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Abstract

A model is presented for the differential fluxes of galactic–cosmic-ray

(GCR) particles with energies above 1 MeV inside any spherical stony meteorite

as a function of the meteorite’s radius and the sample’s depth. ‘l’his❑odel is

based on the Rsecly-Arnold equations for the energy-dependent fluxes of GCR

particles in the moon and is an extensicrl of flux parameters that were derived

for several meteorites of various sizes. This flux

the production rates of many cosmogonic nuclides as

depth. The peak production rates for most nuclides

model is used to calculate

a function of radius and

made by the reactions of

energetic GCR particles

-2
to 70 g cm . Although

occur near the centers of meteorites with radii of 4(J

the model has some limitations, it reproduces well the

b.~s~c trc~ds for

stony meteorites

the depth-dependent production of cosmogonic nuclidcs in

of various radii. These production profiles agree fairly

well with measurements of cosmogonic nuclides in meteorites. Some

production profiles are dift’ercnt than those calculated by others.

of thes(’

The

chemical dcpcndcncc of the production rates for several nuclidcs varies with

size and depth.

Introduction

The production rates of rosmic-r;~v-producvd nuclidcs in mctrori Li(”,

samples vnry with th(’mt”t(’oritv’ssiz(”and shape and with the sanplc’s

location. These changes in ttw”production rates as a function of a samplt~’fi

!;}li{.ldin~rondiLion re6t]lLfrom th(’variations 01 th(~fluxes of primary and

Kocondary cosmlc- ray partfcl(’s insid(’a ml’tcwritr. As tll(,prim;lry particles
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in the cosmic rays penetrate a ❑eteorite, they are removed and secondary

particles, especially neutrons, are pr’>duced and are subsequently removed.

Both the flvx of cosmic-ray particles and the energy spectral shape of these

particles change inside a ❑eteorite. Cosmo&.mic nuclides are made by primary

and secondary particles with energies that are determined by the nuclear

re.lctions Producirig a nuzlide.

Mat,y investigations of ihe variations of the cosmic-ray flux or of the

history of a meteorite’s cosmic-ray exposure require good shielding-dependent

production rates [Reedy et al., 1983]. For example, the irradiation histories

of Shergotty, Nakhla, Chassigny, and other SNC meteorites are important in

establishing wl~ether these objects came from Mars and, if so, when and how

they were ejected [Bogard et al., 1984]. Reported here is a ❑odel for the

fluxes of primary and secondary galactic-cosmic-ray (GCR) particles as a

function of depth in spherical meteorites of any radius. These fluxes arc

used to cal~.ulate the production rates of several cosmogonic nuclides in

L-chondrites. This model can be used to calculate the production rates of

many nuclidcs in stony mcl~ccri:ic samples of any chemical composition. Th(j

production of nuclides lJy the solar ccsmlc rays (SCR) is not considered her(,

bccausc the surfarc l.aycrsti~lurcSCR effects are important are usually remc)vt’d

by ablation when a ❑etcorlte passes tilrough the earth’s atmosphc}re; how!~ver,

SCR--produced nuclic!cs are probably prer nt in certain metrot-itic samples

[Michel et al., 1982].

lhc variations in thr ccnccrltrations of cosmogonic nuclidcs in a

mrtcoritc wcr~~ first studi(}d 1P det.+il Jn tht’slabs of several large iron

m[~tc!oritt’s.Signrr and Nicr [1960] used t~:’~r neauurcn,cnts for the cosmol:l!nic
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noble gases in the iron meteorite Grant to obtain a semi-empirical model for

nuclide production as a function of radius and depth. Arnold et al. [1961]

estimated the differential energy spectra of cosmic-ray particles for two

different depths in iron meteorites and calculated the production rztes of

cosmogonic nuclides by using cross sections for the twainrzactions. Kohman

and Bender [1967] used the measured distributions of radionuclides in thick

targets of iron bombarded by beams of high-energy protons to model radius- and

depth-dependent production rates.

