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ABSTRACT

New sets of cross sections for the production of krypton isotopes from
targets of Rb, Sr, Y, and Zr have been constructed primarily on the bases of
experimental excitation functions for Kr production from Y. These cross
sections were used to calculate galactic-cosmic-ray and solar-proton produc-
tion rates for Kr isotopes in the moon. We report spallation Kr data obtained
from 11menite separates of rocks 10017 and 10047. Production rates and isotopic
ratios for cosmogenic Kr observed in ten well-documented Tunar samples and in
ilmenite separates and bulk camples from several lunar rocks with long but
unknown 1rradiation histories were compared with predicted rates and ratios.
The agreements were generally quite good. Erosion of rock surfaces only affec-
ted rates or ratios tor near-surface samples where solar-proton production is
important. There were considerable spreads in predicted-to-observed production

rates of 83

78

Krr, due at least in part to uncertainties in chemical abundances.

The Kr/83Kr ratios were predicted quite well for samples with a wide range

of Zr/Sr ahundance raties. The calculated 8OKr/83Kr ratios were greater than

79Br(n,y) reaction was included, but

the observed racios when production by the
were s1ightly undercalculated if the Br reaction was omitted, suggesting that
Br(n,y)-produced Kr is not retained well by Tlunar rocks. The productions of
8]Kr and BZKr were overcalculated by approximately 10% relative to 83Kr. Pre-
dicted-to-observed 84Kr/83Kr ratics scattered considerably, possibly due to
uncertainties in corrections for trapped and fission components and in cross

sections for 84Kr production. Most predicted 84Kr and 86

Kr production rates
are lower than observed. Shielding depths of several Apollo 11 rocks were de-

termined from the measured 78Kr/83Kr ratios of iimenite separates.
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approach which calculates the production rates of spallogenic nuclei on the
bases of nuclear-reaction cross sections and cosmic-ray flux models (e.g.,
Reedy and Arnold, 1972). In Hohenberg et al. (1978), a comprehensive compar-
ison was made between these two approaches by comparing observed and calculated
cosmogenic neon, argon, krypton, and xenon production rates and isotopic ratios
in well-documented lunar samples with simple exposure histories. Vhile good
agreement was found for most noble gases, significant discrepancies were
observed for the production rates and ratios for.the Kr isotopes. The
calculated 84Kr/83Kr ratios were considerably greater than the observed ratios,
and the calzulated variations of the 78Kr/83Kr ratio with different Zr/Sr
ratios were upposite the observed trend.

Hohenberg et al. (1978) attributed much of these Kr disagreements to the
lack of experimental excitation functions with which to calculate theoretical
production rates; the only measured cross sections available to them were for
Kr production from strontium by protons at 0.73 GeV (Funk et al., 1967).

Cross sections are now available for all Kr isotopes produced in yttrium tar-
gets by protons at 0.08, 0.15, 1.05 and 24 GeV (Regnier, 1979). These
Y(p,x)Kr excitation functions have been used to help establish Kr-production
systematics with which to estimate cross sections for targets and energies for
which there are no experimental data.

This paper describes these new Kr production cross sections and uses them
to calculate production rates of 78'86Kr from targets of Rb, Sr, Y, and Zr
as a function of depth in the moon. The calculated production rates and iso-
topic ratios are compared with the cosmogenic Kr observed in 1unar samples,
including a1l the samples used by Hohenberg et al. (1978). Cosmogenic Kr
isotopic ratios for bulk samples and ilmenite separates from three Apollo 11
rocks are used to cl~rk the predicted systematics of Kr production from Zr

and to infer the effective depth at which these rocks received their exposure.
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THEORETICAL SYSTEMATICS

The theoretical production rates of spallogenic Kr isotopes were calcu-
lated using the models of Reedy and Arnold (1972). The production rate for a
given product nucleus frcm an elemental target at one shielding depth was cal-
culated by integrating over enerqy the product of the cosmic-ray particle
flux at that depth and the cress section for the production of the product
from that target. The cosmic-ray particle fluxes were the same as those used
by Hohenberg gg_gi, (1978). For solar cosmic rays (SCR), only solar protons
with an omnidirectional flux of 70 protons/cm2 s above 10 MeV and an
exponential-rigidity spectrum with R0 = 100 MV were considered. The fluxes
of galactic-cosmic-ray (GCR) partic{es above 1 MeV as a function of depth were
the semi-infinite plane ones of Reedy and Arnold (1972).

The excitation functions used for the productiun of Kr by spallation re-
actions of protons witﬁ targets of Rb, Sr, Y, and Zr are discussed below. For
reactions induced by the secondary neutruns produced by the galactic cosmic
rays, the proton-induced cross sections were assumed. This assumption should
not seriously affect calculuted GCR production rates because most reactions
considered here require large energies to oroduce a given nuclide from a specific
target and such cross sections are usually insensitive to the incident particle.
Probably the most important neutron-induced rzaction omitted here is 86Sr(n,a)aakr.
for which there are no measured cross sections and which could have cross sections
significantly different from those for the 86Sr(p.u)aaRb reaction. To see the
relative importance of the 86Sr(n,u)aakr reaction in producing 83¢r from strontium,
an excitation function was made for this reaction assuming @ pzak cross section of
10 mi11ibarns at a neutron energy of 16 MeV (similar to measured values for nearby

nuclei). The production rates calculated for 83

x)83

Kr by this (n,a) reaction were
about 1% of those calculated for the Sr{p, Kr reaction. Thus there 1s no indica-
tion that the use of only proton-induced cross sections will'affect calculated GCR

production rates.
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80

Slow neutrons with energies below ~0.5 MeV can produce ~ Kr and 82Kr via

neutron-capture reactions with bromine. As in Hohenberg et al. (1978), the

8]Br'(n.y) reactions as a function of

reaction rates used for the 798r(n.y) and
depth were the theoretical ones of Lingenfelter et al. (1972) multiplied by the
neutron-density normalization factor of 0.8 determined by the Apollc 17 Lunar

Neutron Probe Experiment (Woolum et al., 1975).

