopes, such as 3C1 and %%Al, have important muon
production pathways and are produced in significant abundances
several meters beiow the ground surface. As a result, one would
uspect that the likelihood of boulders inheriting 6C1 or 4l
might be higher that the likelihood of inheriting '*C from a prior
exposure. For instance, at a depth of 3 m in rock, the rate of
isotope production from muon stopping is still almost 50% of its
maximum value [Charalambus, 1971; Fabryka-Mariin, 1988;
Bilokon et al., 1989]. Bierman (1993) measured 751 in bedrock
samples shielded by several meters of rock and found *QVQ
ratios of 50 - 270 x 1075, several times the ratio supported
radiogenically. This finding implies the potential for significant
*Cl inheritance if bouiders had previous exposure histories within
several meters of Earth's surface. Stable (*He and #!Ne) or long-
lived ("°Be) nuclides should be more susceptible to inheritance
than short-lived nuclides.

Model Exposure Ages and Erosion Rates

The measured abundance of a cosmogenic nuclide wil} reflect
production integrated through time reduced by decay in the case
of an unstable nuctide. If the sampled surface were exposed
rapidly and has not ereded since exposure, isotope abundance will
be a function of exposure age and isotope production rate. If the
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sampled surface has been croding continuallyﬁince initial
exposure, and initial exposure was several haif-lives ago or
several meters of rock have eroded since exposure, then the
isotope concentration will be controlled by the ercsion rate. These
are two end-members in a continuum of plausible sample
histories. In reality, many geologic samples have probably
suffered episodic ercsion after initial exposure.

On the basis of field abservations it is usually difficult to
determine which of the end-member models is most appropriate
for evaluating isotopic data [Bierman and Gillespie, 1952]. Some
features, for example, glacial striae, are good indications that a
rock surface has not lost mass since initial exposure, although it
may be difficult to assess whether unconsolidated material such as
till, soil, or ash once covered the striated surface. Although steady
erogion is more likely for such substrates as saprolite, the
assumption of steady erosion is less valid for those bedrock
surfaces which lose mass in discrete slabs >10 c¢m in thickness
[Lal, 1991} .

Exposure ages. The exposure age for a surface sample is
calculated from the measured isotope abundance (N) after a
correction has been made for radiogenic and geologic
backgrounds (B) and the decay {A) of the nuclide if it is unstable
[Lal 1988):

P
Na=(1-e)ss. @
A
Radiogenic backgrounds can be calculated from the abundance of
U, Th, and the abundance of suitable target atoms. Geologic
backgrounds are more uncertain and more likely to vary from
sample to sample. [tis assumed that the isotope producticon rate
(P) is representative of the ime frame (t) over which the exposure
occurred and that no erosion has occurred since initial exposure.

Erosion rates. The abundance of a cosmogenic isotope in a
surface sample can also be interpreted as a steady state erosion
rate (e). Such an approach has been considered in some detail
[Laf and Peters, 1967, Lal, 1986, 1988; 1991; Nishiizumi et al.,
1991a; 1993]. For the case of the spallation-produced isotope, the
following mode! is applicable. If isotope production as a function
of depth is not well described by an exponential (%Cl), the
analytic sofution (equation 3) will not accurately estimate ercsion
rates:

P
i + 8. 3)
+ A
Implicit in the derivation and application of this equation is the
assumption of steady or high-frequency, periodic erosion and a
constant rate of isotope production.

Exposure and erosion. In many cases it is possible 1o measure
the concentration of more than one cosmogenic isotope in the
same sample. If multiple isotopes have been measured, it should,
in principle, be possible to solve both for erosion rate and for
initial exposure age. Assuming constant production rate and
steady erosion, Nishiizumi et al. [1991a] present the following
model for surface samples:

Na =
EpA

-1
_ e(pzA +A )

Na (1 )+ B @

( pEA-l + A
Considering the current uncertainties in production rates and the
measurement of isotope abundance, solutiens of this equation are
relatively imprecise and of limited use in many geologic_situations
[Gillespie and Bierman, 1991; Nishiiztmi et al., 1951a].

