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INTRODUCTION

Cosmogenic nuclide geochronology is a group of isotopic
methods of age determination based on accumulation of cer-
tain nuclides in materials exposed to cosmic radiation. Be-
cause these nuclides are produced only in the top few meters
of the crust, they are applicable to studies of landform ages
and geomorphic evolution. Tectonic, plutonic and volcanic
processes create topographic highs and lows, while weather-
ing and erosion work to counterbalance these orogenic forces.
While we understand factors governing these processes, we
have long lacked chronologic control to help quantify their
rates on geological time scales. For example, fault scarps are
the surficial manifestation of active tectonics. Rates of paleo-
seismic activity can be determined by dating individual sur-
face rupturing events, but conventional dating methods would
yield a crystallization or sedimentation age of the offset geo-
logical unit. Thus, these methods would fail to produce direct
ages of the seismic event. This problem is common for all
geomorphic surfaces constructed from existing and redistrib-
uted geological material, such as fault-scarp colluvium, mo-
raines, shorelines, fluvial terraces and rims of impact craters.
In the past decade, several new geochronologic methods, called
surface exposure dating techniques, have been developed.
They allow determination of the exposure time of an object at
the Earth’s surface. Among them are methods based on in
situ accumulation of cosmogenic nuclides (e.g., Lal, 1987).
In this report, we describe cosmogenic nuclide methods and
their potential applications to the chronology of Quaternary
surfaces.

Cosmogenic nuclides form by interaction of cosmic rays
with matter exposed at the Earth’s surface. Their accumula-
tion rates are proportional to the cosmic-ray intensity and to
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the concentrations of target nuclides in the material. The
amount of cosmogenic isotopes found in surficial materials
can thus be related to the length of time these materials have
been exposed to cosmic radiation (Davis and Schaeffer, 1955;
Phillips and others, 1986; Kurz, 1986; Nishiizumi and others,
1986). Very low concentrations of several rare radionuclides
can now be routinely measured using accelerator mass spec-
trometry (Elmore and others, 1979; Elmore and Phillips, 1987;
Jull and others, 1992; Klein and others, 1982; Middleton and
others, 1983) and those of stable nuclides by noble gas mass
spectrometry (Kurz and others, 1987; Craig and Poreda, 1986).
Half-lives of these cosmogenic nuclides, between 5,730 years
and 1.5 millions of years for the radionuclides and infinity for
the stable noble gases, make them suitable for dating exposed
materials in a range of ages from less than 1,000 years to sev-
eral millions of years. The choice of nuclides depends on the
material dated, its anticipated age and availability of facilities
for processing and analysis of samples.

In this review, we discuss the use of cosmogenic nuclides
for surface exposure dating. We characterize the spatial distri-
bution of the cosmic ray intensity in the atmosphere and in the
top few meters of the crust. Next, we describe mechanisms
and production rates of cosmogenic nuclides and formulate
equations of their accumulation in rocks exposed at the Earth’s
surface and in the shallow subsurface. We then review case
studies to demonstrate applicability of the methods to dating
geomorphic surfaces. Finally, we examine possible effects of
postdepositional processes on dating by cosmogenic nuclide
buildup and discuss practical aspects of the cosmogenic nu-
clide accumulation methods. While we discuss all cosmogenic
nuclides commonly used for surface exposure dating, we use
%Cl, with which we are most familiar, as an example when
discussing specific applications and detailed procedures.

THEORY OF DATING METHOD

The conceptual model of cosmogenic nuclide buildup is
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straightforward, although many of the underlying physical
principles are complex. Rocks buried deeply below the sur-
face are shielded from cosmic radiation and have near zero
concentrations of rare, cosmogenic isotopes. Once they are
exposed at or near the Earth’s surface, they are bombarded by
cosmic ray particles, which cause nuclear reactions and for-
mation of new, cosmogenic nuclides. The amount of these
new nuclides that accumulate in the surficial material depends
on the time this material has been exposed to cosmic radia-
tion. Thus, measured concentrations of these nuclides can be
used to determine the exposure time of the surface. In geo-
logical applications, however, this scenario is usually unreal-
istic, for example due to erosion of the surface, and several
assumptions are made to calculate surface exposure ages.

Cosmic Rays on Earth

There are two sources of primary cosmic rays that reach
the Earth’s surface: the sun and the galaxy. Solar cosmic rays
have typically low energies (on the order of few hundred MeV)
while galactic cosmic rays are highly energetic (on the order
of MeV to TeV). Near the Earth, cosmic ray particles change
their trajectories and energies. Because most of the cosmic
ray particles are charged, they are deflected by the Earth’s
magnetic field. Those particles that reach the Earth collide
with matter and lose energy to become secondary cosmic ray
particles. The flux of secondary particles near the Earth’s sur-
face depends on the geographic latitude and elevation, depth
below the surface, and time.

Spatial Distribution

The distribution of cosmic rays on the Earth depends on
three spatial coordinates: geomagnetic latitude, elevation above
sea level and depth below the surface. The highest low-en-
ergy cosmic ray intensity is at high geomagnetic latitudes and
at high elevations. Measurements of fluxes of slow (thermal)
neutrons at different latitudes and elevations were used by Lal

Table 1. Scaling Polynomials (y = a + bx + ¢x2 + dx3)€ For
Elevation And Geomagnetic Latitude

Geomagnetic

latitude a b c d
0 0.5790 0.4482 0.1723 0.0359
10 0.5917 0.4415 0.1944 0.0363
20 0.6691 0.4764 0.2320 0.0435
30 0.8217 0.6910 0.1712 0.0822
40 0.9204 0.8849 0.2487 0.1031
50 0.9865 1.0298 0.2992 0.1333

60-90 1.0000 1.0889 0.3105 0.1382

°x is the elevation above sea level in km and y is the scaling factor (modi-
fied after Lal, 1991).
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Figure 1. Dependence of cosmogenic nuclide production rates on
elevation above sea level and geographic latitude. The curves are
plotted using the data in Table 1.

(1991) to formulate a cubic polynomial equation that allows
calculation of present-day cosmic-ray intensity at any loca-
tion relative to any other location (Table 1 and Fig. 1).

Despite strong atmospheric attenuation, a fraction of the
secondary cosmic ray particles reaches the Earth’s surface,
interacts with matter in the shallow subsurface, and produces
cosmogenic nuclides. Three types of particles are most im-
portant for production of cosmogenic nuclides: secondary fast
neutrons (Yokoyama and others, 1977), thermal neutrons
(Davis and Schaeffer, 1955; Fabryka-Martin, 1988; Phillips
and others, 1986), and negative slow muons (Kubik and oth-
ers, 1984; Nishiizumi and others, 1989; Fabryka-Martin, 1988;
Zreda and others, 1990, 1991).

