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During the 4.56-G.y. history of the solar system, every meteorite experienced at least one
exposure to cosmic rays as a meter-sized meteoroid. The cosmic-ray exposure (CRE) age of a
meteorite measures the integral time of exposure to galactic cosmic rays (GCRs). A fraction of
meteoritic material was also irradiated by cosmic rays before ejection from kilometer-sized parent
bodies (pre-irradiation); studies of pre-irradiation effects yield information about surface pro-
cesses on planetary objects. In this review we discuss some methods of calculation for CRE
ages of meteorites and present CRE age histograms for asteroidal, martian, and lunar meteorites.
Compositional, formation-age, and CRE records indicate that probably the ~18,000 meteorites
in our collections come from about 100 different asteroids. Stone meteorites exhibit CRE ages
<120 m.y., while those of iron meteorites are generally, but not always, longer (up to 1500 m.y.);
these CRE ages also show evidence for long-term GCR flux variations in the solar neighbor-
hood. The CRE age differences of the various classes either signal different source regions,
variability in the size of the Yarkovsky effect, or different resistance against crushing. Rocks
blasted off the Moon and Mars by asteroidal or cometary impacts represent surface areas un-
likely to be sampled by manned or automated missions; their CRE ages indicate that they come
from some eight different sites on the Moon and also on Mars.

1. INTRODUCTION

The apparent emptiness of the interplanetary space be-
lies its complex nature. The interplanetary medium is popu-
lated by a variety of energetic particles originating from
both within and outside our solar system. Earth-based ion-
ization measurements first established the presence of galac-
tic cosmic rays (GCRs) and energetic solar-flare particles
in 1912 and 1942 respectively (cf. Pomerantz and Duggal,
1974). Based on the observation of comet plasma tails, Bier-
mann (1951, 1953) deduced the presence of solar-wind
(SW) particles in the interplanetary medium. Since then in-
struments on satellites have measured the primary particle
fluxes directly, along with their energy spectra and elemen-
tal and isotopic abundances.

The goal of this review is to present some characteristics
of the energetic particle environment during the past 0.03—
1500 m.y. as inferred from the effects of particle irradiation
on meteorites and lunar surface materials. Toward that end
we will discuss the basic principles of nuclide production
in meteorites, the calculation of exposure times or cosmic-
ray exposure (CRE) ages, and the statistical distributions

of these ages. We will show that the CRE ages have impli-
cations for several interrelated questions. From how many
different parent bodies do meteorites come? What was their
pre-atmospheric size? How well do meteorites represent the
population of the asteroid belt? How many collisions on
their parent bodies have created the known meteorites of
each type? Is there a time variation in the cosmic-ray (CR)
flux? What factors control the CRE age of a meteorite and
how do meteoroid (the immediate meter-sized precursor of
meteorites) orbits evolve through time?

In this review we summarize the exposure histories of
asteroidal, martian, and lunar meteorites. This field of sci-
ence experienced remarkable development during the past
50 years and some comprehensive reviews were published
(e.g., Anders, 1964; Lal, 1972; Reedy et al., 1983; Caffee
et al., 1988; Vogt et al., 1990; Marti and Graf, 1992; Wieler
and Graf, 2001; Wieler, 2002a; Herzog, 2003; Eugster,
2003). In this review we will not be concerned with CR
interactions with the lunar surface or the surface exposure
ages of lunar rocks and soils from the Apollo and Luna
missions; we refer the interested reader to the reviews by
Vogt et al. (1990) and Eugster (2003). We will also not dis-
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cuss the ways that trapping of solar particles modifies noble
gas concentrations in meteorites. Wieler et al. (2006) treat
this subject.

The energetic particles found in our solar system can be
divided into three classes: SW particles, solar energetic par-
ticles, and GCRs. Here we mainly focus on the GCR ef-
fects in meteorites. For a detailed discussion of the interac-
tions of solar particles we refer to the reviews by Caffee et
al. (1988) and Wieler (2002b).

1.1. Nature of Galactic Cosmic Rays

Galactic cosmic rays, the most energetic particles in the
interplanetary medium, originate from outside our solar sys-
tem. The omnidirectional flux of the GCR nuclei at 1 AU is
about 3 nuclei cm2s-! for particles having kinetic energy
>1 GeV/nucleon. Their energy spectrum obeys a power law
in energy (Fig. 1). Above ~10 GeV, the number of particles
is proportional to E-2:65 where E is the particle energy. As
noted above, solar modulation influences the number of
GCR nuclei penetrating the solar system, this effect being
most pronounced for the low-energy (<1 GeV/nucleon)
component (cf. Castagnoli and Lal, 1980).
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Fig. 1. Spectra of solar (SCR) and galactic (GCR) cosmic-ray

protons at 1 AU. The modulation parameter, M, is shown vs. pro-
ton energy. GCR spectra are plotted for times of an active (M =
900 MeV) and a quiet (M = 300 MeV) Sun, as well as for the aver-
age GCR spectrum during the last 10 m.y. and for the local inter-
stellar spectrum (LIS, M = 0). For original data and details see
Michel et al. (1996).

Observed elemental abundances of GCRs are similar to
solar system abundances. The similarity suggests that CRs
and the nuclei in the Sun were synthesized by similar proc-
esses. The high energy of the cosmic radiation links it to
shock acceleration mechanisms in supernovae environments
(Axford, 1981; Lingenfelter et al., 2000). Propagation through
the interstellar medium results in the production of the light
elements Li, Be, and B via nuclear “spallation” interactions,
causing them to be overabundant relative to solar system
values.

The CR Isotope Spectrometer (Binns et al., 2001) can
measure isotopic ratios of several elements in GCRs. The
data of these authors support models where GCRs prefer-
entially are from dust or gas of Wolf Rayet stars or super-
novae from the central region of the galaxy. The isotopic
composition of these elements usually agrees with the so-
lar system abundances. An outstanding exception to this is
the 20Ne/22Ne ratio. In galactic CRs, 22Ne is enriched rela-
tive to either SW-implanted Ne or the trapped Ne compo-
nent observed in many meteorites (Binns et al., 2001). This
observation is interesting in light of the occurrence of es-
sentially pure 22Ne (Ne-E) in several meteorites (Eberhardt,
1974; Eberhardt et al., 1979).

1.2. Products of Interactions of Energetic
Particles with Extraterrestrial Matter

Energetic particles interact with solid matter in a variety
of ways. In order to decipher the exposure history of a mete-
orite it is necessary to understand these interactions. The
dominant modes of interaction are determined by the en-
ergy and mass of the incident particle. At the low end of
the energy spectrum are the SW nuclei. Their energies are
so low that they simply stop; in the language of specialists,
they are referred to as “implanted.” At the other end of the
energy spectrum are mainly protons and o-particles in the
GCRs. These particles possess enough energy to induce
nuclear reactions in material.

1.2.1. Direct implantation. Particles in the SW with
low energy (~1 keV/nucleon) only penetrate solids to depths
of ~50 nm, although subsequent diffusion of the implanted
nuclei within the solid may result in an altered depth dis-
tribution. In stopping, the low-energy SW ions also cause
radiation damage on the surface of solids. Because of the
high flux of SW ions, mineral grains exposed to the SW
can become saturated (that is, reach a limiting equilibrium
concentration), especially for lighter elements. For instance,
at 1 AU, 200 year is sufficient to reach He saturation. Not
surprisingly, many lunar grains are saturated with SW-im-
planted He.

1.2.2. Energy loss and lattice damage. Energetic very
heavy particles with Z > 20 (VH nuclei) slow down, near
the end of their range. In many silicate materials they cre-
ate permanent “latent” damage trails. These trails are ob-
served directly by transmission electron microscopy or are
chemically etched and enlarged to produce a conical hole
that is visible by optical microscopy. These damage trails



or etch holes are termed nuclear tracks. [For a review of this
technique see Fleischer et al. (1975).] The tracks in silicate
grains are produced by nuclei from both solar cosmic ray
(SCRs) and GCRs. These two sources of tracks can be dis-
tinguished from each other. Galactic-cosmic-ray VH nuclei
can penetrate solid matter to depths of several centimeters,
whereas SF-VH nuclei have a range of <0.1 cm in solid
matter. In this shorter range, SCR-produced tracks are far
more prevalent than GCR-produced tracks, as shown in
Fig. 1. Thus SCR-produced tracks are usually characterized
by high track densities and track-density gradients, reflect-
ing the steeply falling energy spectra of the SCR nuclei. The
relationship between the track density, p, and the depth, x,
can be described by the power law

p (x) proportional to x" (1)

where 1, the power-law exponent, is the slope of the semi-
logarithmic track-density profile and depends on the size
of the object (in space). The relationship between the en-
ergy, E, of the incident particle and its range S is given by

S proportional to EP )

where B can be determined in experiments at particle ac-
celerators. Since tracks are produced at the end of a parti-
cle’s range, and the track density as a function of depth x is
proportional to the number of track-forming particles stop-
ping at depth x, we have

roportional to N @XE (3)
P prop as | |\ dE " ds |,

X

where the decrease in kinetic energy, E, is expressed by
N = constant x E7Y 4
dE

The power law exponent, 7, defines the spectral hardness,
which, for regions below the surface, also depends on the
size of the irradiated object. The term dE/dS can be derived
from equation (2). Substituting these derivatives into equa-
tion (3) and equating it to equation (1) produces

n=URxy+p-1 (5)

This equation describes the dependence of the spectral shape
of the track-forming heavy nuclei on the power-law expo-
nent, M, of the incident primary nuclei (Fleischer et al., 1967,
1975; Bhattacharya et al., 1973).

1.2.3. Nuclear reactions. The energetic, charged par-
ticles that bombard a meteoroid can have any one of three
fates: (1) the particles can escape; (2) they can stop without
causing nuclear reactions; or (3) they can enter into a nu-
clear reaction. The relative probabilities depend on initial
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particle energy and atomic number, and on meteoroid size
and composition. At low energies, stopping without reac-
tion is the most likely outcome. The particle energy at which
the probability of loss by nuclear reaction (3) is equal to the
probability of survival, the crossover point, is ~300 MeV/
nucleon. Since the ionization loss is proportional to Z2, the
crossover energy increases for high Z particles.

