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Rare gases and Ca, Sr, and Ba in Apollo 17 drill-core fines 
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Abstract-Correlation techniques are applied to rare gas abundance and isotopic measurements, and 
measured and inf erred target element concentrations in grain-sized separates of ten soil samples from 
the Apollo 17 deep drill core, to deduce contents of cosmic-ray spallation products and isotopic 
compositions of trapped rare gases. Intercomparison of depth profiles of all measured irradiation 
products suggests that rapid emplacement of major depositional units followed by long periods of 
quiescence without significant vertical turnover, similar to the sedimentation history at the Apollo 15 
site, is not a tenable model of the development of the upper regolith at Taurus-Littrow. Models 
involving long-term continuous accretion may possibly be feasible within the constraints of the data, 
as are models of very recent rapid accumulation of the regolith section although there are serious 
geological problems in this latter interpretation. Trapped (surface-correlated) rare gases in the Apollo 
17 deep core materials are characterized by very high 4He/3He ratios; erratic 2°N eFN e ratios which 
appear to indicate a three-component mixture of surface and volume correlated Ne; apparent 
variations of 38 Ar/36 Ar with depth in a way which suggests slightly different trapped gas compositions 
in major depositional units; anomalously high 80Kr/82Kr ratios, probably arising from neutron capture ' 
in surface-correlated Br, and small mass fractionation effects which enhance the heavy Kr isotopes; 
and trapped Xe which exhibits correlated isotopic variations in 128Xe and 129Xe in materials from the 
lower half of the core, of the type discovered in an earlier survey of Kr and Xe in surf ace soils carried 
out by the Minnesota laboratory. 

INTRODUCTION 
THE DEEP DRILL-CORE SAMPLES from the Apollo 15, 16, and 17 missions provide 
the only direct opportunities to study sedimentation and turnover of the lunar 
regolith over a significant fraction of its depth. Nuclear effects arising from 
galactic cosmic-ray irradiation of the regolith-neutron capture in Gd and Sm 
(Russ et ~l., 1972) and spallation rare gas production (Pepin et al., 1974)-have 
established that the lower 90% of the regolith section sampled by the Apollo 15 
drill core has been stably stratified for at least 450 m.y. The neutron fluence profile 
down the Apollo 16 deep core is consistent with models of continuous accretion of 
the entire section, or of rapid deposition of at least two major slabs of material; in 
both interpretations the base of the cored section was emplaced ;::,500 m.y. ago 
(Russ, 1973). The sedimentation chronologies of the upper regolith at both the 
Hadley-Apennine and Descartes sites thus appear to be characterized by ex-
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tended periods of stable stratification and in situ irradiation without significant 
vertical mixing. · 

At present, it is unclear whether development of the upper regolith at 
Taurus-Littrow has occurre_d over a similar, comparatively long time scale. 
Current depositional models for the Apollo 17 regolith, based alternatively on 
Gd-Sm-isotopic compositions (Curtis and Wasserburg, 1975a,b) and on the 
spallation Ar profile (Dragon et al., 1975) in the drill-core fines, are in disagree-
ment. Curtis and Wasserburg's (1975a,b) preferred interpretation of the neutron 
fluence record is a model of rapid emplacement of the entire cored section within 
the past 100-200 m.y., whereas Dragon et al. (1975) note that the spallation 38Ar 
profile is consistent with long-term in situ irradiation of two major depositional 
units below a depth of ---150 g/cm2

, the lower emplaced ---1 AE ago. Both sets of 
data require a shallow unit, extending from the surf ace to a depth of 
---100-150 g/cm2

, of recently deposited, lightly irradiated materials. 
We report here He, Ne, Ar, Kr, Xe and Ca, Sr and Ba data from mass 

spectrometer studies of grain-sized separates from ten soil samples spaced down 
the length of the Apollo 17 drill core. Trapped gas isotopic compositions and 
spallation gas concentrations as functions of depth have been derived from these 
data by correlation techniques. Rare-gas spallation and neutron capture profiles 
are compared in the context of proposed depositional models for the Taurus-
Littrow regolith. 

EXPERIMENTAL PROCEDURE AND RESULTS 

Six grain-sized separates of each of the samples-which include a surface 
sample, 70181, from the drill-core site-were prepared by sieving in acetone. 
Grain size intervals, and masses of the aliquots used for rare-gas analyses are 
given in Table 1. Aliquots taken for chemical measurements were generally in the 
range 0.5-2 mg. Description of sample preparation procedures and details of both 
rare gas and isotopic dilution mass spectrometry are given by Basford et al. (1973) 
and Evensen et al. (1973). 

Elemental and relative isotopic abundances of He, Ne, Ar, Kr, and Xe in all 
grain-sized fractions are set out in Tables 1-3, together with concentrations of Ca, 
Sr, and Ba. K and Rb concentrations in most of these fractions, and additional 
details and discussion of the chemical measurements, have been reported by 
Bates et al. (1975). Uncertainties in rare gas isotopic compositions in Tables 1-3 
are 1 u statistical errors which include errors in blank and mass discrimination 
corrections as well as statistical errors in the measured ratios, but do not include 
the (systematic) uncertainties in the isotopic compositions of the standard 
reference gases. The 1 u errors in absolute concentrations include both systema-
tic components originating in the reference gas calibration system and statistical 
errors in peak height measurements, blank subtractions, and instrumental non-
linearity corrections. System blank corrections were small (~ 1%) to negligible 
(~1%) for 3

'
4He, 20

•
21

•
22Ne, and 36

'
38Ar; always <4% and usually <1% for 40Ar; 

always < 3% and usually < 1 % for 84Kr; and always < 5% and usually < 1 % for 
n2Xe. 
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@ Table 1. Helium, neon, argon, and calcium in grain-sized separates of fines from the Apollo 17 drill-core stems, and from the surface at the 

r drill-core site (70181). 

= = 4He 20Ne 36Ar 
Sample Mass *Ca 3He/4He 22Ne/20Ne 21Ne/20Ne 38Ar/36Ar 40Ar/36Ar = Q.. (mg) (units of 10-5 cc STP/g) (%) (x 10-4

) (x 10-2) (x 10-3) (x 10-1) -= 70181,30 (0 

'"""" 250-1000 µ 12.940 2513 41.8 6.63 9.42 3.% 7.977 3.207 1.916 1.381 Cb 

±86 ±1.4 ±.11 ±.14 ±.024 ±.024 ±.004 ±.005 ('JQ 
p,, 

= 74-250 µ 13.797 4860 80.5 10.43 7.70 3.770 8.000 2.993 1.917 1.212 
rJ'J 

r.l). 
Cb 

'"""" 
rJ'J ..... ±170 ±2.7 ±.27 ±.066 ±.021 ±.013 ±.004 ±.004 p,, 

'"""" = ::s 
'"""" 37-74 µ 18.045 8550 129.2 16.28 8.74 3.543 7.999 2.830 1.906 1.024 0. 
(0 

• ±220 ±4.4 ±.33 ±.043 ±.020 ±.013 ±.004 ±.002 
(i 
,P' 

16-37 µ 12.235 16390 253.6 27.61 8.00 3.439 8.109 2.735 1.900 0.921 C/J. 
0 ±420 ±8.6 ±.58 ±.039 ±.020 ±.009 ±.004 ±.002 :1 
< § ..... 
Q.. 4-16µ 4.628 35410 481 58.8 8.30 3.502 7.881 2.572 1.893 0.887 
(0 0. 
Q.. ±910 ±16 ±1.l ±.045 ±.020 ±.012 ±.004 ±.002 t:c 
-a" p,, 

<4µ 2.629 82200 961 119.6 8.25 3.492 7.904 2.534 1.890 0.870 s· 
'"""" =- ±2100 ±32 ±2.5 ±.037 ±.020 ±.010 ±.004 ±.002 > (0 

z '"Cj 

70008, 163,284 e. > 0 
00 >250µ 14.674 494 8.77 1.200 9.19 5.064 8.291 5.520 2.017 4.327 > -...J 

> ±17 ±0.30 ±.019 ±.088 ±.023 ±.015 ±.004 ±.012 0. 
r.l). 74-250 µ 9.932 1229 21.6 2.514 8.51 4.379 8.228 4.241 1.986 3.868 ::i. 
'"""" = 
0 ±42 ±0.7 ±.040 ±.080 ±.021 ±.043 ±.004 ±.009 

I 
(') 
0 =- 37-74 µ 8.876 2575 42.7 4.46 7.67 3.862 8.106 3.573 1.955 3.900 '""I 
Cb 

r.l). ±66 ±1.4 ±.11 ±.093 ±.020 ±.015 ±.004 ±.009 ::n ..... n ::s 
r.l). 

16-37 µ 6.291 5570 91.1 9.45 7.48 3.464 8.070 3.055 1.924 3.216 Cb 
rJ'J 

±140 ±3.6 ±.25 ±.041 ±.020 ±.011 ±.004 ±.006 
'"""" 4-16µ 4.452 12660 233.9 20.40 8.24 3.466 8.040 2.771 1.910 3.156 00 

±430 ±7.9 ±.51 ±.099 ±.025 ±.021 '±.004 ±.004 r.l). 

'"""" (0 <4µ, 2.553 31600 471 47.97 8.28 3.476 7.846 2.617 1.896 3.277 9 
±1100 ±16 ±.91 ±.074 ±.022 ±.016 ±.004 ±.005 

*Uncertainty in calcium concentrations: ±5% unless noted. N 
0 
N 
\0 
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Table 1. (Continued). 
0 

@ "'He 20Ne 36Ar r 
= Sample Mass *Ca 3He/4He 22Ne/20Ne 21Ne/20Ne 38Ar/36Ar 40Ar/36Ar = (mg) (units of 10-s cc STP/g) (%) (x 10-4

) (X 10-2) (x 10-3) (x10-•) 

= 70008,205,225/283 Q.. 

>250µ 10.549 940 23.5 3.374 9.16 4.20 8.204 4.178 1.959 3.053 -= ±32 ±0.8 ±.064 ±.10 ±.021 ±.018 ±.004 ±.007 (0 

'"""" 74-250 µ 11.097 1178 22.6 2.726 9.12 4.232 8.274 4.150 1.965 3.911 
±40 ±0.8 ±.095 ±.065 ±.021 ±.018 ±.005 ±.011 

= 37-74 µ 10.477 2418 40.5 4.76 8.81 3.706 8.052 3.551 1.955 3.484 r.l). 

'"""" ±62 ±1.4 ±.12 ±.042 ±.020 ±.014 ±.004 ±.007 ..... 
'"""" = 16-37 µ 7.225 5270 84.0 8.54 8.73 3.343 8.101 3.074 1.932 3.256 ?C '"""" (0 

• ±130 ±2.8 ±.22 ±.036 ±.020 ±.010 ±.004 ±.006 9 
4-16µ 4.455 12180 223.1 21.00 8.16 3.310 8.003 2.766 1.910 3.190 

0 ±410 ±7.5 ±.55 ±.084 ±.021 ±.019 ±.004 ±.005 t!1 < ..... 
<4µ 2.404 28060 487 44.7 8.60 3.36 8.021 2.640 1.887 3.371 z Q.. 

(0 
Q.. ±950 ±16 ±1.2 ±.10 ±.021 ±.014 ±.004 ±.006 
-a" .-.. 

