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From E. N. Cameron

Dark-mantle material as a source of helium

Intfoduction

At the suggestion of Dr. Paul C. Spudis, of Fhe U. S. Geological
Survey, I have undertaken a review of information regarding the nature
and distribution of the dark-mantle material that covers certain sizable
areas of the lunar nearside, with the purpase of evaluating the material
as a possible source of helium. Dr. Spudis points out that the
essential component of the material is glass, which occurs as tiny
spherules (mean diameter in the neighborhood of 40 pm), that the
material is considered to be volcanic ash, and that it occurs in
deposits that may be as much as tens of meters in thickness, at least
over certain areas. Information available from photography and from
back-scattering radar surveys indicates that areas covered by such
material are free or nearly free of blocks. Such material would be
easily minable and might require no beneficiation.

This memorandum presents the results of a survey of pertinent
literature. Information, papers. and maps furnished by Dr. Spudis have
greatly facilitated the study. There is a considerable literature on
the dark-mantle material; references cited below are principal sources

of information.



Distribution of dark-mantle material

Principal areas of dark-mantle are shown in Figure 1. The largest
areas are the one along the south and southwest sides of Mare
Serenitatis, including the Taurus-Littrow and Sulpicius Gallus regions,
and the Rima Bode area. Dark-mantle material typically occurs along the
margins of maria. It forms blanket-like deposits that extend from the
mare out over adjacent highland areas, burying or partly burying some of
the topographic features of the highlands. On telescopic spectral
reflectance maps, the dark-mantle areas are darker than the maria, hence
their name. The spectral reflectance of dark-mantle areas of Mare
Serenititas, including the Taurus-littrow area, has been investigated by
Adams et al. (1974). Their work is discussed below.

The Apollo 17 mission landed on the floor of the Taurus-Littrow
valley. Owing to the surveys done and the numerous samples taken
during that mission, it is the principal source of information on the
mineralogy, petrology, chemistry, and helium content of dark-mantle
material. The information has been used by various investigators as a
basis for interpreting otﬁer dark-mantle material marginal to Mare
Serenitatis.

The Taurus-Littrow Valley and Mare Serenitatis

On the pre-mission maps of the Taurus-Littrow area (Scott et al.,
1972), the valley floor on which Apollo 17 landed is shown as largely
covered by dark-mantle material, and dark-mantle material is depicted as
extending over a much larger area to the north and west, overlapping the

boundary between highland terrain and Mare Serenitatis. The valley



floor was sampled at a number of points during the Apollo 17 mission.
Study of the samples showed that the regolith consists largely of
basaltic debris produced by gardening of the underlying bigh-Ti subfloor
basalt. Admixed, however, are droplets of orange and black glass in
amounts ranging from 3.1 to 27.1 percent (Heiken amd McKay, 1974) in the
90 to 150 um fractions of the samples. Heiken and McKay concluded, from
petrographic studies of the samples, "that the dark mantle, af the
Apollo 17 site, is regolith developed on a sequence of interbedded mare
lava and orange glass deposits. Although containing fragments of glass,
which may have a pyroclastic origin, the dark mantle itself does not
have a pyroclastic origin". However, Volfe et al. (1981) concluded that
the orange and black glass droplets (the glass “"fragments" of Heiken and
McKay) represent a deposit of volcanic ash overlying the topmost mare
flow at the Apollo 17 site and admixed with basaltic debris by
gardening. Vilhelms (1987) expressed a similar conclusion. Elsewhere
in the Taurus-Littrow amd Mare Serenitatis regions there is a younger
mare basalt that overlaps older basalts and the ash deposits (Lucchitta
and Schmitt, 1974). Wolfe et al. observe that the waork of Heiken and
McKay indicates that in 19 samples of dark regolith from the valley
floor orange and black glass droplets average 10.6 percent of the 90-150
um fraction and that the ash deposit must therefore have been extensive.
Pure volcanic ash was found only in a trench excavated iﬁ the rim of
Shorty Crater and in cores from two drive tubes put down at a point
beside the trench. The material has been interpreted as a clod ejected

from a subsurface layer of ash at least 70 cm thick. In the trench the



pure ash (orange soil, sample 74220) consists almost entirely of orange
glass droplets containing 8.09% Ti02 (Vanke et al.), 1973)) to 8.96 TiO2
(Nava, 1974). The helium content of this material (Hintenberger et al.,
1974) is reported as 2.6 wppm, not 26 wppm as erroneously stated in my
earlier report of 9/1/87.