To induce a nuclear reaction, the bombarding particles
must have at least several megaelectron volts of energy. Of
the more energetic particles in the solar system, protons and
a-particles from the Sun (SCRs) as well as GCRs produce
nuclear reactions. Solar-cosmic-ray primaries typically pro-
duce reactions with small mass losses, such as 56Fe(p,n)5¢Co,
where an energetic proton reacts with a 5%Fe target nucleus to
produce 3¢Co and a (secondary) neutron. Primary and secon-
dary GCRs have a broad energy spectrum and accordingly
induce a large variety of high- and low-energy nuclear reac-
tions. Galactic-cosmic-ray primaries account for most high-
energy reactions where nuclear spallation reactions domi-
nate. The secondary GCR particle cascade, especially the
neutrons, account for lower-energy reactions (<100 MeV).
At the low-energy end of nuclear reactions, epithermal and
thermal neutron reactions, such as 157Gd(n,y)38Gd, produce
nuclides by neutron capture (see below).

Nuclear reactions in meteorites are quite rare. Over a
period of typical CRE ages of meteorites (~10 m.y.), only
about one in every 108 nuclei undergoes a nuclear transfor-
mation. The “cosmogenic” nuclides are products of GCR-
or SCR-produced nuclides, either radioactive or stable nu-
clides of exceedingly low initial abundance, such as noble
gases. Table 1 shows a compilation of the measured cos-
mogenic nuclides in meteorites.

2. SHIELDING AND
PRE-ATMOSPHERIC SIZE

The size of a meteoroid in space cannot be determined
directly from the recovered mass of a meteorite because of
the unknown degrees of ablation and fragmentation. Size
must therefore be inferred from various experimental mea-
surements and model calculations. Because of the impre-
cision of these models and for convenience, meteoriticists
usually assume that meteoroids are spherical and express
their “sizes” as radii. The most common units for the radii
are either centimeters or grams per square centimeters,
where unit (g/cm?) = radius (cm) X density (g/cm3). The use
of units of grams per square centimeters, which borrows
from the practice of nuclear physicists, has the advantage
of correlating better with the number of atoms available for
nuclear reactions in a meteoroid than does the radius ex-
pressed in centimeters.

As we will see below, the rates of nuclear reactions in a
spherical meteoroid are strongly influenced by the original
“depth” of the sample analyzed in the meteoroid, which is to
say the shortest distance from the sample to the pre-atmos-
pheric surface. In a spherical meteoroid, but not necessarily
in real ones, the “depth” is a well-defined quantity.
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TABLE 1. Cosmogenic nuclides measured in meteorites.
Nuclide Half-Life (yr) Main Targets
3SH 12.26 0O, Mg, Si, Fe
3He, 4He N 0, Mg, Si, Fe
10Be 1.51 x 106 0, Mg, Si, Fe
14C 5730 0O, Mg, Si, Fe
20Ne, 21Ne, 22Ne S Mg, Al, Si, Fe
22Na 2.6 Mg, Al, Si, Fe
26A1 7.17 x 105 Si, Al, Fe
36Ar, 38Ar S Fe, Ca, K
36C1 3.01 x 10° Fe, Ca, K
3TAr 35d Fe, Ca, K
39Ar 269 Fe, Ca, K
40K 1.251 x 10° Fe, Ni
3K, 41K S Fe, Ni
4Ca 1.034 x 105 Ca, Fe
53Mn 3.74 x 10 Fe, Ni
54Mn 312d Fe, Ni
59N 7.6 x 104 Ni
60Co 5.27 Co, Ni
81Kr 2.29 x 105 Rb, Sr, Y, Zr
78K, 80Kr, 82Kr, 83Kr S Rb, S1, Y, Zr
1291 1.57 x 107 Te, Ba, La, Ce
124-132X e S Te, Ba, La, Ce, (I)
150Sm S Sm
156Gd, 158Gd S Gd

*S denotes that the nuclide is stable.

Other observed nuclides (few measurements): 7Be, 44Ti, 46Sc, 55Fe,
56Co, and %Fe.

As mentioned above, secondary neutrons produced by
CRs induce “low-energy” nuclear reactions. These neutrons
are by custom very roughly divided into three groups ac-
cording to their energy: >1 MeV, 0.1-300 eV (epithermal),
and <0.1 eV (thermal). In large meteoroids of radius >200 g
cm2 the flux of thermal and epithermal neutrons peaks at
shielding depths of 100-300 g cm=2 (cf. Eberhardt et al.,
1963; Lingenfelter et al., 1972; Spergel et al., 1986). The

neutron flux within a meteoroid is thus a function of its size
and of the shielding depth of the investigated sample within
the meteoroid. Epithermal and thermal neutrons especially
engage in what are called neutron-capture reactions that
give rise to distinct and readily identifiable products. We
show below that shielding depths and pre-atmospheric ra-
dii are important parameters for calculating the production
rates of cosmogenic nuclides. Furthermore, the determina-
tion of the pre-atmospheric size of meteorites based on
neutron-produced nuclides is significant for the study of the
parent-body ejection dynamics of meteoritic matter. Finally,
neutron-capture species may give information about expo-
sure histories of large shielded objects that cannot be ob-
tained from measurements of other types (high-energy
spallation) of CR irradiation products alone. Complex ex-
posures (see below) can be revealed from the relation of
species produced by neutron capture that are stable with
those that have relatively short half-lives.

Table 2 gives the neutron capture reactions that have
been observed in meteorites. The references indicate addi-
tional information and work in which isotopic anomalies
have been observed for the first time.

The determination of sample depth and meteoroid size
are closely linked. The three most reliable methods for their
determination within stony meteoroids are (1) combined
measurements of the cosmogenic ratio 22Ne/2!Ne and a
radionuclide, (2) measurements of the production rates of
nuclides produced by thermal neutrons, and (3) nuclear
tracks. The 22Ne/2!Ne ratio taken alone is not a unique func-
tion of size and depth. As a ratio, it depends strongly on
the shape of the energy spectra of the primary and second-
ary particles and on the number of nuclear-active particles.
To obtain both size and depth one must also determine the
concentration of a cosmogenic radionuclide that is more
sensitive to the number of active particles. For theoretical
calculations showing the relation between 22Ne/2!Ne and
depth we refer to Leya et al. (2000) and Masarik et al.
(2001). The reaction 2#Mg(n,0.)2!Ne dominates the produc-
tion of 2INe: At average shielding corresponding to about

TABLE 2. Observed CR-produced neutron capture reactions in meteorites.

Reaction Neutron energy Reference
24Mg(n,0)2'Ne > 5 MeV [1]
35Cl(n,Y)3¢CI(B-)36Ar thermal 2]
40Ca(n,p)*K ~6 MeV [3]
40Ca(n,y)*!Ca thermal 4]
58Ni(n,y)¥Ni thermal [5]
9Co(n,y)®Co thermal [6]
79.81Br(n,y)80-82Br(j3-)80-82Kr epithermal (30-300 eV) [71
1271(n,y) 1281 (B-) 128X e epithermal (30-300 eV) [7]
130Ba(n,y)!3!Ba(B+)13!Cs(e capt.)!31Xe epithermal (resonance capture) [8, 9]
149Sm(n,y)!50Sm thermal 4]
157.155Gd(n,y)158.156Gd thermal [10]

References: [1] Eberhardt et al. (1966); [2] Spergel et al. (1986); [3] Burnett et al. (1966); [4] Bogard et al.
(1995); [5] Schnabel et al. (1999); [6] Cressy (1972); [7] Marti et al. (1966); [8] Eberhardt et al. (1971);
[9]1 Kaiser and Rajan (1973); [10] Eugster et al. (1970).



30 g cm2, about 70% of 2!Ne is produced by this reaction
(Michel et al., 1991). Neutron production of 22Ne is some-
what less important than that of 2INe although it also in-
creases with depth up to 200 g cm2. The strength of the
method based on Ne lies in the fact that the analyses of the
three stable Ne isotopes alone — 20Ne, 2INe, and 22Ne (to-
gether with the knowledge of the target element concen-
trations for 2!Ne production) — are sufficient to derive a
shielding-corrected CRE age. Therefore, the 2!Ne—22Ne/
2INe dating method is most widely applied to stone mete-
orites. A determination of the 20Ne concentration has to be
included in the analyses in order to correct for other con-
tributions to meteoritic Ne, such as primordial Ne. All other
neutron-capture reactions are less suited for the determina-
tion of the shielding corrections as they require the isoto-
pic analysis of an additional element.

The basis for using thermal neutrons for the determina-
tion of the pre-atmospheric sizes and sample depths of
meteorites was set by the pioneering work of Eberhardt et
al. (1963). These authors calculated the production of 3¢Cl,
%Ni, and %0Co by n,y-processes in spherical chondrites as a
function of the meteorite radius. Marti et al. (1966) showed
that epithermal neutrons in the energy range 30-300 eV
must be responsible for an 80Kr, 82Kr, and 128Xe anomaly
observed in large meteorites. These authors calculated for
the first time pre-atmospheric sizes of meteoroids based on
excesses of 80Kr from the reaction 7Br(n,y)39Br(B-)8Kr and
obtained minimal pre-atmospheric masses of 220 kg and
1400 kg for the Abee and the Mezd-Maderas chondrites,
respectively. The detailed procedure for the calculation of the
80Kr, production rate, the epithermal neutron flux, the slow-
ing-down density, and the pre-atmospheric size is given for
19 chondrites by Eugster et al. (1993) and for 6 martian
meteorites by Eugster et al. (2002a). Bogard et al. (1995)
measured significant concentrations of 30Cl, 36Ar, 41Ca, and
150Sm/149Sm excesses from the capture of thermalized neu-
trons in the large Chico L6 chondrite. The fluence calculated
from these nuclides is about 1.2 x 1016 n cm~2. Neutron
fluences of 1015-1016 n cm~2 were also observed for three
other chondrites and two achondrites. These authors con-
cluded that the neutron-induced nuclides were produced
during CRE. The rarely measured nuclide %Ni, resulting
mainly from thermalized neutron capture of 58Ni, was meas-
ured by Schnabel et al. (1999) in meteorite fragments and
spherules of the Canyon Diablo impactor. These meas-
urements imply that the liquid precursor material for the
spheroids came from depths of 1.3—1.6 m beneath the pre-
atmospheric surface of the impactor. Hidaka et al. (2000)
analyzed the Sm- and Gd-isotopic composition in eight
chondrites and observed evidence for neutron-capture ef-
fects. This enabled them to calculate pre-atmospheric sizes
for six L and LL chondrites.