70008, 15,285 
'"""" =- >250µ 13.933 1473 25.8 3.599 8.86 3.800 8.025 J.573 1.935 2.724 (0 

z ±38 ±0.9 ±.058 ±.041 ±.020 ±.013 ±.004 ±.005 > 00 74-250 µ 8.139 2641 48.4 6.73 9.10 3.838 8.082 3.694 1.945 2.601 > 
> ±68 ±1.6 ±.11 ±.044 ±.020 ±.014 ±.004 ±.005 
r.l). 37-74 µ 9.707 4560 89.2 9.20 7.88 3.759 8.126 3.429 1.930 2.263 
'"""" 0 ±160 ±3.4 ±.21 ±.073 ±.022 ±.015 ±.004 ±.004 
=- 16-37 µ 7.663 8250 163.7 15.80 7.62 3.556 8.112 3.044 1.922 2.196 
r.l). ±280 ±6.2 ±.40 ±.064 ±.021 ±.014 ±.004 ±.004 ..... n 
r.l). 4-16µ 4.363 17430 354 34.66 8.96 3.411 8.129 2.753 1.904 2.180 

±590 ±12 ±.87 ±.043 ±.021 ±.014 ±.004 ±.004 
'"""" <4 µ, 2.740 40500 588 69.3 8.30 3.384 7.844 2.583 1.894 2.327 00 

±1000 ±20 ±1.3 ±.048 ±.020 ±.014 ±.004 ±.004 r.l). 

'"""" (0 

9 
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@ 
r 70006,10 = = >250µ 20.634 603 11.54 2.067 9.31 7.98 8.481 7.759 2.099 2.553 

±21 ±.39 ±.033 ±.10 ±.022 ±.031 ±.004 ±.010 

= 74-250 µ 10.490 1879 36.5 6.72 8.49 4.77 8.256 4.813 1.983 1.983 Q.. 
±48 ±1.2 ±.18 ±.11 ±.021 ±.019 ±.004 ±.007 - 37-74 µ 12.075 4930 94.1 12.81 8.58 3.84 8.095 3.668 1.946 1.473 = (0 , ±170 ±3.2 ±.33 ±.14 ±.023 ±.020 ±.004 ±.004 

'"""" 
16-37 µ 8.570 10220 184.1 22.37 8.65 3.576 7.943 3.098 1.923 1.288 00 

±350 ±6.2 ±.58 ±.86 ±.068 ±.027 ±.020 ±.004 ±.003 = r.l). 4-16µ 4.488 21840 350 44.1 8.72 3.52 7.917 2.791 1.905 1.208 '"""" ..... 
'"""" = ±860 ±12 ±1.1 ±.11 ±.023 ±.018 ±.004 ±.003 :::, 
'"""" 

Q.. 
(0 <4 µ, 2.567 59500 827 109.6 8.64 3.578 7.811 2.580 1.893 1.220 
• (".) 

±2300 ±28 ±2.1 ±.070 ±.020 ±.013 ±.006 ±.002 
Cl.) 

0 70005,10 
,,.'"1 

< § ..... 
9.623 3920 12.61 8.126 1.935 Q.. >250 µ 69.5 9.31 3.507 3.64 1.468 

(0 Q.. 
Q.. ±100 ±2.3 ±.33 ±.045 ±.020 ±.18 ±.004 ±.006 tc 
-a" 74-250 µ 9.627 4350 77.9 14.27 8.72 3.589 8.145 3.50 1.933 1.198 s· 
'"""" =- ±120 ±2.6 ±.37 ±.052 ±.019 ±.11 ±.004 ±.006 > (0 

z 37-74 µ 13.478 8010 153.4 20.34 8.48 3.813 8.123 3.152 1.919 1.031 "'C e.. > ±210 ±5.3 ±.39 ±.052 ±.020 ±.012 ±.004 ±.002 0 00 > 16-37 µ 12.568 14160 221.5 30.31 8.16 3.489 8.008 2.873 1.906 0.900 1-l 
....J 

> ±380 ±7.6 ±.58 ±.074 ±.020 ±.009 ±.004 ±.002 Q.. 
r.l). ::t 
'"""" 54.i 4-16 µ 4.539 27880 444 8.61 3.549 7.972 2.690 1.900 0.838 = 0 I 

±740 ±16 ±1.4 ±.048 ±.020 ±.014 ±.004 ±.002 
n 
0 =- '"1 

<4 µ, 2.413 74000 - 925 131.0 9.13 3.572 7.854 2.546 1.889 0.808 r.l). ::n ..... n ±2000 ±32 ±2.5 ±.044 ±.020 ±.012 ±.004 ±.001 :::, 
r.l). 

70004,10 
'"""" >250 µ 14.536 5740 118.0 14.71 9.41 3.88 8.140 3.270 1.929 1.456 00 

±200 ±4.0 ±.28 ±.18 ±.029 ±.064 ±.004 ±.004 r.l). 

'"""" (0 

9 *Uncertainty in calcium concentrations: ±5% unless noted. 

N 
0 
vJ 
1-l 

http://adsabs.harvard.edu/abs/1975LPSC....6.2027P


1975LPSC....6.2027P

N 
Table 1. ( Continued). 0 w 

N 

@ 
4He 20Ne 36Ar 

r Sample Mass *Ca 3He/4He 22Ne/20Ne 21Ne/20Ne 38Ar/36Ar M>Ar/36Ar 
= (mg) (units of 10-' cc STP/g) (%) (x 10-..) (X 10-2

) (x 10-3
) (X 10-1

) = 
74-250 µ, 7.936 2364 49.2 7.94 9.20 4.160 8.343 4.413 1.963 1.577 = Q.. ±63 ±1.7 ±.13 ±.060 ±.018 ±.083 ±.004 ±.005 - 37-74 µ 11.519 4980 107.7 13.97 8.58_ 3.75 8.276 3.37 1.942 1.317 

= ±170 ±3.6 ±.36 ±.10 ±.019 ±.10 ±.005 ±.002 (0 

'"""" 16-37 µ, 10.190 14720 240.1 24.59 8.48 3.314 8.011 2.999 1.922 1.136 
±380 ±8.1 ±.49 ±.057 ±.018 ±.071 ±.004 ±.002 

= 4-16µ 4.375 25740 401 49.7 8.10 3.435 7.988 2.713 1.905 1.057 r.l). 

'"""" ..... 
±660 ±14 ±1.3 ±.099 ±.020 ±.060 ±.004 ±.002 '"""" = '"""" <4 µ, 2.550 70100 1040 110.0 8.61 3.29 8.026 2.662 1.889 1.118 (0 

• ±2400 ±35 ±2.2 ±.34 ±.029 ±.034 ±.004 ±.002 9 
70003,10 0 t!'.1 < >250 µ, 9.393 4620 91.7 11.91 8.83 3.503 8.148 3.547 1.937 2.357 ..... 

Q.. z (0 ±120 ±3.1 ±.38 , ±.042 ±.018 ±.076 ±.004 ±.004 Q.. 
-a" 74-250 µ, 10.344 4500 82.0 12.42 8.41 3.692 8.175 3.720 1.955 2.034 ""f,. 

'"""" ±120 ±2.8 ±.31 ±.037 ±.020 ±.082 ±.004 ±.004 =-(0 37-74 µ, 12.065 5310 96.0 13.47 8.17 3.811 8.134 3.648 1.955 1.785 z > ±180 ±3.2 ±.35 ±.067 ±.019 ±.080 ±.005 ±.003 
00 16-37 µ, 11.024 11810 236.1 25.66 8.36 3.484 8.250 3.146 1.927 1.614 > 
> ±310 ±8.0 ±.49 ±.049 ±.018 ±.073 ±.004 ±.003 
r.l). 4-16 µ, 4.492 24310 408 50.65 8.15 3.473 8.023 2.787 1.908 1.559 '"""" 0 ±630 ±14 ±.96 ±.075 ±.018 ±.057 ±.004 ±.003 =- <4 µ, 2.515 63600 851 111.4 9.32 3.396 7.858 2.506 1.885 1.664 
r.l). 

±1700 ±34 ±2.1 ±.045 ±.017 ±.052 ±.004 ±.003 ..... n 
r.l). 

70002,10 
'"""" >250 µ, 9.579 1995 40.9 7.76 9.43 4.034 8.415 4.710 1.974 2.479 
00 ±53 ±1.4 ±.20 ±.056 ±.019 ±.082 ±.004 ±.010 
r.l). 

74-250 µ, 9.105 3541 82.0 11.12 9.12 3.783 8.089 3.889 1.952 1.834 '"""" (0 

9 ±92 ±3.3 ±.28 ±.052 ±.018 ±.069 ±.004 ±.003 

http://adsabs.harvard.edu/abs/1975LPSC....6.2027P
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@ 
r 
= = 
= 37-74 µ 14.334 6390 121.7 14.94 8.45 3.765 8.088 3.429 1.931 1.622 Q.. 

±230 ±4.4 ±.28 ±.053 ±.020 ±.015 ±.004 ±.002 - 16-37 µ 12.226 11270 227.4 23.84 8.00 3.488 8.204 3.062 1.917 1.475 = (0 

'"""" ±300 ±7.7 ±.55 ±.041 ±.021 ±.013 ±.004 ±.002 ('b 

4-16 µ 4.847 20260 482 38.5 8.43 3.3% 8.275 2.804 1.903 1.429 ('JQ 

t;f.) 

±540 ±16 ±1.0 ±.047 ±.021 ±.013 ±.004 ±.002 ('b = t;f.) r.l). 

'"""" <4 µ, 2.416 46000 686 85.9 8.32 3.369 7.864 2.602 1.891 1.452 ..... 
=:s '"""" = ±1200 ±23 ±1.6 ±.067 ±.020 ±.011 ±.004 ±.002 '"""" (i (0 

• 70001,10 _p 
Cl) >250µ 11.023 3850 62.2 10.74 10.24 3.561 8.130 3.545 1.934 1.729 ,.""1 

0 
±110 ±2.1 ±.27 ±.038 ±.020 ±.012 ±.004 § < ±.003 ..... 

Q.. 74-250 µ 11.609 4880 78.9 11.53 9.31 3.82 7.998 3.546 1.937 1.603 
Q.. 

(0 
tc Q.. 

±180 ±2.7 ±.29 ±.15 ±.023 ±.027 ±.004 ±.003 -a" 
37-74 µ 16.272 9560 168.2 16.29 8.76 3.63 8.059 3.274 1.920 1.412 Ei' 

'"""" > =- ±350 ±5.8 ±.31 ±.14 ±.021 ±.012 ±.004 ±.002 (0 

z 16-37 µ 12.606 13300 207.0 25.42 8.27 3.588 7.947 2.969 1.910 1.249 = > 0 
00 ±380 ±7.1 ±.48 ±.052 ±.020 ±.015 ±.004 ±.002 > ....J 

> 4-16µ 4.576 24590 406 50.1 8.84 3.42 7.922 2.696 1.898 1.165 Q.. 
r.l). ±900 ±16 ±1.0 ±.10 ±.021 ±.013 ±.004 ±.002 s '"""" I <4µ 2.483 60300 832 101.8 8.40 3.684 7.900 2.576 1.888 1.144 (') 0 

0 
±2200 ±33 ±2.1 ±.072 ±.021 ±.015 ±.004 ±.002 a =- =, r.l). ..... = n 

*Uncertainty in calcium concentrations: ±5% unless noted. ('b r.l). 
t;f.) 

'"""" 
00 
r.l). 

'"""" (0 

9 
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Table 2. Krypton and strontium in grain-sized separates of fines from the Apollo 17 drill-core 
stems, and from the surface at the drill-core site (70181). 