The core from the upper of the two drive tubes is designated as
sample 74002, that from the lower tube as sample 74001. The section
given by the two drive tubes shows a downward progression from orange
ash at the top to black ash at the bottom. The black ash consists
largely of droplefs of black glass produced by devitrification of orange
glass. A portion of the black ash analyzed by Heiken and McKay
(1974 showed 10.34 Ti02 and contained 8 percent orange glass, 73.3
percent black glass, and 16.6 percent brown glass. Subsequently Nagle
(1978) examined the cores and found a layered succession of 6 units in
74601, overlain by an additional 3 units of 74002 (Fig. 2.

The cores have been studied intensively since 1974, MNcKay et al.
(1978) sieved portions of each of 14 samples into 8 size fractioms.
Above a depth of 5.5 cm. the material shows evidence (agglutinates,
lithic iragments, and mineral fragments) of gardening over a period of
about 10 m. y. Below 5.5 cm. the materials are composed solely of
droplets of glass, ranging in mean grain size from 36 to 52 pm. Heiken
and McKay showed that the ratio of crystalline droplets to homogeneous
zlass droplets (orange glass) plus partly crystalline droplets changes
downward from about 0.5 to 1 to about 14 to 1 (Figure 3) at the bottom

of the section sampled by the drive tubes.



Splits of the sieve fractions of samples were furnished by the McKay
group to Bogard and Hirsch, who determined He (1978) in two or more
sieve fractions of each of 15 samples distributed from top to bottom of
the drive tube section (Table 1). For most of the samples, only the
150-250 and -20 um fractions were analyzed. Enrichment of the finer
fraction in He is shown by every sample. Samples from the upper
reworked (gardened) 5.5 cm of the section are richest. in He. Below that
depth the He contents are much less. However, even in the richest
samples above 5.5 cm, the 4He content of the -20um fraction is only 8
wppm. Below 5.5 cm the 4He content is 0.9 wppm or less.

Heiken and McKay (1974) and Haggerty (1974) have shown that the
black draplets consist largely of olivine, ilmenite, and residual glass.
Given the Ti02 content of the original glass, the ilmenite content of
the devitrified glass could conceivably approach 20 percent. To the
extent that the ilmenite crystallites occur at the outer edges of the
droplets, then in view of the high He retentivity of ilmenite, an ash
composed largely of black glass should have a higher He content than
glass composed of orange glass. This is obviously not the case in the
material of the rim of Shorty crater. The answer may be that the black
ash there has been effectively shielded from the solar wind by the
overlying orange ash during the relatively short period of about 19 m.y.
(Eugster et al., 1977) since the impact that created Shorty Crater. If
this is true, the samples of ash from Apollo 17 cannot be taken as

indicative of the He content of black ash in ar=as where the ash has
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been exposed py the solar wind by gardening over the period of more than

3 b. y. since the ash deposits were formed (Eugster et al., 197%9.

The above is important, because Adams et al. (1974) concluded from
spectral reflectance studies of dark mantle and sample 74001 that the
dark spheres (i. e., black glass droplets) found in sample 74001 are the
characteristic component of dark-mantle material.

A note of caution is necessary at this point. It is not be expected
that devitrification of orange glass, aapparently the original form of
ash deposited, will be uniform over substantial areas. Various stages
of devitrification have already been found in various samples, and this
must be taken into account. Haggerty (p. 194) remarks: "Initiation of
crystallization in the orange glass imparts to it a distinct black-body
effect, and this effect results in progressively higher degrees of
opacity as the ratio of non-crystalline to crystalline material
docreases. The subtleties of fine contrast regolith mapping or of
photogeologic interpretation (Lucchitta and Schmitt, 1974) of the extent
of the orange soil therefore depend in large measure on the degree of
devitrification. The same is true for predictions based on telescopic
reflactance observations®. Just as important from the standpoint of
recovery of helium is that if the helium content of the volcanic ash is
a function of ilmenite content, helium content can be expected ta vary
over an appreciable range.

Adams et al. (1974) concluded that dark-mantle material derived from
volcanic ash is of broad extent alomg the southern and southwestern

sides of Serenitatis, including the Sulpicius Gallus area, and several



other areas of the lunar nearside (see Figure 1). Those areas, as
pointed out by Dr. Spudis, are free or nearly free of blocks, and in
parts of them the deposits of ash may be tens of meters in thickness.
Such features, together with the fine grain size of the ash, would
greatly simplify mining of regolith and recovery of helium. On the
other hand, the internal structure of the ash deposits may be
unfavorable. Information on this point is mainly from an analysis of
photographs of the Sulpicius Gallus region by Lucchitta and Schmitt
(1074). Those authors state (p. 233): "It is our conclusion that the
Sulpicius Gallus and Taurus-Littrow deposits of orange, red, black and
dark mantle formed as locally stratified but discontinuous pyroclastic
deposits produced by multiple 'fire fountain' eruptions during the later
stages of accumulation of the older mare basalt units". Such a
structure could greatly complicate exploration, sampling, and mining.
Finally, while it is evident that thick deposits of ash are present in
certain areas, only the uppermost portions of such deposits will have
been gardened and exposed to the solar wind.