Excitation Functions

In lunar samples, spallation Kr is produced predominantly by high-
enerqy reactions in Sr, Y, and Zr, but low-energy particle reactions on Rb are
responsible for significant contributions to the heaviest Kr isotopes. Some
Kr isotopes receive contributions from both 8~ and B+ or ¢ decay chains. In

83 84 'BGKI‘ are

particular, “Kr represents the total isobaric yield for mass 83.
shieldad by stable isotopes of Sr on the neutron-deficient side of the isobar.
For spallogenic Kr, the only availabl2 experimental results are the measurement
of 18-85, produced in Sr bombarded by 730 MeV protons (Funk et al., 1967), and
the measurement of '°~88r produced in Y bombarded by 80, 150, 1050, and 24000 MeV
protons (Regnier, 1979). The excitation functions of spallation reactions for
other energles and targets were estimated by using semi-empirical considerations.
A compilation was prepared of all available cross sections for reactions
of similar target-to-product inass loss (AA) in the same mass range of targets.
The mest useful information was obtained from the works by Morrison and Caretto
(1962) (p,xp reactions), Remsberg and Miller (1963) (p,pxn reactions), Korteling
and Hyde (1964) (23Nb + p), Caretto and Wiig (1956) (8% + p), Strohal and
Caretto (1961) (962r + p), Unseren and Wiig (1961) (901r + p), Caretto and Wiig
(1959) (8% + p), Porile et a1. (1963) (5°

(1961) (75As + p), and Sachdev et al. (1967)

Ga and 7]Ga + p), Rudstam and Bruninx

(88sr + p). Excitation functions

were then estimated by summation over all possible reaction channels using
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nuclear systematics from similar (p,xpyn) reactions. Analogy with the production
of Kr in 39v was used as often as possible. Other factors in the systematics
are the AA between target and product and the N/Z ratio of the target. In the
case of low-energy incident particles, all possible reaction channels were taken
into account. This approach gives more complete results than semi-empirical
formulae, from which good estimates can be obtained only for high-energy
particles.

The excitation functions used for the production of 78-86

Kr from targets

of Rb, Sr, Y, and Zr are shown in Figs. 1 and 2. The production cross-sections
were estimated from the threshold energy to several GeV. 78Kr (Fig. 1) is a
high-energy'product in all four targets, the lowest AA occurring in the
85Rb(p,2p6n)78Kr' reaction. Due to a lack of information, the excitation function
of 78Kr from Rb is rather uncertain. Analogy with Y was the most important factor
in estimates for other targets. 80y (Fig. 1) is also a high-energy product 1n
Sr, Y, and Zr, and analogy considerations to Y were also predominant. In the case
of Rb, (p,a2n) and (p,3p3n) reactions are responsible for the two peaks at low
energy. Blyp (Fig. 1) 1s produced by (p,an) and (p,p4n) reactions in 85pb. High-
energy reactions are also predominant for other targets except for the imnortant

89

channel (p,2an) in “°Y.

82Kr becomes more complicated because AA is smaller and low-

The case of
energy production becomes significant. Also, the number of important reaction
channels is increasing. The excitation functions (Fig. 1) are the sum of all
possible channels for low-energy particles, in particular (p,an) and (p,pa) for
Sr and (p,2a) for Y. 83y (Fig. 2) in Rb results from (p,3n), (p,p2n), and
(p,2pn) reactions, yielding high cross sections at low energy. Important chan-
nels *n Sr are (p,a) and (p,3p3n) reactions. Analogy to Y was used in the case

of Zr.
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84Kr (Fig. 2) in Rb 1s made by several hiahly probable channels in both
85Rb and 87Rb, in particular 85Rb(p,pn) and 87Rb(p.p3r.) and (p,a) reactions.
Low-energy reactions are also important in the cases of 88Sr(p,an) or
89Y(p,3p3n). By in Zr is only a high-energy product. 86y (Fig. 2) is
produced by single-channel, low-cross-section reactions: 87Rb(p.2p), 883r(p.3p),
and 89Y(p,4p). The excitation function in Zr is only tentative, especially for
the heaviest 1sotopes of this target, so there are considerable uncertainties
in the cross sections. It will be noted by lookiﬁg at Fig. 2 that, at least in
the case of meteorites, Rb could be a rather important target element for the
production of 84-86y,.

Some experimentai data would clearly be useful. For Zr as a target, only
particles of E > 100 MeV can produce spallation Kr in significant amounts.
For targets of Rb and Sr, several measurements at energies below 100 MeV are

needed in addition to high-energy cross sections.

Calculated Cosmogenic Production Rates

The calculated production rates for Kr isotopes from Rb, Sr, Y, and Zr at
various shielding depths in the moon are presented in Table 1 in units of atoms
per minute per kilogram of target element (1 atom/min/kg = 1.96 x 10']1 cm3STP/
g/m.y.) The general trends for variations of production rates with depth are
similar to those reported by Hohenberg ;gl, (1978), e.gq., 78y showing 1little
increase in production rate with increasing depth near the surface and 83Kr
having its maximum GCR production rate at a depth of about 20 g/cmz. The change

78Kr/83Kr ratio with increasing depth is less for the heavier targets,

in the
consistent with the larger threshold energies for reactions with these targets
(see Fig. 3). Major changes relative to previously calculated Kr production
rates involve those for 78Kr and 84Kr relative to 83Kr. The 78Kr/83Kr ratios in
Zr and Y are now predicted to be systematically larger than those in Sr, con-

sistent with a trend previously observed empirically (Marti et al., 1973). The
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production rates for 84

Kr from Sr and Y are considerably smaller than pre-
viously calculated.

For comparisons with empirical cosmogenic Kr rates and ratios inferred
from observed data, "predicted" qualities were determined from these calculated
production rates. The elemental abundances of the five important target ele-
ments - Rb, Sr, Y, Zr, and Br - were compiled for each lunar sample. At a given
deﬁth, the production rate of a particular Kr isotcpe can ba obtained by summing
the products of elemental abundances and elemental production rates. These
predicted rates are only applicable if the lunar rock did not experience any
erosion of its surface while on top of the regolith. For 2.1 x 105-y BIKr. the
depth of the sample in the recovered rock was always used in predicting its
production rate. For the stable Kr isotopes in most rocks, surface erosiqn
must be considered.

Estimates of the rate of surface erosion on the moon have been made by a
variety of techniques. The density-versus-depth profile of energetic particle
tracks indicates that an average erosion rate of 0.3 g/cm2 per million years
applies to several different lunar samples (Crozaz et al., 1972; Yuhas, 1974);
the depth distribution of cosmic-ray-produced radionuclides suggests a distri-
bution of erosion rates ranging from 0.15 to 0.6 g/cm2 per million years for
various other lunar samples (Wahlen et al., 1972). In reality tiiz surface
erosion rate for a particular lunar sample 1s 1ikely to be reasonably dependent
upon geometry and the mechanical properties of the sample.