Neutrons form the major part of the reactive cosmic-ray
flux reaching the Earth. Fast secondary neutrons have high
energies (40 to 300 MeV) and are responsible for spallation
reactions. They are attenuated in both the atmosphere (Lal,
1987; Zreda and others, 1991) and solid materials (Kurz, 1986;
Lal, 1987) according to exp (-x/A ) where the attenuation
length, A, for the fast component is from 150 to 160 g cm™
(Kurz, 1986; Lal, 1987; Zreda and others, 1991) and x is the
atmospheric depth in g cm™

Thermal neutrons (energies from 0.1 to 0.4 eV) are formed
from the fast neutrons that collide with atoms in the atmo-
sphere or within a rock mass and lose energy. In contrast to
the fast neutron component, the distribution of these neutrons
in the subsurface (Fig. 2) cannot be described by a simple
exponential term because of the air-ground boundary effect
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Figure 2. Distribution of thermal and fast neutrons below the surface.
The scaling factors for individual components are set arbitrarily to
1 at the surface. Real surface values for fast neutrons and thermal
neutrons are different. The intensity of fast neutrons decreases
exponentially with depth at a rate determined by the attenuation
length (156 g cm?). The distribution of thermal neutrons may also
vary with chemical composition (Dep and others, 1994a).

(O’Brien and others, 1978; Yamashita and others, 1966). The
macroscopic thermal neutron absorption cross section of at-
mospheric gases is much higher than that of common crustal
rocks. Therefore, neutrons that are produced in the top sev-
eral centimeters of the rock mass have a propensity to escape
out of the rock and into the air above it, where they are ab-
sorbed by nitrogen atoms. This leads to relative depletion of
thermal neutrons in the uppermost part of the rock mass. The
distribution of thermal neutrons exhibits a maximum at the
depth of about 50 g cm? (Fabryka-Martin and others, 1991;
Liu and others, 1994); this dimension is for the product of
depth and rock density. The exact position and magnitude of
the maximum are functions of the chemical composition of
the material (Dep and others, 1994a). Below this depth, the
intensity of thermal neutrons decreases exponentially at a rate
similar to that for the fast component.

At sea level, the flux of slow negative muons is compa-
rable to that of neutrons and in some materials slow muon
capture becomes a significant cosmogenic reaction (Jha and
Lal, 1982; Lal and Peters, 1967; Rama and Honda, 1961). Slow
negative muons can penetrate deeper due to their lower reac-
tivity (Conversi, 1950; Rossi, 1952), and may dominate cos-
mogenic production at depths below about three meters
(Fabryka-Martin, 1988).
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Temporal Distribution

The temporal variability of the incident cosmic ray flux is
due to (1) long-term variations in the galactic cosmic ray (GCR)
flux, (2) changes of the Earth’s magnetic dipole strength, (3)
short-term variations in the pole positions and (4) short term
variations in solar activity. Long-term variability of the geo-
magnetic field strength, on the order of 10°-10* years, is the
most important factor for cosmogenic nuclide applications.
Short-term variations of the pole positions, on the order of 10?
years, and solar activity (11 years and a few hundred years)
are averaged out after about 100 to 1,000 years and become
negligible for surface exposure dating. The galactic cosmic
ray flux varies within narrow limits (Lal and Peters, 1967) on
the time scale of >10° years; this long-term trend may be ne-
glected in studies of late Quaternary surfaces.

The evidence of the long-term variability of the cosmic ray
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Figure 3. (A) Reconstructed geomagnetic field intensity in the last
85 ky (from Mazaud and others, 1991). (B) Integrated geomagnetic
field intensity for the same time interval. The graph shows the value
of average intensity between a given point in time and the present.
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Table 2. Relative Contribution Of Major Cosmogenic
Reactions Leading To Production of 36Cl, 10Be, 26Al, and 3He*

Percent
N°  Reaction Type Notation of Total
%Cl  Spallation of ¥K and “*Ca ¥K(n,2n2p)*Cl  16-80
P
4Ca(n,2n3p)*Cl
35CI thermal neutron activation  *Cl(n,y)*Cl 11-80

Negative muon capture by “Ca  “Ca(p-,0)*Cl 0-10

%0(n,4p3n)''Be 84
%O(u-,3p3n)!Be 16

"Be Spallation of 'O
Negative muon capture by O

BSi(n,p2n)*Al 83
HSi(11-,2n) Al 17

%Al Spallation of *Si

Negative muon capture by Si
‘He Spallation of “Ca, "Li, *Ni, various >90
#7n, 4K

n-o. reaction ‘Li(n,0)’)H—'He <10

aFor production of *¢Cl (Zreda and others, 1991, modified after Fabryka-
Martin, 1988), 1°Be and 26Al (after Nishiizumi and others, 1989) and 3He
(Kurz and others, 1986; Lal, 1987; Trull and others, 1991) at the earth’s
surface, sea level and high geomagnetic latitudes.

"Nuclide.

intensity comes from studies of "*C in tree rings (Stuiver and
others, 1986), '“Be in ice cores (Yiou and others, 1985) and
deep-sea sediments (Raisbeck and Yiou, 1984), *He in lava
flows (Kurz and others, 1990; Cerling and Craig, 1994) and
from paleomagnetic studies in volcanic rocks (Mazaud and
others, 1991). This variability is quasi cyclic around a mean
value slightly lower than the modern intensity (Fig. 3a). Be-
cause of cyclicity, the long-term variations of the geomag-
netic field strength are also averaged out over time (Fig. 3b),
but the time necessary for this integration is long, on the order
of 10* years. This integration can be expressed as

J, 802
Jor v

where ¢ is the time, g(z) is the geomagnetic field strength, a
function of time, and G(?) is the average intensity over the last
t years.

The variability of the integrated geomagnetic field inten-
sity is most notable in the last 20 ky, when the average inten-
sity changes from ~6 at 20 ka to ~8 now (Fig. 3b). Beyond 20
ka, the average intensity is approximately constant with time
around a mean value of ~6. Cosmogenic nuclide production
rates are inversely correlated with the geomagnetic field
changes, i.e., stronger field leads to lower production rates
and vice versa. The result from Figure 3b means that only
young surfaces may potentially be affected by these changes
in the magnetic field, provided that production rates are inter-
preted over long (>20 ky) time interval. The magnitude of the

G()=

associated production rate changes is smaller than that of the
mag-netic field changes and is also non-uniformly distributed
in space. The largest temporal variability is expected at low
latitudes, whereas at polar latitudes, the production rates are
constant with time (Lal, 1991).

