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Abstract—Concentration and isotopic composition of helium, neon and argon as well as *Kr and '**Xe
concentrations have been measured in Apollo 17 fines and breccias 72701, 74260, 75061, 75081, 79035,
and 79135. From all samples, at least eight grain size fractions were analyzed and surface and volume
correlated components determined. Ilmenite separates have been measured from the 35-54 um fraction
of 72701, 74241, 75081, and 79035.

*'Ne exposure ages for soils range from 27 m.y. (74220) to 230 m.y. (75081). The breccias, however,
have exposure ages of about 600 m.y. (79035) and about 800 m.y. (79135). K-Ar ages for four soils lie
between 2.9 and 3.9b.y.

The trapped “He and *Ne concentrations in various soils are determined to a large degree by their
ilmenite content. In ilmenite-rich material (TiO, > 6%) correlations were found between the ‘He/[**Ar
and *°Ne/**Ar ratios and the **Ar concentration, which is used as an indicator of the solar wind
exposure. These ratios decrease with increasing solar wind exposure.

The concentrations of trapped **Ne and **Ar are correlated with the spallogenic *'Ne. Furthermore,
the trapped (*He/*He) ratios and the surface correlated (**Ar/>*Ar) ratios appear to be correlated.

Characteristic differences in the rare gas abundance pattern have been found between breccias and
soils.

(a) The concentrations of trapped gases as well as of spallogenic *'Ne are higher in breccias than in
soils.

(b) The ratio “*Xe/**Ar of the trapped gases in breccias is higher than in soils, indicating an excess
of **Xe or a loss of **Ar and *Kr in breccias relative to soil materials.

In ilmenite the trapped He and Ne concentrations are higher than in bulk samples; the **Ar
concentration, however, is for the three soils analyzed smaller in ilmenite than in the three bulk fines
analyzed.

INTRODUCTION

THE CONCENTRATION PATTERN of surface correlated rare gas nuclides reflects—with
the exception of “’ Ar—the abundance distribution of these isotopes in the solar
wind. This pattern is, however, modified by various secondary processes acting on
the lunar material such as diffusion losses, saturation effects, shock influences, or
erosion phenomena. It is the aim of this investigation to elucidate the influence of
these secondary processes on the elemental and isotopic composition of rare
gases in lunar materials. Therefrom, information on the solar wind composition,
on the history of soils and breccias, and on the mechanisms of the incorporation
of rare gas nuclides into lunar materials can be obtained.

This paper reports on concentration and isotopic composition of He, Ne, and
Ar as well as the concentration of *Kr and “?Xe in bulk material, in grain size
fractions of bulk material, and to some extent in ilmenite separates from soils and
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breccias of the Apollo 17 mission. It continues our earlier investigations on lunar
material from the Apollo 11 to Apollo 16 missions (Hintenberger et al., 1970a,
1970b, 1971; Hintenberger and Weber, 1973).

The samples investigated are listed in Table 1. They cover all major regolith
types of the Apollo 17 landing site including the unique “‘orange” soil 74220 and
the two gray soils collected adjacent to 74220. Furthermore, two dark matrix
breccias have been analyzed. To increase the number of data points in the graphs
and to verify that the relations found for Apollo 17 samples also hold for samples
from other lunar missions, additional data from Hintenberger et al. (1970b, 1971)
and Hintenberger and Weber (1971) are included in some figures. These samples
and their abbreviations are listed in a footnote of Table 1.

EXPERIMENTAL PROCEDURES

The experimental details of the noble gas analyses have been described in earlier publications
(Hintenberger et al., 1970b, 1971; Schultz and Hintenberger, 1967; Weber, 1973).

At least eight grain size fractions from each of the six Apollo 17 soils and two breccias listed in
Table 1 have been prepared by dry sieving. Stainless steel sieves of 20, 25, 35.5, 54, 75, 120, 200, and
300 wm, respectively, were used. In some cases, three smaller grain size fractions have been obtained
using nylon sieves of 5 and 10 um, respectively.

The ilmenite fractions were separated from bulk grain size fractions by Clerici solution in special
glass vessels. The purity of these fractions was estimated from optical inspections to be better than
90% with the exception of the very small sample 72701 whose ilmenite content is only about 70%.

Table 1. Sample description’.

K U Th TiO,
Sample No. and description ppm ppm ppm %
7a 72701  light mantle surface soil 1330° 0.808° 2.962° 1.52°
7b 74220  “‘orange” soil 665 0.161° 0.556° 8.81*
7c 74241 } gray soils adjacent 10000  0.14° — 8.61°
7d 74260 to 74220 1000° — — 7.68°
;: ;gggi } dark mantle surface soils 233“ g;gd 0'8_93 lgii"
7G* 79035 dark matrix breccia
(Van Serg Crater ejecta?) — 0.31° — —
7H 79135  dark matrix breccia
(interior of a boulder) 830* — — 5.15°

*LSPET (1973).

*Nunes et al. (1974).