. ,sKr 80Kr 82Kr s3Kr 86Kr 
Sample 84Kr Sr *"Sr" 

(x 10-s cc STP /g) (ppm) (ppm) relative to 84Kr = 100 

70181,30 
250-1000 µ 3.61 138 314 0.7171 4.250 20.550 20.738 30.692 

±.10 ±7 ±23 ±.0050 ±.013 ±.037 ±.025 ±.061 
74-250 µ 5.44 130 255 0.6833 4.159 20.414 20.628 30.734 

±.16 ±6 ±18 ±.0031 ±.015 ±.035 ±.025 ±.046 
37-74 µ 8.33 144 284 0.6571 4.065 20.363 20.493 30.822 

±.27 ±7 ±20 ±.0031 ±.011 ±.029 ±.018 ±.037 
16-37 µ 14.69 146 311 0.6390 4.032 20.230 20.353 30.765 

±.54 ±7 ±22 ±.0033 ±.013 ±.032 ±.028 ±.043 
4-16µ 30.75 159 362 0.6224 3.981 20.211 20.274 30.776 

±.89 ±8 ±27 ±.0031 ±.014 ±.040 ±.032 ±.043 
<4µ 60.4 164 402 0.6066 3.949 20.115 20.185 30.849 

±2.1 ±8 ±31 ±.0035 ±.016 ±.034 ±.026 ±.046 

70008, 163,284 
>250µ 0.694 1.006 4.966 21.74 22.24 30.478 

±.028 ±.012 ±.039 ±.10 ±.12 ±.070 
74-250 µ 1.468 143 282 0.927 4.768 21.274 21.804 30.455 

±.060 ±7 ±28 ±.010 ±.025 ±.060 ±.061 ±.073 
37-74 µ 2.66 151 287 0.8233 4.525 20.998 21.330 30.626 

±.11 ±8 ±20 ±.0076 ±.020 ±.055 ±.038 ±.058 
16-37 µ 4.73 161 334 0.7573 4.399 20.814 21.108 30.564 

±.19 ±8 ±24 ±.0045 ±.020 ±.050 ±.036 ±.064 
4-16µ 9.74 166 380 0.6921 4.228 20.570 20.672 30.597 

±.28 ±8 ±28 ±.0036 ±.016 ±.037 ±.035 ±.052 
<4µ 23.62 170 468 0.6497 4.160 20.414 20.451 30.660 

±.68 ±8 ±37 ±.0031 ±.012 ±.039 ±.029 ±.043 

70008,205,225/283 
>250µ 1.671 152 263 0.8340 ' 4.652 21.009 21.432 30.489 

±.052 ±7 ±17 ±.0091 ±.035 ±.040 ±.047 ±.052 
74-250 µ 1.518 141 302 0.8652 4.750 21.140 21.478 30.495 

±.047 ±7 ±22 ±.0083 ±.048 ±.059 ±.054 ±.067 
37-74 µ 2.406 160 322 0.8129 4.576 21.013 21.323 30.522 

±.072 ±8 ±23 ±.0062 ±.028 ±.063 ±.049 ±.061 
16-37 µ 4.52 152 324 0.7382 4.381 20.746 20.990 30.608 

±.14 ±8 ±23 ±.0041 ±.018 ±.033 ±.031 ±.058 
4-16µ 9.70 171 387 0.6809 4.244 20.545 20.645 30.714 

±.33 ±9 ±29 ±.0033 ±.014 ±.033 ±.039 ±.049 
<4µ 22.05 169 422 0.6517 4.135 20.404 20.404 30.572 

±.75 ±8 ±32 ±.0034 ±.018 ±.039 ±.033 ±.049 

70008, 15,285 
>250µ 1.84 118 229 0.748 4.402 20.786 21.010 30.523 

±.05 ±6 ±16 ±.006 ±.020 ±.039 ±.034 ±.052 
74-250 µ 3.71 148 312 o.no 4.459 20.853 21.148 30.565 

±.11 ±7 ±22 ±.005 ±.019 ±.042 ±.049 ±.061 
37-74 µ 5.17 123 281 0.754 4.429 20.841 21.116 30.756 

±.17 ±6 ±21 ±.004 ±.013 ±.029 ±.030 ±.080 
16-37 µ 8.23 156 341 0.716 4.324 20.666 20.837 30.777 

±.27 ±8 ±30 ±.003 ±.013 ±.029 ±.021 ±.058 
4-16µ 15.94 160 3% 0.667 4.172 20.414 20.540 30.650 

±.46 ±8 ±30 ±.003 ±.014 ±.031 ±.027 ±.049 
<4µ 33.37 162 463 0.641 4.105 20.334 20.358 30.621 

±.97 ±8 ±46 ±.003 ±.019 ±.031 ±.026 ±.037 
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Table 2. (Continued). 

,sKr 80Kr s2Kr s3Kr 86Kr 
Sample 84Kr Sr *"Sr" 

(x 10-s cc STP/g) (ppm) (ppm) relative to 84Kr = 100 

70006,10 
>250µ 1.23 131 238 1.375 6.090 22.949 24.043 30.250 

±.04 ±7 ±17 ±.012 ±.036 ±.094 ±.084 ±.064 
74-250 µ 3.89 156 337 0.929 4.882 21.401 21.939 30.458 

±.12 ±8 ±25 ±.007 ±.017 ±.032 ±.042 ±.049 
37-74 µ 7.31 151 346 0.811 4.569 20.993 21.304 30.521 

±.23 ±8 ±29 ±.004 ±.013 ±.031 ±.026 ±.040 
16-37 µ 12.94 150 390 0.721 4.344 20.693 20.859 30.628 

±.41 ±8 ±31 ±.004 ±.012 ±.029 ±.025 ±.043 
4-16µ 24.04 148 416 0.673 4.216 20.481 20.583 30.650 

±.84 ±7 ±34 ±.004 ±.012 ±.035 ±.025 ±.046 
<4µ 59.18 159 442 0.629 4.101 20.323 20.363 30.658 

±2.25 ±8 ±36 ±.003 ±.014 ±.030 ±.016 ±.046 

70005,10 
>250µ 7.28 137 307 0.742 4.384 20.711 20.990 30.571 

±.21 ±7 ±23 ±.005 ±.024 ±.039 ±.027 ±.046 
74-250 µ 8.73 140 287 0.730 4.359 20.737 20.911 30.610 

±.25 ±7 ±21 ±.005 ±.026 ±.035 ±.031 ±.043 
37-74 µ 11.97 134 288 0.704 4.280 20.596 20.757 30.660 

±.40 ±7 ±21 ±.003 ±.011 ±.027 ±.021 ±.040 
16-37 µ 16.68 133 289 0.675 4.187 20.471 20.580 30.660 

±.62 ±7 ±22 ±.003 ±.010 ±.027 ±.018 ±.040 
-4-16 µ 32.48 147 332 0.653 4.126 20.384 20.442 30.681 

±.94 ±7 ±26 ±.003 ±.011 ±.028 ±.022 ±.037 
<4µ 72.31 158 378 0.624 4.046 20.269 20.255 30.671 

±3.18 ±8 ±29 ±.003 ±.012 ±.026 ±.020 ±.037 

70004,10 
>250µ 7.72 131 277 0.728 4.370 20.731 20.880 30.600 

±.22 ±7 ±22 ±.003 ±.013 ±.029 ±.023 ±.043 
74-250 µ 4.79 129 255 0.820 4.652 20.058 21.410 30.595 

±.14 ±7 ±18 ±.006 ±.031 ±.036 ±.043 ±.049 
37-74 µ 7.66 137 286' 0.760 4.454 20.831 21.055 30.598 

±.22 ±7 ±21 ±.004 ±.016 ±.046 ±.029 ±.052 
16-37 µ 13.00 125 273 0.703 4.287 20.583 20.774 30.645 

±.38 ±6 ±21 ±.004 ±.013 ±.031 ±.021 ±.040 
4-16µ 29.12 142 328 0.654 4.144 20.407 20.516 30.659 

±.84 ±7 ±25 ±.006 ±.012 ±.035 ±.025 ±.043 
<4µ 65.83 158 401 0.631 4.072 20.311 20.308 30.665 

±2.50 ±8 ±32 ±.003 ±.011 ±.028 ±.022 ±.037 

70003,10 
>250µ 6.29 128 276 0.794 4.622 21.026 21.371 30.460 

±.18 ±8 ±23 ±.004 ±.016 ±.040 ±.032 ±.052 
74-250 µ 6.38 127 274 0.830 4.691 21.126 21.497 30.510 

±.19 ±7 ±23 ±.004 ±.015 ±.038 ±.034 ±.061 
37-74 µ 6.90 136 294 0.818 4.638 21.090 21.458 30.513 

±.20 ±7 ±22 ±.004 ±.014 ±.034 ±.026 ±.049 
16-37 µ 11.60 133 294 0.728 4.694 20.750 20.918 30.623 

±.34 ±7 ±22 ±.004 ±.013 ±.035 ±.025 ±.043 
4-16µ 25.10 147 370 0.670 4.225 20.475 20.558 30.616 

±.73 ±7 ±30 ±.004 ±.012 ±.031 ±.029 ±.046 
<4µ 46.98 156 404 0.637 4.123 20.356 20.314 30.503 

±1.36 ±8 ±33 ±.004 ±.013 ±.031 ±.024 ±.052 
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Table 2. ( Continued). 

78Kr 80Kr 82Kr s3Kr 86Kr 
Sample 8,4Kr Sr *"Sr" 

(x 10-s cc STP /g) (ppm) (ppm) relative to 84Kr = 100 

70002,10 
>250µ 4.18 144 318 0.885 4.852 21.295 21.794 30.439 

±.12 ±7 ±27 ±.007 ±.018 ±.045 ±.033 ±.061 
74-250 µ, 5.95 135 371 0.811 4.631 21.052 21.368 30.520 

±.18 ±7 ±31 ±.004 ±.015 ±.036 ±.038 ±.049 
37-74 µ 8.73 140 377 0.770 4.496 20.904 21.140 30.482 

±.37 ±7 ±31 ±.004 ±.021 ±.031 ±.021 ±.040 
16-37 µ 13.08 138 391 0.718 4.340 20.683 20.845 30.555 

±.47 ±7 ±32 ±.003 ±.012 ±.027 ±.014 ±.040 
4-16 µ 21.01 157 449 0.665 4.177 20.500 20.491 30.555 

±.63 ±8 ±45 ±.004 ±.019 ±.035 ±.024 ±.046 
<4 µ, 48.67 152 518 0.642 4.101 20.404 20.363 30.587 

±1.51 ±8 ±45 ±.003 ±.011 ±.028 ±.020 ±.034 

70001,10 
>250 µ 6.04 132 252 0.745 4.448 20.839 21.004 30.650 

±.19 ±7 ±18 ±.004 ±.019 ±.042 ±.032 ±.046 
74-250 µ 6.79 140 263 0.759 4.450 20.823 21.083 30.563 

±.21 ±7 ±18 ±.003 ±.013 ±.029 ±.030 ±.046 
37-74.µ 8.50 138 297 0.738 4.379 20.729 20.923 30.586 

±.25 ±7 ±22 ±.003 ±.012 ±.031 ±.023 ±.040 
16-37 µ 13.74 144 301 0.699 4.267 20.573 20.734 30.637 

±.47 ±7 ±22 ±.003 ±.012 ±.029 ±.017 ±.043 
4-16µ 26.04 151 331 0.660 4.154 20.393 20.493 30.606 

±1.14 ±8 ±25 ±.003 ±.012 ±.033 ±.024 ±.043 
<4 µ, 52.89 153 378 0.634 4.084 20.330 20.380 30.601 

±2.33 ±8 ±30 ±.003 ±.013 ±.033 ±.022 ±.043 

*"Sr" = Sr [ l+ 0.53 (t) (i:) { l+ 1.47 (ir)}]. See text. 