Cosmogenic Nuclides on Earth

Production of cosmogenic nuclides depends on the inten-
sity of incident cosmic rays, availability of target nuclei in the
exposed material, and probability with which a nuclear reac-
tion produces the nuclide of interest (also termed the reaction
cross section). Each nuclide is produced by a different set of
nuclear reactions and the relative production of each nuclide
depends on the elemental composition of the target material
(Table 2). Figure 4 shows schematically the main cosmogenic
reactions leading to the formation of *Cl.

The accumulation rates of cosmogenic nuclides in terres-
trial materials depend on the rate of in situ production and, in
the case of radioactive nuclides, the removal rate due to radio-
active decay. With the production rate P (atoms kg y™'), the
number of atoms N increases by dN=Pdt in the time interval
dt. The number of atoms of radioactive isotopes decreases in
proportion to its abundance and the decay constant A (y”) as
dN=-ANdt. Because the cosmic ray intensity varies with time
and depth, the production rate is a function of these two vari-
ables, i.e., P=P(t)D(x), where D(x) is a function describing
the distribution of production rates below the surface (Fig. 2).
All these processes occur simultaneously, and their combined
effect is described by

dN
E:P(I)D(X)—AN (2)
which simplifies to
dN
—=P-AN
dt (2a)

if the production rate is constant in time.

The lack of independent variables in the production term P
of Equation 2a emphasizes important assumptions underlying
its applications to geological problems. Our major assump-
tion is that the production rates are constant with time. We
know, from the discussion above, that due to the temporal
variability of the Earth’s magnetic field, the cosmic ray inten-
sity is variable and thus the production rates of cosmogenic
nuclides also vary in time. However, this variability is pro-
gressively less important at longer time scales because of av-
eraging properties of continuous cosmic irradiation (Fig. 3b).
While the largest temporal effects are expected for young, lat-
est Pleistocene and Holocene surfaces (e.g., Kurz and others,
1990), these effects should become less dramatic for surfaces
older than ~20 ka (Cerling and Craig, 1994; Zreda, 1994).

Our other assumption, one inherent in Equation 2a, is that
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Figure 4. Cosmogenic reactions for **Cl. Fast and thermal neutrons and slow muons interact with three main target
elements, ¥Cl, K and “’Ca, to produce *Cl with probabilities P. Formation of *Cl is accompanied by the emission of

various elementary particles.

the surface has been in its original position since first expo-
sure to cosmic radiation. This includes assumptions of negli-
gible erosion, absence of cover of any kind, no chemical weath-
ering and no precipitation of secondary minerals. We can
quantify effects of these processes with considerable effort,
for example by using multiple isotopes (Lal, 1991) or mul-
tiple samples from the same surface (Zreda and others, 1994).
However, ultimately the most cost-effective strategy is to mini-
mize these effects through careful sampling.

Equation 2 is solved for N to yield accumulation of cos-
mogenic nuclides with time (Zreda and others, 1994).

NmﬂMﬁWmmnH“w+@4“ 3)

Assuming constant production rate P and initial condition N(z
=0) = 0, Equation 3 simplifies to

N=§@—f”) 4)

For stable nuclides, such as *He, A is equal to 0 and by taking

the limit with A approaching 0, we obtain a simple relation-
ship

. P -
N:/%E)I})I(l_e “):Pt (4a)

Accumulation of radioactive and stable cosmogenic nu-
clides on geomorphically stable surfaces is shown in Figure
5. Stable nuclides accumulate indefinitely with time. Their
buildup function is a straight line, whose slope is equal to the
production rate P (cf. Equ. 4a).

progressively more important. This change is reflected in
the shape of the accumulation function, which becomes flat-
ter and ultimately reaches secular equilibrium equal to P/A.
In equilibrium, the production and decay rates are equal and
the concentration of the nuclide remains constant with time.

Surface Exposure Dating

Surfaces can be dated using the above equations if the pro-
duction rates are known and concentrations of cosmogenic
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Figure 5. Accumulation of radioactive and stable cosmogenic nuclides
in rocks exposed continuously at the surface. Radioactive nuclides
reach a limit determined by the production and decay rates. The
production rates are assumed constant with time.

nuclides are measured. To use cosmogenic dating techniques
efficiently, we assume that prior to exposure at the surface
rocks have low background concentrations of nuclides of in-
terest. Once rocks are exposed to cosmic radiation, for ex-
ample due to excavation and redeposition, their nuclei inter-
act with cosmic ray particles and undergo nuclear transforma-
tions. These nuclear reactions lead to formation of new nu-
clides and each such reaction has certain probability of oc-
curring. The reaction probabilities are assessed theoretically,
using principles of nuclear physics (e.g., Lal and Peters, 1967),
or empirically, using measured concentrations of cosmogenic
nuclides in rocks of known ages. The latter approach has been
used to determine average production rates of several nuclides
(Table 3).

Surface exposure ages are calculated using the accumula-
tion Equation 2. Because the exact functional form of P(7) is
unknown, Equation 2 must be solved numerically. The sim-
plified Equation 2a has the analytical solution for the time ¢

t——-:]-ln(l—N—;t)
A P )

By taking the limit with A approaching 0, the following simple
solution for stable nuclides is obtained

&)

Table 3. Experimental Production Rates Of Cosmogenic Nuclides In Terrestrial Environments

Production
Nuclide Mechanism Rate Averaging time References

2Ne Spallation 45 atoms (g olivine)' y! 17,800 calendar yr Poreda and Cerling, 1992

SHe Spallation 115 atoms (g olivine)' y! 2,200-14,500 “C yr Cerling & Craig, 1994

1'Be Spallation 5 atoms (g Si0,)" y”’ ca. 11,000 calendar yr Nishiizumi and others, 1989
Muon capture 1 atom (g Si0,)" y! (estimated)

4C Spallation 20 atoms (g basalt)! y! 17,800 calendar yr Jull and others, 1994

%A1 Spallation 30 atoms (g Si0,)* y! ca. 11,000 calendar yr Nishiizumi and others, 1989
Muon capture 6 atoms (g Si0,)’ y! (estimated)

%Cl1 Spallation of *K 7,520 atoms (mol K)' y! 2,200-55,000 calendar yr Phillips and others, 1993;
Spallation of “Ca 2,900 atoms (mol Ca)' y'! Zreda, 1994

