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The exposure of lunar samples to low energy neutrons produced by cosmic 
rays has been measured by the isotopic composition of Gd and Sm. These data 
have been used to establish the stratigraphic history of the regolith, imply 
regolith thickness and determine the energy dependence of the neutron flux. 

Because the 157~d capture cross section is dominated by a resonance 
near 0.03eV while 149~m has a large resonance near 0 .lev, differences in the 
neutron energy spectrum in the sub-eV region are reflected by the ratio of 
the average cross sections, (u), for 149~m and 157~d where the avera e is 
carried out over the total energy spectrum. The ratio (1490)/(157~5 is equal 
to an experimentally determinable ratio defined as cSm/cGd [I]. In fig . 1 
cSm/ftd has been plotted against the 
effec lve neutron absorption cross section, 
Ceff, of the samples. The variation of 
cSm/cGd with Ceff is qualitatively similar 
to that predicted from the theoretical 

0.8 
neutron energy spectrum of Lingenfelter, 
et. d. [21, but in all cases the measured 
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F ~ ~ / F ~ ~  ratios are higher than predicted, 
which implies a harder energy spectrum. .o ROCK SOIL 

The Apollo 16 samples all have similar d + o A-11 
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fSrn/fGd values (0.60-0.64) which are lower 2 / SPECTRUM O A - 1 4  

than those observed in samples from five 0.4 

other sites. This reflects the lower 
concentration of neutron absorbers (e.g., 
Fe, Ti, and REE) in the Apollo 16 samples. 0.2 

Neutron fluences (n/cm2) can be calcu- 
lated from 158~d/157~d ratios. In the 
Apollo 16 drill stem samples, this ratio is 
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as much as 1.9% higher than the terrestrial o 
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value. All of the Apollo 16 samples mea- Z E F F ( W - ' C ~ ~  9-'1 FIG . 1 
sured have larger neutron fluences than any previous1 measured by this 
technique. Using an average cross section of 1 .08x103 barns (E< 0.18eV) for 
the Apollo 16 soils, the neutron fluences of these samples are calculated to 
range from 6 x 1 0 ~ ~  to lx10~~n/cm~. The high fluences of the Apollo 16 soils 
result from the high neutron flux in these absorber-poor soils rather than 
longer exposure times. This demonstrates the importance of considering 
chemical variations in calculating relative exposures. The fluences of 
surface soils from the first five Apollo sites vary from 2 x 1 0 ~ ~  to 
6 ~ 1 0 ~ ~ n / c m ~ .  However, when the chemical dependence of the 157~d cross sec- 
tion and the neutron flux, and the ages of the sites are taken into account, 
the mixing depths required to explain the measured fluences fall in the 

3 range of 1.8-3 .Ox10 g/cm2 (10-17m for a density of 1.75g/cm3). The Luna 16 G 
soil gives a lower value of 1.3~103 g/cm2. The depths implied for the rego- 
lith thickness are substantially higher for those estimated from cratering 
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FIG. 2 
Apollo 15 Drill Stem 

(< 10m). The similar degree of exposure of the soil samples over a large 
portion of the lunar surface, however, implies a rather constant rate of 
dilution of irradiated material with unirradiated material excavated from a 
depth of several meters. On the other hand, the Cone Crater soil (14141) has 
a near zero exposure indicating that this 50 m deep crater penetrated below 
the deepest material ever exposed to neutrons. 

The evolution of the regolith at a particular lunar site may be modeled 
from a knowledge of the depth dependence of the neutron flux and 158~d/157~d 
or 150~m/149~m ratios measured in drill stem samples. In the Apollo 15 drill 
stem, the neutron fluence is a smooth function of depth with a peak at a 
depth of 200 g/cm2 (fig. 2). This peak indicates that except for the upper 
50 g/cm2 this site has been undisturbed for 450 my. The upper 2.4 m of 

regolith could have been deposited instantaneously or built up over a period 
of up to 400 my [3] .  If the deposition was instantaneous, the material must 
have been irradiated in the upper meter of the regolith before it was depos- 
ited at the drill site. In general, inferences about depositional histories 
are complicated by the possibility that the sediment was previously irradi- 
ated. The Apollo 16 drill stem data (fig. 3) show a general, but not smooth, 
increase throughout the depth sampled. This general increase in fluence, 
which extends below the peak of the neutron flux (150-200 g/cm2), indicates 
that in the area sampled the regolith has been accreting. Quantitative 
interpretation of these data in terms of a mixing model is complicated by the 
uncertainty in the depth relationships of the samples which was introduced by 
the empty section (60005). The change in the slope of the depth profile 
below sample 60004,14 indicates that the data cannot be fit by a model of 
continuous accretion of uniformly SE.O,UIH ( ~ ) ~ n / E m 2 )  

pre-irradiated material. However, o 2 4 6 8 10 

models of uniform accretion of mate- 
rial with varying degrees of pre- 
irradiation can fit the data. For 
example, if section 60004 is assumed 

2m 
to be more pre-irradiated than the 
other sections, and it is assumed 
that no material was spilled from a - Cv 
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FIG. 3 
Apollo 16 Drill Stem 
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section 60005, then the uniform accretion rate is 70 g/cm2*108 yr. Different 
accretion rates are possible, but more complex assumptions about pre- 
irradiation are required. If the regolith was not built by continuous 
accretion but by a few slabs of material, we would like to calculate the 
minimum number of such slabs which are necessary to fit the data, A two 
slab model in which the lower and upper slabs were deposited 700-950 my and 
450 my ago respectively is compatible with the data if recent near surface 
mixing is allowed 141. For a wide variety of plausible models the time 
scale for the accumulation of the Apollo 16 drill stem, and hence the age of 

9 the lowest material sampled, must be 0.5-1.0~10 yr. The apparent disconti- 
nuities in the fluence profile indicate that stratigraphic boundaries should 
occur in section 60003 and possibly at the top of section 60004. 

Two samples of a "bedrock" chip from the edge of Hadley Rille were 
analyzed. Sample 15595,19 was an exterior piece while 15595,20, which was 
separated by - 5 cm, was from the interior of the boulder. These samples 

2 gave neutron f luences of (1 .OO t 0.10)~10~~ and (0.90 _f 0.10)x10~~ n/cm , 
respectively. If the rock were deeply buried and then excavated by a single 
event the fluence of the surface sample would indicate an exposure age of 

9' 2x10 yr. This is unreasonably long and implies a more complicated history. 
A more reasonable model would be that the rock edge represents an erosional 

6 surface. At equilibrium an erosion rate of about 1 cm/lO yr is necessary 
to match the total fluence. This rate of erosion implies that the depth of 
the eroded material in the bottom of the rille is 30 m. Slower erosion 
rates will be obtained if it is assumed that the surface has not been 
eroding long enough for the surface fluence to reach its equilibrium value. 
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