In this paper, we assu” 2 an average erosion rate of 0.3 g,’cm2 per million
years. Surface erosion is explicitly considerad in the predictive systematics
presented here. For instance, sample 14306,26 has an exposure age of 25.4
mi1lion years and was recovered from a depth of 7 g/cmz. An erosion rate of
0.3 g/cm2 per millior years would imply a total of 7.6 g/cm2 would have been

81

removed. The resulting production rates for all Kr {sotopes except ~ Kr are
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computed by inteqrating the effects of exposure starting at an initial depth
of 14.6 g/cmz to a final depth of 7 g/cmz. Comparisons with spectra computed
with the assumption of no erosion indicate the relative importance of erosion
for various samples. In general, erosion is relatively more important for
samples which are very close to the surface and for the heavier Kr 1isotopes,

vhich are made in significant quantities by SCR particles.

EMPIRICAL SYSTCMATICS FROM GBSERVED KR

Several classes of lunar samples were selected to provide an empirical
or observational data base for comparisons with predicted systematics for
cosmogenic Kr. For comparisons of both absolute production rates and isotopic
ratios, well-documented samples with simple exposure histories were used. Th2
criteria for selecting such samples (Hohenberg et al., 1978) include: 1) using
pieces of small rocks; 2) having target-element and nobie-gas data; 3) knowing

83Kr determinations; 4) having exposure ages

absolute exposure ages from 81KP-
which are less than about 50 million years so erosion effects and other shielding
changes such as turnover are minimal; and 5) knowing the depths for shielding
from the cosmic rays. The same ten saﬁples selected by Hohenberg et al.(1978)
for Kr comparisons were used here.

For all samples, the observed Kr was corrected for fission and trapped

238

components. Krypton produced by the spontaneous fission of U was removed

assuming »n accumulation time of 3.9 x 109-years; this correction is very small
for the samples considered here. The remaining Kr is assumed to be a super-
position of cosmogenic Kr and trapped Kr with the BEOC-12 composition determined
by Eberhardt et al. (1972). Cosmogenic 86y, is estimated from the (fission-

corrected) 86Kr/83Kr ratio assuming cosmogenic 06Kr/83Kr = 0.015 + 0.015



-10 -

(Marti and Lugmair, 1971). Cosmogenic contributions to other Kr isotopes are
obtained by subtraction of a BEGC-12 composition based on the trapped 86Kr. For
most samples, these corrections are relatively minor. However, in certain
samples, especially those with short exposure ages, the cosmogenic component

for some isotopes, e.g., 84Kr. can have a fairly large uncertainty.

To expand the observational data base, Hohenberg et al. (1978) selected
another set of samples in which the cosmogenic component was enhanced relative
to other componenfs. Because such samples generally have had substantially
longer exposures than the well-documented samples, it is almost certain that
they have experienced significant shielding changes during their exposure
histories, and no generally applicable and testable techniques are available
for deciphering such histories. Also, because the 8]Kr--%I(r- exposure age calcu-
lation necessarily assumes exposure at a single shielding depth, we cannot make
determinations of total exposure time, and thus absolute production rates are
not determinable.

78Kr/83Kr was recognized to be a very useful parameter

The spallation ratio
for the evaluation of shielding conditicns during cosmic-ray irradiation (Marti
and Lugmair, 1971). However, this same ratio was observed to be affected also
by differences in the relative abundances of the major targat elements Sr and Zr
(e.g., Marti et al., 1973; Eberhardt et al., 1974). Eberhardt and coworkers
(1974) have studied the dependence on target element composition in lunar rock
10071 by concentrating Zr and Sr in mineral separates of ilmenite and feldspar,

respectively. They have demonstrated that. the relative 78

Kr yield is enhanced
in Zr as the target and depressed in Sr. We have extended this approach to

two additional Apollo 11 rocks in order to evaluate spallation systematics and
to decouple the target element dependence from the shielding or hardness para-
meter. Ilmenite separates were obtained from rocks 10017 and 10047 by a combi-

nation of heavy 1i-uid separations, crushing the sinks to <88 um and by hand-
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picking of impurities. The data are compiled in Table 2, including data of
Eberhardt et al. (1974) for completeness. Spallation components were calculated

by subtracting trapped Xr from the measui'ed data and by adjusting (BGKr/83Kr)

spall
to 0.015. This Kr ratio is a measured quantity (Marti and Lungmair, 1971)
and may stili include a small trapped component of unknown magnitude. Also, as

36.: yield from Zr might possibly be somewhat

pointed out eslier, the relative
larger, due to a contribution from the heavy Zr isotopes. The exposure history
and shielding conditions of the above three Apolio 11 basalts are not well-

known, although precise 81

Kr-Kr ages have been determined. However, we can
calculate an average effective shielding condition_for the ilmenite separates
(for which Zr is expected to be the only target) and then calculate the expected
spallation Kr components for the bulk-rock samples and compare the results to
the measured mass yield. This should provide a crucial test of the applica-

bility of our calculations to samples of varying target element composition.

DISCUSSION

In Table 3 we compare the predictions for Kr production rates and isotopic
ratios with observations for the ten well-documented samples. The average (and
standard deviation) of the ten calculated-to-observed 83Kr production rates is
0.82 (+0.27). The worsz agreements ar: for samples 14066,21,2.01 and 67075,8.
The Zr abundance used for 14066,21,2.01 is much lower than that for 14066,31,1

(which had better agreement of its predicted and observed 83

Kr production
rates). The abundances of Zr and esp-.ially of Y could be too low for 67075,8.
The average predicted-to-observed 83Kr production rate for the other eight
samples in Table 3 is 0.92 [+0.19). There could be uncertainties in the chem-

ical abundances used for these samples because these rocks, Apollo 14 or 16
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breccias, might not be chemically homogeneous. To insure accurate predictions
of noble-gas production rates, it is important that abundances of all major
target elements be measured with'sampIes as similar as possible to those used
for noble-gas analyses.