There are, however, other ways in which dual isotope
measurements can be used to constrain qualitatively exposure
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histories [Lai, 1991]. For example, measurements of 26Al and
1%Be in the same samples have been used to constrain the exposure
and burial history of bedrock surfaces in the Dry Valleys of
Antarctica [Nishiizumi et al., 1991a). Because the half-iife of 26A1
is less than that of 1%Be, the ratio of 26A1/'%Be can be interpreted as
a function of erosion rate, time of burial after cosmic ray exposure
or exposure age {see Nishiiziami ef al., 1951a, 1993].

Geomorphic Applications .

Geomorphic problems which have been addressed using
cosmogenic isotopes fall into three categories: estimating
exposure ages of landforms, determining the erosion rate of rock
surfaces, and the testing of geomorphic process models.

Model Exposure Ages

Accurate and precise dating of surface features could be useful
for constraining the evolution of young volcanic fields. the timing
of climate change, and rates of tectonic displacement. So far,
cosmogenic isotope samples have been collected and analyzed for
the purpose of constraining the age of alpine and continental
glaciation [Phillips er al., 1990; Brown et al., 1951; Brook et al.,
1993], the age of volcanic features [Ceriing, 1990; Staudacher
and Allegre, 1993a] and the timing of cratering events [Nishiizumi
et al., 1991b; Phillips et al, 1991).

Ironically, it is the evolution and erosion of landforms which
most significantly hampers cosmogenic dating. For example,
Cerling [1990] measured *He abundance in several Pliocene lava
flows in southeastern California. He calculated exposure ages
only 4-12% of the K/Ar cooling ages (2.1 and 3.7 Ma) and so
concluded that the flows have probably eroded at a model rate of
several meters per million years. In this case, cosmogenic isotope
abundance was controlled by erosion rate rather than exposure
age. Conversely, in order to calculate production rates of Al and
Be, Nishiizumi et al. [1989] sampled only striated bedrock
surfaces thus assuring that little rock had ercded after initial
eXxposure. Such an approach is only viable for the [ength of time
that rock surfaces remain exposed at the surface without
gignificant degradation as 1-3 mm of erosion is capable of
removing strize. I[n our experience, few, if any, continuously
exposed, striated surfaces are older than the latest Pleistocene ~ 20
ka [Bierman and Gillespie, 1991; 1992]. Moreover, our
observations and those of others (D. Dethier, personal
communication, 1993) indicate that striated surfaces are best
preserved below a mantle of till. These observations suggest that
some, and perhaps many, striated surfaces have not been
continuously exposed since formation. The effect on exposure
ages of such shielding will depend on the thickness and
persistence of the now-eroded tiil cover.

Other situations are less clear cut. In the Sierra Nevada of
southeastern California, Phillips et al. [1990] used the abundance
of #C] and the assumption of no erosion to calculate exposure
apes for 30 samples collected from boulders on several moraines
at Bloody Canyon. Their published model ages are likely too high
because production rates for *C! have been revised upward
[Phillips et al., 1993; Swansen et al., 1993]. More importantly,
the cosmogenic ages they calculate for older (pre-iatest
Wisconsinan) moraines are at odds with a distinct stratigraphic
(crosscutting) relationship [Bursik and Gillespie, 1993)
Specifically, samples collected from boulders on the
stratigraphically oldest (Mono Basin) moraine do not have the
oldest exposure ages. While it is possible that the crosscutting
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relationship is not as clear-cut as it appears, it is more likely that
boulders on the stratigraphically older Mono Basin moraine have
lower than stratigraphically expected exposure ages because they
were exposed by erosion long after the moraine was deposited.
The moraine appears to be quite degraded morphologically with a
wide and rounded crest Few boulders crop out on this moraine
and those that do are heavily weathered.