“Tatsumoto et al. (1973).

“Jovanovic and Reed (1974).

“Morgan et al. (1974).

‘In the figures other lunar samples are indicated by the following numbers:
10021 = 1A; 10060 = 1B; 10061 = 1C;
10084 = 1d; 10087 = le; 12070 = 2a;
14163 = 4a; 15471 = 5a; 68501 = 6a

*Note that numbers for breccias have a capital letter.
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RESULTS

Bulk samples

Table 2 shows the results on bulk samples of Apollo 17 soils and breccias. Due to
the heterogeneity of the samples and the small sample weights used the measured
absolute concentrations vary far outside the analytical errors, which are in the
order of +3% for the concentrations of the He, Ne, and Arisotopes and about =10%
for ¥Kr and "?Xe. The precision of the data obtained have been tested by
measurements on the Bruderheim standard. The concentrations given in Table 2 are
mean values for the results obtained on different aliquots of the same sample. The
number of aliquots measured and the maximum and minimum values observed for
the “He contents are given in the last three lines. Table 2 includes also some
elemental and isotopic abundance ratios.

Grain size fractions

The gas concentrations as well as the atomic and isotopic abundance ratios in
grain size fractions of 72701, 74260, 75061, 75081, 79035, and 79135 are compiled in
the Tables 3 to 8. The corresponding data for the orange soil 74220 and the

Table 2. Rare gas concentrations in cm® STP/g in bulk material of fines and breccias from Apollo 17
mission. Errors in isotope ratios 2%, errors in concentrations of He, Ne, and Ar about 3%, of Kr and
Xe about 10%. Sample weights between 0.5-2.1 mg.

Nuclides
and

Ratios 72701,25 74220,47 7424124 74260,9 75061,21 75081,72 79035,15 79135,32
*He 281x107°  485x107°  491x107°  463x107°  414x107°  682x107°  668x107°  433x107°
“He 807x1072 1426x1072  1.573x107" 1.420x 107" 1.086x10™" 1.845x10™' 1.882x107" 1.295x107!
20Ne 1.664x 107> 1.566x10™*  1.542x107° 1.594x 107> 1248x107° 233x107>  3.10x107°  275x107°
*'Ne 427x107%  435x1077 398x 107  4.18x107® 326x10™° 597x107°  848x10™°  7.48x107°
Ne 1292x 107 1.213x10™°  1.228x10™*  1.270x107™* 9.47x10™° 1.812x107¢  242x107*  2.13x107*
3SAr 3.81x107% 1.653x107°  1.593x10™¢ 1.708x10™* 1.676x107* 372x10™*  4.10x10°*  4.47x107*
BAr 724x107°  3.14x107¢  3.06x107°  327x107°  3.17x107°  7.02x107°  7.84x107°  851x107°
“CAr 415x107% 1.067x107*  1.197x107>  1.232x107° 1.565x10™* 3.05x107*  9.19x10™* 1.217x107?
B4Kr 20x1077  85x107° 72%x1078 7.1x1078  94x107®  1.9x1077 19x1077 17x1077
132xe 22%x107%  1.8x107° 1.5x1078 12x107%  12x107®  26x107° 44x107% 5.0x1078
“He/*He 2870 2940 3200 3070 2620 2710 2820 2990
Ne/*Ne  12.88 12.91 12.56 12.55 13.18 12.86 12.92 12.91
2Nef*'Ne  30.3 27.9 30.9 30.4 29.0 30.4 28.5 28.5
**Ar/*Ar 5.26 5.26 521 522 5.29 5.30 5.22 5.24
“©ArAr 1.089 6.45 7.51 7.21 0.934 0.820 224 273
“He/*®Ne  48.5 91.1 102.0 89.1 87.0 79.2 60.7 47.1
2ONe/*°Ar 437 9.47 9.68 9.33 7.45 6.26 7.56 6.17
3 Ar/*Kr 1910 1940 2220 2410 1780 1960 2160 2620
BRr*Xe 9.1 4.7 47 59 8.1 73 43 3.4
number of

aliquots 5 3 3 4 3 4 3 3
4He—contcnt

max. 896x 1072 1.458x1072  1.615x107! 1.442x107' 1.408x 107" 2.02x107!  2.04x107"  1.712x107"

min. 7.03x1072 1.397x1072  1.530x 107"  1403x 107"  7.10x 1072 1.566x107' 1.630x107'  1.064x 107"
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Table 3. Rare gas concentrations in cm® STP/g in grain size fractions of fines from Apollo 17 sample
72701,25. Errors in isotope ratios 2%, errors in concentrations of He, Ne, and Ar about 3%, of Kr and
Xe about 10%. Sample weights between 0.8-3.7 mg.