Activation of *Cl 313,500 n (kg rock)” y!

aAt sea level and high (>50°) latitudes, integrated over long, geological time scales, and calculated using Lal’s (1991) formulation for elevation and latitude.
bThe values reported herein are based on the newest and/or most comprehensive studies. We think that they are the best estimates obtained to date. Other
empirical production rates have been reported for 36Cl (Swanson and others, 1993; Phillips and others, 1996), 3He (Brook and Kurz, 1993) and 21Ne

(Staudacher and Allegre, 1993).
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Example

We end this section by giving a hypothetical example of
surface exposure age calculation using the '’Be method. A
quartzite boulder from the Fresh moraine in the Exposed
Mountains was sampled. The geographic latitude of the sam-
pling site is 40°N and elevation is 3.2 km above sea level.
Our AMS laboratory reported a blank-corrected ratio 'Be/*Be,
which corresponds to (8.1 £ 0.61) x 10° atoms of '"Be per
gram of Si0,.

From Table 3, the production rate at sea level and polar
latitudes is six atoms of '®Be per one gram of SiO, per year.
The scaling factor, calculated using the polynomial formula-
tion of Lal (1991) with coefficients from Table 1, is 9.68. This
means that the production rate at the sampling site is 9.68 x 6
= 58 atoms per gram of SiO, per year. Using Equation 5 and
the decay constant for °Be of 4.62 x 107y, we calculate the
exposure time f:

PO P 1_8.1><105o4.62><10‘7
4.62x107 58 (5b)

t=14.0%1.1ky

The error represents only the analytical uncertainty of the “Be
measurement.

Factors Affecting Surface Exposure Ages

In a physically and chemically stable environment, accu-
mulation of cosmogenic nuclides is a function of time alone
and by measuring their concentration one can directly obtain
the surface exposure age from Equations 5 or 5a. An implicit
assumption in the above simple model is that the production
rate (P) is constant. However, postdepositional modifications
of landforms and other environmental changes may invali-
date this assumption and corrections to the above model may
be necessary. In this section, we explore the issue of environ-
mental factors that may influence the buildup of cosmogenic
nuclides in surficial materials, examine their possible impact
on exposure dating, and discuss ways of accounting for their
effects.

Temporal Variability Of Geomagnetic Field Strength

Geomagnetic field strength changes are quasi-cyclic and
result in changes in the cosmic-ray flux (see Theory of Dating
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Method above) and thus the cosmogenic nuclide production
rates. The two are inversely correlated, i.e., higher magnetic
field strength leads to lower production rates and vice versa.
These changes may have significant effects on young surfaces.
However, for older landforms the variability is integrated over
time and the production rates converge to the average value.
The effects of variable geomagnetic field strength can be as-
sessed using the function of magnetic strength versus time
(Mazaud and others, 1991), and corrections for any desired
time interval can then be calculated.

Erosion

Erosion is an important process that affects cosmogenic
surface exposure ages. The production rates of cosmogenic
nuclides vary with depth below the surface. Consequently, on
eroding landforms, they also vary in time. As a result, the
calculated cosmogenic ages differ from the true landform age.
Erosional processes important for surface exposure dating in-
clude soil erosion, stream dissection, erosion of rock surface
and spalling.

Soil erosion and gradual exposure of surfaces are common
postdepositional processes that affect cosmogenic ages. Ero-
sion of soft moraine matrix and gradual exposure of morainal
boulders at the surface is an example of this process. As a
result, apparent cosmogenic ages of boulders are usually
younger than the true landform age. One can account for these
effects in the following ways: (1) collecting multiple samples
from each landform and determining the variance of apparent
ages (Zreda and others, 1994); (2) sampling from horizontal
surfaces that are less likely to have been modified by erosion;
(3) using geological characteristics, such as glacial polish or
slickensides, to assess landform stability.

Stream dissection is similar in its nature to the above, but
varies in the extent of the modification. The calculated expo-
sure ages are for the erosion episode rather than the landform
construction and can be useful in studies of regional geomor-
phic evolution. Analysis of landform morphology and its po-
sition with respect to the streams should help one sample ap-
propriately for cosmogenic nuclide dating.

Erosion of a rock surface has an effect similar to that of
erosion of soil, but the rate is much slower because solid rocks
are much more resistant to erosion than are soils. The effects
of erosion of a rock surface can be minimized by selecting
surfaces that show indications of minimal erosion (e.g., gla-
cial polish or heavy varnish development) or on which ero-
sion can be quantified (e.g., differential erosion of rocks with
variable lithology). They can also be accounted for by using
two radionuclides with different decay constants (e.g., Lal,
1991) and by using depth profiles of *Cl (Dep and others,
1994b).

Spalling of rock surfaces, for example due to fire (Bierman
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and Gillespie, 1991) is similar to erosion of rock surfaces, but
it occurs at an episodic rate. Spatled surfaces should be
avoided, if possible. Where potentially spalled surfaces can-
not be avoided, e.g., boulders in a forest, multiple samples are
necessary to obtain a good estimate of the minimum surface
exposure age.

Shielding

Shielding reduces the intensity of cosmic radiation reach-
ing the surface and thus results in apparent ages that are dif-
ferent from the true surface age. Important shielding materi-
als include snow, volcanic ash, dust, sand, and vegetation.

Snow cover will temporarily reduce the cosmic-ray flux
reaching the surface and usually results in an underestimation
of the true age. This factor is especially important in polar
and mountain areas where snow cover is thick and persists for
a long time. Sampling from topographic highs from which
snow is quickly removed by wind should minimize the effect
of snow cover on accumulation of cosmogenic nuclides.

Volcanic ash, dust, or sand cover temporarily reduces the
cosmic-ray flux reaching the rock surface and usually results
in an underestimation of the true age. Sampling from the high-
est points should again give the best results. In addition, ex-
amination of the study area for remnants of ash or sand, which
should be preserved in topographic pockets, where the action
of wind is not strong enough to remove them, should provide
clues about the presence or absence of such cover in the past.

Vegetation cover blocks cosmic rays and may lead to an
underestimation of the true ages. It is considered a minor fac-
tor in arid environments, such as that of the Great Basin; how-
ever, atmospheric conditions could have been less arid in the
past and vegetation may have been different. This effect is
therefore very difficult to quantify.