The disagreement at Bloody Canyon between ?6Cl and relative,
stratigraphic ages may result both from the lowering of moraine
surfaces and the degradation of morainal boulders. Lowerng of
geomorphic surfaces will result in sequential exposure of initially
buried boulders and should generate a wide distribution of
exposure ages. [f the rate of surface lowering is episodic or age-
dependent, it is possible that boulders now exposed on older
moraines could have lower exposure ages than those exposed on
stratigraphically younger moraines. The destiny of exposed
boulders is less certain, but the common observation that boulder
frequency decreases with the age of a geomorphic surface implies
that individual boulders are not well preserved over time. Loss of
mass and consequently isotopes from boulder surfaces will in
most cases, with the possible exception of &Cl, result in
cosmogenic model ages which underestimate the age of the
landform [Bierman and Gillespie, 1991; Bierman, 1993].
Unfortunately, only if isotope inheritance is be shown to be
unimportant can the maximum boulder age be confidently
interpreted as 2 minimum limiting age for the landform. Brook et
al [1993] provide an insightful discussion of the uncertainties
inherent in the interpretation of exposure age data from moraines.

The moraine data of Phillips et al. [1990], Brown et al. [1991]
and Brook et al. [1993] are sobering to those attempting to
determine precisely. using in situ produced cosmogenic isotopes,
the age of a geomorphic surface. These studies show a wide
variability (5-50%, 10) in measured expesure ages on what have
been interpreted as single moraine surfaces and some of these
studies show that the variability of isotope abundance, in
percentage terms, increases with surface age. Unfortunately, such
exposure age variability is not unique to glacial moraines.
Bierman [1993] finds significant boulder vadability (50-100%,
1) using C] to measure exposure ages of debris flow fan
surfaces in Owens Valley. Several authors find variability (43%,
Al n=11; 41%, 1%Be, n=11: 13%, 36C1, »=5; all 10) between
samples collected from ejecta blocks at Meteor Crater in Arizona
[Nishiizumi et al., 1991b; Phillips et al., 1991; Jull et al, 1992].
At Meteor Crater, maximum model exposure ages for %A, Be
and *Cl all closely match each other and an independently
determined thermoluminesence (TL) age for the cratering event
(49+/- 3 ka). However, one of the five 2%C] model ages and six of
the 11 "Be and 25A] model ages are significantly less than the TL
age, implying that ejecta boulders have idiosyncratic geclogic
histories which may include erosion and/or delayed exposure after
bolide impact. In this case, it is reascnable to accept the
maximum exposuré age as the minimum limiting age of the
cratering event because the chance for prior cosmic ray exposure
of sampled boulders was minimal.

Such distinctions are less certain and more arbitrary when
exposure ages of individual samples are used to estimate
depositional ages for landforms such as moraines, terraces, and
alluvial fans. The difficulty in interpretation is due both to the
distinct possibility of cosmic ray exposure prior to deposition and
to erosicnal processes modifying both the boulders and the
landform after deposition. The susceptibility of any particuiar
boulder to erosion, as well as the time at which it was exposed on
the landform surface, will determine the concentration of
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cosmogenic isotopes. For example, Juil et al. [1992] find lower
{< 10% to 60%) than expected abundances of cosmagenic '“C in
four out of 11 sampies used by Dorn er al. [1991] for rock vamish
and ¥Ci dating of moraines in Hawaii and suggest that the
abundance of longer-lived isotopes is in part controlled by erosion
rather than exposure age. Pricr exposure of clasts on ailuvial fans
and beach ridges is suggested by the Al and '"Be data of
Nishiizumi et al [1993] and by the depth/production rate
calculations for %Cl of Bierman {1993},

In contrast to the broad exposure age distributions of boulders
on some morainal deposits, the small dispersion of lava flow ages
reported by Ceriing [1990] and Zreda et al. [1993] and of latest
Wisconsinan morainal boulder ages reported by Evenson and
Gosse [1993] suggests that in some geomerphic situations
eXposure ages may provide relatively precise (+/-10%) estimates
of landform age; the accuracy of such data is more difficult to
assess but depends heavily on the accuracy of production rates
used to interpret isotope abundances.