The variations in the production rates and ratios of cosmogonic nuclides

were first investigated in stony meteorites by comparing various production

rates or ratios ❑easured for a number of different meteorites. For example,

thc Lliej
21 22

Ne/21Ne ratios in many st~ IFS varied,
3

Ne and but the He/21Ne

22
ratios showed a systematic trend with the Ne/21Ne ratios; most fell near a

22 ‘
correlation line [Eberhardt et al., 1966]. The isotope ratio Ne/21Ne has

been used for empirically determined shielding-corrected production rates [fur

example, Ni,shiizumi et al., 1980], but this ratio dots not uniquely determine

the sample’s exact exposure geometry or a nuclide’s production rate. Some

production rates in stony meteorites were calculated as a flIction of size and

depth by Trivedi and Goel 11973] using thick-target rc~sui:s for silicatr

targets and the model of Kohman and Bender 11967] bu~ only for the

22N1
radionuclidcs % ~nd .. Nyquist [1984] has extended the semi-empirical

model of Signcv and Nier I1960] to chondritcs for several noble-gas isotop:ls.

Ee{,dyand Arnold [1972] applied the flux and cross-st’rtlon apptoi]~ll of

Arrlf,ld [-t al. [1961] to the moon and dcrikrd a IICWcxprossion for th,iflux oi

(,(,IJp;~rtic]~.swith oncrgic’s below 100 NL!V. llNId~~ptll-dc~p~,ll{l{)lltvilri;lLi:Jnsoj”
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cosmogonic nuclides in ❑eteorites have been studied by measuring samples with

documented locations from cores (suc:has Keyes and St. Scverin) or large

fragments (for example, Jilin) of a ❑eteorite. These activity-versus-depth

results have been used by Reedy et al. [1978P 1979] and Bhattacharya et al.

!l~80] to determine specific sets of flux parameters for these meteorites.

The equations for the GCR-particle spectra that were used for these meteorite

models are the lunar ones of Reedy and Arnold [1972]. The ❑odel reported

generalizes these and other flux-parameter sets for several meteorites to

expressions for the depth-dependent GCR flux in meteorites of artyradius.

here

get

Model for GCR-Particle Fluxes in Meteorites

This new meteorite GCR-particle flux model is based on t!lemodel

developed by Reedy and Arnold [1972] for the moon. The Reedy-Arnold model

uses two variables: a flux normalization and a spectral-hardness parameter, CL

For spherical stony meteorites, the flux normalization i.scalculated using Lhtj

interaction and other parameters of Reedy and Arnold [1972] and zn omnidirec-

tional integral flux above

19791. Tnis flux is 10X II.

1 AU but is only 4% higher

average GCR proton intcgra,

-2 -1
1 GeV of 1.87 protons cm s [Reedy et al.,

glwr LIM+lI L])at used by Rerdy and Arnold 11972] for

than a more recent estimate [Rredy, 1983] of the

flux above 1 GcV at 1 AU. lhc flux of GCR

particles to which a meteorite is exposed should bc a little higher than thal

fit 1 AU bccausc the flux increases with distance from thv sun at the rat{. of

about 2 to 3% per AU [for example, McKibben et al., 1982] and mctcoritos

probably r~ceivc mosL of thvlr cosmic-ray exposure at 2 to 3 AU from Ltw sun.

Thesr fluxes are th(,average over an n-year solar cycle; the ai:tunl
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GCR-particle flux above 1 GeV nucleon
-1

near 1 AU varies by a factor of about

two over a solar cycle [Reedy, 1983].

The integral fluxes of GCR particles with energies above 1 GeV nucleon
-1

that were calculated as a function of depth in meteorites of various radii arc

shown in Figure 1. The shape6 of these fluxes verst’s depth curves show the

effect6 of an omnidirectional source of primary GCR particles. The fluxes of

GCR-particles inside meteorites chanve slowly near the centers of 6pherical

meteorites and vary most rapidly near the surface. Even for fairly large

meteorites , these fluxes are considerably al?ove those for the same depth in a

semi-infinite slab (an infinite radius).

The ❑odel of Arnold et al. [1961] used the expression (E +U)-2”5 for the

GCR-particle spectral shape above 100 MeV. The model of Reedy and Arnold

[1972] kept this spectral expression above 100 MeV, but it had new equations

for the di~ferential flux of GCR-particlee with energies below lU(IMeV that

changed shape as the spectral-hardnes6 parameter a changed. The Reedy and

Arnold

energy

et al.

versus

[1972] expressions for the fluxes of GCR-part,+.clesas a function of

were used for meteorites by Reedy et al. [i9713,1979] and Bhattacharya

[1980]. For the meteorites studied by these investigators, curves :Jfu

depth were derived to fit the cosmogonic-nuclidc ❑easurements.

However, only a few bpccific sets of a curves were derived, and no gencriJliza-

tions or expressions for spectral hardness were developed for oLhcr meteorites.