Comparisons of the predicted-to-observed isotopic ratios frr th- ten sam-
ples in Table 3 are shown in Fig. 4. The agreements for the 78Kr/83Kr ratios
are considerably improved relative to those of Hohenberg et al. (1978), the
average (and standard deviation) of the predicted-to-observed values being
0.99 (+0.06). The calculated and observed 78Kr/83Kr ratios both are low for
samples with low Zr/Sr abundance ratios and are high for samples with high Zr/Sr
ratinos. For the 80Kr/83Kr ratios, the averages are 1.14 (+0.17) when Br is
included and 0.96 (+0.06) when Br is omitted. For the 82Kr/83Kr ratios, the
averages with and without Br contributions are 1.12 (+0.05) and 1.07 ,.0.04),
respectively. As in Hohenberg et al. (1978), the theoretical calculations seem

82

to predict too much 8OKr and ~ Kr when neutron-capture reactions with Br are

82Kr could be due to

included. The lower observed concentrations of 80y and
partial loss of neutron-capture-produced Kr at the temperatures of the lunar
surface or to leachable Br components (Reed and Jovanovic, 1971). Losses of
neutron-capture-produced Xe were observed by Hohenberg and Reynolds (1969) for
neutron-irradiated samples of meteorites. Marti et al. (1973) have pointed out
that Br(n,y) reactions are not imp..tant contributors of spallogenic 80kr and

80 d 82Kr are

szr in most lunar rocks. Generally the Br ccntributions to = Kr an
not important for rocks with simple exposure histories near the lunar surface.
To show the differences due to including or omitting Br in the calculations,
the 80Kr/eakr and 82Kr/83Kr comparisons in Fig. 4 are plotted both with and
without Br contributions.

The predictnd-to-observed 81Kr/83Kr ratios averaged 1.11 (+0.07) for the

ten well-documented samples of Table 3. The biggest spread in this comparison
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84Kr/83Kr, the average and standard

of predicted and observed ratioc is for
deviations being 1.13 * 0.34. (If the four samples with the worse agreements
are omitted, the average is 1.01 + 0.10.) The amounts of the disagreements
show no strong correlations with chemical variations, although generally the
84Kr/83Kr ratios are slightly overpredicted for samples with high Zr abundances.
Much of this spread is probably due to uncertainties in determining the cosmo-
genic components, especially in samples 1ike 68815,113 which have short expos-

d 86Kr/83Kr ratios range from 0.0064 to 0.0124, lower

ure ages. The predicte
than the 0.015 value adopted for cosmogenic Xr. However, as noted above, the
Zr(p,x)BGKr excitation function is very uncertain, especially for contributions

90Zr.

from isotopes heavier than
A study was made for the ten samples in Table 3 to see if variations in
kr/%3kr)

the ratio (mKr/83Kr) d correlated with differences

predicted/ observe
in sample chemistries, shielding depths, or exposure ages. Generally the
correlations were weak. The best correlation was the predicted-to-observed
84Kr/83Kr ratios decreasing with increasing exposure ages. Sample 68815,113
(the only one with a 2 m.y. exposure age) dominated this trend and, when this
sample was omitted in the comparison, the absolute value of the correlation co-
efficient was much smaller (-0.62), although sti11 one of the largest found in
this study. The absence of strong correlations indicates that relative pro-
duction ratios calculated for different chemistries and depths in lunar rocks
with simple exposure histories should be good.

Table 4 presents comparisons of Kr isotopic ratios for the three bulk
Tunar samples with unknown irradiation histories used by Hohenberg et al. (1978)
and for the three iimenite separates given in Table 2. For the bulk saiples of

the Apollo 11 rocks given in Table 2 but not here, the range of predicted
isotopic ratios would be similar to those for rock 10044 in Table 4. The
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d 78Kr/83

observe Kr and 80Kr/83Kr ratios are all within the ranges of the pre-

dicted ratios calculated for lunar depths of 10 and 500 g/an. A11 the observed
8ZKr/83i<r ratios are lower than the predicted range and the observed 84Kr/83l<r
ratios are higher than predictions. These trends for agreements or disagree-
ments of observed and predicted Kr isotopic ratios generally are similar to
those for the data in Table 3.

78Kr/83Kr ratios of the ilmenite separates of the three

The cosmogenic
Apollo 11 rocks presented in Table 2 were used to infer their effective shielding
depths in the moon. These depths and the predicted isotopic ratios for the bulk
samples and fImenite separates are given in Table 5 for these rocks. For Zr as

78Kr/83Kf is 0.223 at the surface, increases to about

a target, the predicted
0.26 near 10 g/cmz. is 0.223 again at a depth of about 135 g/cmz. and becomes
0.186 below 500 g/cm? (see Fig. 3). Thus for 'Skr/33r ratios above 0.223,

there are two possible depths. For rocks 10017 and 10071, their average effec-
tive depths could be near the surface or at the depths given in Table 5. Because
the 13]Xe/|ZGXe ratio increases monotonically from about 3 at the surface to
around 19 below 500 g/cm2 (Hohenberg et al., 1978), it was used to eliminate near-

126

surface exposures for rocks 10017 and 10071 (which had ]3]Xe/ Xe ratios of 8.0

and 5.8, respectively). These 131XeIIZSXe ratios are consistent with the inferred

80Kr/83Kr ratios calculated for these deeper

depths for these two rocks. The
burial depths agree with the observed iImenite ratios. The predicted total-rock
78Kr/83Kr ratios also agree with the measured values for these two rocks.

The ilmenite separate for rock 10047 implies an effective shielding depth
of 15+ 10 g/cmz. However, the measured 131Xe/lzs)(e ratio of 4 and the observed
ilmenite aokr/83kr ratio correspond to depths around 60 to 80 g/cmz. Also the
total-rock 78Kr/83Kr calculated for this shallow depth 1s 1.125 times greater

than the observed ratio, well outside any predicted-to-observed ratio from
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Table 3. The observed total-rock 78Kr/83Kr ratio for this rock implies a depth

13]xE,126

of 81 + 10 g/cmz. much more consistent with the Xe and ilmenite 80Kr/

83Kr ratios than a depth of 15 £ 10 g/cmz. We believe that this deeper depth
is probably closer to the truth, although it is possible that this rock's
history is so complex that no one effective shielding depth would be consistent
with a1l cosmogenic noble-gas ratios. In Table 5 for rock 10047, we present
predicted isotopic ratios for both depths.