Rare gas concentrations and isotopic compositions in Tables 1-3 are refer-
enced to a rare gas standard (MLSS-A) recently prepared in the Minnesota 
laboratory, in which both elemental and isotopic abundances reflect those of a 
typical lunar soil as closely as practicable. Separated isotopes of He and Ar were 
combined volumetrically to produce (3He/4He) = 7.61 ±0.15 x 10-4

, (38Ar/36Ar) = 
0.1868 ± 0.0003, and (40 Ar/36Ar) = 2.116 ± 0.002 in the standard mixture. Kr and Xe 
are atmospheric in composition, obtained from bulbs of research-grade, commer-
cially supplied (Airco and Linde) separated gases. Ne was intended to be 
atmospheric, but in cros~-calibrating MLSS-A Ne against Ne extracted from air, it 
was found that the Airco Ne obtained in 1974 and used in MLSS-A was linearly 
fractionated with respect to atmospheric Ne by ---1.5% in 2°N e/22N e. Similar 
fractionation was found in Linde Ne purchased early in 1975, but Airco Ne 
obtained in 1969 is essentially atmospheric, as is Ne in our previous standard 
prepared in 1965. Caution is therefore suggested in calibrating instrumental mass 
discrimination corrections with recently acquired commercial research-grade 
Ne. Referenced to Eberhardt et al.'s (1965) composition of atmospheric 
Ne (2°Ne/22Ne = 9.800, 21Ne/22Ne = 0.02899), MLSS-A Ne composition is 
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Table 3. Xenon and barium in grain-sized separates of fines from the Apollo 17 drill-core stems, and 
from the surface at the drill-core site (70181). 

124Xe 126Xe t28Xe 129Xe noXe t3tXe t34Xe n6xe 
Sample 132Xe Ba 

(x 10-9 cc STP/g) (ppm) relative to 132Xe = 100 

70181,30 
250-1000 µ, 6.39 104 o.n3 0.965 9.10 104.5 16.72 83.78 37.23 30.34 

±.19 ±5 ±.028 ±.026 ±.11 ±.3 ±.10 ±.24 ±.13 ±.15 
74-250 µ, 9.52 72 0.676 o.n1 8.88 104.2 16.70 82.82 37.03 30.44 

±.28 ±4 ±.014 ±.021 ±.16 ±.3 ±.08 ±.20 ±.14 ±.10 
37-74 µ, 14.06 81 0.619 0.700 8.767 104.4 16.65 83.23 37.08 30.36 

±.41 ±4 ±.013 ±.012 ±.069 ±.1 ±.06 ±.17 ±.10 ±.08 
16-37 µ, 22.16 97 0.5740 0.6208 8.633 104.2 16.59 82.50 37.06 30.31 

±.64 ±5 ±.0055 ±.0055 ±.047 ±.1 ±.05 ±.15 ±.09 ±.08 
4-16 µ, 47.8 119 0.5272 0.5380 8.471 104.1 16.55 82.04 37.13 30.38 

±1.4 ±6 ±.0063 ±.0054 ±.046 ±.2 ±.09 ±.22 ±.08 ±.06 
<4 µ, 92.2 139 0.4974 0.4720 8.430 103.9 16.39 81.81 37.00 30.25 

±2.7 ±7 ±.0058 ±.0046 ±.033 ±.2 ±.05 ±.15 ±.09 ±.07 

70008, 163,284 
>250 µ, 1.66 0.988 1.368 9.82 104.6 16.97 85.42 37.59 30.52 

±.06 ±.044 ±.047 ±.25 ±.8 ±.22 ±.67 ±.30 ±.43 
74-250 µ, 2.64 93 0.908 1.280 9.34 106.5 17.11 86.32 37.48 30.64 

±.09 ±5 ±.023 ±.031 ±.13 ±.6 ±.18 ±.41 ±.19 ±.25 
37-74 µ, 6.64 73 0.731 0.898 8.883 105.0 16.50 83.38 37.12 31.13 

±.22 ±4 ±.013 ±.017 ±.079 ±.5 ±.14 ±.35 ±.24 ±.18 
16-37 µ, 9.35 93 0.703 0.868 9.090 106.2 16.79 83.70 37.28 30.51 

±.27 ±5 ±.011 ±.012 ±.052 ±.3 ±.10 ±.34 ±.19 ±.13 
4-16 µ, 18.89 113 0.596 0.684 8.700 105.8 16.67 82.87 37.22 30.57 

±.55 ±6 ±.011 ±.012 ±.081 ±.3 ±.09 ±.27 ±.14 ±.14 
<4 µ, 44.8 161 0.543 0.5566 8.516 105.8 16.53 82.48 37.05 30.54 

±1.3 ±8 ±.010 ±.0077 ±.064 ±.3 ±.08 ±.23 ±.15 ±.15 

70008,205,225/283 
>250 µ, 4.19 60 0.794 1.027 9.20 105.5 16.78 85.15 37.38 30.19 

±.13 ±3 ±.011 ±.017 ±.11 ±.5 ±.12 ±.39 ±.28 ±.27 
74-250 µ, 3.32 85 0.817 1.102 9.098 106.2 17.14 85.05 37.53 3o.n 

±.10 ±4 ±.022 ±.023 ±.080 ±.5 ±.15 ±.44 ±.25 ±.18 
37-74 µ, 4.77 87 0.774 0.980 9.094 105.7 16.82· 84.41 37.59 30.72 

±.15 ±4 ±.015 ±.017 ±.090 ±.4 ±.15 ±.29 ±.22 ±.17 
16-37 µ, 9.36 91 0.678 0.830· 8.926 105.5 16.67 83.32 37.19 30.61 

±.28 ±5 ±.013 ±.015 ±.063 ±.4 ±.13 ±.27 ±.14 ±.13 
4-16 µ, 19.80 116 0.5875 0.658 8.678 106.3 16.59 83.31 37.29 30.47 

±.59 ±6 ±.0090 ±.011 ±.054 ±.4 ±.11 ±.17 ±.14 ±.13 
<4 µ, 43.8 136 0.5254 0.5504 8.504 105.8 16.51 82.29 37.35 30.50 

±1.3 ±7 ±.0078 ±.0084 ±.062 ±.3 ±.11 ±.27 ±.14 ±.10 

70008, 15,285 
>250 µ, 3.61 58 0.788 1.028 9.20 105.5 16.79 84.79 37.07 30.49 

±.10 ±3 ±.025 ±.028 ±.14 ±.5 ±.13 ±.34 ±.24 ±.17 
74-250 µ, 7.05 88 0.843 1.109 9.39 105.5 16.95 84.84 37.08 30.43 

±.20 ±4 ±.027 ±.025 ±.18 ±.4 ±.13 ±.42 ±.22 ±.16 
37-74 µ, 8.86 83 0.768 0.973 9.20 105.6 16.82 84.36 37.25 30.48 

±.26 ±3 ±.020 ±.022 ±.17 ±.4 ±.12 ±.27 ±.13 ±.13 
16-37 µ, 14.84 *(125 0.672 0.809 8.870 105.2 16.72 83.45 36.94 30.45 

±.43 ±6) ±.011 ±.011 ±.060 ±.3 ±.09 ±.30 ±.12 ±.11 
4-16 µ, 32.03 127 0.5866 0.6596 8.781 105.3 16.51 82.70 37.18 30.35 

±.93 ±6 ±.0088 ±.0070 ±.058 ±.3 ±.09 ±.18 ±.12 ±.12 
<4 µ, 63.0 t160 0.521 0.557 8.549 105.6 16.60 82.24 37.27 30.62 

±1.8 ±16 ±.011 ±.013 ±.038 ±.3 ±.07 ±.19 ±.07 ±.12 

*Suspected aberrant 132Xe or Ba measurement: grain-size fraction not used in ordinate-intercept 
correlations. 

tBa concentration estimated from adjacent and/or similar grain-size fractions. 
+Xe partially lost: 132Xe concentration estimated from 84Kr concentrations and 84Kr/132Xe ratios in 

the 37-74 µ, 16-37-µ, and <4 µ, size fractions. 
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Table 3. (Continued). 

124Xe t26Xe t28Xe t29Xe. t30Xe t3tXe •~e l~e 
Sample 132Xe Ba 

(x 10-9 cc STP/g) (ppm) relative to 132Xe = 100 

70006,10 
>250 µ, 2.04 66 1.699 2.652 11.67 106.7 18.28 92.53 36.54 30.12 

±.06 ±5 ±.018 ±.028 ±.11 ±.5 ±.10 ±.44 ±.20 ±.21 
74-250 µ, 6.33 114 1.111 1.581 10.067 105.2 17.28 86.96 37.13 29.73 

±.20 ±6 ±.014 ±.016 ±.093 ±.4 ±.11 ±.36 ±.21 ±.15 
37-74 µ, 10.50 105 0.8963 1.188 9.500 105.4 17.09 85.20 37.09 30.52 

±.30 ±5 ±.0067 ±.013 ±.045 ±.3 ±.06 ±.27 ±.14 ±.10 
16-37 µ, 18.61 151 0.7498 0.9372 9.103 104.5 16.85 84.05 37.09 30.34 

±.54 ±8 ±.0067 ±.0080 ±.057 ±.2 ±.06 ±.29 ±.13 ±.12 
4-16 µ, t34.6 169 0.618 0.7326 8.625 103.9 16.54 82.67 37.36 30.72 

±3.5 ±8 ±.012 ±.0083 ±.067 ±.3 ±.10 ±.19 ±.21 ±.11 
<4 µ, 85.4 176 0.5443 0.5691 8.570 104.9 16.54 82.25 36.98 30.42 

±2.5 ±9 ±.0056 ±.0057 ±.044 ±.2 ±.05 ±.18 ±.10 ±.08 

70005,10 
>250 µ, 11.20 119 o.n1 0.980 9.24 104.8 16.91 83.97 37.03 30.35 

±.32 ±6 ±.017 ±.021 ±.14 ±.2 ±.10 ±.20 ±.13 ±.12 
74-250 µ, 11.80 103 0.797 1.014 9.07 104.5 16.95 84.24 37.25 30.47 

±.34 ±5 ±.019 ±.024 ±.13 ±.4 ±.08 ±.24 ±.16 ±.11 
37-74 µ, 15.47 108 0.7072 0.8626 8.991 104.4 16.81 83.62 36.91 30.28 

±.45 ±5 ±.0052 ±.0060 ±.032 ±.1 ±.05 ±.13 ±.08 ±.08 
16-37 µ, 21.43 107 0.6399 0.7311 8.742 104.4 16.71 83.00 37.02 30.21 

±.62 ±5 ±.0060 ±.0058 ±.026 ±.2 ±.05 ±.13 ±.11 ±.06 
4-16 µ, 42.7 128 0.5817 o.63n 8.614 104.0 16.62 82.58 37.06 30.42 

±1.2 ±6 ±.0066 .±.0052 ±.036 ±.2 ±.08 ±.18 ±.10 ±.09 
<4 µ, 95.2 155 0.5146 0.5170 8.395 103.5 16.49 81.84 37.22 30.51 