An expression for the spectral-hardnesa parameter as a function of

uw!eoritc radius R and sample depth d, u(RFd), has been developed by titLing

follrcrises: R = 0, 70, and 3U0 g cm
-2

, and an Infinite’ radius. A value of”
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a = 944 MeV gives a very crude approximation to the primary GCR spectrum (or

R= 0). ‘.ic a curve for St. Scverin [Reedy et al., 1979] was used fc~r

-2
R= 70 g cm . The lunar a curve [Reedy and Arnold, 1972] was used for an

infinite radius. The a curve for R = 300 g cm
-2

was determined by fitting rhe

22
Na activities measured for depths of 15 to 50 cm in Jilin (which was

formerly called Kirin) [Heusser and Wyang, 1981; G. Heusser, personal communi-

cation, 1982]. The 22”ha activities in Jilin are fairly constant for these

depths, unlike the predictions of T’rivedi and Goel [1973], which show a strong

drop with increasing dep~.h for a meteorite of that radius. The a versus depth

curves for these four cases are fairly well determined. Using these four

curves, a relation was derived that fits these radii and that can be used for

other radii.

The generalized equation for a(R,d) is

a(R,d) = f(R)* ~(d) +b(R)*~(2R-d),

where a~(x) is the Reedy and Arnold !1972] value of a at a depth x in the

moon , and f(R) and b(R) are parameters representing particles coming from the

front and back of a ❑eteorite of radius R. For x > 80 g cm-2, ~(x) =

324.44*exp(-0. 004838x). The original a curve of Reedy and Arnold [1972] only

had this [“
-2

pefor80<x<35Ugcm and approached a constant value of a =

-2
5(JMeV at a depth of 500 g cm . Data for cosmogonic nuclides deep in th~)

moon and in Jilin sug~est that a should continue to decrease roughly exponcn-

-2
tially brlow 350 g cm . The parameter f(R) is 0.78 for R < 64 g cm

-2
and

1- exp(-O.00135R --0.97) for larger radii,
-2

and L(R) is 0.73 for R < 4Llg cm
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~nd 0.65 + 0.0U2R for greater radii. For very large radii, a(R,d) is assumed

to be the same as aw(d).

Several spectral-hardness curves calculated wiih the above expression are

shown in Figure 2. The a versus depth curves for R = 70 and 300 g cm
-2

reproduce very well the original curves derived for St. Sevcrin and Jilin.

When compared to the curves in Bhattacharya et al. [1580], these a(I.,d) values

are all similar in shape but are higher than their valufs for R of 15 cm and

greater. As in the case of flux normalization curves in Figure 1, rhese

curves for a as a function of depth arc fairly constant neal the centers of

spherical meteorites. The a profiles for radii above about 60(Jg cm
-2

are

very nearly that for a slab. Because the largest meteorite used in ohtainillg

these curves had a radius of 300 g cm
-2

, there could be some uncertainties in

these a versus depth curves for very large radii. However, the absolute flux

of particles, not the spectral shape, controls the production of cosmogonic

nuclides in very large meteorites.

Calculated Production Rate~

Calculated production rates for several cosmogonic nuclides as a function

of depth in spherical L-chondritcs of various radii are shown in Figures 2 -

7. For 26Al, the cross sections of Reedy and Arnold [1972] were used. For

10
Be , new cross sections were used that give good fits to experimental

profiles in cores from St. Severin and the moon [Tuniz et al., 1984]. Cross

3sections for the production of the light noble-gas isotopes of He, 21
Ne, and

3“Ar were from Reedy [1981], Reedy et al. [1979] and Hohenbcrg et al. ~lY78],
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respectively. The rates for He have been multiplied by a factor of 1.4 to

3
get the proper He production rat~s [Reedy et al., 1978; Reedy, 1581]. The

profiles in these figures show the effects of the build-up of secondary

neutrons and the attenuation of primary and, eventually, secondary particles.

These calculations reproduce fairly well the measurements of cosmogonic

nuclides in ❑eteoritic samples. The 6hapes of these production profiles arc

quali~atively similar to those of previous calculations, but there are som~’

signil~icant differences.

The 21 ‘he production profile calculated here for R = 7(Jg cm
-2

is the same

as tha~ in Reedy et al. [1979], which gave a fairly good fit to the ❑easured

data 21Nc for St. Severin [Schultz and Signer, 1976]. The calculated profile

for ‘3Mn in St. Sevcrin had the same shape as that measured by Iinglert and

Heyr [1980]. The calculated and measured
10

8e pr~files in St. Severin agreed

fairly well [Tuniz et al., 1984]. The only test for a mcteoriLc with a radius

-2
of 300 g cm

22 -2
is to usc Na for depths of about 5LIto 185 g cm in Jilin [ti.