In principle, it is also possible to deduce the pre-atmos-
pheric size and the approximate shape of a meteorite from a
study of the track-density contours, since the track density
drops rapidly with depth. Mass ablation estimates for 160
meteorites range between 27% and 99% with a weighted
mean ablation of 85% (Bhandari et al., 1980). These au-
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thors observed a relation between the pre-atmospheric mass
of a meteorite, the track-production rate, and the cosmo-
genic 22Ne/2!Ne ratios for shielded samples. This empiri-
cal relation can be used to determine the pre-atmospheric
masses of meteorites from measurements of track densities
and Ne-isotopic abundances of a few samples from inte-
rior locations.

3. DATING METHODS
3.1. Assumptions and Equations

Given certain assumptions about the conditions of irra-
diation and the history of a meteorite, we can calculate for
that meteorite a CRE age, T. For this purpose we need
measurements of the concentrations of stable and/or radio-
active cosmogenic nuclides (Table 1). The assumptions are
that (1) the flux of primary cosmic rays was constant in time,
(2) the flux of primary cosmic rays was constant in space,
(3) the shape of the sample did not change appreciably,
(4) the chemical composition of the sample did not change
appreciably, (5) any cosmogenic contributions from prior
periods of irradiation are known, (6) all non-cosmogenic
contributions to the inventory of the nuclide of interest are
known, and (7) the sample did not lose nuclides of interest
except by known rates of radioactive decay.

Remarkably, many meteorites seem to satisfy this set of
requirements (Leya et al., 2001a; Welten et al., 2001a). For
those meteorites, we may write for the concentration of a
stable cosmogenic nuclide

S =P¢T (6)
and for the concentration R of a radioactive nuclide
R = PRA-1(1 — e-*T) 7

where P denotes the production rate and A the decay con-
stant.

3.2. Cosmogenic Nuclide Production Rates

Calibrations of the production rates may not be straight-
forward, since the production rate depends on the position of
a sample within the pre-atmospheric object, which in gen-
eral is difficult to ascertain. There are several methods for
determining production rates: The physical methods (semi-
empirical calculations) are based on measurements of cross
sections and particle spectra and extensive computer cal-
culations (cf. Michel et al., 1991, 1996). Another method
is based on measurements of pairs of radioactive and stable
nuclides with similar nuclear-production parameters. This
method requires experimental concentration data for both
nuclides. The two approaches that we now discuss in more
detail are not always cleanly separated.

In order to model a particular cosmogenic-nuclide-pro-
duction rate (cf. Graf et al., 1990a; Michel et al., 1995;
Honda et al., 2002) it is necessary to specify several physi-
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cal parameters. The production rate of a particular nucleus,
P(R,d), assumed to be independent of time, is given by the
relation

P(R,d) = ZNjZJ.Gij(E)Fi(E,R,d)dE 8)

where N; is the abundance of the jt target element, c;(E) is
the cross section at energy E for producing the nuclide from
particle i reacting with target nucleus j, and F,(E,R,d) is the
flux of particle i at energy E in a meteoroid of radius R and
at a depth d (Arnold et al.,1961; Kohmann and Bender, 1967,
Reedy, 1985, 1987). The basic shapes for F,(E,R,d) are fairly
well known, especially for high-energy GCRs. Factors influ-
encing F,(E,R,d) are the size, shape, and composition of a
meteoroid (Reedy, 1985). If the radius of a meteoroid is less
than the interaction length of the GCRs (~100 g/cm?), the
production rates due to the primary particles do not decrease
much from surface to center. The primary particles are only
part of the story, however. Galactic cosmic rays also pro-
duce secondary particles, which have important effects on
production rates in all but the smallest meteorites (radii
<10 cm). These effects are obvious in all stony meteorites
with radii between 30 and 150 g/cm? where production rates
actually increase with depth. The energy distribution of the
particles influences the production profile. Profiles of nu-
clides produced by relatively low-energy SCR particles, for
example, decrease sharply with depth and are essentially
confined to the outermost few centimeters because the SCRs
produce few or no nuclear-active secondary particles. The
depth profiles of nuclides produced by higher-energy GCRs,
in contrast, vary by only about 30% in small- to medium
sized meteorites (R ~ 30 cm) because of the ingrowth of sec-
ondary particle fluxes. Toward the interior (depths >15 cm)
of larger meteorites, fluxes of both primary and secondary
particles eventually decrease, typically exponentially with
a half thickness of about 40 cm in stones (Leya et al., 2000).

The production rate is proportional to the (energy-de-
pendent) cross section for the production of a particular nu-
clide. Whenever possible, cross sections are based on direct
measurements, but many are not known and must be ex-
trapolated from experimental data or calculated from theo-
retical considerations. Combining the particle fluxes (both
primary and secondary) with excitation functions and target-
element chemistry according to equation (8) yields the pro-
duction profile for a particular nuclide. Figure 2 shows the
production profile for 21Ne, a low-energy reaction product,
and Fig. 3 shows that for 3He, produced primarily in high-
energy reactions.

Experimental approaches have been employed to deter-
mine the production profiles of cosmogenic nuclides in me-
teorites. Graf et al. (1990b) measured CR-produced nu-
clides from high- and low-energy reactions in samples from
known positions within the L5 chondrite Knyahinya (R ~
45 cm; pre-atmospheric mass 1300-1400 kg). Simulations
of the GCR bombardment of meteorites were carried out
using accelerator techniques, in which thick targets were
irradiated with energetic protons (Honda, 1962). The thick-
target production profiles are then translated into production
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Fig. 2. Calculated production rates (in units of 10-8 cm3 STP/g
m.y.!) of 2INe for ordinary chondrites, shown for several radii vs.
depth of an irradiated sample (from Leya et al., 2000).

profiles for a hemispherical object (Kohman and Bender,
1967). This approach has been successful in predicting the
production of cosmogenic nuclides in large iron meteorites.

Several thick-target experiments for the simulation of
irradiations of stony and iron meteoroids with GCR protons
were performed during the last two decades (e.g., Michel
et al., 1986; Liipke, 1993; Leya and Michel, 1998; Leya et
al., 2004a). Such irradiations can be used to test and im-
prove model calculations; for the recent examples we refer
to Michel et al. (1991, 1995, 1996) and Leya et al. (2000).
It is not practical to conduct simulation experiments for all
the possible exposure geometries of meteorites, so theoreti-
cally derived production profiles in agreement with simu-
lated irradiations give us confidence that the underlying
theory can reliably predict production profiles for meteor-
ites of different sizes.

181 q
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Fig. 3. Calculated production rates (in units of 10-8 cm3 STP/g

m.y.”!) of 3He as a function of meteorite radius and depth (Leya
et al., 2004a).



In the analysis of cosmogenic nuclide abundances, it is
convenient to be able to estimate separately and easily the
effects of composition (Stauffer, 1962) and shielding (Eber-
hardt et al., 1966) on production rates without having to
examine the output of detailed model calculations. So useful
are the results of such formulations that since the 1960s me-
teoriticists have been writing production rates in the gen-
eral form

P = f,(shielding) x f,(composition) x Pg ©))

where Pg,, is a normative production rate under certain
“standard” conditions [cosmogenic 22Ne/2!Ne ratio = 1.11;
chondritic composition (see Eugster, 1988)]. The shielding
factor, f|, is written in terms of one or two geometry-de-
pendent quantities such as 22Ne/2!Ne ratios or radionuclide
concentrations (Graf et al., 1990a; Leya et al., 2000). Ide-
ally, f; varies systematically and uniquely with meteoroid
size and sample depth.

The compositional factor, f,, is normally written as shown
in equation (10)

sa

ZNJ»P

j
TR (10)

ZNij
1

where sa stands for “sample” and std for “standard.” N;are
elemental abundances (assumed uniform throughout the
meteoroid) and P; are the corresponding (nominal) produc-
tion rates for each element that are taken from model cal-
culations, but can also be obtained from meteoritic analyses
(e.g., Stauffer, 1962). A key assumption here is that under
fixed geometric irradiation conditions the values of P; are
constant and secondary particle fluxes do not depend on
composition. However, equation (8) cannot be transformed
into equation (9) without (falsely) assuming composition-
independent secondary particle fluxes contributing to f val-
ues. For the relatively small ranges in composition found
in H, L, and LL chondrites, this assumption is appropriate
and equation (10) works well. On the other hand, for large
differences in composition larger errors arise in the produc-
tion rates based on equation (9) (Begemann and Schultz,
1988). Masarik and Reedy (1994) compared the model-
production rates in mesosiderites and ordinary chondrites.
For samples irradiated at an average depth of 57 g/cm? in
objects with radii of 100 g/cm?, they found the production
rate of 2INe from Mg was 80% higher in the mesosiderites.
The dependence of the nominal elemental production rates,
P;, on bulk composition is a consequence of what is called
the matrix effect. Stated in general terms, the matrix effect
refers to how, under fixed geometric conditions, elemental
composition influences the secondary flux of nuclear parti-
cles and, through those fluxes, production rates.
Production rates may also be determined solely from
analyses of meteorites. We consider Py first. For meteor-
ites with CRE ages long compared to the relevant half-life,
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T > t,,, = In(2)/A, we have R = Py A-1. The quantity Py var-
ies from sample to sample as composition and shielding
change. Shielding can depress Py for a given nuclide ten-
fold or more in a large meteorite, but variations of less than
+30% around the average are much more typical for small-
and medium-sized objects. Thus, we can apply equation (7)
using an average value of Py, obtained by averaging mea-
surements of many meteorites with long exposure ages, and
a value of R in another meteorite with an unknown age. This
procedure yields a first approximation for the CRE age for
objects with T < 2 x t;,. Analogously, we can obtain rela-
tive CRE ages from equation (6) simply by comparing the
measured concentrations of stable nuclides.

