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COSMIC—-RAY EXPOSURE RECORDS AND OxXiuiNS OF METEORITES

Robert C. Reedy
Muclear Chemistry Group, Mail Stop J514
Los Alamos National Laboratory
Los Alamos, NM 87545, USA

ABSTRACT
The cosmic-ray records of meteorites can be used to infer much
about thelr cvrigins and recent histories. Some meteorites had
simple cosmic~ray exposure histories, while others had complex
exposure histories with their cosmogenic nroducts made both
before and after a collision in space. 'lhe methods used to
interpret meteorites' cosmic-ray records, especlally identi-
fying simple or complex exposure histories, often are inade-
quate. Besides spallogenic radionuclides and stable nuclides,
measurements of products that have location-sensitive produc-
tion rates, such as the tracks of heavy cosmic-ray nuclei or
neutron—capture nuclides, are very useful in accurately deter-
mining a meteorite's history. Samples trom different, known
locations of a meteorite help In studying the cosmic-ray
record. Such c¢xtensive sets of meteovrite measuremenis, plus
theoretical modeling of complex hlstories, will iqprove our
ablility to predict the production of cosmogenic nuclides in
meteorites, to distinguish siwmple and complex exposure
historices, nnd to better determine exposure ages.

l. Introduction. Mceteorites are tragments from a vardcty ot objects in
the solar system and can provide {mportant information about these
bodleud. Well-determined cosmic-ray exposure historlies are needed to
help to establlsh the origing of meteorites: where they came from and
how they were produced (1,2).  In principle, the cxposure history ot a
moeteorite should be well deiermined it suttfleient measurements are made
ol itd coamlce=ray record and of the production rates and protiles ot the
cosmopenic products used Lo interpret the measurements are known well
cnouph. It 18 unlikely that many meteorites have had thelr cosmble-ray
exposure histories properly determined. Wetherill (3) noted that compler
historlies should be comuon Lor most Likely metcorite-origin scecarfon.
However, complex historles Lor metcorites are seldom reported, cspocially
tor stony meteoritess 1o thig dlscrepanecy botween the predicted and
reported trequencies of metcorite complex historles a problem with the
approaches presently used to study Lhe exponure records of meteoritoes?
Inadequacies o the interpretation of the conmle-ray records ot
metcorites could mean that exponure agen and other results ol meteorvite
atudles, such an cosmle-ray varviat loun, also might not be correct.
Systemat {e experimental and theoretical studles are needed to atudy how
woell we have been determinfoy the recent hiatorten of meteorites and to
deevelop Potter methoda tor untolding the conmie-ray records of
merteoriten,

L Coamle Ray Exposure Reeordn. Among the apen ol a meteortte, the
younges' ate thouwe determined tirom the activitlen or concentrat lons ol
coumoper be products. Lxporure qpens, the lenpgthe ol tlme thin meteorites
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have been exposed to cosmic rays, are typically orders of magnitude
shorter than thelr radiometric formation ages and, for some meteorites,
their brecciation ages and collisicnal shock ages (4). The cosmogenic
products used to study exposure records of meteorites include stoble and
radioactive nuclides and tracks of heavy cosmic-ray nuclei. 1f a
meteorite had a simple exposure record, then the concentration of a
cosmogenlic product and its production rate can be used to determine an
exposure age. However, the production rates vary considerably with
meteoroid size and shape and with sample location (5), so corrections for
the effects of the sample's shielding geometry must be applied. Most
methods for estimating shielding corrections, such as the Ne-22/Ne-2] or
He-3/Nu:-21 ratios, do not yield unique production rates but only narrow
the range of possible values (5).

Many meteorites had simple exposure ages. Detalled investigations
of the cosmilc-ray records of several meteorites, such as the tracks,
radionuclides, and spallogenic noble gases in St. Severin (6), show that
the cosmogenic products were made only ‘uring one exposure geonretrv.
However, most meteorites have not had their exposure records shown to
have been simple by such systematic studies. Another clue that a
meteorite probably had a simple history is that its cxposure age is Lhe
same as a number of other meteorites of the same type. However, there
are only a few clusters for the exposure ages of meteorites; the cexposure
ages ftor most meteorites form a continuous distribution.

The clusters ot exposure ages for a piven class ol meteorites, such
as the ~675 Ma (575 milliun years) cluster for LLIAB .roms (7) or the ~0
Ma peak for li-=chondrites (8), suprest that these meteorites were all
produced by single, major colltslonal events. 1L these two clusters
really represent Individual cvents, the wldths of the peaks, about 195-207%
of the age, Indlcate that the sums of the uncertaintles in determining
cosmic—ray cxposure apges are Lalrly larpe.s  Ag the measurement uncertain-
ties are much smaller than 15-20%, the spread in the exposure ages for
these clusters probably resuits trom interpreting the measurements
(althoupgh pre=irradlation or pas losses could account for some ot the
spread). One likely source ob this width in the oxposureo-ape poaks (s
tae slgnilticant corrcection for shicldling,