Mode] Erosion Rates

Understanding rates of denudation on a variety of time and
length scales is important for quantifying the relationship between
tectonics and topography. In order to model long-term behavior
of continents and mountain ranges, rates of denudation need to be
estimated at large spatial (>100 km?) and temporal (>100 kyr)
scales. Conversely, to understand better the evolution of
tectonicaily related features such as fauit scarps and escarpments,
erosion rates need to be determined at significantly shorter time
and length scales.

Rates of denudation have been calculated by a variety of means
including sediment accumulation in geologic and constructed
reservoirs, measurement of sediment transport rates, monitoring of
surface processes and determination of mineral cooling ages
(Figure 2). A large number of these studies, many of which
reflect either historical or Holocene rates of denudation, have been
compiled by Saunders and Young [1983]. Oniy a few of the rates
compiled by Saunders and Young [1983] reflect directly the
erosion of subaerially exposed bedrock surfaces. Conversely,
eXxisting cosmogenic erosion rate studies have been directed
specifically toward understanding the rate at which exposed
bedrock surfaces erode.

8o far, cosmogenic isotopes have been used to estimate erosion
rates in relatively few geologic and geomorphic settings (Figure
2). In some cases, sufficient samples have been coilected to
provide an estimate of the spatial varability of isotope abundance;
in other cases, only a single sample was collected. For exampie,
Hampel et al. [1975] measured the abundance of muon-produced
%Al using counting techniques and estimated an erosion rate of
about 10 m/m.y. on chert at Kutami Terrace, Japan. Kubik [1984)
measured **C] produced by muon interactions and estimated an
erosion rate of 17 m/m.y. for limestone collected from a quarry
near Regensburg, Germany, and Nishiizumi et al. {1986] used 19Be
and %Al to calculate erosion rates of 28 and 17 m/m.y. for
samples from the Anza Borrego desert. In each of these cases, the
Mmeasurements were made primarily to demonstrate the viability of
the cosmogenic technique and so the geomorphic setting from
;:Iich the samples were collected is considered only briefly, if at

Several workers have measured erosion rates on lava flows.
Sarda et al. [1993] use the discrepancy between 2'Ne abundance
and a 62.5 kyr K/Ar eruption age to estimate an erosion rate of
3.5 mim.y. (or basalt in the wet, tropical climate of Reunion; their
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Figure 2. Denudation rates determined cosmogenically and by other means. Rock types are given in parentheses,
studies are referenced by numbers in brackets and the method used to estimate denudation rate is given last For
cosmogenic methods, measured elements are indicated, for others: sed+dis load is measured load of sediment and
solutes, sed vol is measured sediment volume in basin, gm is geomorphic arguments made on the basis of dated and
incised or eroded surfaces, ft is fission tracks. 1, Hampe! et al. [1975]; 2, Nishiizumi [1991]; 3, Kurz {19860]; 4,
Craig and Poreda [1986); 5, Cerling [1990]; 6, Nishiizwmni et al. [1991a); 7, Staudacher and Allegre [1991]; 8,
Bierman [1993); 9, Kubik [1984); 10, Albrecht eral, [1993]; 11, Sarda et al. [1993); 12, Judson [1968]; 13, Judson
and Ritter [1564]; 14, Mathews [1975]; 15, Menard [1961] rate adjusted for opening of Atlantic at 175 Ma; 16,

Saunders and Young [1983]; 17, Sununerfield [1991]; 18,

Favich et al. [1985]; 19, Pavick [1989]; 20, Young and

McDougall [1993); 21, Marchand {1971]; 22, Doherty and Lyons [1980]; 23, Miller and Lakatos [1983); 24, Bishop