±2.8 ±8 ±.0038 ±.0053 ±.045 ±.1 ±.06 ±.11 ±.07 ±.09 

70004,10 
>250 µ, 12.35 101 0.7087 0.8771 9.017 105.1 16.95 83.71 37.05 30.23 

±.36 ±8 ±.0060 ±.0080 ±.068 ±.2 ±.07 ±.16 ±.12 ±.08 
74-250 µ, 7.06 88 0.9167 1.265 9.598 104.8 17.12 85.42 36.92 30.34 

±.23 ±4 ±.oon ±.018 ±.098 ±.4 ±.11 ±.34 ±.21 ±.18 
37-47 µ, 11.62 103 0.798 1.0379 9.215 104.6 16.98 84.19 37.05 30.13 

±.35 ±5 ±.010 ±'.0086 ±.057 ±.3 ±.09 ±.24 ±.13 ±.08 
16-37 µ, 18.70 103 0.6852 0.8229 8.893 104.7 16.66 83.57 36.99 30.24 

±.56 ±5 ±.0063 ±.0078 ±.049 ±.3 ±.05 ±.14 ±.09 ±.10 
4-16 µ, 37.0 129 0.5990 0.6720 8.796 104.8 16.69 82.83 37.23 30.31 

±1.l ±6 ±.0048 ±.0075 ±.064 ±.2 ±.08 ±.21 ±.11 ±.09 
<4 µ, 95.3 168 0.5224 0.5380 8.532 104.4 16.48 81.99 37.16 30.36 

±2.8 ±8 ±.0052 ±.0061 ±.042 ±.2 ±.07 ±.17 ±.07 ±.08 

70003,10 
>250 µ, 14.09 109 0.765 0.996 9.147 106.7 16.90 84.72 37.03 30.43 

±.41 ±5 ±.016 ±.022 ±.073 ±.3 ±.09 ±.19 ±.13 ±.10 
74-250 µ, 11.39 t109 0.9241 1.271 9.518 105.9 17.16 85.88 37.30 30.24 

±.36 ±11 ±.0094 ±.011 ±.052 ±.2 ±.09 ±.20 ±.15 ±.11 
37-74 µ, 11.89 113 0.8421 1.157 9.424 105.6 17.01 85.37 37.07 30.46 

±.36 ±6 ±.0079 ±.012 ±.056 ±.3 ±.04 ±.19 ±.12 ±.10 
16-37 µ, 21.58 117 0.7041 0.8738 9.059 105.4 16.n 83.80 37.23 30.36 

±.65 ±6 ±.0072 ±.0072 ±.033 ±.2 ±.05 ±.14 ±.10 ±.10 
4-16 µ, 41.3 163 0.6120 0.6962 8.754 105.2 16.58 82.97 37.14 30.35 

±1.2 ±8 ±.0072 ±.0059 ±.051 ±.2 ±.08 ±.21 ±.12 ±.08 
<4 µ, 58.0 179 0.5221 0.5220 8.554 104.6 16.47 82.08 37.03 30.47 

±1.7 ±9 ±.0048 ±.0062 ±.037 ±.2 ±.06 ±.24 ±.13 ±.10 

*Suspected aberrant 132Xe or Ba measurement: grain-size fraction not used in ordinate-intercept 
correlations. 

tBa concentration estimated from adjacent and/or similar grain-size fractions. 
+Xe partially lost: 132Xe concentration estimated from 84Kr concentrations and 84Kr/132Xe ratios in 

the 37-74 µ, 16-37 µ, and < 4 µ size fractions. 
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Table 3. (Continued). 

t24Xe 126Xe t28Xe t29Xe 130Xe 131Xe t34Xe 136xe 

Sample 132Xe Ba 
(x 10-9 cc STP/g) (ppm) relative to 132Xe = 100 

70002,10 
>250 µ, 7.74 124 1.021 1.430 9.947 106.1 17.26 87.54 37.25 30.47 

±.23 ±11 ±.014 ±.013 ±.094 ±.4 ±.14 ±.32 ±.16 ±.20 
74-250 µ, 9.26 172 0.945 1.299 9.668 105.5 17.07 86.54 37.07 30.23 

±.30 ±9 ±.014 ±.010 ±.043 ±.3 ±.10 ±.26 ±.13 ±.12 
37-74 µ, 12.79 172 0.8127 1.0712, 9.283 105.1 16.98 85.15 37.11 30.36 

±.37 ±9 ±.0079 ±.0096 ±.048 ±.3 ±.06 ±.15 ±.14 ±.12 
16-37 µ, 19.48 183 0.7291 0.9265 9.053 104.9 16.91 84.49 36.98 30.31 

±.56 ±9 ±.0060 ±.0079 ±.048 ±.2 ±.04 ±.13 ±.11 ±.09 
4-16 µ, *(26.45 t2IO 0.628 0.721 8.56 105.0 16.67 83.60 37.18 30.46 

±.77) ±21 ±.011 ±.018 ±.11 ±.2 ±.05 ±.21 ±.12 ±.07 
<4 µ, 67.2 266 0.5508 0.5913 8.492 104.7 16.66 82.43 37.26 30.54 

±1.9 ±13 ±.0062 ±.0057 ±.048 ±.3 ±.06 ±.19 ±.09 ±.12 

70001,10 
>250 µ, 8.96 83 0.7920 1.055 9.200 105.3 17.04 85.31 37.14 30.25 

±.26 ±4 ±.0078 ±.011 ±.067 ±0.2 ±.11 ±.21 ±.16. ±.12 
74-250 µ, 10.40 86 0.787 0.9750 9.151 105.2 16.79 84.54 37.08 30.21 

±.30 ±4 ±.010 ±.0091 ±.050 ±0.4 ±.09 ±.23 ±.12 ±.13 
37-74 µ, 12.73 111 0.7405 0.9367 9.201 105.6 16.86 84.28 37.15 30.29 

±.37 ±6 ±.0058 ±.0065 ±.039 ±0.2 ±.06 ±.17 ±.10 ±.12 
16-37 µ, 19.83 110 0.6561 0.7872 8.837 104.9 16.70 83.50 36.97 30.19 

±.58 ±6 ±.0062 ±.0063 ±.053 ±.2 ±.06 ±.13 ±.08 ±.06 
4-16 µ, 37.2 126 0.5826 0.6572 8.617 104.9 16.66 83.03 37.03 30.30 

±1.l ±6 ±.0049 ±.0050 ±.040 ±.2 ±.09 ±.15 ±.13 ±.08 
<4 µ, 75.5 158 0.5238 0.5423 8.541 104.5 16.57 82.35 37.11 30.41 

±2.2 ±8 ±.0053 ±.0053 ±.038 ±.1 ±J)6 ±.18 ±.13 ±.08 

*Suspected aberrant 132Xe or Ba measurement: grain-size fraction not used in ordinate-intercept 
correlations. 

tBa concentration estimated from adjacent and/or similar grain-size fractions. 
+Xe partially lost: 132Xe concentrration estimated from 84Kr concentrations and 84Kr/132Xe ratios in 

the 37-74 µ, 16-37 µ, and <4 µ size fractions. 

(~e/22Ne) = 9.647 ± 0.042, (21Ne/22Ne) = 0.02874 ± 0.00015. The isotopic com-
position of Ar in MLSS-A was calibrated against Nier's (1950) composition of 
atmospheric Ar (38Ar/36Ar = 0.1880, 40Ar/36Ar = 296.0). Kr and Xe compositions 
are identical to those given in Tables 5 and 6 for atmospheric Kr and Xe (Basford 
et al., 1973). 

DISCUSSION 

Correlation systematics for a two-component structure of rare gases in lunar 
fines have been developed in detail by Pepin et al. (1974). The key correlation for 
determining both spallation gas concentrations and trapped gas isotopic composi-
tions in grain-sized samples of lunar fines is the ordinate-intercept relation 

(M') = [C] [(M)vc {(M') - (M') }] + (M') ' 
M M [C] M VC M SC M SC 

(1) 

where M and M' represent isotopic abundances, vc and sc the volume-correlated 
and surface-correlated components respectively, and [C] the chemical concentra-
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tion(s) of parent or target elements from which volume-correlated gases are 
produced in situ. If the measured quantities M' /Mand [C]/M are plotted against 
each other for a suite of size separates, linear correlations will result if all 
fractions contain the same two isotopically invariant volume and surface corre-
lated components and the same specific concentrations (M)vc/[ C]. Specific 
concentrations are directly related to correlation slopes, and ordinate intercepts 
give isotopic compositions of the surface correlated (trapped) component. 

Application of ordinate-intercept analysis, using York's (1966) linear regres-
sion method, to the data in Tables 1-3 yields the trapped gas isotopic compositions 
and, with the assumption that volume correlated components are spallogenic, the 
spallation gas concentrations set out in Tables 4-6. Specific details and discussion 
of the analysis for each gas are as follows: 

Helium. A modified version of Eq. (1), in which [C] is cancelled out of the 
equation-equivalent to the excellent assumption that abundances of the impor-
tant target elements for He spallation, chiefly O and Si, do not vary significantly 
over the suites of size fractions-and in which specific correction is made for 
volume correlated radiogenic 4He (Eq. (7), Pepin et al., 1974) was utilized with 

Table 4. Spallogenic concentrations and trapped (surf ace-correlated) isotopic compositions of helium, 
neon and argon in fines from the Apollo 17 drill core, and from the surface at the drill-core site (70181). 

t3Hesp 21 Nesp :J:38Arsp/Ca 
(2°Ne/12Ne)tr (21Ne/22Ne)tr (38 Ar/36 Ar)tr Sample *Depth (

4He/3He)tr 
(g/cm2) (units of 10-1 cc STP /g) (X 10-2) (xl0-1) 

70181,30 ~5 19.4 4.20 43.7 2999 12.65 3.159 1.8877 
±2.8 ±.30 ±3.5 ±37 ±.15 ±.014 ±.0013 

70008,163,284 46 14.9 4.27 42.9 3080 12.63 3.222 1.8924 
±1.6 ±.04 ±3.7 ±55 ±.11 ±.005 ±.0027 

70008,205,225/283 79 14.3 4.12 45.3 3200 12.463 3.205 1.8871 
±1.2 ±.16 ±9.3 ±49 ±.058 ±.018 ±.0074 

70008,f5,285 119 20.8 8.46 47.1 3013 12.58 3.113 1.8936 
±1.6 ±.30 ±7.4 ±15 ±.20 ±.016 ±.0044 

70006,10 179 28.8 11.16 88.1 3006 12.823 3.139 1.8904 
±0.6 ±.26 ±5.6 ±24 ±.044 ±.012 ±.0027 

70005,10 251 9.46 90.2 12.770 3.109 1.8872 
±.71 ±5.7 ±.061 ±.030 ±.0025 

70004.10 324 23.4 8.65 112 3100 12.574 3.204 1.8854 
±2.4 ±.46 ±16 ±57 ±.033 ±.035 ±.0043 

70003,10 397 24.3 17.77 143 2990 12.974 2.937 1.8814 
±4.4 ±.62 ±23 ±36 ±.003 ±.019 ±.0066 

70002,10 470 33.0 11.82 92.0 3077 12.62 3.102 1.8851 
±5.2 ±.34 ±6.8 ±46 ±.39 ±.013 ±.0025 

70001,10 542 24.3 10.77 76.3 2948 12.679 3.093 1.8854 
±6.5 ±.75 ±5.0 ±52 ±.009 ±.025 ±.0021 

*Calculated from data on ma~ses of overlaying material, sample diameter, and bulk densities 
tabulated in Duke and Nagle (1974), Table XVII-1, p. 17-3. Locations of samples 70001,10-70006,10 
were assumed to be ---2.5 mm inside the ends of their respective bit or stems. (The "returned sample 
weight" of drill stem S/N 063 (70007) is 179.4 g, not 149.4 g as given in Table XVII-1.) 

tFrom data correlations corrected for radiogenic 4 He (see text). 
:l:Spallogenic specific concentrations, in units of 10-1 cc STP /gCa. 
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Table 5. Spallogenic specific concentrations and trapped (surface-correlated) isotopic composi-
tions of krypton in fines from the Apollo 17 drill core, and from the surface at the drill-core site 

(70181). 