For both the ilmenite separates (in which Zr is the only major target for
producing Kr isotopes) and the bulk samples, the predicted 82Kr/83Kr and 84Kr/
83Kr ratios are higher and lower, respectiv:ly, than the observed ones. The
predicted 82Kr/83Kr ratios are about 10% higher than measured, similar to the
djfferences observed in Tables 3 and 4. The predicted 84Kr/83Kr ratios are about
0.76 of the observed ones. about the same as the differences observed in Table 4,
but less than the beiter agreement for the data 1n Table 3. The rocks in Table 3

have poorly defined cosmogenic 84

Kr contents and shallow shielding depths, whereas
those in Tables 4 and 5 have better defined cosmogenic B%r contents and deeper
effective shielding depths. Thus the reason for the relatively better predicted-
to-observed agreements for 84Kr/83Kr in Table 3 and the worse predictions of this
ratio in other rocks is not clear. If the calculated and observed 84Kr/83Kr
ratios disagree more at depth than near the surface, then the shapes of the
excitation functions are wrong, havina cross sections which are too high at high
energies and/or tou low at low energies. As mentioned above, the samples compared
in Table 3 had relatively short exposure ages, and too much trapped aid/or
fission-produced 84Kr could have been renoved in determining their spalloqenic

84Kr' component.
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Summary and Conclusions

Theoretical cosmic-ray production rates and isotopic ratios for Kr have
been compared with those determined from lunar-sample measurements to delineate
areas of agreement and disagreement and to define areas where future work is
most appropriate. Since the calculations and comparisons presented in Hohenberg
et al. (1978) were made, additional! xcitation functions for Kr production
became available and Kr in ilmenite separates from several Apollo 11 rocks has
been analyzed. However, there is a need for additional cross-section measure-
ments and for more cosmogenic-noble-gas and target-element-abundance measurements
on a variety of lunar rocks and mineral separates.

In general, the agreements of calculated and observed production rates and
ratios were quite good; differences seldom exceeded 20%4. There was considerable

scatter in calculated-to-ohserved 83

Kr production rates, possibly due in part to
poorly known abundances for the target elements. The very good agreements for
Lthe 78Kr/83Kr ratios in samples with different shielding depths and a variety
of chemical abundances gives us confidence that the predictive systematics are
good enough for use in unfolding the records of samples with complex exposure

83

histories (e.g., Eugster et al., 1979). The observed 78Kr/ ‘«r ratios of bulk

samples and ilmerite separates for three Apollo 11 rocks were used to determine
effective shielding depths that are in accord with other noble-gas isotopic

d 82

ratios. The 80Kr/83Kr an Kr/83Kr ratios suggest that much of the Br(n,y)-

produced Kr in Tunar rocks is lost and thus such Br contributions are less than

calculated. The &0

Kr/83Kr ratios calculated without Br contributions agree
well with observed ratios. The predicted mKr/83Kr and szr/83kr ratios tended
to be about 10% greater than the ohserved ratios. There are no indications

from these comparisons of any serious errors in the systematics used to
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determine 81Kr-83kr exposure ages. There was a considerable spread in the cal-
culated-to-observed cosmogenic 84Kr/B3Kr ratios, probably due to uncertaintias
in correcting for trapped or fission components of 84Kr and/or in the excitation

84Kr- production. A1l five target elements (Br, Rb, Sr, Y, and Zr)

functions for
can make significant contributions to at least several Kr isotopes. Production
by solar cosmic rays and effects of erosion are important for samples which

were within a few g/cm2 of the lunar surface.

78Kr, 80Kr, and 84Kr are

While the predictive systematics, especially for
better than those of Hohenberg et al. (1973), there is room for improvement.
Experimental excitation functions at all energies for the Sr(p,x)Kr and Zr{p,x)Kr
reactions probably would make the calculated production rates agree better with
observations. Some cross sections measured with incident neutrons might help
improve the theoretica! rates for the production of the heavier Kr isotopes by
low-energy GCR secondary particles. The observational data base could be
expanded by additional measurements on well-documented samples and on mineral
separates. Better chemical abundan:ce data are needed for samples used in
noble-gas analyses. The excitation functions for the production ot Kr {sotopes
now are more than adequate for predicting Kr systematics in meteorites using
flux models such as those of Reedy et al. (1979). The Kr predictive produc-
tion systematics are good enough that they should be used along with those for

Xe (Hohenberg et al., 1978) in studies of lunar samples with complex exposure

histories.
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TABLE 1. Predicted Cosmogen‘c Froduction Rate ' for Krypton Isotcpes in the Moon, in urits of atoms/min/kg(element).