To obtain more precise and absolute CRE ages one must
account for the effects of shielding sample by sample. The
corrections for shielding are made by determining pairs of
carefully selected stable and radioactive cosmogenic nu-
clides and forming the ratio of their concentrations. By
combining equations (6) and (7), we have

S/R = AP P IT(1 — eT)-1 an

If similar nuclear reactions produce nuclides S and R,
then we expect the ratio Py/Py, to vary little with shielding.
Thus, to calculate absolute CRE ages from equation (11),
we need to determine P¢/Py, at least once, and for the most
precise work, to develop an expression for Py/Py that has a
known dependence on shielding (see below) and compen-
sates adequately for matrix effects. Examples of reliable
methods for calculating CRE ages that incorporate these
requirements for stones are based on (1) 8!Kr/Kr ratios and
(2) coupled analyses of 2!Ne and the 22Ne/2!Ne ratio. This
latter method is not independent because it is pegged to the
81K1/Kr CRE ages of groups of meteorites (see below). For
iron meteorites a frequently used method is based on 3¢Cl/
36Ar concentration ratios. These methods will be discussed
below. For other methods, such as those based on other
stable noble gas species and appropriate production rates,
10Be/2INe, 26A1/21Ne, and 4K/K we refer to the reviews by
Herzog (2003) and Wieler (2002a).

3.3. Calculation of Cosmic-Ray Exposure Ages

3.3.1. Krypton-81/krypton-83 cosmic-ray exposure ages.
The main target nuclei for the production of Kr isotopes in
stony meteorites are those of the trace elements Rb, Sr, Y,
and Zr. As the isotopic Kr production rate ratios depend
very weakly on the relative concentrations of these ele-
ments, their concentrations must be known only for the
most precise CRE ages. Adapting equation (11), we have

83Kr/81Kr = (APg;T)/[Pg,(1 — e*T)] (12)
where A is the 81Kr decay constant. By measuring all Kr-
isotopic ratios in one mass spectrometer run, one avoids the
systematic biases that may affect the determination of CRE
ages that rest on concentration measurements made with
different instruments (Marti, 1967; Eugster et al., 1967).
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The production-rate ratio was originally determined from
considerations of nuclear reaction systematics and nuclear
cross-section measurements on the element Ag. However,
it is now updated as

Pg,/Pgy = 0.92(80Kr + 82Kr)/(2 x 83Kr) (13)
where the factor 0.92 is the isobaric fraction yield of 8!Kr
determined from proton cross-section measurements on the
main meteoritic target elements Rb, Sr, Y, and Zr (Gilabert
et al., 2002). Nuclear reactions on Br induced by low-en-
ergy secondary neutrons affect the relative production rates
of 80Kr and 32Kr. Consequently, variations in the produc-
tion-rate ratios 80Kr/83Kr and 32Kr/#3Kr may often occur,
thereby invalidating the use of equation (13). Marti and
Lugmair (1971) circumvented the problem by determining
Pg,/Pg; based on the 78Kr/83Kr ratio in lunar rocks. The
approach also works for meteorites because low-energy
neutrons do not affect the relative concentrations of either
78Kr or 83Kr, even in larger meteorites. For constants in
equation (14) see Eugster et al. (2002a) and Leya et al.
(2004b), who calculated slightly different values for chon-
drites

P

8Kr

81— 1.174[ J +0.354 (14)
83

83 spallogenic

3.3.2. Neon-21 ages with shielding corrections based on
neon-22/neon-21 ratios.  Nishiizumi et al. (1980) and Eug-
ster (1988) developed an empirical expression for the pro-
duction rates of 2!Ne in ordinary chondrites, and Eugster
and Michel (1995) extended this work to achondrites. Eug-
ster (1988) used the 8!Kr/Kr CRE ages, cosmogenic 2!Ne
contents, and 22Ne/2!Ne ratios of a suite of ordinary chon-
drites and determined 2!Ne production rates based on 8!Kr/
Kr CRE ages. In previous work Eberhardt et al. (1966) had
argued that the 2!Ne production rate depends on the 22Ne/
2INe ratio according to the empirical relation

P2l = [a(22Ne/2!Ne) + b]-! (15)
Though not rigorously defensible, this mathematical form
fits the available data for many meteorites reasonably well,
and yields the following equation for L chondrites, where the
production rate results in units of 10-8 cm3 STP/g m.y.~!
P,, = [13.52(%2Ne/2!Ne) — 12.00]-! (16)
Minor adjustments for the other chondritic meteorites are
discussed by Eugster (1988). However, equation (16) is not
suitable for 22Ne/?1Ne ratios less than about 1.08, i.e., for
samples recovered from the interiors of larger meteoroids
(Masarik et al., 2001; Leya et al., 2001b).

As developed by Eugster (1988) for ordinary chondrites,
equation (16) assumes that composition dependence can be
expressed by equation (9) with particular values of P; taken

from the work of Freundel et al. (1986) on ordinary chon-
drites. The matrix effect does not allow one to apply equa-
tion (16) to meteorites with compositions very different
from those of ordinary chondrites. Recognizing this prob-
lem, Eugster and Michel (1995) recalibrated equation (16)
for achondrites. Albrecht et al. (2000) found that on aver-
age, the equations of Eugster and Michel (1995) gave reli-
able production rates also for mesosiderites and concluded
that the 22Ne/2!Ne ratio has considerable capacity to correct
for both shielding and composition. In sum, although the
matrix effect can be large and is of theoretical interest, mod-
eling calculations automatically take it into account, and
standard calculations of CRE ages compensate adequately
for it.

3.3.3. Chlorine-36/argon-36 cosmic-ray exposure ages.
The principal target nuclei for the production of 3¢Cl and
36Ar in iron meteorites and in the metal phase of stony ones
are the elements Fe and Ni (e.g., Begemann et al., 1976).
Once produced, 3¢Cl decays with a half-life of 0.30 m.y. in
part to 3Ar. Adapting equation (11), we find for T much
larger than the half-life of 36Cl

36Ar36Cl = [AP

TI/[Pseqy(1 = e1)] 7)

36Ar
where the term P, includes the indirect contribution from
the decay of 3¢Cl, about 83.5% of the total. Equation (17)
incorporates the approximation that all 3¢Cl produced has
already decayed, mostly to 36Ar. This approximation in-
troduces a negligible error for meteorites with CRE ages
>10 m.y., but a slightly more complex equation applies to
meteorites with short CRE ages (Nyquist et al., 1973).

Direct cross-section measurements at various energies for
the nuclear reactions such as Fe(p,x)3Ar and Fe(p,x)3¢Cl
give fairly good estimates for the production rate ratio in
iron meteorites or the metal phases of stony ones (Lavielle
et al.,, 1999).

On conversion to measurement units, Albrecht et al.
(2000) obtained the equation

36Ar
36Cl

T=(430 = 16) x (1 — e-*xT) x (18)

where 3°Ar is inserted in units of 10-8 cm3 STP/g metal and
36CI in dpm/kg metal. Lavielle et al. (1999) recommend a
very similar constant of 427.

3.3.4. Potassium-40/potassium-41 cosmic-ray exposure
ages. Although the method based on 0K/4!K systematics
is the most complex, it is important for the study of the long-
term constancy of the cosmic radiation. Voshage (1967) de-
veloped the method (equation (19)) during the period from
about 1960 to 1985 and applied it mainly to irons and the
metal phases of stony irons with CRE ages greater than
about 100 m.y.

4K 40K — o39K/A0K =

(P, /Py — cPyo/P,)AT/(1 — e-T) (19



where the constant c is the primordial 4/ K/3°K ratio in the
meteorite and A the 40K decay constant.

The first term on the righthand side of equation (19)
represents a shielding-dependent production-rate ratio, as
discussed by Voshage and Hintenberger (1963). The evalua-
tion is not straightforward since we do not know the rele-
vant nuclear cross sections. These authors estimated produc-
tion-rate ratios under various shielding conditions from
theoretical model calculations and using measured “He/2!Ne
ratios as the shielding parameter, permitting a relation be-
tween the K-production-rate ratios and the “He/2!Ne ratios.
Using a least-squares fitting procedure and considering only
data for meteorites with one-stage exposure histories, Lavi-
elle et al. (1999) revisited the evaluation of 4/K/K ages.

The CRE ages obtained from equations (12), (17), and
(19) are not sensitive to matrix effects, since these equa-
tions involve the ratio of two nuclides produced by similar
nuclear reactions. In this context, “similar” means that the
two nuclides are produced from the same set of target ele-
ments and that the cross sections for the relevant nuclear
reactions depend on energy in similar ways. Although in
reality variations in the behavior of the cross sections are to
be expected, their effects on the exposure ages appear to
be smaller than present measurement uncertainties.

3.4. Complex Exposure Histories

The one-stage irradiation model for meteorites has proved
quite robust. As we shall demonstrate in section 4, good
evidence for it comes from the clustering of CRE ages, as
exemplified by the 6—8-m.y. peak in the H-chondrite CRE
age distribution. In numerous instances, however, meteor-
itic inventories of cosmogenic nuclides also include size-
able contributions from earlier periods of irradiation. Such
meteorites are said to have had complex exposure histories,
with successive stages presumably initiated by collisions
that changed the geometric conditions of irradiation and
hence production rates. To comply with space limitations,
we give only an overview of this subject, moving backward
in time.