<20 pm 20-25 pm 25-35 pm 35-54 um 54-75 pm  75-120 pm 120-200 um  200-300 pum
*He 415x107° 1.789%x107°  1.169x107°  723x10°° 5.10x107°  4.02x107°  2.57x10°°  3.00x10°°
“He L158x 107" 5.08x1072  324x107%  1.967x1072 1.165x1072 933x107>  532x107>  6.66x 107>
2°Ne 251x107 1240x1072 744x107% 477x107*  253x107*  2.09x107*  1.395x107¢  1.839x107*
2INe 6.28x107° 332x107°  2.11x107° 1497x107° 1.055x10™° 845x1077  626x1077  737x1077
22Ne 1.957x107*  9.60x107°  590x107°  3.83x107°  2.03x107° 1.695x107° 1.114x107°  1.482x107°
3SAr 536x107%  254x107%  1.741x107%  L115x107*  343x107°  4.65x107° 3.12x107°  4.65%x10°°
BAr 9.85x107°  483x107°  328x107°  2.14x107° 683x10° 891x10°  609x107° 899x 107
“OAr 526x107%  296x10™*  2.11x107*  1.601x107* 845x107° 1.130x107*  9.54x107° 1315x107*
BKr 3.2x1077  146x1077  933x107%  6.17x107%  1.91x107% 248x107®  1.75x107%  2.59x 107
132xe 41%x107%  192x107%  1.26x107° 95x10™°  46x107°  4.1x107° 2.8x107° 43%x107°
“He/*He 2790 2840 2770 2720 2280 2320 2070 2220
Ne/Ne  12.83 12.92 12.61 1245 12.46 12.33 12.52 12.41
2Ne/*'Ne 312 28.9 28.0 25.6 19.24 20.1 17.80 20.1
*Arf8Ar 5.44 5.26 5.31 521 5.02 522 512 5.17
AT Ar 0.981 1.165 1212 1.436 2.46 243 3.06 2.83
“He/®Ne  46.1 41.0 435 412 46.0 44.6 38.1 36.2
2Ne/*Ar 4.68 488 427 428 7.38 449 4.47 3.95
3 Ar/*Kr 1720 1740 1870 1860 1800 1880 1780 1800
8K/ Xe 7.6 7.6 7.4 6.5 42 6.0 6.3 6.0

Table 4. Rare gas concentrations in cm® STP/g in grain size fractions of fines from Apollo 17 sample
74260,9. Errors in isotope ratios 2%, errors in concentrations of He, Ne, and Ar about 3%, of Kr and
Xe about 10%. Sample weights between 0.5-2.9 mg.

<20 um <20 pm 20-25 um 25-35um  35-54pm  75-120pm  120-200 um  200-300 pm
*He 588x107° 5.80%107° 1.580x107°  1364x10™° 7.48x107° 593x10°°  246x107°  691x107°
“He 1759% 107" 1745%x 107" 442%107%  3.86x1072 1.840x107° 1454x1072  476x107> 1.997x 1072
*Ne 205x1072 2.10x1073 6.04x107*  484x107*  269%x107* 1.626x107¢  7.10x107°  222x 107
2INe 545%107°  540x107°  1.811x107° 1.531x107° 1.004x107° 724x1077  5.12x1077  8.20x1077
22Ne 1643x107% 1.688x107%  4.98x10™°  4.04x107° 224x107° 1364x107°  630x10°° 1.905x107°
3 Ar 205x107°%  225x107%  495x107°  4.66x107°  259x107° 1.727x107°  1.107x107°  290x107°
BAr 3.87x107°  434x107° 9.68x107°  9.16x107° 523x107° 3.55x10°°  237x107®  5.66x10 °
“CAr 1.367x 107> 1.588x10™°  3.03x10™*  3.08x107* 1.698x107* 1353x10™* 872x107°  229x107*
8Ky 87x10™%  88x107® 20x1078 19%x107%  1.0x10®  64x107° 42%107° 1.3x1078
B2xe 15%x107%  1.7x107® 3.7%x10°° 23x107° 21x10™° 12x107° L1x107° 22%x107°
“He/’He 2990 3010 2800 2830 2460 2450 1935 2890
Ne/?Ne 1248 12.44 12.13 11.98 12.01 11.92 11.27 11.65
ZNe/*'Ne  30.1 313 21.5 26.4 2.3 18.84 12.30 232

3 Ar/*®Ar 5.30 5.18 5.11 5.09 4.95 4.86 4.67 512
“Ar/SAr 6.67 7.06 6.12 6.61 6.56 7.83 7.88 7.90
“He/*°Ne 858 83.1 73.2 798 68.4 89.4 67.0 90.0
ONe/*®Ar 10.00 9.33 12.20 10.39 1039 9.42 6.41 7.66
*SAr/**Kr 2350 2550 2540 2410 2560 2720 2640 2250
BKr'PXe 60 5.2 53 82 4.9 53 39 5.8
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Table 5. Rare gas concentrations in cm® STP/g in grain size fractions of fines from Apollo 17 sample
75061,21. Errors in isotope ratios 2%, errors in concentrations of He, Ne, and Ar about 3%, of Kr and
Xe about 10%. Sample weights between 0.75-2.8 mg.