Chemical Weathering

Chemical weathering may affect dating through loss (or
gain) of the nuclide of interest, change of the rock’s bulk chemi-
cal properties and composition, and precipitation of second-
ary minerals. Precipitation of secondary minerals will affect
the dating because of inclusion of non-cosmogenic *Cl. Sam-
pling of only less weathered rocks should minimize these prob-
lems. In the laboratory, one can attempt separation of second-
ary minerals from primary ones. Whereas this will work for
separating out clay minerals and carbonates, it may fail for
some non-separable minerals, such as iddingsite, which re-
places olivine.

Geometry Change

Geometry change by clast rolling will cause exposure of
new surfaces to cosmic radiation and result in an underesti-

mation of true surface age. Sampling from more than one
surface of the boulder in question, for example, would yield
the necessary information to address this problem. It is, how-
ever, expensive and therefore not routinely done in surface
exposure dating; instead, multiple boulders from the same land-
form are sampled.

Geometry change by breaking up along vertical fractures
leads to the so called “‘edge effect” which changes the thermal
neutron absorption rate. This process may also lead to an
underestimation of the true ages because of diffusion of ther-
mal neutrons out of the rock and into the atmosphere. To mini-
mize this effect, samples should be collected from centers of
tops of large, >1 m in diameter, boulders (larger than the at-
tenuation length for thermal neutrons) and from horizontal,
flat surfaces.

Elevation Changes

The cosmic ray flux varies as a function of elevation. Thus,
in areas of significant changes in surface or landform eleva-
tion, the production rates of cosmogenic nuclides will change
with time. Processes resulting in elevation change include
tectonic activity, isostatic movement and eustatic changes in
sea level.

Tectonic subsidence or uplift will lead to change of the
cosmic-ray flux reaching the surface. Tectonism may also
cause deformation of the landform and destruction of the origi-
nal surface. Possible effects of tectonic processes are negli-
gible for young, late Quaternary surfaces because of the typi-
cally low average rates of tectonic movement. The surface
morphology should bear information about any destructive
processes caused by tectonics and aid in correct sampling.

Isostatic movement will change the elevation and thus the
cosmic-ray flux reaching the studied surface. This factor may
be important in areas of glacial or pluvial rebound. Assess-
ment of these effects can be made by using reconstructed (e.g.,
using independent dating or modeling) isostatic movement
rates for the last glaciation-deglaciation cycle. For older sur-
faces, the cyclicity in the signal due to isostasy is averaged
out, due to crustal loading and unloading by glaciers or water,
and the effects on cosmogenic nuclide buildup should be neg-
ligible.

Eustatic sea-level changes affect the production rates by
changing the reference level (i.e., sea level) against which al-
titudes of sampling sites are determined. To account for sea-
level changes, one can use reconstructed sea levels and aver-
age these changes over time. For surfaces older than late
Quaternary, the cosmogenic signal is averaged out because of
“cyclicity” of changes caused by buildup and melting of big
polar ice sheets.

We note here that isostatic and eustatic changes have only
a minor effect on production rates of cosmogenic nuclides. A



sea level rise by 100 m, typical of Pleistocene fluctuations,
will change a high-latitude, near-sea-level production rate from
1.09 to 0.99, a difference of ~10 percent, and a high-altitude
production rate from 11.0 to 10.4, a difference of ~6 percent.

Time Range of Applicability

The cosmogenic methods have different theoretical time
ranges that depend on their half-lives, from 0 to 15 ky for "*C,
to 0 to infinity for stable *He. Two or three half-lives are con-
sidered the theoretical limit of cosmogenic buildup methods
based on radioactive nuclides. Beyond this, the buildup curves
asymptotically reach secular equilibria between production and
decay, i.e., the concentrations do not change with time any
more (Fig. 5).

Realistic time ranges depend on geological factors, such as
erosion, weathering, and tectonics. Except in environments
like Antarctica, most surfaces erode fast enough to affect ac-
cumulation of cosmogenic nuclides on time scales shorter than
the theoretical limits. To extend the range, erosion must be
assessed independently, for instance, by using a second cos-
mogenic nuclide or by multiple sampling for a single nuclide.
A realistic upper limit for **Cl is 200-500 ka, although ages
older than 500 ka have also been obtained. The lower
(younger) limit is dictated by the production rates, the ana-
lytical technique used, prior exposure to cosmic rays and ra-
diogenic (non-cosmogenic) production. At high altitudes,
where the production rates are high, cosmogenic nuclides build
up to detectable amounts after only a few hundred years. The
utility of the pair '"Be-?6Al for simultaneous determination of
the erosion rate and exposure age is limited to samples older
than ca. 200 ka because of analytical uncertainties (cf.
Nishiizumi and others, 1991a), although these nuclides reach
measurable quantities after much shorter times, on the order
of 10* years (Nishiizumi and others, 1989).

METHODOLOGY

Sample Collection

Before sample collection, three questions must be answered:
what rock/mineral type to sample, what surface to sample,
and how many samples to collect. The sampling strategy de-
pends on the nuclide used, landform studied, its age and geo-
morphic history and availability of appropriate material.

All types of solid surficial materials can be sampled for
one or more of the cosmogenic nuclides discussed herein. The
exact petrographical and mineralogical requirements depend
on the nuclide used. Whereas *Cl can be measured in whole
rock samples, mineral separation is required for *He and *Cl
only, and is desired for 1’Be and '“C. Because *Clis produced
from several target elements, virtually all rock types are suit-
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able for this nuclide. Most of the *Cl in carbonates is pro-
duced from Ca, while in silicate rocks the production is di-
vided between Cl, Ca and K. Quartz is the most desirable
mineral phase for °Al because of low total Al concentration.
Olivine is considered best for *He because of its tight crystal
structure, which prevents helium loss by diffusion. Quartz is
best for 1°Be because of its simple chemistry and tight crystal
structure, which minimize the effects of contamination by at-
mospheric °Be.

Selection of sampling sites is based largely on the assessed
geomorphic stability of the surface and its geometry. We pre-
fer to sample from flat, horizontal surfaces that are likely to
have been continuously exposed since the landform forma-
tion. In the field, it means that we look for topographic highs
with extensive, flat tops. For example, large and tall morainal
boulders are preferred to small and short ones and massive
parts of lava flows are better than those with pressure ridges.
For **Cl, an additional condition, that samples be far from any
edges, should be met. This condition is dictated by possible
leakage of thermal neutrons from the sides. This leakage may
be difficult to quantify, although Zreda and others (1993) at-
tempted to do so for samples from a lava flow with pressure
ridges at the surface.

Samples are collected from the top few centimeters of rock
using a hammer and a chisel. This minimizes possible effects
of variable production rates with depth. Least weathered parts
of the surface are preferred to minimize any inclusion of weath-
ering products and their effect on calculated ages. The samples
are put in plastic or cloth sample bags and stored until prepa-
ration.