1. Meteoroids may undergo collisions in space. A col-
lision will usually decrease the size of the irradiated object,
and as a result, average GCR production rates will increase
in most instances. If the longer-lived and stable nuclides are
retained, they record both the earlier and later stages of irra-
diation. The relative contributions from the two stages de-
pend, of course, on the durations and the shielding condi-
tions. In contrast, the shorter-lived radionuclides produced
in the earlier stages have time to decay before Earth arrival.
For meteorites that have had a two-stage irradiation, the
nominal one-stage CRE ages calculated for longer-lived nu-
clides will be larger than the CRE age calculated from the
shorter lived nuclides. Examples include the meteorites Pitts
(Begemann et al., 1970), Bur Gheluai (Vogt et al., 1993a),
Torino (Wieler et al., 1996), Shaw (Herzog et al., 1997),
Peekskill (Graf et al., 1997), and Kobe (Caffee et al., 2000;
Goswami et al., 2001).
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Erosion in space can be regarded as special type of com-
plex history characterized by a multitude of small, virtually
continuous, size-reducing collisions. Erosion is well estab-
lished in lunar rocks (Horz et al., 1991) and is typically esti-
mated to be ~1 mm/m.y. Erosion rates of meteoroids were
inferred to be somewhat lower, 0.65 mm/m.y. for stones and
0.022 mm/m.y. for irons (Schaeffer et al., 1981; Welten et
al., 2001a).

2. Proto-meteoroids may undergo irradiation as parts of
large fragments in parent-body regoliths. Such irradiation
is detectable as neutron-capture effects in the meteoritic
matter (see also section 2). In particular, the aubrites show
evidence for preexposure on their parent body. For the
Norton County aubrite, Eugster et al. (1970) found anoma-
lies in the Gd-isotopic composition due to neutron capture
of 157Gd. Subsequently, these effects in the form of Sm- and
Gd-isotopic shifts were observed by Hidaka et al. (1999)
for five aubrites. These authors concluded that the meteor-
itic matter was located near the surface of its parent body
for several hundred million years. Lorenzetti et al. (2003)
confirmed the high neutron fluxes experienced by many au-
brites: Excesses of neutron-produced 80Kr were measured
in Shallowater, Khor Temiki, Cumberland Falls, and Mayo
Belwa, the latter two also showing the above-mentioned
Sm- and Gd-isotopic shifts. The neutron-exposure time must
have been considerably longer than the time indicated by
the CRE age, requiring a regolith history for the aubritic
matter before compaction into the present meteorite.

Herzog (2003) suggests that an appreciable number of
micrometeorites likely belong in this group and retain rec-
ords of surface exposure on parent bodies in the relatively
recent past. Pepin et al. (2001) discuss other possible CRE
histories for micrometeorites.

For the other end of the size scale, Welten et al. (2004)
propose that several large meteorites with complex histo-
ries were irradiated essentially as boulders on parent-body
surfaces. Meteorites in this group include Tsarev (Herzog
et al., 1997), Jilin (Heusser et al., 1996), Gold Basin (Welten
et al., 2003), and QUE 90201 (Welten et al., 2004). The
criteria for distinguishing between irradiation in a boulder on
a parent body and a boulder orbiting in space, i.e., between
our cases (1) and (2), are not well defined.

3. Small, independent meteorite grains (<1 mm) may
undergo irradiation on parent-body surfaces or even in other
meteoroids prior to compaction into the matter that becomes
the meteorite studied. Many meteorites contain gases im-
planted by SW and SCRs, which as noted earlier, travel only
a few millimeters in matter. Thus the presence of solar gases
implies exposure to GCR as well. Good examples are some
aubrites that contain solar gases and neutron-produced nu-
clides, indicating that they have been located near the sur-
face of their parent body (Hidaka et al., 1999; Lorenzetti et
al., 2003). Hohenberg et al. (1990) showed that small, solar-
gas-rich grains in carbonaceous chondrites contain more
GCR-produced 2!Ne than do samples of the corresponding
bulk meteorites. The timing and intensity of the early irradi-
ation is controversial (Rao et al., 1997; Wieler et al., 2000),
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although it seems likely that compaction occurred very early
in the history of the solar system.

As recognized early on, meteoritic breccias may also
contain somewhat larger fragments from various sources,
not all of which contain solar noble gases, and each with
its own irradiation history. A few examples of meteorites
in this category include Weston (Schultz et al., 1972), St.
Mesmin (Schultz and Signer, 1977), Fayetteville (Wieler et
al., 1989; Padia and Rao, 1989; Nishiizumi et al., 1993b),
and possibly Kaidun (Kalinina et al., 2004).

4. Components of meteorites may have undergone irra-
diation not in regoliths, but as free-floating bodies in the
early solar nebula. Polnau et al. (2001) showed that chon-
drules in several meteorites contain more GCR-produced
nuclides than the average bulk meteorites from which they
come. They attribute the excesses to a 4 irradiation shortly
after chondrule formation and before incorporation in a par-
ent body. Certain theoretical models explain the abundances
of now-extinct radionuclides in meteoritic matter (inclusions
rich in Ca and Al and chondrules) by postulating an early
irradiation close to an active ancient Sun (Gounelle et al.,
2001, 2004; Leya et al., 2003; Chaussidon and Gounelle,
20006).

5. Extrasolar grains preserved in meteorites must have
been irradiated in interstellar space. Ott and Begemann
(2000) discuss this challenging frontier of CRE ages.

3.5. Time Variations

Evidence of variations of the particle environment, i.e.,
in the flux of GCRs and of the energetic particles emitted
by the Sun, is recorded in meteorites for two endpoints in
the evolutionary history of the solar system: the earliest
stages of the solar nebula and the last 1 G.y. The variation
of the particle environment in the early solar nebula is a
separate chapter in this book (Chaussidon and Gounelle,
2006). We consider here the more recent changes. Shock
acceleration from supernovae explosions is now considered
to be a major source of the GCRs (Reeves, 1978; Axford,
1981; Ramaty et al., 1996; Ustinova, 2002). The observed
differential stellar motions in active star-forming regions can
be used to reconstruct the past locations of supernovae and
therefore the particle environment of the solar system (De
Zeeuw et al., 1999; Branham, 2002).

It has long been recognized that iron meteorites are ex-
cellent fossil detectors of cosmic radiation. Their CRE ages
are calculated from a substantial database of GCR-produced
nuclides that includes the data used for the 40K/4'K method
discussed earlier (Voshage, 1967; Voshage and Feldmann,
1979; Voshage et al., 1983). Interestingly, several studies
indicate systematic differences between ages obtained by
stable nuclides and radioactive nuclides of with different
half-lives, such as 36Cl1/36Ar, 39Ar/38 Ar, 10Be/2!Ne, and 1291/
129X e when compared to the 40K/4!K CRE ages. These dis-
crepancies have been interpreted as evidence for a time-vari-
ation in the GCR flux (Marti et al., 2004). However, alter-
native interpretations, such as erosion in space and complex

exposure histories of iron meteorites (Voshage, 1982; Lavi-
elle et al., 1999), need to be considered.

Lavielle et al. (1999) used an approach in the evalua-
tion of the constancy of GCRs that eliminates irons with
complex exposure histories. They assume a constant GCR
flux over a limited time interval of 150—700 m.y. ago, but
then find that meteorites with longer exposure ages are in
conflict with this assumption.

To summarize, CRE ages of iron and stony iron mete-
orites based on the 40K half-life disagree in a systematic
way with radionuclides of <5-m.y. half-lives, such as 8!Kr,
36Cl, 10Be, and 53Mn (e.g., Eugster, 2003). The average pro-
duction rates of 3¢ClI or 36Ar over the time interval of 150-
700 m.y. inferred for CRE ages based on K isotopes are
lower by 28% when compared to production rates com-
monly used for the recent GCR flux. A recent GCR flux
increase offers a most straightforward explanation. A new
alternative calibration of interest for recent variations in the
GCR flux is proposed based on the 16-m.y. radionuclide
1291, which decays to 129Xe (Marti, 1986; Marti et al., 2004).
Iodine-129 is efficiently produced by neutron reactions on
Te that is mainly located in troilite. Schnabel et al. (2004)
modeled the production of 12T in stony meteorites based on
experimental production rates of 1291 from thick-target ex-
periments. Iodine-129 integrates the GCR flux over several
half-lives and is thus well suited to study the flux records
during the last 100 m.y.

4. COSMIC-RAY EXPOSURE AGES

Most CRE ages are calculated from noble gas data. The
latest compilation (Schultz and Franke, 2004) gives He-, Ne-,
and Ar-isotopic abundances for more than 1600 meteorites.
For the calculation of CRE ages <4 m.y., radionuclide data
are also used in particular for CM and CI chondrites (Nishii-
zumi and Caffee, 2002) for which large trapped-noble-gas
contributions make the quantification of the GCR-produced
component difficult.

Dynamical aspects and orbital evolution considerations
are required for the understanding of the systematics in CRE
age distributions. A decade ago it was thought that transit
times to Earth are determined by proximity and injection
of the meteoroid into “chaotic resonances in the inner main
belt” (e.g., Bottke et al., 2000). Such dynamics may account
for longer exposure ages of stony irons and irons and pos-
sibly the low 3He concentrations of not only irons, but also
HS chondritic metals (Graf et al., 2001). These authors
showed that metal in some HS5 chondrites had been heated
to temperatures where 3H was diffusing out of the metal,
requiring orbits with close approaches to the Sun. The cha-
otic injection model failed to explain some observed prop-
erties of asteroids (Bottke, 2002) and especially the long
CRE ages for implied orbits with solar heating effects. Cal-
culations by Gladman (1997) showed that once a meteor-
oid’s orbit is in a resonance with that of Jupiter, its orbit
quickly evolves to an Earth-crossing one. Consideration of
the Yarkovsky effect seems to resolve several problems



(Farinella et al., 1998; Vokrouhlicky et al., 2000; Spitale
and Greenberg, 2002). The Yarkovsky effect, the asymmet-
ric heating of meteoroids by solar radiation, leads to small
forces of acceleration that change the principal elements of
the meteoroid orbit. The changes occur slowly enough that
a meteoroid may spend tens of millions of years or more
in the main belt before it reaches a resonance that brings it
to the inner solar system, specifically to Earth. Smaller or-
bital changes by the Yarkovsky effect are expected for irons
because of their optical properties, which would allow for
longer random-walk passages through the main belt. Al-
though most physical parameters that control CRE age dis-
tributions are understood, we should not forget that the ejec-
tion of meteoroids begins with random collisional events
on parent objects, which account for the general clumpiness
of the CRE age distributions.