<20pm  20-25pum 25-35 um 35-54pum  54-7Sum  75-120pm  120-200 wm  200-300 pm
*He 555%107° 1.842x107°  1.443x107°  1411x107°  646x107° 647x107°  8.19%107°  6.05x107°
“He 1.532x107"  497x107% 3.94x 1072 3.58x 1072 1.416x1072 1.429x1072 1.940x 107> 1.338x 1072
2Ne 207x107>  791x10™*  660x10™*  470x107* 280x107* 2.76x107*  262x107*  223x107*
2INe 544%x107%  231x107¢  2.04x 107  1.445x107° 1.083x107° 1.102x107®  879x 1077  8.61x107
Ne 1L657x107%  631x10™°  545x10™°  372x107°  223x107°  224x107°  2.11x107°  1.824x107°
3Ar 280x107%  7.60x107°  678x107°  516x107°  259x107°  245x107°  347x107°  290x107°
38Ar 533x107° 1452x107°  1.320x10™°  1.010x107°  502x107° 478x107°  6.71x107¢  574x107°
“CAr 2.62x107%  744x107°  726x107°  621x107°  373x107°  368x107°  541x107°  524x107°
84Kr 1.64x1077  504x107°  413x107°  3.14x107%  133x10™%  134x107®  201x10°°  1.60x107°
132xe 23x107%  8.5x107° 13x10°® 58x107° 22x107° 2.0x107° 29%107° 2.7%x107°
“He/*He 2760 2700 2730 2540 2190 2210 2370 2210
Ne/Ne  12.49 12.54 12.11 12.63 12.56 12.32 12.42 12.23
2Nef'Ne  30.5 27.3 26.7 25.7 20.6 20.3 24.0 21.2
*SAr/8Ar 5.25 5.23 5.14 5.11 5.16 5.13 5.17 5.05
“Ar/*®Ar 0.936 0.979 1.071 1.203 1.440 1.502 1.559 1.807
“He/*®Ne  74.0 62.8 59.7 76.2 50.6 51.8 74.0 60.0

- *°Ne/*°Ar 7.39 1041 9.73 9.11 10.81 11.27 7.55 7.69
*Ar/S*Kr 1710 1510 1640 1640 1950 1830 1730 1810
BKr/P*Xe 7.1 5.9 3.1 5.4 6.0 6.7 6.9 5.9

Table 6. Rare gas concentrations in cm® STP/g in grain size fractions of fines from Apollo 17 samples
75081,72. Errors in isotope ratios 2%, errors in concentrations of He, Ne, and Ar about 3%, of Kr and
Xe about 10%. Sample weights between 0.9-3.0 mg.

<20pm  20-25um 25-35 um 35-54um  54-75um  75-120um  120-200 um  200-300 pm
*He 798x107°  2.62x107° 2.22x107°  1.876x107°  9.69x107° 1.008x107°  9.59x107°  8.06x107°
“He 215%x107"  725%1072 579%1072  5.01x1072  229x1072  240x1072  2.24x1072  1.907x 1072
20Ne 272x107 1.035x 107> 8.49x107*  681x10™*  3.45x10™*  304x107¢  290x107*  2.42x107*
2'Ne 6.89x107° 300x107° 245x107®  2.05x107° 1.266x107° 1.107x107° 1.017x107¢  9.00x 107
22Ne 218x107*  B12x107°  6.79x10™°  539x107° 2781077  243x107°  2.33x107°  1.946x107°
36 Ar 438x107% 1.247x107*  1101x107*  990x10™° 376x107° 3.49x107°  387x107°  3.78x107°
BAr 824x107°  243x107°  2.12x107°  1935x107°  734x107° 7.11x107°  7.54x10°°  7.53x107°
“CAr 346x107° 1.155x10™*  997x107° 1.039x10* 436x107° 4.08x107°  440x107°  542x107°
84Kr 22x1077 7.8x107% 58x1078 62x107%  22x107%  2.13:107% 2.1x10°8 23%107°
132xe 28%107° 1.0x 1078 6.5x10"° 84x107° 29x10™°  32x107° 2.7x107° 28%107°
“He/*He 2690 2770 2610 2670 2360 2380 2340 2370
Ne/**Ne 1248 12.74 12.50 12.63 12.41 12.51 12.45 12.44
2Nef*'Ne 316 27.1 27.7 26.3 22.0 22.0 22.9 21.6
3Ar/*8Ar 532 5.13 5.19 5.12 5.12 4.91 5.13 5.02
“Ar/*CAr 0.790 0.926 0.906 1.049 1.160 1.169 1.137 1.434
‘He/®Ne  79.0 70.0 68.2 73.6 66.4 78.9 712 78.8
20Ne/*CAr 6.21 8.30 7.71 6.88 9.18 8.71 7.49 6.40

S Ar/**Kr 1960 1600 1900 1600 1710 1660 1840 1640
BKr¥?Xe 8.1 7.8 8.9 7.4 7.6 6.6 7.8 8.2
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Table 7. Rare gas concentrations in cm’ STP/g in grain size fractions of fines from Apollo 17 sample
79035,15. Errors in isotope ratios 2%, errors in concentrations of He, Ne, and Ar about 3%, of Kr and
Xe about 10%. Sample weights between 0.6-3 mg.