Heusser, personal communication, 19d2]. The calculate; production profile f~r

22
Na is similar te those of

26
Al ard

38
Ar, and the activity of

22
Na should

drop near the center of Jilir. Saaples from the center of Jilin were recently

22
obtained [Heusser et al., 1983] and Na measurements are being made, which

will provide an additional test of this model for large meteorites.

3
The calculated production profiles for H and

22
k are similar to thos{’

-2
of Trivedi and Gocl [1973] for R < lUO g cm , but for larger radii the

profiles calculated here drop much slower with increasing depth than do

theirs. The Trivedi and Goel [1973] profile for
~~ -

ha .givcs a very p(~cr fit to

the 22Na ❑easured in Jilin [G. Hcusser, personal communication, 1982]. ‘Lh’.

Trivedi-Gocl profile for 3H in a meteorite of infinite radius decreases with
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depth at twice the rate calculated here and by Reedy

3
Nyquist [1984; compared the results for He and 21Ne

Lemi-empirical ❑odel with those for this model. The

and Arncld [1972].

in chondrites from his

ba~i~ trends are similar,

but there are some minor differences. For example, Nyquist’s ❑odel doesn’t

hzve an ificrease for 3Hc production with depth ,~earthe surface, but such an

.
“Hc increase with depth was cbserved for St. Severin [Schultz and Signer,

1970].

The calculated ratios of
3
He/21Nc as a function of ra~ius and depth are

shown in Figure 8. Most of the 3Hc/21Nc ratios measured for ❑eteorites are

between 3 and 8, which is the region of Figure 8 that corrl’spends t~ typical

3
He/21Ke versus

22 ,2]
meteoroid radii The calculated curves Gf Nel Ne for

different radii all fall along a single line, whereas the results for this

ratio in meteoritic cores plot as a line [for example, Schultz and Signer,

1976], but at a slight angle to the Eberhardt et al. [1966] trend lin~. Sore,?

of this deviation in tt,ccore data from the trend line could be due to SCR-

prodllction, but most of the divergence is prcbably real. Any model like the

present one with just one parameter for the spectral shape will only give a

single line for the 3He/21hc-versus-
22

Ne/21Ne plot for different radii. The

fact that the core data do not deviate much from the main trend line in,licates

that the prcsenL ❑odel is not a bad approximation. Plots for many radii of

the calculated
22, 21

F@/ NCIratio versus a calculated production rate look

similar to thost’of Nishiizumi et al. [198U] for R < 24)(.Ig cm
-2

, but for

l~r~!crradii almc]st any production raLc is possible for the smallest values of

tht,22 ‘hCl/21NCIrilL~o.
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In Figures 3 to 7, the points plotted for pure GCR primary protons were

calculated with the spectrum of Reedy [1983] and are about 0.5 of those

calculated with a(C,O). This model is probably not very accurate for R < 2(.Jg

-2
cm because it most likely overestimates Che number of secondary neutronE.

For such small ob~ects, a significant fraction of the low-energy particles are

protons, whereas this model, like thet of Reedy and Arnold [1972], assumes

that the low-er.ergy particles are predominately neutrons. A model that.

explicitly consida?rs neutrons and protons and their corresponding crof;s

sections separately is needed for such small meteorites. I also sus!jected

that the radii for this model really refer to meteoroid radii that are about 5

-2
g cm greater than the nominal value of R.

Discussion

The model rrescnted here for the fluxes of GCR partic~rs in meteorites

is a gencralizatio’1 of prc~ious results for several ❑eteorites. lt can bc

Ilscdto calcu?.ate the production rates of a variey of cosmogerric nuclidcs in

samples at ary deFth in spherical stony r~etcorites of different radii. ‘rIlc

usc of the sp:’ctralmodel of Reedy and \rnold 11972], which has only u,,. frtIc

shape parameter, Ls probably too simple an approach, but it does give

reasonable production rates for a rarlgc of radii . For most mt}trorltcs, which

-2
have radii bcLween about 4(Jand 300 g cm , this model is fairly good. lL

most li!.[’lyi= not very gond for smaller mctcoritrs. The flux normaliz;ltion,

which controls the pr(JdllCtiOn ratl?sof cosmcg(~nir nuclidl)s ❑ore than does th(~