M Rb Sr Y Ir Br M Rb Sr Y Ir gr
Surface 40 g/cm2 Shielding
78 6.4+7.5 12.6+4.2 28.9+4.8  20.4+4.3 0 78 7.7 1.e 22.6 18.7 0
80 74.5+ 261  34.9 +12.1 57.2+15.7 44.7 +10.2 510 2 971 3.0 5401 42.1 29500
81 66.8+232 44.1 +35.8 65.2+43.9 51.3 + 23.3 0 81 89.6 43.4 £6.0 1.7 0
82 122+98  52.8+67.4 81.5+118  61.2+47.9 2470 82 189 60.6 90.6 §5.0 12800
8 98.8+1302 4.5+ 161  96.9 + 67.0  72.0 + 38.9 0 83 177 81.0 104 75.8 0
84 163+ 1681 30.6 +135  22.9+36.7 19.8 + 8.7 0 84 252 39.4 24.0 18.9 0
86  9.3+30.1 0.92+1.63 .070+.003 0.4) +0.53 0 86 1.1 0.93 052 0.44 0
1 gjen” Shielding - 65 g/’ Shielding
78 6.5+4.7 12.7+2.9  25.0+3.5  20.5+ 3.1 0 78 7. 9.9 19.2 15.9 0
80 75.6+115 35.0+84 57.3+11.2 44.8+7.4 6400 80 91.5 2005  ° 46.6 36.1 42400
81 67.9+104 44.4+23.2 65.5+26.0 5.5+ 16.0 0 81  84.9 43.4 58.1 45.3 0
82 125+343 53.3+33.4 B2.2+61.6 61.7+30.5 2770 82 13 55.0 82.0 57.9 18400
83 102+414  65.4+73.9 07.6+44.2 725 + 26.6 0 83 178 75.2 93.0 67.2 0
84 167 +423  31.1+52.5 23.0+18.0 19.9+6.3 0 84 247 37.2 21.5 16.4 0
86  1.4+11.9 0.92+0.71 .070 +.002 0.41 + 0.31 0 8 10.3 0.83 .042 0.40 0
2 g/cr® Shielding 100 g/er? Shielding
78 6.6+3.5 12.7+2.2 25.0+2.8  20.5+2.5 0 73 5.8 7.7 14.7 12.3 0.
80 76.8+74.4 35.2+6.6 57.5+8.9 450+6.0 7089 80 77.4 23.1 3.1 28.0 53300
81 60.1+68.9 44.8+17.6 65.9+19.1  51.8 + 12.5 0 a1 72.1 35.1 a5.1 35.8 0
82 128 + 206  53.9+28.5 B82.0 +43.0 62.1+22.9 3069 82 163 45.0 66.8 46.5 23100
83 105+ 234  66.4+48.9 98.4 +33.8  73.1 + 20.7 0 83 160 62.6 74.6 53.5 0
3 1M +237 3N.5+132.7 23.2+12.0 19.9+4.8 0 84 217 1.6 17.4 12.8 0
8  9.54+7.6  0.93 +0.46 .069 + .002 0.4] + 0.22 0 8  B.6 0.67 .031 0.33 0
5 g/crl Shielding 150 g/cme Shielding
78 6.9+1.9 12.7+1.3 25.1+1.8  20.6+1.5 0 8 4.3 5.4 10.1 3.5 0
80 80.7+32.6 35.6+3.9 53.1+5.4 45.4+3.7 9180 80 60.3 16.3 25.2 19.4 529€0
81 73.0+31.1 46.1+09.6  67.1 +10.3 52.8+ 7.3 0 81 56.4 25.7 3301 256
82 138 +79.5 55.8 + 14.5 85.4 + 21.0 53.6 + 12.4 3970 82 132 33.6 29,7 33.9 22900
83 116 +81.2 69.6 +22.3 101 +18.9 74.8 + 12.0 0 83 133 47.8 54.4 8.6 0
84 183 +86.0 33.0+13.4 23.6+54  20.1+2.6 0 84 176 2.7 12.9 9.1 0
86 9.9+3.2  0.94+0.20 .067 +.001 0.42 + 0.11 0 86 6.6 0.49 .020 9.24 0
" 13 g/enf Shielding : 225 gfemt Shielding
7 7.3+0.9 12.8+0.7 25.2+1.0  20.7 +0.9 2 78 2.85 3.23 5.9 5.0
80 86.5+13.6 36.2+2.1 58.7+2.9  45.9+2.1 12650 80 41.9 9.8 15.0 .5 24500
81 78.7+13.3 47.6+4.8  66.6+5.1  54.0+ 3.8 0 81 39.2 16.4 2006 15.7 0
82 153+20.8 53.4+6.7 83.8+9.5 657 +6.0 5480 B2 97.0 21.9 32.5 21.5 19300
83 132 +28.1 75.2+9.7 05 +9.5  77.2 +6.2 0 83 101 32.1 3.4 24.1 0
84  203+31.8 35.3+453 28.3+2.3 20.3+1.3 0 84 130 17.3 B.4 5.6 0
3 10.4+71.3  0.05+0.08 .065+.001 0.44 + 0.05 0 8 4.5 0.32 .01 0.16 0
20 g/ent Shielding 500 g/enC Shielding
78 77403 12.6+0.3 24.8+0.8  20.5+0.4 0 7B 0.4 0.40 0.69 0.59 0
80 94.1+4.3 36.5+0.8 58.6+1.2 45.8+0.9 18100 80 6.78 1.23 1.84 1.38 6160
81 B86.2+4.2 49.8+1.7 69.8+1.9 54.8+1.5 0 81  6.35 2.29 2.75 2.04 0
82 174+8.5 61.4+2.3 92.6+3.3 67.64+2.2 7840 82 17.1 3.20 4.75 2.98 2670
83 156+7.3  79.8 + 3.3 108 +3.5  79.3+2.4 0 83  18.5 4.92 4.69 3.18 0
84 231 +9.0 38.3+1.6 24.9+0.8 20.3+0.5 0 g4 22,9 2.87 1.24 0.73 0
8 11.1+0.4 0.98 +0.03 .06 +.000 0.46 + 0.02 0 8 0.72 048 .001 .024 0

“I_’he first colum, M, is the mass of the Kr isotope. Rates are for tpallation reactions induced by GCR particles. Second entries

“=-1loa depths ar2 wit:: [ p rer~vinac 2y c5lan ©.oreane=0 o . “tions.
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Table 2. 1Isotopic Composition and Concentration of Bulk and Spallogenic Krypton
in Total Samples and Ilmenite Separates for Several Apollo 11 Rocks.

83 conc.
78 80 81 82 83 84 86 12 3
X10 ™ cm'STP/g
10017,56 TR (a) 16.64 47..  0.0385 75.8 = 100 58.2 6.38 950 + 140
.21 .5 .0019 4 .5 .10
same - spall. 17.C9 48.8  0.0398 75.0 =100 43.6 = 1.53 920
.21 .5 .0019 4 1.0 .10
10017,56 Ilmenite (b) 20.57 48.4 0.040 78.6 = 100 64.1 13.38 310 + 150
.41 1.3 .005 .6 .5 .40
same - spall. 22.1 50.9 0.043 76.8 = 100 27.4 = 1.5 747
.5 1.4 .005 .3 1.0
10047,40 (a) 18.42 49.5 0.202 77.4 = 100 67.2 9.27 160 + 25
.22 .4 .009 .4 .5 .20
same - spall. 19.24 51.1 0.213 76.2 = 100 43.9 = 1.55 152
.23 4 .009 4 1.0 .20
10047,4C ITmenite (b) 16.80 40.2 0.136 87.0 =100 212.5 60.4 240 + 40
.25 .5 .010 1.3 1.4 1.0
same - spall. 25.7 53.5 0.224 78.6 = 100 31.3 = 1.5 146
.4 .8 .017 2.1 2.3
10071 .R (c)
Ave. spall. 18.97 51.4 0.052 76.5 = 100 41.7 = 1.5 926
.25 .5 .002 .5 1.1
10071 Iimenite (c) 22.7 53.9 0.055 76.2 = 100 32.9 = 1.5 646
spall. 1.1 3.0 .007 4.1 2.4
10071 Feldspar (c) 17.15 49.3 0.052 75.4 = 100 50.0 = 1.5 1520
ave. spall. .25 .6 .006 g 4.0