Several metceorites clearly had thetr cosmopentie products made hoth
before and aiter a major colliasfonal event (o space tht changed the
netcorold's peometry.s The JUIn chondrite was frradiated by o sipgniti
cant {lux ol cosmlce—ray particles for <10 Ma near the surface of o very
large object prior to tta ejection -4004 Ma apo as oan Bh-cem=radioan sphere
(9). Several other meteorites have had complex hilstorfes, such as
gevernl Inferced from the disagrecment s among, exposure ages determined
with ditterent radtonuebiden or atable commopgenice products.  In very
Farpe meteorites ) auch g the Canyon Diablo nron weteorite (10), one part
could have heen removed by o mlnor collialon without seriounly attecting
the tormat fon ol cormopenle products in other parts ol Che metoorold,

The diat netion between atmple and complex exposare hilatories can he
difticalt o nome caseda,  Some metceorites probably have small amounts ol
conmogente products made praor to the event that produced the objeet Chat
cventually hit the i th. In mont catens, the amownts ol cosmopende
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products made during the meteorite's final exposure geometry overwhelm
any previous production., However, if this last exposure stage was short,
then possibly the products made during the prevlous exposure could be
detected. As suggested by (9), the high production rates inferred for
Ne-21 from meteorites that nave undersaturated Al-26 activities (that is,
exposure ages of ~1 Ma) could be a consequence of pre—irradiation. A
very special case of a complex history i= when a foreign clast in a
brecciated meteorite has had a previcus exposure to the solar wind or
cosmic rays prilor to incorporation In the meteorite (1l1).

3. Systematic Experimental Studies. To properly calibrate the
predicted production rates and protiles of cosmogenic products in
meteorites, extensive sets of measurements are needed. 7The measurements
should be made for samples from different, known locations and also of
products with a wide range of production-rate-versus—depth profiles
(tracks, high- and low-energy spallation, and neutron capture) and a
variety of haltf-lives (including stable isotopes). For example, the
Na-22 and Co-60 activities measured in Jilin (9Y) serve as a calibration
points tor cosmogenic nuclides in a metecroid with a radius of 85 cm.
The measurements of cosmogenic products in meteorite cores, such as those
trom St. Severin (6) and Keyes, also arn valuable reference data.

However, few such well-characterized data sets for cusmogenic
nuclides in meteorites exist (5). Most meteorites that have been
investigated 1n detall have radii of ~10-40 c¢m, which are typical of most
meteorites.  There have not been many cextensive studies ot smaller
meteorites.  aboratory irradiations ot small spherical targets are
helping to understand the production ot cosmogenic nuclides in small
meteovolds (12). While Jilin had a radius ot 85 ¢m ftor Lts Llast U.4 Ma,
Its fnftial expostire Limits studles of cosmopenic nuclides In Large
spherleal meteoroids malnly to short—-lived radionuelides, such as Na—-22
and Co—6U,  More detailed measurements are necded to calibrate the models
used to predict the productlon rates and protiles of cosmopeonle nuclides,
cspecially tor meteorites that had unusual preatmospheric sfzes or
shiapes.

4. Theoretdeal Modeling.  Calculated size- and depth-dependent produce-
Clon rates can be used to [llustrate the use oi a meteorite's cosmic-ray
record to acceurately unfold Ite exposure history.  Most models do oa
tatrty pood jJob ot reproducing the protiles of coudmoyenic products In
typlcal-si.cd meteorites, such aq4 Ste Severin (6).  However, some models
have trouble with very lLarpge metcorolds, like Jilin (9).  Very small
metcorofde ave hard to model becase the cancade of secondary particles,
cupectally neutrons, fa vet jully developed (9, 12) and solar—-proton
productfon is [mportant. Improved models are needed tor all sizes,
ahapen, and types (frong and stonen) of meteorites.

Home ol these model reaults have heen used to atady crfteria tor
fdentityiupy complex hiastovien,  For example, the caleulated track produe -
tion ratea and the Ne 22 /Ne--21 ratloa tor meteorites with slmple histor
lea cover a amall region ot all posalble values (1Y). Meteoritice samples
with tracks and neon ratlton that are outabde thla reglon have complex
hintoriea.  The activitlien ol conmopenle radlonucl tden ave often uned In
looking tor complex histoviens, and otten thene activities veroun track
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production rates or Ne-22/Ne-21 ratios are used to search for unusual
exposure histories. Artificial exposure records derived from calculated
production rates and profiles can be used to test the methods used to
infer the exposure histories of meteorites. These theorctically con-
structed records for complex hiscories will eapecially Lelp to show which
features of a meteorite's cosmic-ray record are best sulted for distin-
gulshing complex tfrom simple historles and which types of complex
histories are most easily detected. Such theoretical studies would help
to ind thr areas where meteorite mecasurements or more laboratory eimula-
tioas or cross sections would be most useful.

S« Conclusions. Many experimental and theoretical studies are needed
to lmprove our ability to unfold the cosmic-ray cxposure records of
meteorites. More extensive measurements of cosmogenic products in
meteorites, especially shielding-sensitive ones like tracks and neutron-
cipture—produced nuclides, will help to identify meteorites that had
cimplex histories and to yield better exposure ages. Such improved
recent histories could aid in identifying thz parent bodies for certain
meteoriten, such as primitive carbonacecous cnondrites (possibly from
icometary surfaces) or the SNC metcorites (the Shergottites, Nukhlites,
and Chassigny, which were poussibly ejected from the martian surface).
Detailed measurements of cosmogenic products in metcorites could be used
to improve the models for predicting the production retes of these
products. Theoretical studie: of the production systematics of cosmogenic
products in metcorites will hLelp to identity arcas where additional
laboratory or metceorite measarements are nceded.
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