<20 um 20-25 pm 25-35 pm 35-54 pm 54-75 pm 75-120 pm 120200 pm  200-300 wm

*He 9.11x107°  351x107°  257x107°  1.705x107° 1.346x107° 1.202x107°  9.15x107®  7.84x107°
“He 271x107"  9.84x107>  721x107%  433x1072 3.18x1072 285x1072  205x107% 1.840x107°
*°Ne 433%1072 1.706x107>  1206x107>  8.10x10™*  578x10™*  499x107*  4.14x107*  3.18x107*
2'Ne 1L136x107°  519%10°°  3.90x10™°  3.01x10°° 2.56x107° 224x10°° 1.970x107° 1.598x107°
2Ne 348x107% 1.378x107%  979x107°  6.55x107°  4.83x107°  4.14x107° 341x107°  267x107°
3SAr 540x107% 1.882x107%  1.269%x10™*  939x10°  589%x107° 599x107°  6.04x107°  5.03x107°
38Ar 1.015x107™%  3.65x107°  249x107° 1.861x10™° 1.187x107° 1.196x10™° 1.231x107° 1.033x107°
Oar 1.193x 1072 4.13x107%  2.78x10™%  222x107* 1333x107* 1.518x107*  1.599x10™* 1.323x107*
BKr 251x1077  858%107%  615x10™°  430x10™° 3.02x107% 281x107%  294x107°  292x107°
12xXe 64x107%  22x107%  147x107%  1.16x107°  7.12x107° 7.7x107° 7.8x107° 73%x107°
“He/*He 2970 2800 2810 2540 2360 2370 2240 2350
Ne/Ne  12.44 12.38 12.32 12.37 11.97 12.05 12.14 11.91
2Ne/*'Ne  30.6 26.6 25.1 21.8 18.87 18.48 17.31 16.71
*SAr/*Ar 5.32 5.16 5.10 5.05 496 5.01 4.91 4.87
“ArfCAr 221 2.19 2.19 2.36 2.26 2.53 2.65 2.63
“He/**Ne 62.6 577 59.8 53.5 55.0 57.1 495 579
2°Ne/*SAr 8.02 9.06 9.50 8.63 9.81 8.33 6.85 6.32

* Ar/**Kr 2150 2190 2060 2180 1950 2130 2050 1720
8Kr/2Xe 3.9 39 42 3.7 43 3.6 3.8 40

reference soil 74241 have been published recently (Hintenberger and Weber, 1973,
Tables 3 and 4). Some bulk samples have isotopic and elemental noble gas ratios
outside the spread of values obtained in grain size fractions. Especially the
‘He/’He, *’Ne/”Ne, and “He/*’Ne ratios tend to be higher in bulk samples. This
effect is larger than the experimental error and could be attributable to gas losses
or connected with the loss of very fine grained material during sieving. Experi-
ments are planed to clarify this discrepancy.

Mineral separates

More detailed information can be anticipated from the investigation of mineral
separates of known grain sizes. These investigations are in progress and therefore
only a few preliminary results can be included in this paper. Up to now, we have
measured the rare gases in the 35.5-54 um ilmenite grain size fractions of 3 soils

and a breccia from the Apollo 17 missions. These preliminary results are listed in
Table 9.

DiscussioN

In order to compare the concentration of trapped noble gases in different soils
from Apollo 17 the isotopes ‘He, **Ne, **Ar, *Kr, and **Xe are plotted in Fig. 1.
The samples are arranged from the top to bottom with decreasing *°Ar-
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Table 9. Rare gas content and elemental ratios in bulk and ilmenite grain size fractions (35-54 pm) of
Apollo 17 soils and breccias (cc STP/g™).

H. HINTENBERGER ¢t al.

Weight .
(mg) “He 2°Ne AT “He/*°Ar **Ne/**Ar
020 TIim. 1.110X 107" 5.75%x10™*  4.29%x10°° 2590 13.4
Bulk 1967x107> 477x10*  1115x10™*  176.4 428
72701,25 I/B 5.64 1.21 0.385 14.6 3.1
0.56  Iim. 961x107  341x10™ 1.284x10™° 7480 26.6
Bulk 218%x 102  2.66X107¢  2.38x107° 916 11.2
74241,24 /B 2.41 1.28 0.539 8.18 24
120  Iim. 1419%x10™" 6.67x10™*  3.09x10°° 4590 21.6
Bulk 5.01 %1072 6.81x107* 9.90 X 10~° 506 6.88
75081,72 /B 2.83 0.979 0312 9.07 3.1
1.00  Om. 1224x107" 991x10™*  8.61X10~° 1420 11.5
Bulk 433%x10 8.10x10*  9.39x10™° 461 8.63
033,15 I/B 2.83 1.22 0.917 3.09 133

v v o v vt v v v 10v? v n°

,/' P g /-7 79135;