*78Krsp/"Sr" ,sKr 80Kr 83Kr 84Kr 86Kr 

Sample Depth 
(g/cm2

) (units of 10-1) Trapped ratios: relative to 82Kr = 100 

70181,30 ~5 1.86 2.975 19.503 100.18 498.10 153.46 
±.16 ±.013 ±.086 ±.10 ±.61 ±.27 

70008, 163,284 46 2.07 3.009 20.074 99.83 492.89 151.08 
±.08 ±.011 ±.063 ±.21 ±.69 ±.41 

70008,205 ,225 /283 79 1.49 3.069 20.050 99.86 492.27 150.90 
±.12 ±.020 ±.081 ±.26 ±.73 ±.35 

70008, 15,285 119 2.74 2.983 19.787 99.79 496.63 151.76 
±.11 ±.010 ±.033 ±.16 ±.97 ±.30 

70006,10 179 4.12 2.967 19.907 99.99 494.31 151.65 
±.17 ±.014 ±.042 ±.06 ±.56 ±.22 

70005,10 251 4.10 2.997 19.777 99.83 495.26 151.99 
±.35 ±.020 ±.045 ±.11 ±.35 ±.08 

70004,10 324 4.42 2.991 19.782 99.86 494.76 151.78 
±.28 ±.016 ±.055 ±.23 ±.26 ±.06 

70003,10 397 5.46 2.927 19.781 99.41 496.05 151.60 
±.12 ±.008 ±.043 ±.11 ±.35 ±.32 

70002,10 470 4.28 2.952 19.59 99.23 494.4 151.39 
±.35 ±.045 ±.12 ±.27 ±1.0 ±.31 

70001,10 542 4.06 2.965 19.830 100.09 494.73 151.48 
±.10 ±.006 ±.044 ±.10 ±.44 ±.14 

t Atmosphere 3.011 19.587 99.60 494.63 150.98 
±.010 ±.009 ±.10 ±.10 ±.12 

*"Sr" = Sr [ 1 + 0.53 (~:) (!:) { 1 +1.47 (ir)} J. See text. 
tBasford et al. (1973). 

M' = 3He, M = 4He, and (4/3)sp --- 4 to generate the trapped and spallogenic He 
data in Table 4. Radiogenic 4He corrections were based on drill-core U and Th 
data from Silver (1974) and the assumption of a 4 AE gas-retention age for the 
drill-core fines; corrections are small ( y = 1 - (4Herad/4H~ota1) < 5% always, and 

1% in 50 of the 60 size fractions) and insensitive to this choice of gas-retention 
age. Except for sample 70005,10, which showed uncorrelated point scatter, all 
correlations involve four to six of the size fractions. Deviations are systematically 
in the direction of excess 3He (or deficient 4He) in the finest ( <4µ,) fractions, and 
deficient 3He (or excess 4He) in the coarsest (>250µ,) fractions. 

Neon. Spallation concentrations and trapped Ne ratios in Table 4 were 
_calculated utilizing Eq. (1), with M' = 20Ne and 21Ne, M = 22Ne and (21/22)sp = 
0.95, without [C] dependence since Mg data for the size fractions are not 
available. MgO is known to vary by ---7% over the series of bulk samples 
70001-70006 (Helmke et al., 1973); Mg variations as a function of grain size within 
a given sample could be larger, but the overall effect of chemical correction on the 
relative shape of the 21 Nesp profile in Table 4 is probably minor. 21Nef2Ne versus 
l/22Ne correlations generally include between four and six 9f the size fractions, 
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r Table 6. Spallogenic specific concentrations and trapped (surface-correlated) isotopic compositions of xenon in fines from = = the Apollo 17 drill core, and from the surface at the drill-core site (70181). 

= 126Xesp/Ba t24Xe 126Xe 12sXe' 129Xe n•xe t32Xe n4Xe n6Xe 
Q.. 

Depth - Sample (g/cm2) (units of 10-1) Trapped ratios: relative to 130Xe = 100 = (0 

'"""" 70181,30 :!S5 5.10 2.784 2.440 50.86 635.4 498.8 611.8 226.43 184.89 
±.37 ±.018 ±.044 ±.22 ±1.3 ±1.8 ±1.5 ±.28 ±.39 

= 70008, 163,284 46 4.83 2.717 2.347 50.13 642.1 496.5 606.4 224.3 184.0 r.l). 

'"""" ±3.9 ..... ±.22 ±.065 ±.038 ±.48 ±3.4 ±3.8 ±6.1 ±1.6 
'"""" = 70008,205 ,225 /283 79 4.18 2.744 2.547 50.57 645.4 496.8 608.17 226.95 186.0 
'"""" r-c (0 

• ±.18 ±.027 ±.039 ±.40 ±1.7 ±2.8 ±.59 ±.67 ±1.1 
70008, 15,285 119 5.62 2.758 2.61 50.70 641.4 495.8 607.7 226.51 185.85 9 

±.44 ±.091 ±.11 ±.64 ±2.0 ±2.6 ±2.7 ±.84 ±.12 0 t!1 < 70006,10 179 6.38 2.848 2.647 50.73 636.8 496.91 609.8· 226.3 186.1 '"C ..... 
Q.. 
(0 ±.20 ±.034 ±.034 ±.25 ±1.4 ±.55 ±1.6 ±1.3 ±1.1 z 
Q.. 

70005,10 251 6.72 2.781 - 2.516 50.25 630.1 496.01 609.56 226.78 185.64 -a" -±.69 ±.042 ±.089 ±.26 ±1.5 ±.31 ±.80 ±.79 ±.88 fa=-
'"""" =- 70004,10 324 7.03 2.791 2.542 51.16 637.6 498.3 610.1 227.00 185.09 
(0 

z ±.27 ±.047 ±.051 ±.17 ±2.4 ±2.9 ±2.5 ±.44 ±.88 
> 70003,10 397 8.65 2.72 2.24 51.45 643.5 498.16 612.4 228.06 186.1 
00 ±.98 ±.20 ±.33 ±.58 ±5.4 ±.98 ±3.3 ±.56 ±1.7 > 
> 70002,10 470 
r.l). 70001,10 542 7.06 2.698 2.437 50.53 634.4 495.7 607.8 225.15 184.85 
'"""" 0 ±.56 ±.060 ±.074 ±.33 ±2.3 ±1.2 ±2.5 ±.84 ±.61 

=- * Atmosphere 2.337 2.180 47.147 649.56 521.25 660.68 256.30 217.64 
r.l). ±.007 ±.011 ±.047 ±.58 ±.59 ±.53 ±.37 ±.22 ..... n 
r.l). 

*Basford et al. (1973). 
'"""" 
00 
r.l). 

'"""" (0 
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although in two cases (70001 and 70003) only the three finest fractions form a 
linear trend. Deviations are in the direction of deficient 21Ne (or excess 22Ne) in the 
coarsest fractions. The 20N~/22Ne versus l/22Ne correlations, involving the 
isotopic ratio 2°N e/22N e, shofw unusually large scatter; more significantly, the 
three-isotope correlations 2°Ne/22Ne versus 21Ne/22Ne [Eq. (3); Pepin et al., 1974], 
which are a basic test of the two-component hypothesis, are consistently poor and 
thereby suggest the presence of varying amounts of an isotopically distinct third 
Ne component in these drill-core samples. 

All neon isotopic data are shown on a three-isotope plot in Fig. 1. Soil 
fractions containing a mixture of galactic cosmic-ray (GCR) spallation Ne and 
trapped Ne characteristic of soil ilmenite grains (Eberhardt et al., 1972) would fall 
along the line joining these compositions. Here, the size fractions of individual 
samples do not define convincing linear correlations, and those trends which do 
exist dip so steeply that neither GCR Ne, nor Ne produced in Fe-Mg silicates by 
solar. cosmic-ray (SCR) protons (Walton et al., 1974; Frick et al., 1975), could 
constitute an end-point component in a simple two-component mixture (Fig. 1 
inset). Viewed as a three-component Ne system, the drill-core data suggest a 
variable mixture of (1) GCR Ne, or a mixture of GCR and SCR Ne, plus (2) 
ilmenite trapped Ne, since the 20N eFN e ratio in six of the ten < 4 µ fractions lies 

6%0 below the ilmenite value, plus (3) a third component or components located 
roughly vertically below the ilmenite point in Fig. 1. As indicated in the Fig. 1 
inset, a number of solar system neon components fit this requirement: Ne-C, 
postulated by Black (1972) to be directly implanted solar flare Ne, terrestrial 
atmospheric Ne (Eberhardt et al., 1965), and the meteoritic components Ne-A 
(Pepin, 1967) and Ne-E (Black and Pepin, 1969). In addition, simple diffusive 
mass fractionation of ilmenite trapped Ne produces a suite of isotopic composi-
tions trending below the ilmenite point along the "mf" curve in Fig. 1. In the 
context of the lunar surf ace environment, both admixture of solar flare Ne 
(Ne-C), which generates a mixing line (Fig. 1) that closely follows the left 
boundary of the data field, and mass fractionation are realistic possibilities. The 
composition of present-day solar-wind (SW) neon, 20Ne/22Ne = 13.6 ± 0.3 and 
21Ne/22Ne = 0.0323 ± 0.0040 (Eberhardt et al., 1972), falls accurately on extension 
of the Fig. 1 fractionation curve, and within error of the extrapolated nm~ N e-C 
mixing line. 

If mass fractionation is responsible for generating a continuum of "third 
components" in these lunar samples, it is interesting to note that the mechanism 
does not appear to be simple· diffusive loss of an initially roughly uniform 
solar-:wind loading of grain surfaces, since there is no coherent relationship 
between 20N e/22N e ratios and Ne concentrations in the same size fractions of 
different samples. In the 4-16 µ fractions, the highest 2°Ne/22Ne ratio (12.69 in 
70181) and the lowest (12.08 in 70002) are associated with virtually identical Ne 
concentrations; in the <4 µ fractions, the second highest and the lowest 
20Ne/22Ne ratios (12.75 in 70008,163 and 12.46 in 70004) are respectively associated 
with the lowest and highest Ne concentrations-a functional relationship opposite 
to that expected for diffusive loss from initially equal concentrations. These 
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observations do not necessarily preclude fractionation as the dominant effect, but 
do suggest that if fractionation has occurred, variables such as mineralogy, degree 
of approach to saturation, length of time at saturation, and the role of refluxed 
lunar atmospheric Ne must be important in defining the overall fractionation 
regime for lunar soil rare gases. 