[1985]; 2S5, Clayton and Megahan [1986]; 26, Matthias [1

calculation is sensitive to the accuracy of both the young K/Ar age

and ?'Ne procduction rates. Craig and Poreda [1586] used the

abundance of *He and the assumption of a steady state to calculate

an erosion rate of 8.5 m/m.y. for a sample coilected from the crest .
of Haleakala on Maui. Kurz [1986b] estimates *He model erosion

rates between 8 and 11 m/m.y. for four other Haleakala samples

collected from a variety of elevations. Nishiizuni [1991]
compares He, '%Be, 2!Ne and %Al measurements on a single

sample, also from Haleakala, and shows that calculated, steady
state erosion rates from different isotope systems are in general
agreement and vary between 8 and 12 m/m.y.. Cosmogenically
determined (**Cl) erosion rates for granitic landforms in the
southern United States are similar to those reported from other
locations. Median rates of erosion for the Georgia Piedmont, the
Llano Uplift (Texas) and the Alabama Hills (California) are &, 12,

and 7 m/m.y., respectively [ Bierman, 1993).

Cosmogenically determined erosion rates from Antarctica stand
in stark confrast to those determined els€where in the world.
Brown er al. [1952] used z series of '°Be and A1 measurements
in a core to estimate an erosion rate < 0.3 m/m.y. for a quartz
sandstone surface in the Quartermain Mountains. In the most
extensive erosion rate study to date, Nishiizumi et al. [19913]
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report Al and '“Be abundances for 27 samples coilected from

four locations in Antarctica. They use these abundances to

cailculate maximum steady-state erosion rates ranging from <0.1

to 15 m/m.y. Most erosion rates they measured were an order of
magnitude lower than those reported from other terrestrial
locations, between 0.1 and 1 m/m.y., and likely reflect the near-
absence of liquid water and its effect on chemical weathering and
mechanical disintegration.

The relatively few "cosmogenic” erosion rate measurements
that have been made are generally equal to or lower than those
estimated by other means. Cosmogenically based erosion rates for
granites, limestones, basalts, tuffs, and cherts in a mix of
continental and maritime climate regimes generally range from 2
to 30 m/m.y.. The lowest cosmogenic erosion rates outside of
Antarctica were measured on basalts collected from arid southeast
California (2-3 m/m.y.). For comparison, most long-term, large-
scale denudation rates for North America, estimated using
sediment volumes, sediment tranzport and fission tracks, range
from 20 10 60 m/m.y. within the range of erosion rates for similar
geographic settings compiled by Saunders and Young [1983] and
Summerfield {1991]. [t is likely that at [east some of these
contemporary and large-scale denudation rates reflect




BIERMAN: RATES OF LANDSCAPE EVOLUTION

anthropogenic sediment contribution and sediment resulting [rom
>15 glacial/degtacial cycles and thus are higher than the average
Cenozoic rate.

Ercsion rate studies in smaller basins show rates similar to
those calculated cosmogenically; for instance AMarchand [1971]
and Gberlander [1972] used dated (10 m.y.} and incised basalt
flows to calculate, respectively, average denudation rates between
11 and 24 m/m.y. for an arid part of the White Mountains in
California and 1-10 m/m.y. for granite in the Mojave desert
These denudation rates are similar to those measured by Bierman
[1993] using ¥Cl in the nearby granitic Alabama Hills. Derhier et
al. [1988], working in northern New Mexico, measured
denudation rates from 4 m/My (tuff, basalt) to >10 m/m.y.
(weakly lithified sandstone). Cosmogenicaily determined erosion
rates for granitic outcrops in the Georgia Piedmont range {tom 6
to 10 m/m.y. [Bierman, 1993] and are similar to those determined
by several independent techniques, 4 and 20 m/m.y. [Pavich et al.,
1985; Pavich, 1989). Other comparisons are more tenuous. For
instance, cosmogenically deduced rates of basalt erosion on Maui
appear to be about 10 m/m.y. whereas two measurements {rom
semiarid Owens Valley and one from wet, tropical Reunion would
suggest slightly lower rates of several meters per million years.
These cosmogenicaily determined rates fall within the range of
erosion rates (2-30 m/m.y.) determined from incision of dated
basalt flows in southeast Australia [ Young and McDougall, 1993].