. 727014

Ly Kr ] ®Ne ‘DI 75081*

) 79035

I ' X 74260 T
A A . 241 -
=T A el o 74220 -

v o v v v v o v 0 0 1
Rare Gas Concentrations in cm?® STP/g

Breccias xx Grain Size Grain Size Fractions
35p<d<54u of
Apollo 17 Soils and
limenite poor Breccias

Soil x

Fig. 1. Concentration of “He, **Ne, **Ar, *Kr, and **Xe in 35-54 wm grain size fractions
of Apollo 17 soils and breccias. The dashed lines are parallel to the **Ar line. The low
concentration of “He and **Ne in 72701 is explained by its low ilmenite content.
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concentration. Hintenberger and Weber (1973) have used a similar diagram to
compare trapped noble gas concentrations from different landing sites. Figure 1 is,
however, modified with respect to the following points:

(1) The influence of different grain size distributions in the various soils has
been eliminated by using only 35-54 um grain size fractions.

(2) *°Ar was taken as an indicator of the solar wind irradiation (i.e. the samples
are arranged after decreasing **Ar concentration) because **Ar is normally
more precisely determined than *Kr.

In Fig. 1 the lines for the heavy rare gases **Ar, *Kr, and **Xe of soils are parallel
to each other, indicating constant ratios of **Ar/*Kr and **Ar/"**Xe of 2100 = 300
and 13400 = 2000, respectively. The concentrations of trapped **Ar, *Kr, and '**Xe
in lunar samples can be taken—at least as an approximation—as indicators of
solar wind exposure. Therefore, in Fig. 1 the samples suffered from top to bottom
less and less solar irradiation. This sequence is the same for each of the three
isotopes **Ar, *Kr, and **Xe. The ‘He and *’Ne concentrations, however, would
define completely different sequences, an effect which is understood in terms of
diffusive losses of the light trapped rare gases. To become independent as far as
possible from these losses, *>Xe would be the best rare gas isotope as indicator of
solar wind exposure. However, in Fig. 1 we prefered **Ar because of its smaller
experimental error.

As noted by Eugster et al. (1972) and Hintenberger and Weber (1973), high
‘He/*Ne and *Ne/**Ar ratios in lunar soil samples are connected with high
ilmenite contents. This holds also for Apollo 17 samples. The *Ne and the “‘He
lines show a marked minimum for the light mantle soil 72701 which has the lowest
ilmenite content (1.5% TiO,) of all the samples in this diagram.

This indicates again a loss of the light rare gases ‘He and *Ne in ilmenite poor
soils. Figure 2 demonstrates the correlation of the ratios ‘He/*Ne and *’Ne/**Ar of
the trapped rare gas nuclides with the concentrations of TiO, as a measure for
the ilmenite content in the Apollo 17 soils and breccias investigated in this
paper.

A more detailed inspection of Fig. 1 shows two maxima in the **Xe line for the
two breccias 79035 and 79135 which indicate a *’Xe excess as compared to **Xe
calculated from the **Ar content. In the diagram of our Apollo 11 to Apollo 16 data
(Hintenberger and Weber, 1973, Fig. 1) also the breccias 10021 and 10046 show
distinct humps in the **Xe line. This feature is more clearly shown in Fig. 3, where
the **Xe/**Ar ratios versus the **Ar concentrations are plotted. We have included
in this diagram also our data from the samples of earlier missions. Most soil
samples show distinctly lower '’Xe/**Ar ratios than the breccias. Thus, the
formation of a breccia is at least in many cases connected either with an
incorporation of *’Xe or with a loss of **Ar. Figure 4 shows the corresponding
diagram for the *Kr/*°Ar ratio. An argon loss without a krypton loss would
influence this ratio in a similar way as the **Xe/**Ar ratio, but no systematic
increase of the *Kr/*Ar ratio in breccias is observed. Therefore, the high
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Fig. 2. Correlation between the TiO, contents and trapped rare gas ratios in Apollo 17
soils and breccias. TiO, is a measure of the ilmenite content of the sample. Numbers on
points are explained in Table 1.
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Fig. 3. "Xe/**Ar as a function of trapped **Ar in Apollo 17 soils (large open circles) and

breccias (large closed circles). For comparison measurements from other lunar missions

are included. Grain size effects are excluded by taking for all samples the analyses of the
same grain size fractions (35-54 um). Numbers on points are explained in Table 1.
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Fig. 4. *Kr/**Ar as a function of **Ar in soils (open circles) and breccias (closed circles).

P2Xe/*°Ar ratios in these breccias must be caused by an excess of trapped Xe, or a
simultaneous loss of *Ar and *Kr.