The number of samples is related to geological character-
istics of the surface dated, specifically, its history of burial
and erosion. Geomorphically stable and young surfaces usu-
ally yield consistent ages and three to five samples may suf-
fice. Old landforms, on the other hand, might have had com-
plex geological histories of burial and erosion and require ei-
ther more samples or multiple nuclides for dating. A depth
profile of 3*C1 may also be useful in determining effects of
surface erosion on calculated exposure ages.

Laboratory Analysis

Two analytical methods for cosmogenic nuclides are com-
monly employed: (1) accelerator mass spectrometry (AMS),
for radioactive nuclides "*C, 3¢Cl, Al and '°Be; and (2) noble
gas mass spectrometry, for stable nuclides *He and *Ne. In
this section, we describe sample preparation and analysis for
%Cl. Analytical methods for '’Be and Al have been described
by Kohl and Nishiizumi (1992), Brown and others (1991),
Klein and others (1982) and Middleton and others (1983), for
’He by Kurz and others (1987) and Craig and Poreda (1986),
for >'Ne by Poreda and Cerling (1992) and for *C by Jull and
others (1992).
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Table 4. Target Element Concentrations, Macroscopic Cross Sections (XoN), 36C1/Cl Ratios, And 36C1 Surface-Exposure Ages For
Samples From Lathrop Wells, Nevada (after Zreda and others, 1993).

K»>O CaO Cl ZoNa 36C1/ClP Age, ky
Sample ID (%) (%) ppm cm? kgl 10-15 Sample Surface Eruption
LWC88-3 1.67 7.48 268 7.54 344 %15 79 £3.4
LWC88-4 1.44 7.41 255 7.49 417 £19 96 +4.5 84 8
LWC88-5 1.64 7.57 272 7.44 371 £20 8514.6
LWC88-6 1.67 7.40 105 7.39 600 135 78 4.6
LWC88-1 1.75 7.33 270 7.53 335426 938 +7.2
YM88-5 1.72 7.14 268 7.43 270 £25 738 +6.8 8118
YM88-6L 1.84 7.06 308 7.07 281 £19 81§ 5.4 81 +7
YMS88-6M 1.88 7.19 292 7.67 270 £21 778 46.0
YMB88-8 1.98 7.48 217 6.96 352 £27 798 +6.1
LWC89-S 1.59 7.51 1164 8.45 263 +29 837492 76 £10
LWC89-W 1.61 7.32 233 7.27 326 £27 68 £5.7

Note: The sample ages are for single rock samples, the surface ages are arithmetic averages of the sample ages, and the eruption age is the overall arith-
metic mean. All samples are from the surface, at elevation 914 m above sea level, lat 36.4°N, long 243.4°E; the elevation-latitude-depth (ELD) scaling fac-
tor (Equ. 3.4.2-1 in Zreda and others, 1991) for all samples is 1.89.

dMacroscopic absorption cross section of the rock (Zreda and others, 1991).

b After subtraction of the radiogenic 36Cl/Cl of 11 x 10-15.

¢ Corrected for surface geometry (see text for details). Uncorrected surface age is 67 + 6 ky.

d Corrected for meteoric 36CI/CI (see text for details).

Samples for *Cl are cleaned of any organic overgrowths,
ground to a size fraction smaller than the mean phenocryst
size of the rock and leached for 24 hours in 3 percent nitric
acid (silicate rocks) or deionized water (carbonate rocks) to
remove any meteoric chlorine from micropores or grain bound-
aries. Silicate rocks are dissolved in a hot mixture of concen-
trated nitric and hydrofluoric acids, and carbonate rocks in 10
percent nitric acid. Chlorine is liberated from minerals and
precipitated as AgCl by addition of AgNO, to the reaction
bottle. The time required for a complete dissolution depends
on mineral composition; it is 1-2 days for silicates and a few
hours for carbonates. The precipitate is dissolved in NH,OH
and mixed with BaNO, to remove sulfur; **S is an interfering
isobar and should be removed prior to AMS measurement.
After at least 8 hours any BaSO, precipitated is removed from
the solution by centrifugation or filtration. Near sulfur-free
AgCl is precipitated by acidifying the remaining base solu-
tion, rinsed using deionized water, and placed in an oven at
60°C to dry. Dry samples are loaded into holders made of
copper on the outside and lined with AgBr.

The samples are analyzed for *Cl by accelerator mass spec-
trometry (AMS) using a tandem Van de Graaff accelerator
(Elmore and others, 1979). Analytical error is typically 2-5
percent at the recently upgraded Purdue Rare Isotope Mea-
surement Laboratory (Elmore, personal communication, 1995).

Data Analysis

The analytical data are reduced to ages using Equations 5
or 5a. Usually, surface exposure ages are treated as minimum

ages. If the variance of cosmogenic ages for multiple samples
from a single surface is large, the oldest sample age is consid-
ered closest to the landform age. On the other hand, if the
individual ages are consistent, the average age is reported.
There are no other requirements for data analysis if only one
nuclide is used. In a two-nuclide approach (Lal, 1991), the
two data sets can be analyzed together to simultaneously con-
strain the age and erosion rate. However, individual measure-
ments of nuclide concentrations are not sufficiently precise to
use the multiple nuclide approach with confidence.

Because cosmogenic methods are still under development,
there are no standards for reporting uncertainties or assess-
ment of confidence. Typically, the only error reported is the
analytical uncertainty associated with the determination of the
cosmogenic nuclide concentration. The assessment of confi-
dence is, therefore, based on the spread in individual sample
ages from the same surface. Data are reported and presented
in different ways by different individual investigators, usually
depending on the context of their work. This may render dif-
ficult the comparison of dating results obtained using differ-
ent nuclides and from different locations.

Reporting and Presentation

The data may be presented in tabular form or/and graphi-
cally. The following necessary information for calculation of
surface exposure ages should be reported:

(1) The assumed production rates of the nuclide from all
target elements.

(2) The production scaling factor and geographic latitude
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Figure 6. *Cl ages of samples from Lathrop Wells. Error bars represent **C1 measurement errors. Long dashes are means
of three groups of samples; short dashes represent intervals within one standard deviation calculated for each group; solid
line is mean of all 11 samples. From Zreda and others, 1993. Reprinted with permission of the publisher, The Geological

Society of America, Boulder, Colorado.

and elevation.

(3) Concentrations of all target elements for the nuclide, if
needed for age calculations.

