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Introduction:  A limitation of using 5730 year 14C for 
terrestrial ages is that shielding corrections may be 
required if the original meteoroid was very large or 
small.  One way to make these depth estimates is by 
22Ne/21Ne ratios [1,2].  An excellent method is to use 
the production rate of the more long-lived radionuclide 
1.5 Myr 10Be to normalize the 14C production rate. 
Since both of these radionuclides are produced by 
spallation reactions on oxygen, their production ratio 
in meteorites has been assumed to be constant. The 
assumption is that the exposure age of the meteorite is 
sufficiently long to saturate 10Be and that the 14C/10Be 
production ratio is reasonably constant. In the past, we 
have taken the production ratio 14C/10Be to be 2.5±0.1 
[3,4,5,6], based on a few irradiation experiments [7] as 
well as observations of the 14C/10Be in recently-fallen 
meteorites.  
     The utility of the 14C-10Be method was 
demonstrated for the large fall of the Gold Basin 
(Arizona) meteorites [3] and for Frontier Mountain 
(Antarctica) meteorites [4].   More recently, we have 
expanded these studies to other meteorites [5-6]. This 
potentially allows correction of shielding effects, 
which might affect 14C terrestrial age measurements 
[6].   
     Samples from the large Gold Basin L4 find [4] plot 
along a line of 14C vs. 10Be going through the origin, 
which is consistent with samples from the same object 
but varying amounts of shielding.  Western Australian 
meteorites [6] generally show lower shielding and 
higher 10Be production in the range 13-18 dpm/kg 
10Be.  Only one sample (Mundrabilla 005) plots to the 
right of the production-rate line, which indicates 
saturated 14C but low 10Be.  This should be consistent 
with a short exposure age and undersaturation of 10Be 
for this meteorite. 

Recently, it has become apparent that there may be 
other meteorites where the 14C/10Be is not as well 
constrained.  We have therefore undertaken a new set 
of modeling studies using the MCNPX code system to 
model the dependent of 14C and 10Be production as a 
function of depth and size of the meteoroid. 

Calculations: The recently-developed computer 
code MCNPX (Monte Carlo N Particle eXtended) was 
used to numerically simulate the interaction of 
galactic-cosmic-ray (GCR) particles with meteoroids 
in space.  Details on this type of application of 
MCNPX are described in [8].  Initial work with 

MCNPX for production rates of cosmogenic 
radionuclides in the L-chondrite Knyahinya as a 
function of pre-atmospheric depth agreed well with 
measurements [9] although the values used to 
normalize to the effective intensity of the GCR protons 
varied slightly among the radionuclides.  

We used the CEM (Cascade-Exciton Model) option 
of MCNPX.  This model provides new approximations 
for the elementary cross sections, which are used in the 
intranuclear cascade for high-energy particles, using 
more precise values for nuclear masses and paring 
energies, and corrected systematics for the level-
density parameters. 

   Equal depth intervals for 86 concentric surfaces 
were used for each set of calculations for radius of 10, 
25, 50, 75, 100, 200, 500, or 1000 cm.  The L-
chondrite bulk composition with a density of 3.7 g/cm3 
was used to obtain neutron and proton fluxes as a 
function of depth.  An average spectrum of incident 
GCR protons was used [8]. The effective fluxes for 
10Be and 10C determined for Knyahinya were used to 
generate absolute production rates for spallogenic 10Be 
and 14C. The effective proton flux of 10Be and 14C was 
used as 5.0 and 4.20 p/cm2/s, respectively. 10Be 
measured data for Knyahinya at deeper depths seems 
relatively higher than the expected model predicts. We 
used the low 10Be measure data at deeper depths to 
obtain the effective flux of 10Be.  
    Calculation results:  The production ratios for 
14C/10Be in the bulk composition as a function of the 
10Be production rate are shown in Figure 1 for pre-
atmospheric radii  of 10 to 1000 cm (37 to 3700 
g/cm2), along with some measured points from [10].  
These calculated ratios range from ~1.2 at the surface 
of small meteoroids to ~3.0 for deep samples in larger 
meteoroids.  Most of the ratios ranged from 1.8 to 3.0 
and include the measured ratios of 2.5±0.1 adopted by 
[6].  However, meteoroids with pre-atmospheric radii 
of ~25-100 cm, the most common size for chondrites, 
scatter around 2.5 but with a spread greater than 0.1.  
Our calculations indicate that using the 14C/10Be ratio 
to get a rate for 14C would yield slightly high values for 
cases of low shielding (near surface locations or very 
small pre-atmospheric size) and slightly lower values 
for very large radii. Two distinctive groups of 
Knyahinya in the graph could be due to the relatively 
high 10Be measured data at deeper depths [11].   Also, 
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the larger scatter of some of the low-10Be data may be 
attributable to an underestimate of analytical errors. 

Conclusions:  The production rates and ratios 
obtained using MCNPX-calculated particle fluxes and 
cross sections for 14C/10Be in bulk chondrites usually 
were consistent with reported trends.  

Our calculations for the production of cosmogenic 
radionuclides in the bulk or non-magnetic phase of the 
Knyahinya L-chondrite agreed well with the 
measurements. However, for more reliable model 
calculations, work on improved cross sections is 
needed using existing meteorite data, measurements 
from experimental simulations with thick targets and 
especially using cross sections measured with 
energetic neutrons [12].  

With well-tested cross sections for making these 
radionuclides, calculations like those reported here will 
be useful to confirm the use of production ratios to get 
terrestrial ages and to suggest additional ratios to 
optimize calculations of terrestrial and exposure ages.  

The measurements from a depth profile in lunar 
rock 74275 [14] show a very different trend that is 
caused by production of radionuclides by solar 
protons.  Solar protons readily make 14C but make very 
little 10Be.  Thus, points above the curves could be 
caused by the sample having recently been exposed to 
solar protons. 
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Figure 1.  The calculated 14C/10Be ratio is shown as a 
function of the calculated 10Be production rate for bulk 
material.  The curves are from the pre-atmospheric 
surface (lower ratios) to the center for 8 radii of L-
chondrites ranging from 10 to 1000 cm.  Also shown 
are points based on some measurements for Gold 
Basin [4], Omani meteorites [5], Western Australian 
meteorites [6], Knyahinya [10], Dar al Gani 322 [13], 
and lunar rock 74275 [14].  The point labeled UA1172 
is the White Elephant (L4) find at Gold Basin.   
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