The influence of the dose of solar wind irradiation on the “He/**Ar and
*Ne/**Ar ratios can be seen from Fig. 5 and 6. The concentration of **Ar is taken as
a measure of the total solar exposure. To reduce the influence of differences in the
gas retentivities we have compared only the data obtained on ilmenite rich
samples (TiO, > 6%). Both ratios, “He/**Ar as well as *’Ne/*°Ar, decrease sys-
tematically with increasing *°Ar concentrations. This can be explained by an
enhanced diffusive loss of “He and *°Ne due to larger radiation damages in highly
irradiated crystals. However, the same pattern would be expected if saturation
effects as mentioned by Eberhardt et al. (1970) are responsible for the observed
noble gas pattern in lunar soils. More detailed information on this subject can be

@ Apollo 17 Soils and Breccias and
1000 ® Apollo 11 Soils with
o? o grain size: 35-54u
F % Tio, > 6%
L O Apollo 11 Breccias (35-75u)
§é( 800
N
9 o%
\:,ET I ®7%
600 o8
O1A
L o7f
7G®  ®1e
L $7H
1 2 —>36AI‘ 3 x10ccSTPlg

Fig. 5. “He/**Ar versus **Ar in lunar soils and breccias. Only materials with TiO, contents
larger than 6% are considered. Numbers on points are explained in Table 1.
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, Fig. 6. **Ne/**Ar versus **Ar in lunar soils and breccias.

obtained by the investigation of mineral fractions, first of all from the rare gas
retentive ilmenite.

Figure 7 shows the concentrations of “He, *’Ne, and **Ar in ilmenite normal-
ized to the concentration of the same isotope in bulk material of the same grain
size.

‘He and *’Ne have higher concentrations in ilmenite. This reflects the high
retentivity of implanted light noble gases in ilmenite (Eberhardt et al., 1970). All
three soils contain, however, more **Ar in the bulk material. This may imply
different irradiation histories for bulk and ilmenite of the same soil. Eberhardt et

- X 4241 7
5k o 72701 A
- + 75081 -
. e 79035 A

lImenite / Bulk
1

05

Fig. 7. Comparison of concentrations of “He, *’Ne, and **Ar in ilmenite and bulk samples
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al. (1972) have shown that in 10084 and 12001 the cosmic ray exposure age of
ilmenite is smaller than the exposure age of the bulk soil. Measurements on
ilmenite of different grain sizes will be necessary to prove whether this explana-
tion is also true for the Apollo 17 soils investigated here. It may be noted that the
breccia 79035 has about the same concentration of trapped *°Ar in ilmenite and
bulk samples.

Besides the surface correlated trapped component, lunar soils and breccias
contain volume correlated spallogenic and radiogenic noble gases. A separation of
these components is possible if grain size fractions are analyzed (Eberhardt et al.,
1970; Heymann and Yaniv, 1970; Hintenberger et al., 1970b, 1971; Hintenberger
and Weber, 1973). This method has been used to determine the radiogenic “’Ar
concentration. Figure 8 shows *Ar correlation plots for Apollo 17 soils and
breccias. The radiogenic “’Ar is given by the ordinate intercept; the ratio of the
surface correlated argon components (“*Ar/*°Ar)sc is given by the slope of the line.
The method assumes that radiogenic “Ar is the same in all grain size fractions.

Table 10 contains the results for radiogenic “*Ar and K-Ar ages, calculated
with K values from Table 1. For the soils 72701 and 74220, and to some extent also
for 75061 and 75081, the correlation lines of Fig. 8 can be used to determine the
radiogenic and the surface correlated *°Ar components with relatively small
errors. The two reference soils 74241 and 74260, however, as well as the breccias
79035 and 79135 contain very high amounts of surface correlated “Ar. In such
cases, correlation plots cannot resolve the surface and volume correlated compo-
nents. Therefore, we can give only upper limits for the K-Ar ages of these soils.
These limits are higher than our recently published results for 74241 (Hinten-
berger and Weber, 1973) due to a computational error. The difference in age
between the orange soil and the adjacent gray soil has become smaller and—
considering the difficulties in resolving the two components—does not appear
significant.

Table 10 also includes isotopic ratios of surface correlated gases and concen-
trations of volume correlated spallogenic nuclides CHe, *Ne, **Ar).

The ratio “Ar/**Ar of the surface correlated argon show a large range from
0.77 in 75081 to 7.6 in 74241. The ratio “He/’He of the surface correlated helium
isotopes shows a range from 2740 to 3260 in the corresponding samples. Geiss
(1973) pointed out that these two ratios seem to be correlated. This is supported by
our new results on the Apollo 17 samples (see Fig. 9). Geiss attempted to explain
the correlation by a decrease of solar wind “He/’He ratio with time combined with
an enhanced “Ar retrapping from the moon’s atmosphere at earlier times (Yaniv
and Heymann, 1972). Such a correlation could, however, also be obtained if
radiogenic “He and “’Ar released from the moon’s interior is adsorbed and partly
incorporated into the highly damaged grain surfaces.