Several lines of evidence (chemical, mineralogical, tex-
tural, and isotopic) indicate that the meteorites in the world’s
collections came from about 15 unmelted (undifferentiated,
chondritic) asteroids and possibly 70 melted (differentiated)
asteroids (Keil et al., 1994; Burbine et al., 2003). We dis-
cuss the CRE age histograms of several different meteorite
classes. These data are used to obtain collisional informa-
tion, constraints on their origin and parent-body history,
break-up events, and ejection of meteorites, as well as on the
dynamical systematics of their immediate precursor bodies.

4.1. Chondritic Meteorites

4.1.1. H, L, LL, E, and R chondrites. The CRE ages
of the three major “ordinary” (H, L, LL) types of chondrites
were reviewed by Marti and Graf (1992) and the CRE age
histograms of these meteorites are presented in Fig. 4. These
authors showed that none of the histograms is consistent
with a continuous delivery of asteroidal material to Earth,
as the observed CRE data clearly disagree with expected
exponential distributions for a variety of orbital lifetimes.
They conclude that CRE age histograms are dominated by
stochastic events and that the continuous supply of asteroi-
dal material can account for only a minor background. It
is difficult therefore to infer collisional or dynamical half-
lives for chondrite populations from measured histograms.
The H chondrites recorded two major events, ~7 m.y. and
~33 m.y. ago; among the L chondrites, events at ~28 m.y.
and ~40 m.y. ago were identified, and the LL chondrites suf-
fered a collision ~15 m.y. ago.

Graf and Marti (1995) conclude that very few H chon-
drites have exposure ages of less than 1 m.y. The CRE age
distribution of H chondrites is consistent with the produc-
tion of H chondrites by a relatively small number of events
involving only a few parent bodies. Orbital information can
be obtained from the p.m./total fall ratio among observed
falls: H3, 4, and 6 chondrites show the typical afternoon
excess of falls, but the H5 subgroup reveals a clear excep-
tion with a ratio of p.m./total falls <0.5. This ratio of fall
times suggests the possibility of two collisional events, and
an evolved orbit for one HS parent object involved in the
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Fig. 4. Cosmic-ray exposure age distributions for H, L, LL,
enstatite, and Rumuruti-type chondrites. Ordinary chondrite data
are from Marti and Graf (1992), Graf and Marti (1994, 1995),
and updates; the E-chondrite histogram is from Patzer and Schultz
(2001) and that for the R chondrites from Schultz et al. (2005).
Off-scale numbers of meteorites are indicated by arrows.

7-m.y. collisional events. These authors further point out
that for each petrologic type, there is a similar fraction of
gas-rich stones. The implanted solar-type noble gases indi-
cate that the gas-rich material had a regolith history. Graf
and Marti (1995) conclude that the immediate parent of H
chondrites was not an ancient layered object, since in this
case the higher petrographic types should be devoid of
solar-type noble gases, contrary to observation.

Marti and Graf (1992) reviewed L-chondrite exposure
ages and, as in the case of H chondrites, the CRE age histo-
grams (Fig. 4) of L5 and L6 chondrites do not fit a continu-
um; they also differ for the petrologic types. A strong CRE
age peak occurs at about 40 m.y., a less well-defined peak
is at 5 m.y., and a broad peak runs from 20 to 30 m.y. with
a maximum in the vicinity of 28 m.y. All L3 or L4 CRE
ages are <50 m.y. Many L chondrites have lost radiogenic
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40Ar and “He. Numerous authors have searched for relations
between these gas losses and CRE ages. The CRE age peaks
at Sm.y. and 28 m.y. noted above stand out much more
clearly for L chondrites that exhibit significant losses of 40Ar
than for other L chondrites. This difference in turn suggests
that these events sampled strongly heated portion(s) of the
L-chondrite parent body or bodies.

Okazaki et al. (2000) studied the light noble gases in 11
enstatite (E) chondrites and found CRE ages (based on
2INe) divided in two groups: <15 m.y. and >40 m.y. Patzer
and Schultz (2001) reported 2!Ne CRE ages of about 60 E
chondrites. This distribution (Fig. 4) is somewhat similar to
that of the L chondrites, but clearly differs from the CRE
age histogram of enstatite achondrites, the aubrites (Fig. 6).
Patzer and Schultz (2001) identified clusters at about 3.5,
8, and 25 m.y., but caution that confirmation is needed. The
CRE ages show no systematic correlation with either pet-
rologic type or iron content (high-iron enstatites, EH chon-
drites; low-iron enstatites, ELL chondrites). Thus, the CRE
age distribution of the E chondrites yields no information
on the structure of the E-chondrite parent asteroid.

The CRE ages of 23 individual R-chondrite falls (Fig. 4)
range from 0.2 to 42 m.y. Six of them cluster at 16.6 +
1.1 m.y. and may suggest a breakup on their parent body
(Schultz et al., 2005). Eleven of these meteorites contain
solar gases and are thus regolith breccias. This percentage
of almost 50% is higher than that of ordinary chondrites,
howardites, and aubrites and may imply that the parent body
of the R chondrites has a relatively thick regolith.

4.1.2. Carbonaceous chondrites. Most CI and CM
chondrites have very short CRE ages of <2 m.y. (Fig. 5).
Only the lunar meteorites have similarly short ages. Scherer
and Schultz (2000) discuss three possible reasons why me-
teorites have short exposure ages: (1) the parent body was
close to a resonance, (2) the parent body was in an Earth
crossing orbit when a collision ejected the meteoroid, (3) their
fragile character diminishes the rate of survival in space.
The CRE ages of CI and CM chondrites are largely based
on data from cosmogenic radionuclides. Based on 26Al and
10Be measurements, Caffee and Nishiizumi (1997) report a
CRE age peak at 0.2 m.y. for C2 (mostly CM) meteorites.
No peak is observed in the distribution of 2INe ages, but this
may reflect the uncertainties in spallation noble gas compo-
nents in CI and CM chondrites, which are affected by com-
ponents from earlier irradiations (see section 5).

The average CRE (2!Ne) ages for CV, CK, and CO chon-
drites (not corrected for pairing) are 13 + 10, 23 + 14, and
22 + 18 m.y., respectively. These ages are about one order
of magnitude larger than those of the CI and CM chondrites.
Cosmic-ray exposure measurements of other clans of carbo-
naceous chondrites (CR, CH, and CB) are rare, and data are
not shown in Fig. 5. Cosmic-ray exposure ages for the CR
and CH chondrites range from 1 to 25 m.y. and 1 to 12 m.y.,
respectively, while those of the CB chondrites Bencubbin
(Begemann et al., 1976) and Gujba (Rubin et al., 2003) are
about 30 m.y.
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Fig. 5. Cosmic-ray exposure age distributions for carbonaceous
chondrites. Data for CK, CV, and CO chondrites are from Scherer
and Schultz (2000); a few updates are included. Data for CM chon-
drites from Nishiizumi et al. (1993a), Caffee and Nishiizumi (1997),
Eugster et al. (1998), and Nishiizumi and Caffee (2002). Data for
CI chondrites from Nishiizumi et al. (1993a) and K. Nishiizumi
(personal communication, 2001).

4.2. Achondritic Meteorites

4.2.1. Howardites, eucrites, and diogenites (HED mete-
orites). The CRE age histogram of the HED meteorites
shown in Fig. 6 reveals the following clusters: All three
types of HED meteorites are represented in the 22 + 3 m.y.
age peak and in a cluster at 36 + 3 m.y., while eucrites clus-
ter also at 12 + 3 m.y.; two eucrites and one diogenite have
CRE ages of 7 + 1 m.y. Of all 86 dated HEDs, at least 70%
fall in these four clusters and more, if only 8!Kr-Kr ages
are considered. For discussions of the statistical significance
of the observed CRE age clusters see the original literature
(Eugster and Michel, 1995; Shukolyukov and Begemann,



1996; Welten et al., 1997). The rather similar histograms
for H, E, and D clans suggest collisional breakup processes
and ejections from the same parent object(s).

Asteroid Vesta was suggested as the common parent of
the HEDs (Consolmagno and Drake, 1977), but transfers
from Vesta to Earth appear to be dynamically difficult. A
possible solution to the dynamical problem was proposed
by Binzel and Xu (1993): a two-step evolution of orbital
elements. These authors discovered several small asteroids
with diameters of 5-10 km of basaltic achondritic compo-
sition with semimajor axes ranging between those of Vesta
and the distance of the 3:1 resonance with Jupiter. They
conclude that injection of large (>1 km) fragments into this
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Fig. 6. Cosmic-ray exposure age distributions for achondrites.
Data for eucrites, diogenites, and howardites were taken from Eug-
ster and Michel (1995), Miura (1995), Shukolyukov and Begemann
(1996), Welten et al. (1997), Miura et al. (1998), Caffee and
Nishiizumi (2001), and Welten et al. (2001a); for aubrites from
Lorenzetti et al. (2003); for acapulcoites and lodranties from
Weigel et al. (1999), Terribilini et al. (2000a), and Patzer et al.
(2003); for ureilites from Goodrich (1992) and Scherer et al.
(1998); for angrites from Eugster et al. (2002b).
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resonance for subsequent delivery of meteoritic material to
the inner solar system might explain the transfer dynam-
ics. In this case the common ejection times of HEDs would
imply that multikilometer-sized objects contain eucritic,
diogenitic, and howarditic materials. Bottke et al. (2000)
pointed out that the typical CRE ages of the HEDs (10—
40 m.y.) are consistent with estimates obtained based on the
Yarkovsky effect (see below) and Vesta as the parent object.
In case of a model where HEDs were delivered directly from
Vesta to Earth, the collisional events at 22 m.y., 12 m.y., and
36 m.y. must have been large, since they must liberate simul-
taneously Vesta’s surface (eucrites, howardites) and interior
(diogenites) layers. Smaller and frequent collisional events
can be expected to eject only eucrites and howardites, a sce-
nario consistent with the CRE age clusters.