Argon. Here data for Ca, the dominant target element for Ar spallation, are 
available for the grain-sized separates and therefore Eq. (1) is directly applicable,' 
with M' = 38Ar, M = 36Ar, (38/36)sp = 1.52, and [C] = Ca concentration. Four or 
five of the size fractions define the correlations; noncorrelating fractions are 
systematically one or both of the coarse fractions 74-250 µ and >250 µ, deviating 
from the correlations in the direction of deficient38Ar (or excess 36Ar). Results are 
tabulated in Table 4. It is interesting to note that the effects of Ca variations over 
the suite of size separates of each sample are not large; the 38 Ar spallation profile 
reported by Dragon et al. (1975), which was not normalized to Ca content, is very 
similar in shape to that tabulated in Table 4. Trapped 40 Ar/36 Ar ratios are not 
included in Table 4, since the presence of radiogenic 40 Ar requires utilization of 
correlation equations involving K concentrations [Eq. (8); Pepin et al., 1974], and 
measurement of Kin all size separates is still in progress. Trapped 40 Ar/36 Ar ratios, 
and bulk K-Ar ages of these samples, will be reported separately. 

Krypton. Although Sr has been measured in these grain-sized fractions (Table 
2), it is not in itself a suitable representation of target element concentrations [C] 
for Kr spallation since its concentration does not correlate geochemically with 
those of other important targets, notably Y and Zr which produce on the order of 
half the spallogenic 78Kr in a typical soil. Y and Zr concentrations are not available 
for size fractions nor for bulk samples of the drill-core fines. However, they may 
be estimated from the Ba concentrations reported here, correlations of the Ba/Zr 
and Y/Zr ratios versus TiO2 content noted by Duncan et al. (1974) for Apollo 17 
soils, and measured TiO2. 78Krsp ex: Sr+ 0.78Y + 0.53Zr (Pepin et al., 1974); the 
chemical dependence may be written as 

Sr [ 1 + 0.53 (~:) (i:) { 1 + 1.47 (Jr)}]= "Sr." 

"Sr" (= "effective target element concentration") was estimated for each size 
fraction of the drill;..core samples from measured Ba/Sr (Tables 2 and 3) and Zr/Ba 
and Y /Zr values calculated from correlations of Zr/Ba and Y /Zr versus TiO2 (data 
from Duncan et al., 1974; Wanke et al., 1974; Philpotts et al., 1974; Rose et al., 
1974; and Rhodes et al., 1974), using drill-core TiO2 measurements from Helmke et 
al. (1973) and Laul et al. (1974), and TiO2 in sample 70181 from Rhodes et al. 
(1974). Bulk sample TiO2 measurements are assumed to apply to size separates, 
within an appropriate uncertainty. Calculated "Sr" concentrations are tabulated in 
Table 2, and used for [CJ in Eq. (1) correlations. M' = 80-86Kr and M = 78Kr in Eq. 
(1); (M' /78)sp ratios were determined from the three-isotope correlations M' /78Kr 
versus 86Krf8K.r, assuming (86Krf8Kr)sp = 0. Resulting spallation specific concen-
trations 78Krsp/"Sr", and trapped Kr isotopic compositions from intercepts of the 
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correlations "Sr"/82Kr versus M' /82Kr, are given in Table 5. All fractions correlate 
in three-isotope analysis, confirming the two-component structure of Kr in these 
samples. Four to six fractions define all ordinate-intercept correlations; noncor-
relating fractions are systematically the coarsest separates, always in the direction 
of deficient 78Kr (or excess 80-86Kr). 

Xenon. Here Ba concentrations were taken as representative of concentra-
tions of both Ba and REE targets for Xe spallation-eff ectively an assumption 
of geochemical correlation of Ba and the REE. Equation (1) correlations 
of data· in Table 3, with M' = 12

4-
136Xe, M = 126Xe, [C] = Ba concentration, and 

(M' /126Xe)sp from the intercepts of the three-isotope correlations M' /126Xe 
versus 136Xe/126Xe (assuming (136Xe/126Xe )sp = 0), yield the spallation specific concen-
trations 126Xesp/Ba given in Table 6. Trapped ratios in Table 6 are intercepts of the 
ordinate-intercept correlations Ba/130Xe versus M' /130Xe. As is the case for Kr, 
precise three-isotope correlations verify the presence of two and only two 
isotopically distinct Xe components in these samples. Except for sample 70002,10, 
where there is wide point scatter (due in part to a suspect 132Xe abundance 
measurement) and no obvious correlation, four to six of the size fractions of each 
sample are in general linearly correlated in the ordinate-intercept analysis. A few 
deviations occur which are attributed to experimental anomalies in rare gas and/or 
Ba measurements, but all systematic departures from the regression lines occur in 
the coarser size fractions, most in the direction of deficient 126Xe ( or excess 124Xe, 
1:zs-136Xe). 

For all gases discussed above, the criterion for exclusion of data points from 
the ordinate-intercept correlations was generally as follows: (a) for size fractions 
which were characteristically anomalous, such as 74-250 µ and/or >250 µ, 
exclusion if deviations were > 2 a- from the . correlation defined without these 
points; (b) for all 'other size fractions, exclusion only if rare-gas or chemical 
concentration measurements were experimentally dubious. Fractions excluded 
for this reason are noted in the Tables. 

The uniformity of cosmic-ray exposure history which, among other condi-
tions, is necessary for linear ordinate-intercept correlation of a suite of grain-sized 
separates, does not appear to extend to the larger fragments in these samples. The 
characteristic deviations of_ coarse soil fractions from correlations defined by the 
finer fractions are typically in the direction of underabundance of the spallogenic 
gas component, and thus lower exposure age. Taken at face value (assuming no 
preferential loss mechanism for spallation gases from larger grain sizes, and no 
significant isotopic shift in trapped gases on the surfaces of larger grains), this 
observation has a clear and seemingly straightforward interpretation: the larger 
soil particles are either (a) at an earlier stage of comminutive devolution from 
shielded source materials than the soil as a whole, due to relatively recent and 
perhaps local provenance (e.g. crater rim boulders), or (b) evolved from finer soil 
by agglutination or brecciation with concomitant loss of trapped and spallogenic 
gases. Since the samples under discussion are drill core samples, the effect must 
be predepositional--once buried and thus isolated from the surf ace environment, 
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both influx of new materials and agglutination of older fines is terminated, and all 
size fractions accumulate spallogenic gases at rates depending only on target 
element chemistry, in the absence of diffusive or recoil losses. 

SPALLATION PROFILES AND DEPOSITIONAL MODELS 

Spallation gas concentrations given in Tables 4-6 are plotted versus sample 
depth in Figs. 2 and 3. The neutron fluence profile in the Apollo 17 drill core from 
Curtis and Wasse_rburg (1975a,b) is shown for comparison in Fig. 3. Bl~ck bars on 
the schematic representation of the drill core at the bottom of the figures indicate 
approximate location of the samples within each drill stem. Stem 70008 has been 
opened and sampled throughout its length; samples from other stems were 
obtained from the ends. Stems 70007 and 70009 have not been sampled; surface 
sample 70181 is from the drill-core site near the top of the deep core hole, but is not 
directly from the top of stem 70009. 

Curtis and Wasserburg (1975b) have thoroughly discussed the implications of 
the neutron fluence ( lf,) profile in Fig. 3 in relation to the history of regolith 
development at the Apollo 17 site. A simple history of long-term irradiation of a 
single static slab of regolith, or of multiple thick, discrete slabs emplaced 
sequentially over a long period of time, is effectively ruled out since the measured 
fluence pattern resembles neither the characteristic profile produced by static 
irradiation-fluence rising from near zero to a peak at ---150 g/cm2 and declining 
exponentially below the peak (Russ et al., 1972)-nor any obvious superposition 
of such profiles. A more sophi~ticated model involving continuous accretion of 
the entire regolith section over a long time interval (> 1 AE), followed by in situ 
irradiation during a quiescent period of several hundred million years and recent 
mixing of the top ---100 g/cm2 of material, produces a fluence profile which is in 
reasonable accord with the data, but is regarded as an unlikely description of 
depositional history since the model requires accretion of -very lightly preir-
radiated materials for which there is no reasonable long-term source. 

Curtis and Wasserburg conclude that the most plausible interpretation of 
depositional history from the Fig. 3 ·fluence profile is one in which in situ 
irradiation effects play no significant role; i.e. very recent emplacement (within 
the past~ 100-200 m.y.) of the entire regolith section sampled by the deep core. In 
this view the neutron fluence of a particular sample is a function only of its 
predepositional irradiation history and of mixing processes during and subsequent 
to emplacement, and not of its depth in the core. Near-constant fluence over 
comparatively large vertical distances (~50 to ---100 g/cm2, ---200 to ;;::,550 g/cm2 in 
Fig. 2) implies rapid deposition of uniformly preirradiated materials or thorough 
mixing accompanying deposition, although some fluence variations in the source 
materials may survive (e.g. sample 70003 at ---400 g/cm2

). At least two units exist 
in the drill core, distinguished in terms of their irradiation history by a significantly 
shorter predepositional residence time in the upper regolith for the shallower unit 
(~ 100 g/cm2

) as compared to the deeper (~200 g/cm2
); the two units are separated 
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calcium. 
2048 

600 

© Lunar and Planetary Institute • Provided by the NASA Astrophysics Data System 

http://adsabs.harvard.edu/abs/1975LPSC....6.2027P


1
9
7
5
L
P
S
C
.
.
.
.
6
.
2
0
2
7
P

-CV 
al 
C, 

a.. 
t-
V') 
u u 

co 
I 

0 _.. 
X 

CtJ co 
0. en 

Q,) 
X 
C0 
N -

a.. 
t-
V') 
u u 

co 
I 

0 
.-4 

Rare gases and Ca, Sr, and Ba in Apollo 17 drill-core fines 

100 

50 

/1',,'' / ', 

Xe\ / / .............. ---1 +--4 ,ir----

f' / Kr~ 

0 [}}?\IU<ltt}l?/?\U:l?U?t\\UIF/}\./}lf:H?///1:::?}::::: '.:. --i:.::::.: : ... ·.·.:; 11 
I 70009 I 70008 I 70007 I 70006 I 70005 I 70004 I 70003 I 70002 I 11 

0 100 200 300 
DEPTH (g / cm2) 

'L 70001 

400 500 

5 

0 

600 

Fig. 3. Distributions of spallation-produced 78Kr and 126Xe, and neutron fluence tf, (Curtis 
and Wasserburg, 1975b) as functions of depth in the Apollo 17 deep drill core. 78Kr and 
126Xe concentrations are given as abundances per gram "Sr" (see text) and Ba, 

respectively. 
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by a zone of thickness = 100 g/cm2 in which materials from the two principal units 
are mixed. 