Cosmogenically determined (point) rates of denudation (2-30
m/m.y.) are similar to those determined by incision of dated
sutfaces, by tombstone measurements, and by sediment budgets in
small to moderate size catchments. However, these rates are, in
general, lower than rates determined by fission tracks and
continental scale sediment budgets, including those based on
present-day sediment loadings and long-term depositional
volumes with the caveat that the assumption of equilibrium and
the storage of sediment preclude rigorous interpretation of many
of these data. From the limited data (cosmogenic and otherwise}
that are available, it appears that rates of bedrock erosion in many
climatic settings are grossly similar, with the exception of
Antarctica, despite differences in climate and lithology. This
interprelation is consistent with that of Akners [1970), who
suggested that local relief, rather than precipitation. is the
strongest control on sediment yield (denudation rate).

On the basis of the few data available, any explanation of the
observed differences can only be speculative. Inadvertent
sampling bias may account for what appear to be relatively low
rates of erosion calculated f[rom cosmogenic isotope
measurements. So far, samples have been collected only from
relatively resistant lithologies such as basalt, granite and
sandstone. In addition, it appears that samples have generally
been collected from outcrops standing above the surrounding
landscape. These protrusions of bedrock may erode more slowly
because they shed walter rapidiy thus reducing the efficacy of
chemical weathering. Since most cosmogenic samples have been
collected to determine landform age rather than erosion rate, there
is presumably a bias toward samples collected from gently sloping
interfluves rather than steep, and presumably more rapidly
eroding, hillslopes. Unfortunately, in many papers, the
geomorphic setting of specific samples is described only briefly, if
atall.

Geomorphic Process Studies

There are a variety of other ways in which cosmogenic isotope
abundances could be used to understand better geomorphic
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processes. For example, Wells er al. [1991) used cosmogenic He
and *'Ne to support a model for the evolution of desert pavements.
They sampled basalt from an exposed flow and basait clasts which
were derived from the same flow but which are now contained in
an overlying desert pavement. They found similar isotope
abundances in the both sample populations, supporting their
medel of pavement evolution in which clasts fleat on an
undertying silt-rich horizon [McFadden et al., 1987]. Their
application is particularly robust in that the veracity of their
findings does not depend on an accurate knowledge of production
rates or their variation through time.

From a deep road cut, Nishiizumi et al. [1985] sampled the
Sherwin Till below the Bishop Tuff (0.73 m.y.) in an attempt to
date the till. They conclude that the exposure history of quartz
grains in the uppermost portion of the till is complex and not
amenable to simple interpretation. However, later, Nishiizumi et
al. [1993] used a model of steady aggradation to interpret the
measured abundance of "Be and Al in quartz grains separated
from the till. Their interpretive model appears not to take into
account the thickness of the overlying ice, deformation of till
below the glacier or the variability of initial isotope abundance in
the material that makes up the till. On the basis of what appears to
be 2 geomorphically unrealistic interpretive mode!, they calculate
extremely low rates of tl! deposition (1 to 3 x 107 cm yr1}.

Conclusions

1t is clear that the use of in situ produced cosmogenic isctopes
holds promise for defining better the rates of geomorphic
processes. There are, however, limitations to the precision,
accuracy and most importantly geomorphic meaning of model
ercsion rates and exposure ages. Currently, analytic and
production rate uncertainties in many cases overshadow those
related to geologic processes. However, as the study of
cosmogenic isotopes continues, these technical uncertainties will
likely decrease to the point at which, in most studies, the geologic
history of the sample becomes the dominant uncertainty.

The anaiysis of multiple isotopes for each sample is a viable
means by which to constrain the uncertainty of exposure age and
erosion rate estimates. Each isotope has particular characteristics
which can biaz abundance estimates. For instance, atmospheric
1"Be can contaminate measurements of the in situ produced
isotope, *Ne and ¥C| can be produced radiogenically in
significant quantities, and 3He may not be well retained in some
minerals, especially in warm climates. Furthermore, as
measurement precision improves and production rates and ratios
become better known, measurements of multiple isotopes in single
samples will reveal more about the sample's geologic history
{Graferal, 1991; Lal, 1991; Niskiizumi et al., 19591a; 1993].