4.2.2. Aubrites (enstatite achondrites). The CRE ages
of aubrites range from 12 to 116 m.y. (Fig. 6) and their dis-
tribution is nonuniform. Although a cluster appears around
50 m.y., an implied collisional event is highly doubtful, as
seven of the eight aubrites with ages between 40 and 60 m.y.
are breccias (Lorenzetti et al., 2003). Six of these show
characteristics of precompaction regolith exposure, chon-
dritic inclusions, shock blackening, implanted solar noble
gases in the surface layers of regolith grains, or isotopic
variations produced by neutron capture (e.g., Sm, Gd, Br;
see section 2). The two aubrites with the longest CRE ages
of all stone meteorites, Norton County and Mayo Belwa,
were not exposed to the solar wind. The relatively long CRE
ages of aubrites (given their low physical strength) suggest
that orbital elements of their parent body are distinct from
those of other classes of stone meteorites. Specifically, the
origin of the enstatite chondrites, with nearly half of their
CRE ages <10 m.y., must differ from that of the enstatite
achondrites, as first pointed out by Eberhardt et al. (1965).

4.2.3. Acapulcoites and lodranites. For no other me-
teorite group do the CRE ages cluster as tightly as for the
acapulcoites and lodranites (Fig. 6). This clustering suggests
ejection from a parent body in a breakup event about 6 +
1.5 m.y. ago (Terribilini et al., 2000a). Some fine structure
in CRE age peak exists (Eugster and Lorenzetti, 2005), and
there is an additional CRE age of 15 m.y. (Patzer et al.,
2003). Several other lines of evidence indicate that the aca-
pulcoites and lodranites originated from a common parent
body (McCoy et al., 1997). Eugster and Lorenzetti (2005)
proposed a model in which acapulcoites originate from the
outer layer where the temperature was never high enough
for silicate partial melting, accounting for old 39Ar-40Ar ages
of 4503-4556 m.y., while lodranites would represent the
inner shell of their parent asteroid, with 3°Ar-40Ar ages at
the later end of this range.

4.2.4. Ureilites. Ureilites share several properties char-
acteristic of primitive meteorites, e.g., concentrations of
heavy noble gases and O-isotopic signatures representing
primitive solar system materials (Scherer et al., 1998). The
CRE age distribution of ureilites ranges from ~0.1 to about
34 m.y. (Fig. 6) and show no age clusters that would indi-



842 Meteorites and the Early Solar System II

cate breakup events; however, statistics are still poor. The
large spread in CRE ages and the evidence for regolith evo-
lution (some breccias contain solar gases) suggest a rela-
tively large parent asteroid.

4.2.5. Angrites and brachinites. Cosmic-ray exposure
ages are available for seven of the nine known angrites
(Fig. 6). Statistics for CRE ages are poor, but suggest ejec-
tion events 6, 12, 17, and 56 m.y. ago (Eugster et al., 2002b).
Approximate CRE ages are available for three of seven
known brachinites (not shown in Fig. 6): Brachina, 3 m.y.
(Ott et al., 1985); ALH 84025, 10 m.y. (Ott et al., 1987);
and Eagles Nest, 25 m.y. (Swindle et al., 1998).

4.3. Stony-Iron Meteorites

Cosmic-ray exposure ages based on noble gases and
cosmogenic radionuclides are available for mesosiderites
(Begemann et al., 1976; Terribilini et al., 2000b; Albrecht
et al., 2000; Nishiizumi et al., 2000; Welten et al., 2001b).
Figure 7 shows the distribution of the CRE ages for the
mesosiderites and pallasites. The average, ~90 m.y., is inter-
mediate between CRE ages for stones (younger) and irons
(older). The age distribution has no obvious clusters, but
Welten et al. (2001b) note that 3 of 19 mesosiderites have
CRE ages close to 70 m.y.

4.4. Iron Meteorites

A long space exposure is evident for most, but not all,
iron meteorites that record CR histories during the last
~1 G.y. Many also show multistep exposure histories. Cos-
mic-ray exposure ages for the four main groups I-IV are
shown in Fig. 8.
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Fig. 8. Cosmic-ray exposure ages of iron meteorites. The 40K/K
ages (Ty) are from Voshage (1967), Voshage and Feldmann (1979),
and Voshage et al. (1983). The 38Ar—*He/?!Ne ages are from
Lavielle et al. (1985).

As noted above, CRE ages based on Ar data and those
based on K disagree in a systematic way (Schaeffer et al.,
1981; Lavielle et al., 1999). Potassium-40/potassium-41-
based CRE ages are less accurate for ages <200 m.y. be-
cause of limitations inherent to the method and to the ex-
perimental technique. There are few irons with CRE ages
>1 G.y. For group III irons, both the 40K/K- and the 38Ar-
based CRE ages cluster at about 650 m.y.; the 33Ar-based
CRE ages suggest a second peak at about 450 m.y. (Lavielle
et al., 1985). Lavielle et al. (1999) documented a peak in
CRE ages of IVA irons based on 40K/4!1K ages and more
recently Lavielle et al. (2001) resolved this peak into two
clusters at 255 + 15 m.y. and 217 + 13 m.y., respectively,
using data obtained by the 30Ar/3¢Cl method.

4.5. Martian Meteorites

At present about 50 meteorites representing about 30
individual falls of meteorites whose parent body is Mars
have been recovered. In a comprehensive review on ages
and geological histories of martian meteorites, Nyquist et
al. (2001) discussed the characteristics of crystallization age
and isotopic and elemental composition, as well as the ar-
guments for their martian origin.

The martian meteorites can be divided into seven petro-
graphic types, characterized, e.g., by their ratio of pyrox-
ene to olivine (Meyer, 2003): basaltic shergottites (average
px/ol = 400), olivine-phyric shergottites (3.3), lherzolites
(0.77), clinopyroxenites (nakhlites, 5.5), a dunite (only
member Chassigny, 0.05), an orthopyroxenite (only mem-
ber ALH 84001, >100), and EET 79001, consisting of two
main lithologies of olivine-phyric and of basaltic composi-
tion, respectively. Figure 9 shows that these meteorites were
ejected in a number of discrete events. The earliest event



is represented by Dhofar 019, an olivine-phyric shergottite,
19.8 £ 2.3 m.y. ago. The only orthopyroxenite, ALH 84001,
has an ejection age of 15.0 = 0.8 m.y. It is the only mete-
orite from the ancient martian crust (for references see Ny-
quist et al., 2001). All five clinopyroxenites (nakhlites), con-
sisting primarily of magnesian augite with lesser amounts
of Fe-rich olivine, have a common ejection age of 10.6 +
1.0 m.y. The same impact event may also be responsible for
the only dunite (Chassigny) since its T; is 11.1 + 1.6 m.y.
The six basaltic shergottites yield ejection ages in the range
of 2.4-3.0 m.y. They consist predominantly of the clino-
pyroxenes pigeonite and augite and differ from the four
lherzolites that consist mainly of olivine, orthopyroxene,
and chromite. Lherzolites were ejected 3.8—4.7 m.y. ago.
Nyquist et al. (2001) also discuss the possibility that the
lherzolites were preexposed on the martian surface and that
they were ejected at the same time as the group of basaltic
shergottites. However, there is no evidence from radionu-
clide activities (Schnabel et al., 2001) that supports such
a scenario. Five olivine-phyric shergottites were ejected
1.2 + 0.1 m.y. ago. Finally, the ejection age of EET 79001
1s 0.73 £ 0.15 m.y. (Nyquist et al., 2001). We conclude that
eight events may account for the ejection of the martian
meteorites, if Chassigny was not ejected together with the
nakhlites.

Model calculations for the transfer times of rocks ejected
from Mars are consistent with the distribution of observed
CRE ages for material ejected slightly above escape veloc-
ity of 5 km/s. Gladman et al. (1996) found that 95% of all
ejected rocks reach Earth within 20 m.y. and only about
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Fig. 9. Ejection ages of martian meteorites. For references of
data source and meteorite names see Meyer (2003).
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20% are expected to have CRE ages <1 m.y. In contrast to
lunar meteorites (see below), no clear evidence for a com-
plex exposure history has been observed for martian mete-
orites. If the impacts on Mars occur at few-million-year
intervals, as indicated by the CRE ages, the size of the im-
pactors are likely to be on the order of kilometers and the
resulting craters tens of kilometers in diameter (Gladman,
1997). Thus, most ejected rocks are expected to originate
from more than a few meters depth and did not experience a
preexposure to cosmic rays on Mars. The size of the ejected
rocks from such impacts is estimated to be in a range of
20-200 cm (Artemieva and Ivanov, 2002; Eugster et al.,
2002a). Consequently, the number of martian meteoroids
from a cratering event must be enormous, and source crater
pairing of specimens collected on Earth is not surprising.

4.6. Lunar Meteorites

During the past two decades numerous (more than 40)
lunar meteorites were found in several different locations,
including Antarctica, North Africa, Oman, and Australia.
These stones were blasted off the Moon by impacts and are
identical in all relevant characteristics with the specimens
returned by the Apollo missions.

Although lunar meteorites fell at different locations at
different times, some of them may originate from the same
lunar cratering event, i.e., they may be source-crater paired.
The relevant parameter for judging source-crater pairing,
the ejection age, is the sum of the Moon-Earth transfer time
and the terrestrial age. Source-crater pairing is further con-
strained by the chemical characteristics of the meteorites.

Figure 10 shows measured Ca/Ti elemental ratios vs.
ejection ages (Lorenzetti et al., 2005). This ratio is chosen
because in highland rocks the Ca concentration is higher and
that of Ti lower than those in mare material. Several group-
ings are identified for meteorites with similar Ca/Ti ratios
and ejection ages: the five highland breccias, DaG 400,
QUE 93069/94269 (fall paired), DaG 262, ALHA 81005,
and'Y 791197 all have ejection ages of 0.06 m.y., and source-
crater pairing cannot be excluded; MAC 88104/88105 (fall
paired) and NWA 482 have Tej =0.25-0.30 m.y.; Y 82192/
82193/86032 (fall paired) have T; = 8 + 3 m.y. For the mare
basalts and the highland/mare rocks we observe five differ-
ent ejection ages: Y 793274 and Y 981031 are paired and
have T,; < 0.04 m.y.; EET 87521/96008 (fall paired) T =
0.05 to 0.11 m.y.; QUE 94281 T; = 0.35 + 0.10 m.y.; both
Asuka 881757 and 'Y 793169 have Tej =1.0£0.2 m.y., and
Calcalong Creek 3 + 1 m.y. From these data we conclude
that at least three impact events in highland areas and five
events in mare regions ejected the lunar meteorites collected
until now.