(a) Marti et al. (1970)
(b) La Jolla data, this work.
(c) Data from Eberhardt et al. (1974).
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Table 3. Comparisons of Observed and Pradicted Cosmogenic Kr in Lunar Rocks
with Known Exposure Histories(a).
Sample
Shielding Target ”Krc (measured) .
Depth Chemistry saKrc (predictedjrb) Cosmogenic rati?z g;aKrEIOO)Id -
Exrosure Age (ppm) (x10"12em’STP/g m.y.) Observed Predicced Predicted
78 23.4 ( 2) 23.0 E 5) 23.1 ( 5)
80 53.0 ( 4) 57.7 ( 8) 57.5 ( 8)
14066,21,..01 6.19 Rb 3.58 (20) 54.5 ( 6) 54.6 ( 6)
2 180 Sr 81 0.70( 1) 0.73( 1) 0.73( 1)
10 g/cm 115 Y 1.46 82 77.6 ( 8) 86.0 ( 5) 86.0 ( 4)
550 Zr [1.47] 84.6 ( 4) 84.7 ( 4)
27.8 m.y. 0.163 Br 84 24.0 (10) 31.5 (11) 31.6 (11)
86 =1.5 0.71( 4) 0.72( 4)
7" 23.1 ( 4) 23.4 2 4) 23.5 ( 5)
80 52.6 ( 7) 57.7 ( 5) £7.6 ( 4)
14066,31,1 26 Rb 3.55 (20) : 55.6 ( 4) 55.8 ( 4)
9 150 Sr 81 0.7¢{ 3) 0.74( 1) 0.74( 1)
10 g/cm 200 Y 2.31 82 76.7 (14) 86.9 ( 4) 86.9 i 4)
950 Zr 12.32] 86.0 ( 3) 86.2 ( 3)
27.7 m.y. 0.168 Br 84 25.0 (36) 32.0 i14; 32.0 213)
86 =1.5 0.79( 6 0.79( 6)
78 26.4 215) 23.2 ( 5) 23.0 ( 5)
80 55.6 (36) 57.7 { 6) 56.8 ( 6)
14306,26L 32 Rb 2.31 (35) 55.3 ( 5) 54.8 ( 5)
2 230 Sr 81 0.73( 7) 0.82( 1) 0.80( 1)
7 g/cm 148 Y 2.71 82 85.4 (52) 87.2 ( 4) 87.5 { 4)
1150 Zr [2.77] 8€.1 ( 3) 86.6 ( 4)
25.4 m.y. 0.27 Br 84 31.8 (74) 33.5 (16) 33.9 (16)
86 =1.5 0.87( 7) 0.89( 7)
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78 21.28 { 7) 21.3-21.6( 6) 18.1-19.7( 7)
30 56.6 (i10) 61.0-62.5(25) 48.2-52.8(16)
67015,14 3.0 Rb 1.21 (18) 51.4-52.1( 8) 44.0-47.5(12)
2 150 Sr 8! 0.38{ 3) 0.45-0.43( 1) 0.35-0.37( 1)
1-2 g/cm 87 Y 0.93-0.91 82 78.4 ( 9) 88.7-88.9(13) 87.4-87.9(15)
260 Ir [1.18-1.06] 84.5-84.45 7; 85.5-85.7515)
51.1 m.y. 0.4 Br 84 35.7 (15) 34.5-33.9(15) 40.7-37.5(19)
86 =1.5 0.75-0.74( 5) 0.83-0.79( 5)
78 15.0 ( 6) 15.8-16.2( 2) 13.4-16.6( 2)
80 50.8 (11) 70.3-84.7(99) 49.3-75.6(64)
67075,8 0.67 Rb 0.53 (8) 44.4-46.0( ?) 37.4-46.6( 3)
2 127 Sr 81 9.37( 4) 0.42-0.3s( 1) 0.33-0.38( 1)
2-10 g/cm 1.4Y 0.24-0.22 82 75.1 (16) 88.5-94.7(44) 78.2-91.2(2S)
7.6 Ir [0.31-0.23] 77.3-77.9( 3) 73.0-78.6( 3)
50.2 m.y. 0.265 Br 84 52.9 (65) 49.3-47.5( 4) 54.9-47.7' 4)
86 =1.5 1.24-1.23( 1) 1.22-1.25( 1)
78 25.0 ( 1) 23.0 ( 4) 23.2 ( 4)
_ 80 57.6 ( 2) 59.9 (12) 59.7 (1)
14321,92,FM-3D 15.7 Rb 1.96 (29) 50.7 ( 6) 51.0 ( 6)
2 188 Sr 81 0.70( 2) 0.82( 1) 0.81( 1)
18 g/cm 216 Y 2.25 82 81.2 ( 3) 87.2 ( 6) 87.1 ( 6)
"00 Zr [2.27] 84.1 ( 7) 34.2 ( 7)
25 m.y. 0.317 Br 84 34.8 ( 6) 30.7 (11) 30.7 (1)
86 =1.5 0.70( 5) 0.70( 5)

35ee Hohenberg et al. {1978) for sources of chemical and Kr data. Quantities in parentheses are uncertainties
of last digit(s), e.g., 3.58 {20) is 3.58 + 0.20. Uncertainties for the predicted ratios are those from 20%
uncertainties in elemental abundances. For rocks 67015 and 67075, results for two depths are given.

Predicted rates are with 0.3 g/cmz/m.y. and, in [], no erosion. Uncertainties are +20% for predicted raves.
Ccalculated assuming an erosion rate of 0.3 g/cmzlm.y.
dCa1cu1ated assuming no erosion.

®Lower set of rates for 8OKr and 82Kr are predicted assuming no Br.
f

b

Same as for no erosion.
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Comparisons of Gbserved and Predicted Isotopic Ratios )
of Cosmogenic Kr in Lunar Rocks with Unknown Irradiation H1'stor'1es.(a

Cosmogenic Ratios (83Kr;100)

Sample Target 5
Chemistry Predicted
80y 78y (ppm) Observed  —ggremz 500 g/cn
78 17.5( 2) 21.5( 6) 12.9( 6)
12021,61 1.2 Rb 80 50.7( 5) 53.6( 7) 44.2(27)
100 Sr 52.6( 7) 34 2(1)
50 Y 82 76.2( 4) 83.8( 5) 87.0(24)
115  Zr 83.4( 5) 82.7(20)
0.09 0.018 Br 84 49,9(44) 34.2(14) 41.3(22)
86 =1.5 0.75( 5) 0.75( 4,
78 16.7( 1) 20.6§ 6) 11.9 6;
15475,135 0.73 Rb 80 49.7( 4) 65.8(36) 175(36
117 Sr 51.4( 8) 32.2(N
29 Y 82 75.6( &) 83.5(17) 141(16
0.13 82 1Ir 82.2( 6 78.4(20)
0.235 Br 84 54.8( 5) 36.8(16 45.0(23
86 =1.5 0.85( 5) 0.81( 3
78 18.3! 5) 22.9( 5) 14.4( 5)
10044 ,20 5.64 Rb 80 48.6°10) 58.2( 9) 79.3(98)
167 Sr 54.4( 5 37.3( 9)
167 Y 82 78.7( 5) 86.42 5 106.3(45
460 Zr 84.8( 3 88.1(15
1.07 0.216 bBr 84 40.2( 5) 31.1211; 36.2(20
8 =1.5 0.66( 5 0.72( 4
78  22.1-25.7 25.9 18.5
80 50.9-53.9 57.6 43.2
Ilmenite ~2000 Zr
() 82 76.2-78.6 86.0 93.7
o
84 27.4-32.9 25.9 22.8
86 =1.5 0.59 0.74