sp(’ctral-llarrln~ss p~lramc~t(]r,is rlllatively good for lnrger radii.
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Calculations for the production rates of cosmogonic nuclides in stony

meteorites agree fairly well vdth ❑easuluments. Unfortunately, only several

cosmogonic nuclides measured in the cores or rlainmasses of just a few

meteorites were used in deriving this model” additional ,~easurements for

documented locations in other meteorites a’:?needed to verify acd refin~ this

model. The calculated production rates a’greea fairly well with other calcu-

lations, but several major discrepancies exist. For most of the disagreements

among the predictions of these models, !.heresults of the present calc~lations

agree better with measurements.

This model was used by Reedy [1!84] to calculate the production rates of

cosmogonic noble gases in six differ,?nt SNC meteorites. The production rates

of 21Ne and 38
Ar varied wi~nly among these achondrites because of their v(’ry

different chemistries. For these and some other nuclidcs in several of these

SNC meteorites, the production rates relative to that for the same expostlrt>

geometry in an L-chondrite varied witi, samplt’depth and was not just a

function of chemistry only. These depth-dependent ratios for differel\t

chemistries result when a product is made by at lt~ast two reactions, one of

whic!l is induced by (X;Rpar~.iclf:!iwith energies c,onsidc’rijblydiffere’.ltt],iln

those :nducing thr othel reartions. .~nrexample, the produc.tinn profilt’ ot

38
Ar from calcium (invflving mainly low-energy pi~~ti~lt~s) is different thilll

that of
38
Ar from iron (a high-t~ncrgy rcacti~n). TII1,ratio 01

36
Ar pr(]dllrtion

from calcium to that from iron can increase by a fai:torof two from [ho

surfacf’ to the ccrrtvrof a lfirgclmvt(’orite.

?}lf’fi(,raLeb for production of spallogenic nuclid(’s by GCR particltis iis :1

flln(ti(,r]fJf d~)ptllitll(l r~ld~ufiiir(’ Ill”Obilb]yil lilirly ~IIOd tt.l)r(~s(.rltilt{(]ll of LII(I
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true systematic in Epherical stony meteorites. They change most rapidly at

the surface and apploach a constant production rate in the

spherical ❑eteorites. These production rates cover a wide

over the possible meteorite radii and sample depths. They

centers of

range of values

are not simply

twice the value for a ~ltibgeometry. Using only spallogenic nuclides, it is

very hard to determine uniquely where a sample was irradiated and the size of

3
the meteorite. However, ratios like He/21Ne c~n be used in many cases to

restrict the range of possible production rates for a cosmogonic nuclide. To

best unfold the exposure history of a meteorite, mess’lrements of many

different products that are made by the cosmic rays with a variety of pro-

duLLion profiles are needed for several samples from known locations. Such

extensive sets of measurements will not only improve our undl.rstanding of the

production systematic of cosmogonic nuclides, but will also help define

possible cosmic–ray variations nnd determine the origin and evolution of

meteorites.
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FIGURE CAPTIOLS

Fig. 1. l’hccalculated fluxes of G(;Rparticles with energies above 1 GeV

-1
nucleon as a function of dcptll for rncteorites of various radii. T}l(,x is

the omnidirectional incident flux of primary GCR particles in space’ to which

the ❑eteorites vcrtI assum(’d t(J be exposed.
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Fig. 3. Calculated production

L-chondrites of several radii.

corresponds to a semi-infinite

26
rates of Al as a functicm of depth in

The radii are in g cm
-2

and an infinite radius

plane or a slab. The x marks the production

rates for pure GCR primary protons calculated with the average primary

GCR-proton spectrum of Reedy [1983].

Fig. 4. Calculated production rates versus depth for
lf..l

Be in L-cho,]drites.

See caption for Figure 3 for more details.

3
Fig. 5. Calculated production rates versus depth for He in L-chondrites. See

caption for Figure 3 for more details.

Fig. 6. Calculated production rqtes versus depth for
21NC in ~ Chondritesm

Sec caption for Figure 3 for more details.

Fig. 7. Calculated produc~ion rates VCY2US depth for
38
Ar in L--chondrltes.

Sec caption for Figure 3 for more dctalls.

.

Fig. H. l’hccalculated 3He/
21

Ne r~tio as a functioii of dt’pth illL-chondritcs

of various radii. A ratio of 16.3 was calculated for the primary GCR protons

using thv spectrum of Rcr’dy [1983].
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