The escape speed for rocks ejected from the Moon is
2.4 km/s. About 97% of all rocks ejected with <3.2 km/s
reach the Earth within <1 m.y. (Arnold, 1965; Gladman et
al., 1995) and only a small fraction of all rocks is launched
at speeds >3.2 km/s (Gladman et al., 1996). Warren (1994)
concluded that most lunar meteorites are ejected by impact
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events, resulting in craters with diameters of much less than
10 km. The smaller size of these craters relative to those
responsible for the ejection of martian meteorites and the
regolith structure of the lunar surface may explain why lunar
meteorites were generally ejected from <1000 g/cm? (<5 m)
depth (Vogt et al., 1993b) and often show a complex expo-
sure history.

5. RECORDS OF EARLY
PARTICLE RADIATION

Processes of light-element synthesis in solar system ma-
terials by SCRs from an active early Sun were suggested
by Fowler et al. (1962), and recently received renewed at-
tention from the evidence for the presence of short-lived
nuclides 19Be, 26Al, 36Cl, 41Ca, and ®Fe in CAIs from primi-
tive chondrites, as well as in chondrules. The evaluation of
required particle fluxes and of variations in the isotopic
compositions of elements due to decay of these short-lived
radionuclides are discussed by Chaussidon and Gounelle
(2006). These authors also summarize evidence for and
estimates of the required fluences to explain the excesses
of 2INe and 38Ar in gas-rich meteorites, as well as recently
suggested models for producing non-mass-dependent iso-
topic anomalies by solar UV radiation.

Solar-mass stars during their early evolution go through
a phase of increased activity while en route to the main
sequence, and this evolution is characterized by strong stel-
lar winds, increased SCR activity, and increased ultravio-
let luminosity. During this phase, particle fluxes would be
considerably different from contemporary particle fluxes,

ratios for lunar mare regions. For references
see Lorenzetti et al. (2005).

and increased activity would have resulted in increased SCR
production rates. There is considerable uncertainty about
the duration of this phase, and it is not clear when this phase
occurred with respect to the formation of the meteorites. If
the active phase of the Sun ended prior to the formation of
meteorites, then the meteorites themselves would contain no
direct evidence for the existence of increased stellar activ-
ity. Also, solar nebular gases or solids may have partially
or totally blocked this radiation at asteroidal distances. As
a result, meteoritic matter may or may not have recorded
effects from an enhanced particle flux.

Further complicating the picture is our limited knowl-
edge of the early history of the meteorites and their precur-
sor components that may carry records of the energetic-
particle environment. As discussed in this chapter, the much
better knowledge of the contemporary energetic particle
environment permits calculation of CRE ages. However,
these inferred production rates may differ significantly from
the rates prevalent in the early solar system. In the intro-
duction we mentioned that precursors of the meteorites may
have been exposed during accretion and that other compo-
nents were probably exposed during regolith processes.
Polnau et al. (2001) presented evidence for excess amounts
of light noble gas spallation components in chondrules,
particularly in chondrites with short CRE ages, such as the
Sena chondrite. These authors inferred that a precompaction
irradiation is the likely source of excess concentrations.

Furthermore, fossil records of solar particle radiations
in asteroidal regoliths were observed in gas-rich meteorites.
The evidence was discussed in detail by Caffee et al. (1988).
Specific records of particle radiations were recently also



studied in a variety of meteoritic regolith breccias (Ferko
et al., 2002; Lorenzetti et al., 2003; Mathew and Marti,
2003).

6. CONCLUSIONS AND OUTLOOK

The presence of peaks in CRE exposure age distribu-
tions, taken in conjunction with spectral observations of
asteroids and observations of meteorite falls, shows that a
few asteroids have produced most of the rocks that fall to
Earth. To illustrate this point we note that about 45% of all
H chondrites (Fig. 4) have CRE ages between either 6 and
10 m.y. or 30 and 35 m.y. Thus we infer that a maximum
of 4000 of the 7000 H chondrites in collections may have
come from collisions other than those leading to the two
peaks in the CRE age distribution for H chondrites. Al-
though we cannot yet infer with confidence which spectral
type of asteroid produced the H chondrites, we know that
one possible class of asteroids, the S-type, comprises about
15% of all asteroids with known spectra. The total number
of asteroids with radii greater than 1 km in size is about
1,000,000. Thus, even in the exceedingly unlikely event that
each known H chondrite originates on a different asteroid,
we would have sampled only a small fraction of the total
observed population, a compelling reason to explore the
asteroid belt.

As was recognized early on, the short CRE ages (<1500
m.y. for irons and <120 m.y. for stones) relative to the 4560-
m.y. age of the solar system permit several conclusions:
(1) Ongoing processes (collisions in the asteroid belt, break-
up of comets) must replenish the meteoroid population.
(2) Meteoroid destruction events (collisions, capture by the
Sun and planets, and ejection from the solar system) limit
CRE ages of meteoroids, otherwise CRE ages would range
up to 4.56 G.y. (3) Matter residing in the top few meters
of meteorite parent asteroids either exhibits short lifetimes
or constitutes a small fraction of the collisional ejecta.
(4) The distribution of collisional events shows that mechan-
ical strength (low for aubrites) cannot be the only impor-
tant factor in limiting CRE ages. Also, subclasses of iron
meteorites (IIE) have short CRE ages (Fig. 8).

Meteoroids populate a size range that astronomers can-
not observe directly with present-day optical methods; as
a result, the CRE ages and the influx of meteoritic matter
have been longstanding problems for dynamicists. Dynami-
cal calculations showed that once a meteoroid’s orbit is in
resonance with Jupiter, the orbital evolution is chaotic (Wis-
dom, 1985) and the transport to Earth follows a chaotic route
and implies short (less than 1 m.y.) CRE ages. As discussed
in section 4, the calculations show that the Yarkovsky effect
delivers asteroidal meteoroids to resonances on timescales
consistent with observed CRE ages. This agreement clearly
suggests that the Yarkovsky effect is a major mechanism
for orbital evolutions of meteoroids.

Ultimately the attempt should be to tie CRE ages to de-
tailed cratering histories of specific parent bodies. Except
for the lunar and martian meteorites, the only meteorites
for which a parent body has been assigned are the howard-
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ites, eucrites, and diogenites. Their probable parent aster-
oid is Vesta or multikilometer-sized fragments of Vesta with
Vesta-consistent orbital elements. Cosmic-ray exposure ages
of this group cluster at 22 m.y. and show minor clusters at
36 and 12 m.y. (Fig. 6). Periodicities in the distribution of
CRE ages have been suggested, but the evidence is re-
stricted to possible common clusterings at 6, 13, 25, and
36 m.y. Common cluster statistics were interpreted to re-
flect enhanced collisional activity in the asteroid belt. For
a larger number of meteorites (H chondrites, L chondrites,
CM and CI chondrites, acapulcoites, and lodranites), CRE
ages inform when, but not on which specific bodies, major
collisional events took place.

The available data leave many large gaps. Exposure his-
tories of lunar meteorites, for example, reflect only a blurry
picture regarding the “when” of the collisions, i.e., the cra-
tering history of the Moon. The Moon’s proximity to Earth
suggests that more-frequent, smaller collisions produce re-
coverable meteorites once escape velocities are achieved.
Smaller collisions, in turn, favor ejection of near-surface
material with a significant irradiation history on the Moon.
Unfortunately, pre-irradiation on the Moon makes it more
difficult to resolve the extra cosmogenic nuclide signal
accumulated during the transit from Moon to Earth. Thus
many of the transit times of lunar meteorites, although
clearly short, are known only as upper bounds.

It is desirable to follow the arrival of ejecta from a single
collisional event over millions of years in order to test mod-
els of orbital evolution. The Antarctic meteorites may sup-
ply such a source of information, but detailed results will
be a long time coming for two reasons. First, this work
requires determinations of terrestrial age and CRE age for
each meteorite. Second, there is only a handful of meteor-
ites with terrestrial ages of 1 m.y. or more. In this regard,
the recent work of Heck et al. (2004) represents an intrigu-
ing new approach to tracking meteorite influxes over time.

The one-stage exposure history model breaks down in
regolith samples. For this reason, in returned samples from
the surfaces of other solar system bodies, the calculation
of CRE ages for bulk samples must give way to statistical
characterization of exposure. In a sample of lunar soil or a
meteoritic breccia containing 1000 grains, for example, each
one may have a distinct history of exposure. No experimen-
talist in the foreseeable future can hope to track these sto-
chastic variations in detail. The relevant extractable param-
eters are nominal times of exposure at various depths, or
perhaps rates of vertical turnover; analyses of cosmogenic
nuclides supply little information about horizontal motions
in a regolith. Possibly micrometeorites may represent stand-
ins for sources of material eroded from asteroidal surfaces.

We emphasize that all discussed CRE ages (except for
40K/K ages and revised 38Ar ages of irons) are based on
the assumption of a constant CR flux. We have shown that
CR fluxes differed from present values in the early solar
system environment and during the period from 150 to
700 m.y. before present. As a goal of future research, the
variation of the particle environment and of the GCR flux
in the “local” region of the Sun during its galactic rotation
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needs to be assessed in detail, in particular during its mo-
tion in star-forming regions of the galaxy.

Some of today’s frontiers of CRE histories lie at the tem-
poral and spatial boundaries of the solar system, in histories
of particles of stardust sequestered for 4.5 G.y. in meteor-
ites, and in solar system and extrasolar particles recovered
by missions and spacecraft. The study of these and other
planetary samples requires improvement in instrumental
sensitivity by orders of magnitude.
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