For the lunar regolith with a rather continuous mixing, a correlation between
surface correlated gases in the grains incorporated at the very surface of the
regolith and spallogenic gases produced in the top layer (~1m) is expected.
Figures 10 and 11 show the concentrations of trapped (*°Ne). and (*°Ar).. versus
spallogenic (*'Ne)s, in soils and breccias. Indeed, a correlation between trapped
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Fig. 8. “Ar versus °Ar in grain size fractions of Apollo 17 samples. The ordinate

intercept determines the amount of radiogenic “’Ar, the slope of the line the surface

correlated “Ar/**Ar ratio (see Table 10). The radiogenic “’Ar cannot be deduced from

such diagrams in cases of high surface correlated “°’Ar concentrations (74241, 74260,

79035, 79135). Similar diagrams have been used to compute the spallogenic isotopes
given in Table 10.
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Table 10. Concentrations (cm® STP/g) and isotope ratios of trapped, spallogenic and radiogenic rare gas
nuclides of lunar fines and breccias.

2INe* K-Art

4& 2Ne 2Ne 36Ar) (4°Ar 3Hesp ZINesp 38Arsp *Arrad Exposure age  age
*He Ju \*'Ne /i \*'Ne /. \®Ar /. \P®Ar e 1073 cm® STP/g 10% yr 10° yr

72701,25 2900 417 32.4 5.38 0.89 68 34 50 6700 210 3.85
+40 +9 +0.7 +.04 +.05 *15 +4 *30 +1000 +20 +.25

74220,47 2970 399 30.8 5.26 52 15 43 2.6 2600 27 344
+40 +4 +0.3 +0.06 +0.2 +2 +0.2 *1.3 =300 *1 *.17

74241,24 3260 411 32.8 5.20 7.4 120 25 24 =2100 160 —
+50 +4 +0.4 +0.04 +0.3 +21 +2 *5 *10

742609 3090 411 32.7 5.27 7.0 100 32 30 =2100 200 —
+40 +5 0.4 +0.03 +0.2 +30 *3 +3 +20

75061,21 2770 413 32.1 5.29 0.85 120 33 22 1800 210 3.0
*50 *12 +.8 +.03 +.04 +30 +6 +8 +400 +40 +3

75081,72 2760 413 323 533 0.78 110 37 53 1800 230 2.9
+30 +*5 +0.5 +0.02 +0.02 +30 +4 *11 +300 +20 *.2

79035,15 2980 409 32.5 532 2.18 220 96 100 1700 600 2.5
+60 +8 +.7 +.03 =+.05 *50 +8 +15 +700 +50 +.5

79135,32 3170 423 33.0 5.29 2.5 305 130 100 — 810 —_
*20 +8 +.5 +.03 +.1 *25 *10 +40 +60

*Calculated with a production rate of 0.16 X 10 *cc STP g m.y.”".
TK values from Table 1. For 79035 a K concentration of 830 ppm was used.

and spallogenic rare gases is observed. The following relations hold for all
concentrations obtained on 35-54 um fractions of soils and breccias listed in
Table 1, two additional Apollo 17 soils (74220 and 74241) as well as three Apollo 11
breccias 10021, 10046, 10061, and five soils from earlier missions analyzed in our

T 1T 17 I T T T 71 171
(“He/ 3He )i,
3300 *L?c
3200
¥7H
3100 IY"-
1
3000 Hm 175
2900—{, I
a
2800 ]
7
2700 L0~ 36 ———
(“Ar/*Ar),.,
B N . | 1 1 111
05 1 2 5 10

Fig. 9. Correlation of trapped *He/*He and surface correlated **Ar/**Ar in Apollo 17
materials. Numbers on points are explained in Table 1.
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Fig. 10. Correlation of trapped *’Ne in the 35-54 wm grain size fraction with spallogenic

*'Ne in Apollo 17 soils (large open circles) and breccias (large filled circles). For

comparison data obtained in our laboratory from other lunar missions are included. The
abbreviations used are explained in Table 1.
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Fig. 11. Trapped **Ar versus spallogenic *'Ne (see caption of Fig. 10). Numbers on points
are explained in Table 1.
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laboratory:
(**Ne)., < 2.3 x 10’ X *'Ne).,

C°Ar). <380 X (*'Ne)s,

In a very simplified model, one may explain these relations as valid for soils
with continuous mixing. The deviations of data from this correlation may be due
to a diffusion loss of *Ne or **Ar, or by an interruption of the solar wind exposure
by an inhomogeneous mixing or by formation of a breccia.

An explanation for the extremely low (**Ne). and (**Ar). concentration
together with the relatively high *'Ne),, content of the breccia 79035 (Figs. 10 and
11) seems to be that about one-half of the spallogenic gases is produced before
compaction and the other half after excavation of this rock. The use of such a plot
could help to decipher the complex irradiation history of some lunar breccias.
However, a larger number of different breccias and soils have to be analyzed to
demonstrate that it is really possible to draw conclusions on the exposure time of
lunar breccias from correlation diagrams like Figs. 10 and 11.
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