(4) For *Cl only, concentrations of all major elements, Cl,
B and Gd, which are necessary for calculation of the macro-
scopic thermal neutron absorption cross section (Zreda and
others, 1991).

(5) Initial or background concentration of the nuclide.

(6) Measured nuclide concentration in the sample.

Figure 6 and Table 4 are examples of data presentation taken
from Zreda and others (1993). Here, the mean of 11 samples
was considered the best estimate for the eruption time because
of close agreement among the individual sample ages.

APPLICATIONS

Surface exposure dating by cosmogenic nuclide accumu-
lation has only recently been developed to the point at which
geological applications are possible. The approach is still con-
sidered experimental because of uncertainties in the produc-
tion rates and in isotope systematics of these systems. Sev-
eral applications of cosmogenic nuclides in the area of Qua-
ternary geochronology have been reported in the last few years.
They include (1) development of chronologies of Quaternary
glaciations, (2) dating of late Quaternary volcanic eruptions,

(3) dating paleolake shorelines, and (4) dating a terrestrial im-
pact crater. Quantitative estimates of rates of erosion and other
processes modifying landforms also have been reported. Be-
low, we discuss appropriate geologic settings for surface ex-
posure dating using cosmogenic nuclide accumulation and
present examples of geochronological applications. In addi-
tion, we discuss two applications of cosmogenic nuclides to
paleoseismology.

Alpine Moraines

Mountain glaciers erode bedrock and previously accumu-
lated deposits, transport the debris down the valley, and de-
posit some of the material as moraines. The essential assump-
tion made here is that glacial erosion is deep enough to exca-
vate material previously completely shielded from cosmic rays
and thus having near zero initial concentration of cosmogenic
nuclides. As soon as the moraine is deposited, its surface is
bombarded by energetic cosmic rays that interact with certain
nuclei within the rock matrix to produce cosmogenic isotopes.
Since the production rates of these nuclides are known (Table
3), their accumulation in moraine material can be used to cal-
culate surface exposure ages (Phillips and others, 1991).
Phillips and colleagues used this idea to date late Pleistocene
moraines in the Sierra Nevada, California (Phillips and oth-
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cosmic rays

Figure 7. Incident cosmic ray intensity at a fault face inclined at an
angle B. The cosmic-ray intensity depends on the direction according
to Equation 6; the highest intensity is in the vertical direction (longest
line), whereas the horizontal contribution is zero. Fault face is exposed
to cosmic rays over the angle 180-8 (solid lines) and shielded from
cosmic rays over the remaining angle B (dashed lines).

ers, 1991; Zreda, 1994) and the White Mountains, California
and Nevada (Zreda and others, 1995a). They measured cos-
mogenic **Cl in boulders exposed on moraine crests, calcu-
lated surface exposure ages (assuming negligible erosion) and
thus developed numerical chronologies of glaciations in these
areas. It was possible to correlate moraines deposited at dif-
ferent locations during the same time intervals and distinguish
moraines with ages differing by as little as a few ky. The early
work of Phillips and others (1991) was followed by similar
studies using *Cl (Zreda and others, 1995a; Zreda, 1994;
Phillips and others, 1993), 1WBe and/or Al (Brown and oth-
ers, 1991; Brook and others, 1993; Nishiizumi and others,
1993) and *He (Brook and others, 1993). These studies helped
develop Pleistocene glacial chronologies at other locations and
revealed complex histories of landforms.

Volcanic Surfaces

Cosmogenic methods may be very useful for dating young,
alkaline volcanics, whose low potassium content renders them
unsuitable for K-Ar and ¥Ar/*°Ar dating. An attempt to date
young volcanics was made at Lathrop Wells, Nevada by Zreda
and others (1993). They measured *Cl in samples collected
from three types of volcanic deposits: a lava flow, volcanic
bombs, and the cinder cone (Table 4)(Fig. 6).

Lava flows are almost ideal for surface exposure dating
because they (1) originate deep in the subsurface, which as-

sures Nno Prior exposure to cOSMIC rays, (2) form virtually
instantan-eously, and (3) have surface structures that help as-
sess their geomorphic stability. Because of these characteris-
tics, and also because they can be dated by other means, lava
flows have been used to calibrate cosmogenic methods based
on *He (Kurz and others, 1990, Cerling and Craig, 1994) and
36C1 (Zreda and others, 1991; Phillips and others, 1993; Zreda,
1994).

Volcanic bombs share some characteristics of lava flows,
but because they are loose deposits, their geomorphic stabil-
ity cannot be assessed with great certainty. Zreda and others
(1993) reported cosmogenic **Cl ages of volcanic bombs at
Lathrop Wells, Nevada; the ages are indistinguishable from
the *Cl age of the associated lava flows.

Cinder cones are less well suited for exposure dating be-
cause they are composed partly of easily erodible, soft mate-
rial. Their suitability for dating should be assessed in the field,
based on local topographic and petrographic characteristics.
Zreda and others (1993) found that samples from the rim at
Lathrop Wells are only slightly younger than lava flow and
bomb samples and attributed the difference to either analyti-
cal uncertainties or erosion of the cinder cone rim.

Paleoshorelines

Two types of materials from ancient lake shorelines are
suitable for surface exposure dating: (1) clasts transported by
streams and redeposited at the shore; and (2) tufa deposits
precipitated directly from the lake water. Fluvial deposits may
have previously accumulated cosmogenic nuclides due to ex-
posure in outcrops or during stream transport. This inherited
component must be independently assessed before the mea-
sured concentrations can be used to calculate the true shore-
line age (Zreda, 1994). At the time of deposition, carbonate
tufas have initial *Cl concentrations equal to the lake compo-
sition, and this component should be subtracted from the mea-
sured 36CI concentration to arrive at the accumulated value.

Fluvial and alluvial deposits are examples of geological
materials comparable to ancient shoreline deposits. Because
they all have similar geomorphic characteristics and the same
problems, similar precautions should be observed. A limited
study of glaciofluvial sediments from the eastern flanks of the
Wind River Range was conducted by Zreda (1994). The ter-
race deposits were numerically correlated with glacial depos-
its in the nearby mountains, which established a temporal con-
nection between these two types of deposits.