If cosmogenic data are to be geomorphically meaningful, then
the assumptions on which interpretive models are based must not
only be understood, they must also be valid. For example,
apparent correlation between cosmogenically deduced glacial or
alluvial chronologies and those determined by other means will be
fallacious if erosion has biased cosmogenic exposure ages,
particularly if such bias is not a linear function of surface age. In
every study to date, exposure age variability on a single
geomorphic swface is significant {usually >10%) and in most
cases greater than expected from analytical uncertainty. Reliably
correlating the age of a geomorphic surface, on which a range of
cosmogenic exposure ages has been determined, with other
temporal records such as ice or deep-sea sediment cores remains a
significant and as yet unresolved problem [ Brook ef al.. 1993]. It
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i3 likely that in most cases the mean exposure age for a particular
geomorphic surface is conwrolled, at least in part, by sparially and
temporally vaniable rates of weathering and erosion [Bierman and
Gillespie, 1991; 1992; Juil et al., 1992] and thus has only limited
chronological significance.

Cosmogenic erosion rate estimates appear to be geomorphically
useful, despite uncertainties in isotope production rates and the
potentially untenable assumption of steady state denudation,
primarily because there are so few other constraints on the rate of
bedrock erosion. However, extrapolating erosion rates determined
at single points on bedrock outcrops to larger spatial and temporal
scales introduces a variety of assumptions. Sampling of outcrops
disregards scil-covered portions of the landscape which may be
eroding at a different rate. If erosion is episodic and decimeters to
meters of rock are removed in each erosion episode,
cosmogenically based erogion rates could either overestimate or
underestimate long-term rates of denudation. So far, oniy
relatively resistant lithologies have been sampled. In addition,
most samples have been collected from tectonically stable areas or
areas of jow relief and do not reflect the high rates of denudation
typically found in alpine regions. Perhaps the apparent
discrepancy between cosmogenically deduced rates of erosion and
those determined over tonger spatial and temporal scales would
diminish if such potential sampling bias could be overcome.

One could consider two different cosmogenic appreaches (o the
problem of measuring long-term, basin-scale rates of erosion. A
surface-based approach would require coilecting samples from a
variety of geomorphic environments within the basin, mapping the
spatial abundance of each environment and caleulating a spatially
averaged rate of erosion. Such an approach would be hampered
by the difficuity one faces in determining which areas have similar
erosion rates, the necessary assumption of steady state and the
need to collect and analyze a large number of samples.
Conversely, Bierman and Steig [1992, in review] suggest that it
may be possible to measure the abundance of cosmogenic isolopes
in sediment and deduce the erosion rate of the basin supplying
these sediments. Their approach requires that outgoing sediments
are well mixed, that the basin is in isotopic steady state, and that a
stable isotope is measured or erosion rates are greater than several
meters per million years.

It appears that the most useful applications of cosmogenic
nuclides will consider time and length scales over which modet
assumptions are reasonably valid and will be backed up by robust
geomorphic constraints. At present, scales at which cosmogenic
isotopes are most useful appear to be shorter than those of interest
to tectonicists modeling the development and decay of crogenic
belts. Dating of tectonically offset landscape features could help
constrain rates of faulting and surface uplift. However, the depth
of boulder weathering and amount of landform erosion are both
difficult to quantify and thus it i3 difficult to correct accurately for
their effects on cosmogenic age estimates. Nevertheless, in some
cases, COsmogenic isotope abundances can be used to provide
minimum limiting ages for geomorphic surfaces; in other cases,
such abundances can be used to constrain the maximum rate at
which a specific bedrock outcrop has eroded. Considering current
uncertainties in isotope production rates and the validity of model
assumptions, only carefully chosen geomorphic preblems will
yield data that allow meaningful and rigorous interpretation
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