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Introduction:  To get cosmic-ray exposure ages of 

meteorites from measured concentrations of cosmic-
ray-produced (“cosmogenic”) noble-gas isotopes, 
production rates for those isotopes are needed.  The 
best production rates take into consideration the 
composition of the meteorite and the “shielding” of the 
sample (the pre-atmospheric size and shape of the 
meteoroid and the sample’s location in the meteoroid).   

 For ordinary chondrites, there have been many sets 
of measurements to establish production systematics.  
The 22Ne/21Ne is often used to help to get shielding-
dependent production rates. We report here numerical 
simulations for the production of isotopes of the light 
noble gases He, Ne, and Ar in both basaltic and 
cumulate eucrites for several sizes.   

Calculations:  The numerical simulations were 
done using the recently-developed code MCNPX 
(Monte Carlo N-Particle eXtended) to calculate 
particle fluxes and with existing cross sections for the 
nuclear reactions making noble-gas isotopes, in the 
manner often done previously [e.g., 1,2]. 

MCNPX-calculated particle fluxes.  The 
interactions of incident galactic-cosmic-ray (GCR) 
particles with eucrites in space were numerically 
simulated.  The MCNPX code was used to calculate 
the fluxes of neutrons and protons in the irradiated 
object.  Neutrons are the dominant particle for making 
cosmogenic nuclides for most nuclides in most 
extraterrestrial matter, and some neutron fluxes 
calculated by MCNPX were presented in [3].   

We used version 2.4.k of the MCNPX code and the 
CEM (Cascade-Exciton-Model) option for nuclear 
interactions.  Our use of this code for cosmogenic 
nuclides has been tested using the L-chondrite 
Knyahinya [4] and radionuclides in the Apollo 15 deep 
drill core.  An earlier version of this code, the LAHET 
Code System (LCS), has been extensively used for 
many studies of cosmogenic nuclides, including 
Knyahinya [cf., 2]. 

Neutron and proton fluxes were calculated for 
concentric layers in spherical eucrites with radii of 10, 
25, 50, 100, and 200 cm for basaltic eucrites and 25 
and 100 cm for cumulate eucrites.  The incident 
spectrum of GCR particles was the same used for 
many previous numerical simulations using LCS and 
MCNPX [e.g., 1-4].  The statistical uncertainties in our 
calculated particle fluxes were ~2%. 

Composition.  We adopted averaged compositions 
for both basaltic and cumulate eucrites [D. Bogard, 
priv. comm.].  Key differences in their elemental 
compositions (in weight fractions) between basaltic 
and cumulate, respectively, eucrites include Mg (0.040 
and 0.069), which is a very important target for neon 
isotopes, and Ca (0.074 and 0.066) and Fe (0.148 and 
0.0124), important for making argon isotopes.  The 
density adopted for eucrites was 3.0 g/cm3.   

Cross Sections.  The cross sections for neutrons 
and protons making noble-gas isotopes are those that 
had been used frequently [e.g., 1,2,5] based on 
measured or evaluated cross sections.  While 
occasionally old, they work fairly well in many cases 
and are very suitable for the present set of calculations.   

Results:  Measurements of cosmogenic noble-gas 
isotopes are for eucrites whose pre-atmospheric sizes 
are not known and from unknown locations in the 
meteorites. With uncertain corrections for shielding, 
the exposure ages determined for eucrites are not well 
known. Thus, to test our calculated production rates, 
we plotted one isotopic ratio versus another ratio, as 
shown in Figures 1 and 2 for 22Ne/21Ne versus 
3He/21Ne and versus 36Ar/38Ar, respectively. Because 
36Ar measurements were not available for Knyahinya, 
we used the 38Ar results [cf., 4] to obtain the effective 
proton flux of 36Ar. The 22Ne/21Ne ratios for basaltic 
eucrites are higher than those for cumulate eucrites, 
and both have higher ratios than typical ordinary 
chondrites. All measured ratios [6-12] in Fig. 1 are 
generally consistent with our calculated ratios. 
Corrections for trapped argon are important enough 
that we did not plot any measurements in Fig. 2.   

The calculated production rates for 21Ne and 38Ar 
are shown as a function of depth in basaltic eucrites of 
various radii in Figures 3 and 4, respectively.  These 
calculated profiles are similar in shape to those for 
most cosmogenic nuclides.  

Discussion:  The production rates of the light 
noble-gas isotopes of He, Ne, and Ar were calculated 
as a function of in depth in basaltic and cumulate 
eucrites with several radii. Their general behavior is 
similar to that in chondrites, although rates and ratios, 
such as 22Ne/21Ne, are often different, due to the 
differences in composition.  As seen in Figs. 3 and 4, 
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the production rates for 21Ne and 38Ar vary with the 
eucrite’s composition.  

Work is needed to check the cross sections used for 
these noble-gas isotopes, because errors in the 
estimated cross sections could be the source of some of 
the discrepancies between the measurements and our 
calculations.   
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Fig. 1.  Calculated and measured 22Ne/21Ne ratios 
versus 3He/21Ne ratios in eucrites. The calculations are 
for 5 basaltic radii and 2 cumulate radii.  
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Fig. 2.  Calculated and measured 22Ne/21Ne ratios 
versus 36Ar/38Ar ratios in eucrites. The calculations 
are for 5 basaltic radii and 2 cumulate radii.  
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Figs. 3 and 4.  Calculated production rate profiles of 

21Ne and 38Ar in basaltic eucrites with 5 radii and 
cumulate eucrites with radii of 25 and 100 cm. 
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