Impact Craters

Impact craters are an appropriate geomorphic setting for
surface exposure dating by cosmogenic nuclide buildup. These
features are formed instantly and are deep enough to assure
that the rocks at the bottom had been shielded from cosmic



radiation prior to the impact. In addition, they have simple
stratigraphy, often reversed due to redeposition of ejected
material on the rim. Meteor Crater, on the southwest margin
of the Colorado Plateau, Arizona, is an example of a well-
preserved meteor impact crater. The impact exposed previ-
ously shielded siliceous dolomites to cosmic radiation. The
crater thus provides a nearly perfect scenario for applying sur-
face exposure dating methods. Multiple boulders from the
crater rim were sampled and the samples analyzed for *Cl
(Phillips and others, 1991) and '°Be and Al (Nishiizumi and
others, 1991b). The inferred ages, 50 + 1 and 49 + 2 ky, re-
spectively, are in excellent agreement with thermolumines-
cence age of 49 + 3 ky (Sutton and others, 1985). This study
is important in that it provides support for the accuracy and
reliability of the cosmogenic dating methods.

Fault Faces

Fault scarps are a manifestation of past seismic activity.
Whereas those developed in soils or other loose materials can
be dated by "“C on organic matter clearly associated with the
faulting event, many scarps that formed in bedrock cannot be
dated by that technique. Fortunately, bedrock fault faces are
potentially a suitable geological setting for cosmogenic nu-
clide dating.

During a faulting event, previously buried rocks are ex-
posed to cosmic rays at the fault face (Fig. 7). Because such
faces usually form at a steep angle with the Earth’s surface,
they receive less cosmic radiation than horizontal surfaces do.
A suitable correction can be calculated using the radial distri-
bution of the cosmic ray intensity, approximated as (Nishiizumi
and others, 1989):

f(e)=sin** & (6)

where a is the incident angle of the cosmic ray particle. The
total amount of radiation reaching a fault face (forming an
angle B with the Earth’s surface) from all directions in a verti-
cal plane is obtained by integration of f(a) as follows (cf.
Zreda and Phillips, 1994):

f(B)= J;f(a)da = j; sin® ada 7)

and production rates of cosmogenic nuclides are reduced by a
factor f(B)/£(0).

Another concern in cosmogenic dating of faults is a possi-
bility of polygenetic character of fault faces. Many faults were
active more than once in the past and these multiple events
produced cumulative movements along the same face. It is
important to recognize these different phases of the fault for-
mation and design sampling accordingly. In polygenetic faults,
each part of the face has been exposed to cosmic radiation for
a different period of time. From cumulative exposure dura-
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tions at these different parts of the face and respective total
accumulated movements, it is possible to reconstruct differ-
ential movements along the fault. A study of **Cl exposure
ages of a fault scarp along the Hebgen Lake fault zone, Mon-
tana demonstrates the utility of this approach (Zreda and oth-
ers, 1995b; Zreda and others, 1996; Zreda and Noller, 1998).

LIMITATIONS AND MAXIMUM UTILITY

There are several advantages of in situ cosmogenic meth-
ods: (1) they can be used to date landforms and determine
rates of surficial processes, (2) they are applicable to the Qua-
ternary period, (3) they can be used on a variety of geological
materials, and (4) analytical methods for their determination
are well established.

The major advantage of the cosmogenic nuclide methods
is that they allow numerical dating of landforms, including
those constructed out of redistributed material. Previously,
such surfaces could not be dated because conventional radio-
metric geochronometers, such as K-Ar, are not reset by pro-
cesses of mobilization and geomorphic redeposition. As an
example, consider alpine moraines deposited 20 ka, during
the late Wisconsin glacial maximum. They were constructed
out of pre-existing material and this material itself is as old as
the mountains out of which it was eroded by the glacier. The
geomorphic redistribution of this material and deposition as
moraines does not reset geochronological clocks based on ra-
dioactive decay, such as K-Ar or *Ar/*Ar, but it does start the
in situ cosmogenic clocks by exposing the previously buried
material to cosmic rays. If erosion is negligible, one can ob-
tain the exposure age of the moraines from just one cosmogenic
nuclide. On eroding surfaces, a second nuclide may be neces-
sary to also determine the average erosion rate.

A major geological advantage of the methods is that they
are applicable to the Quaternary period. They expand our
ability to date sediments and surfaces beyond the 50 ka limit
of the "*C method and, consequently, have become invaluable
tools for Quaternary geologists, geochronologists and geomor-
phologists.

In contrast to the conventional *C dating method, which
requires organic carbon, cosmogenic methods can use many
different types of material. Typically, rock or soil samples are
collected because they are in abundance in most geological
contexts. For some nuclides, such as °Al and *He, specific
minerals must be present, whereas others, such as *Cl, can be
measured on whole rocks as well.

The quality of analytical data for cosmogenic nuclides is
usually very good. It has been assessed by repeated measure-
ments on the same rock samples. For example, multiple
samples prepared at New Mexico Institute of Mining and Tech-
nology from the same rock yielded consistent **Cl ages, well
within the analytical uncertainty of the AMS measurement.
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These were not splits of the same sample, but samples pre-
pared at different times and using different dissolution meth-
ods.

Disadvantages common to all cosmogenic buildup meth-
ods include: (1) limited availability of sampling sites and/or
samples; (2) limited knowledge of production rates; (3) com-
plex exposure history due to geological factors; (4) long and
involved sample preparation; and (5) limited accessibility of
analytical equipment.

Availability of samples varies from one geologic context
to another. Moraines, for instance, may not contain large boul-
ders suitable for dating and one may have to collect samples
from small boulders or the moraine matrix. Such samples
may be more affected by erosion of previous soil cover than
large boulders are and they give ages that differ from the land-
form age. Extensive lava flows are easy to sample and almost
any location not covered by tephra or other loose material may
be suitable. However, they may lack suitable minerals for
selected nuclides. For paleoseismic studies, best geological
settings would be uneroded fault scarps and fault faces with
visible slickensides. Such settings are not readily available
everywhere, but there are locations where cosmogenic stud-
ies could be conducted.

Another disadvantage is that the cosmogenic methods are
still under development. For instance, there are disagreements
regarding production rates. Differing calibrations were re-
ported for **Cl (Zreda and others, 1991; Swanson and others,
1993; Zreda, 1994) and *He (Kurz and others, 1990; Brook
and others, 1993; Cerling and Craig, 1994). It is likely that
they reflect problems with scaling factors for elevation and
latitude or inaccurate independent age estimates. Such prob-
lems should be solved in the near future.

Sample preparation for some nuclides is very involved and
includes separation of suitable minerals. The analyses are rou-
tine, but can only be done at specialized facilities, at limited
times. In consequence, a typical turn around time is on the
order of months. The overall cost is relatively high; sample
preparation costs are about $500 and the spectrometric analy-
ses are about $500 per sample; these costs vary among the
nuclides.
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