ASee Hohenberg et al. (1978) for sources of chemical and Kr isotopic data
for first three sampies. Quantities in parentheses are uncertainties of
last digit(s), e.qg. 17.5(2) 1s 17.5 + 0.2. Uncertainties for the predicted
ratios are those from 205 uncertainties in elemental abundances.

Lower set of notes for BOKr and 8ZKr are predicted assuming no Br.

cRanges of observed cosmogenic ratios are given for the three ilmenite
separates of Table 2.

b



Table 5. Comparisons of Observed and Predicted Isotopic Ratios of Cosmogenic Kr
in Bulk Samples and I1menite Separates of Apollo 11 Rocks with Effective
Shielding Depths Inferred fron Observed '8kr/33%r Ratios (3),

Cosmogenic Ratios (83Kr510917

Sample Target
Effective Chemistry Total Rock Ilmenite Separate
Shielding Depth (ppm) Observed Predicted\P’ Observed Predicted
78 17.1( 2) 18.4 { 6) 22.1( 5) =22.1
5.6 Rb 80 48.8( 5) 5§7.2 (27) 50.9(14) 50.7
10017 ,56 167 Sr 45.9 ( 9)
2 160 Y 82 75.0( 4) 89.7 (16) 15.8( 8) 87.7
142 + 20 g/cm 430 2r 84.8 ( 8)
0.077 Br 84 43.6(10) 32.5 (15) 27.4(10) 23.6
(c,d) 86 =1.5 0.67( 4) =].5 0.62 -
78 19.27 2) =19.2 ( 6) [21.6 ( 4)) 25.7( 4) 23.4 [=25.7]
1.1 Rb 80 51.1¢ 4) 58.8 (27) [55.8 (26)] 53.5( 8) 53.2[ 57.3]
1u047,40 209 Sr 47.6 ( 8) [53.0 (13)]
13§ Y 82 76.2( 4) 87.6 (14) [84.6 ( 8)] 78.6(21) 86.5[ 85.7]
81 + 10 g/c 334 1ZIr 82.8 ( 8) [83.4 (12)]
[15 + 10 g/en"] 0.11 Br 84 43.9(10) 32.5 (15) [31.9 (14)] 31.3(23) 24.2 [ 25.7]
(d) 86 =1.5 0.64( 4) [ 0.66( 2)] =1.5 0.6 0.6]
78 19.0( 3) 19.2 (11) 22.7(11) =22.7
5.9 Rb 80 51.4( 5) 55.8 (10) 53.9(30) 51.9
10071 165 Sr 47.4 (25) -
2 160 Y 82 76.5( 5) 88.3 (20) 76.2(41) 87.1
113 + 50 g/cm 450 1Ir 84.7 f 4) -—--
0.07 Br 84 41.7(11) 31.9 ( 5) 32.9(24) 23.9
(c,e) 86 =1.5 0.66( 1) =1.5 0.61




Table 5, cont.

qQuantities in parentheses are uncert2inties of last digit(s), e.q., 17.1(2) is 17.1 + 0.2. Uncertainties for
predicted total-rock ratios are be on 20% uncertainties in elemental abundances. Uncertainties in inferred

shielding depths arz from uncertai....es in observed 7%Kr/®3Kr ratios.

Bpredicted ratios were calculated assuming no erosion. Lower set of ratios for °°Kr and °2Kr was calculated
assuming no Br. The quantities in [] for 10047 are for a different shielding depth (see text).

CCast et al. (1970).
dCompston et al. (1970), Maxwell et al. (1970), and Reed and Jovanovic (1970).

€Annel1 and Helz (1970) and Goles et al. (1970). Thkc Br concentration is that for 10072 of Reed and
Jovanuvic (1970).

-62-
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FIGURE CAPTIONS

Fig. 1. The curves are the excitation functions used here for the production

Fig.

Fig.

of 18 80

Kr, = Kr, 8.IKr', and 82Kr from targets of rubidium, stre.otium, yttrium,
and zirccnium by energetic cosmic-ray particles. The circles are the
measured Sr cross sections of Funk et al. (1967) at 0.73 GeV and the
crosses are the experimental Y cross sections of Regnier (1979) at 0.08,
0.15, 1.05, and 24 GeV. (The cross sections measured for Y at 24 GeV are
shown at an energy of 10 GeV.) The major reaction channels are identified.
2. The curves are the excitation functions used here for the production
of 83Kr. 84Kr. 85Kr. and 86Kr from targets of rubidium, strontium, yttrium,
and zirconium by energetic cosmic-ray particles. The circles are the
measured Sr cross sections of Funk et al. (1967) at 0.73 GeV and the
crosses are the experimental Y cross sections of Regnier (1979) at 0.08,
0.15, 1.05, and 24 GeV. (The cross sections measured for Y at 24 GeV are

shown at an energy of 10 GeV.) The major reaction channels are identified.

. 3. The calculated production ratio 78Kr/83Kr as a function of depth in

the moon for each of the four main target elements. The changes in these
ratios near the surfaceare caused by solar-proton reactions. The lowering
of these ratios with increasing depths reflects changes in the spectral
shape of GCR particies with greater depths (there being relatively more
low-energy particles) and the differences in the excitation functions for
the reactions producing these two isotopes.

4. A comparison of the predicted and observed cosmic-ray-produced Kr
1sotopes for all samples in Table 3. Rp is the predicted and Ro 1s the

observed ratio of each isotope relative to aaKr.

The points connected by
1ines and the two boxes represent the range of values for the two depths
used for 67015 and 57075. For aOKr and azkr. the left column includes the

Br(n,y) contribution; the right columnr does not.
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