As yet, except for the model based on spallation Ar proposed by Dragon et al. 
(1975), we have not quantitatively tested specific depositional models against the 
rare gas spallation profiles in Figs. 2 and 3. However, there are a number of 
qualitative assessments of the various types of models which can be made on the 
basis of these profiles and their comparison with the neutron fluence record: 

Jn situ i"adiation of static layers. Dragon et al.'s (1975) model of in situ 
irradiation of two major slabs comprising the lower ---400 g/cm2 of the section, 
with the basal layer emplaced --- 1 AE ago, remains a technically valid interpreta-
tion of the spallation Ar profile in Fig. 2 but is not supported by the other rare-gas 
data or, a~ discussed above, by the neutron fluence data. Although all spallation 
gas distributions (except for 3Hesp) fall off in the deepest two stems in a way 
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qualitatively consistent with in situ production, peak production .rates for 78Krsp 
and 126Xesp should occur ---40-60 g/cm2 shallower than peak 21Nesp and 38Arsp 
production rates (Reedy and Arnold, 1972; Pepin et al., 1974; Reedy, 1975). Within 
the resolution of the data in Figs. 2 and 3, all profiles, again excluding 3Hesp, show 
a common peak at ---400 g/cm2

• A finer sampling grid within stem 70004 is clearly 
needed to establish more accurate profile peak locations. If they are coincident in 
depth for all four spallation products, in situ production cannot be an acceptable 
mechanism even for the rare gases alone. As far as the fluence profile is 
concerned, the peak low-energy neutron fluence should occur ---150 g/cm2 deeper 
than the 126Xesp peak, and it certainly is not evident in Fig. 3. A second observation 
on the Dragon et al. (1975) model concerns the upper boundary of the postulated 
lower depositional unit .. On Ar evidence alone, it appears to occur just above the 
top of stem 70004, so that the bottom four drill-core samples fall within it. But 
spallogenic Ne, Kr, and Xe concentrations in 70004,10 are too low to be consistent 
with this picture: 78Krsp and 126Xesp concentrations in particular would have to be 
comparable to or greater than those in 70003,10, since referred to an ancient 
regolith surface just above the 70004/70005 junction, production profiles are 
essentially flat to decreasing down ·the ---75 g/cm2 interval between 70004,10 and 
70003,10 (Reedy, 1975). Subsequent irradiation of these samples, after emplace-
ment of the overlaying unit, compounds the problem since spallation production 
rates must decrease from 70004,10 to 70003,10. Finally, it is important to note that 
these discussions of in situ irradiation profiles are based on the tacit premise of 
effectively uniform preirradiation levels in depositional units, as seems to be the 
case for the Apollo 15 drill-core materials (Russ et al., 1972; Pepin et al., 1974). 
From a modeling point of view, the number of degrees of freedom introduced by 
the possibility of variable preirradiation and selective loss of gaseous spallation 
products is essentially unbounded. 

Continuous accretion. The generally near-level to smoothly increasing slopes 
of the Kr and Xe profiles below ---100-150 g/cm2 in Fig. 3-in this context 
necessarily regarding the anomalously high spallation concentrations in 70003,10 
as a predepositional effect in the source materials for this particular sample-
suggest that most of the data over this interval can be reasonably well fit by a 
model of continuous accretion and subsequent in situ irradiation, in general terms 
the same extended depositional history considered by Curtis and W asserburg 
(1975a,b) to provide a reasonable match (but with unreasonable implications for 
the provenance of the source materials) to the measured neutron fluence profile. 
There is, however, an important distinction between the rare-gas and fluence 
cases. Because of the low neutron fluence at shallow depths, the in situ irradiation 
stage which f ollow·s accretion of the entire present-day regolith in Curtis and 
Wasserburg's model does not generate a large average fluence in the recently 
mixed zone above ---100 g/cm.2. This will not be the case for either Kr or Xe, where 
maximum spallation production rates occur near the surface (Pepin et al., 1974; 
Reedy, 1975). The lf, and, in particular, the Kr profiles in Fig. 3 are remarkably 
similar, and it remains an interesting question for future test as to whether the 
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same accretion/static-irradiation model, with the same parameters of accretion 
rate, final surface level, and subs~quent irradiation time, can account for 
essentially identical profiles of two irradiation products whose production rates as 
functions of depth are so radically different. As far as the light spallation gases in 
Fig. 2 are concerned, it is clear that the smoothly rising profiles below 
---100-150 g/cm2 required by Curtis and Wasserburg's fluence model are arguable 
only in the context of assuming significant perturbations due both to in-
homogeneities in predepositional effects and to loss of spallogenic gases from 
some samples. 

Recent deposition. Since in this case the irradiation record in the regolith 
section derives entirely from predepositional exposure history and mixing effects 
during and after emplacement, no functional dependence of irradiation product 
concentrations versus depth is expected except when uniform mixing or coherent 
depositional phenomena such as overturned flaps are involved. In general one 
would expect concentrations of different irradiation products in a given sample to 
be proportionally related, as they are for example in 70003,10 where all indicators 
except 3Hesp are high and in the context of this model suggest a layer of material 
with relatively long predepositional exposure. The closely corresponding shapes 
of the Kr, Xe, and tf, profiles in Fig. 3 are simply explained in this model, but by 
the same arguments the anomalously high spallation Ar concentration in 70004,10, 
and the very low Ar value near the base of stem 70008 (sample 70008,15,285) 
compared to all other exposure indicators in this sample, are puzzling. Additional 
deviations such as the drop-off in 21 Nesp from 70006,10 through 70004,10 and the 
low 3Hesp concentration in 70003,10 might reasonably be explained by partial loss 
of these light gaseous products during deposition of the source materials. Overall, 
there is some support for recent deposition in intercomparisons of the profiles in 
Figs. 2 and 3. It is extremely important to continue to consider and test 
alternatives to this model, since the upper limit on depositional age proposed by 
Curtis and Wasserburg (1975a,b) requires complete development of the upper 
three meters of the Apollo 17 regolith, including a two-meter thick basal unit of 
mature, highly pre irradiated, non-mare rich materials for which there is neither 
plausible local provenance nor obvious recent transport/deposition mechanisms, 
so short a time a_go that the entire regolith section is comparable in age to the 
youngest major impact features at the site. 

TRAPPED GASES 

Helium 
Trapped 4He/3He ratios listed in Table 4 for these samples are quite uniform, 

significantly higher than those characteristic of the Apollo 15 drill-core materials 
(Pepin et al., 1974), and in fact among the highest yet measured in lunar soils. As a 
cross-check with other measurements on Apollo 17 drill-core samples, we have 
computed bulk sample 4He/3 He ratios by integrating measured ratios in the 
grain-sized fractions (Table 1) over the grain size mass distribution for each 
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sample, and compared the results to bulk sample values obtained by Eberhardt et 
al. (1974). The separate measurements generally agree to within a few percent, 
except for 70006 where Eberhardt et al.'s (1974) value is 33% higher. 

Neon 
Reservations concerning the applicability of the ordinate-intercept method to 

deduce trapped 20N e/22N e ratios in these samples were discussed in an earlier 
section. Trapped 2°N e/22N e ratios in Table 4 are thus considered approximate until 
quantitatively reexamined in terms of a three-component mixture. Correlations 
leading to determination of trapped 21 N e/22N e ratios are generally coherent, 
however. The average value (21N e/22N e) = 3 .128 x 10-2 is reasonably characteristic 
of all samples except 70003,10. Some ratios are not within error of the average 
value nor of each other, but in the absence of specific correction for variation in 
target element abundances it is unclear whether this scatter is significant. The 
average trapped 21Ne/22Ne ratio in these materials is close to the Apollo 15 drill 
core average of 3.07 x 10-2 (Pepin et al., 1974); in neither case is there any obvious 
correlation of individual sample values with depth. 

Argon 
The average value of trapped 38 Ar/36 Ar in the Apollo 17 deep core samples 

(Table 4) is 0.18876; the standard deviation of an individual measurement from 
this average is <2%o (parts per thousand). The averages for Apollo ,15 (0.189~ ± 
6%0: Pepin et al., 1974) and Apollo 17 drill-core materials do not differ signifi-
cantly. The precision of the present data, however, is sufficient to suggest a 
possible dependence on depth in the Apollo 17 core: trapped 38A1/6Ar iv four of 
the top five samples (depth 180 g/cm2

) is higher than the average, and-_is lower 
than average in all five of the deeper samples (depth i50 g/errq2

). Qeviations 
from the average value are significant at the 1 u level forJour'-of the ten -samples. 
If, in the context of earlier discussions, this effect is taken to characterize major 
depositional units, then there is rough agreement with the principal depositional 
discontinuity proposed by both Curtis and Wasserburg (1975a,b) and Dragon et al. 
(1975), except that sample 70006 appears here to lie in the upper rather than the 
lower unit. 

Krypton 
Trapped Kr in the surface sample 70181 is linearly fractionated with respect to 

terrestrial Kr by ---+4%o/mass number. All subsurface samples are near terrestrial 
(within ~7%o) in heavy Kr isotope composition (83-86Kr/82Kr). Some of these 
(70008,15,285; 70005,10; 70004,10) show small linear fractionation patterns, which 
include the 78Kr/82Kr ratio but not the 80Krr2Kr ratio, in the same direction as 
fractionation in 70181-toward heavy isotope excess with respect to atmospheric 
Kr. In other samples, 78Kr is in excess (70008,205,225/283) or deficient (70006,10; 
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70003,10; 70002,10; 70001,10) by up to 300/40 with respect to the pattern defined by 
the heavy isotopes; this may be a target element effect afr.,mg from the indirect 
way in which Y and Zr concentrations were estimated. bxcept for 70002,10, all 
subsurface samples are characterized by anomalously high 80Kr/82Kr ratios, 
almost certainly due to neutron capture in surface-correlated Br. The effect is 
largest in the shallowest core sample (70008,163,284), where the 80Kr/82Kr ratio is 
25%0 above the terrestrial value. Other Kr isotopes in 70008,163,284 show 
essentially terrestrial relative abundances. The principal differences in trapped Kr 
composition between the Apollo 15 and Apollo 17 deep core materials are the 
absence of 80Kr enhancement due to neutron capture, and an average fractiona-
tion pattern of reverse slope (----2.5%0/mass number), in the Apollo 15 samples 
(Pepin et al., 1974). 

Xenon 
The trapped Xe compositions in Table 6 fall within the previously observed 

ranges for lunar trapped Xe, except for 124Xe/130Xe where the average value over 
the nine samples, 2.76 x 10-2

, is lower than the lowest value observed in an earlier 
study of 14 lunar soil samples (Basford et al., 1973). The drill-core materials 
appear to be depleted in surf ace-correlated 124Xe, but interestingly enough not in 

126Xe: the 126Xe/130Xe ratio is erratic from sample to sample, but the average value, 
excluding the very imprecise measurement in 70003,10, is virtually ide_ntical to the 
average in the samples studied by Basford et al. (1973). The heavy isotope ratios 
131

-
136Xe/130Xe are strikingly constant-extreme variations are ±1%o or less over 

the drill core suite-and lie at the upper end of the range observed by Basford et 
al. (1973); in the context of their discussion this may imply a significant content of 
surface-correlated fission Xe. Finally, correlated variations of the 128Xe/130Xe and 
129Xe/130Xe isotopic ratios, first noted in four of the samples examined by Basford 
et al. (1973), are also found here in the five deep samples 70001,10-70006,10. The 
ratio of excess 1~e to excess 128Xe, where "excess" is defined relative to the 
sample with lowest isotopic ratios, is :: 10, the same value that characterized; 
Basford et al.'s (1973) samples. It is interesting to note that 70001-70006 are 
mature regolith materials; the other mature soil in Table 6 is the surface sample 
70181, and it also falls on the correlation line defined by the deep samples, 
whereas the immature soils in drill stem 70008 do not. Whether the hypothesis 
advanced by Basford et al. (1973} to explain this correlation-that soil grains 
showing such behavior are extremely ancient and have not been significantly 
heated since their formation during the earliest history of the regolith-is correct 
remains an open question. The existence of this type of correlation, however, now 
appears to be an experimental fact. The possibility that a mass fractionation 
process might be responsible for these isotopic variations is effectively ruled out 
by the stability of the 131Xe/130Xe ratio in samples 70001-70006: the extreme 
fluctuations of ± --- 2%o are too small, and are in the wrong direction relative to the 
20-25%0 correlated variations in 128Xe/130Xe and 129Xe/130Xe, for fractionation to be 
a tenable explanation. 
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