In summary, pyroclastic deposits of Serenitatis and Taurus-Littraw
comprise both orange glass and black glass, the latter derived from the
former by devitrification. The helium content of orange glass is very
low. The helium content of black glass that has been exposed to the
solar wind for long periods of time is unknown. It may be high where
devitrification is advanced but will be lower where devitrification is
incomplete. Whether large bodies of ash of acceptable helium content

might be delineated will not be known until extensive exploration and



sampling have been done. The complexity of structure Suggggé£§&'by the,
work of Lucchitta and Schmitt is not encouraging. In addition, given
‘the nature of the proceés of devitrification, it seems probable that
substantial variation in grade both laterally and vertically will be
found within individual bodies of ash. In areas such as Taurus-Littrow
where the ash deposits were apparently thin, the problem of gardening
and dilution of ash by underlying material must be considered. Where
the subfloor consists of high-Ti basalt, dilution will probably be no
problem, since regolith derived from such basalt is likely fo be high in
helium, but where ash overlies highland material, dilution will have
caused substantial lowering of grade, since regolith developed on
highland material is low in helium content.
Volcanic ash at the Apollo 15 site

1 have reviewed the literature dealing with the occurrence of
volcanic glass at the Apollo 15 landing site. I will summarize existing
information in a later memorandum and will note here only that there is
nothing to indicate the presence of ash deposits high in helium in that
area. Glass of several types is apparently widespread in the area but
is present in amounts of only 10% or less of the regolith.

Recommendations

Black ash fractions separated from other samples of the dark-mantle
material of Taurus-Littrow should also be analyzed for helium in the
hope that they will indicate something of the range of variation in the
helium content of black glass. Specifically, samples 70008, 220, 235,

and 239 are reported by Heiken and Mchay (1974) to contain respectively



12%, 11% and 15% black glass in the 90-150 pm fraction. They also
report 11.6% black glass in the same fraction of sample 75111,13Jﬁey0nd
this, no further work is recomménded pending a landing mission on the
moon, one that will involve detailed exploration and sampling. Remote
sensing cannot resolve the problems summarized above.

For the present, in view of the uncertainties as to the grade and
structure of the volcanic ash deposits, I recommend that AR-3 continue
to focus on the maria regoliths as potential sources of helium, against
the contingency that volcanic ash deposits will not be found to be
suitable sources. However, it would be unwise, in view of the limited
nature of present information, to rule out the dark-mantle areas as
potential sources of helium; in fact, I would recommend systematic
exploration and sampling of the appropriate areas of Serenitatis. If
future exploration indicates that obtaining large amounts of helium from
volcanic ash deposits is feasible, methods of mining and processing
maria regoliths could be easily adapted to volcanic ash deposits.
Estimates of energy and dollar costs based on mining of the maria would

surely be conservative if applied to mining ash deposits.
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Fig. 1 Major lunar dark-mantle deposits. Location and extent taken from Wilhelms and
McCauley (1971).

From Head (1974)
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Figure 2. From Heiken and McKay (1978),
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Table 1. Isotopic concentrations (units of cm?® STP/g) and ratios of noble gases in grain size separates of soils from the 74002-74001 drive tube.
Subsurface soil depths are also indicated. Absolute uncertainties in concentrations are estimated as + 5-10% for He, Ne, and Ar and = 10-15% for
Kr and Xe. Relative uncertainties given for isotopic ratios are one sigma of the mean of multiple measurements of individual ratios plus one-half the
applied blank corrections. Absolute isotopic ratios have an additional uncertainty of +0.1%/mass unit in applied discrimination corrections. Blank
corrections for <20 um grain sizes were: ‘He 2 1%, **Ne 2 2%, 38Ar < 1%, and **Ar 2 2%, except for soil 74001,113 which had somewhat higher
blank corrections. Blank corrections for 150-250 pm grain sizes were generally: ‘He = 15%, 2®Ne < 25%, °Ar 2 26%, and **Ar = 6%. Soil
74001,113 again showed somewhat higher blank corrections and was the only exception to the above limits for He and Ar blanks.

JHC ‘HE 'sze B . JGAr S‘Kr \”"’Xe
Sample wt. (mg)  x10-7 x 10-* x10-7 20Nes??Ne 22Ne/2'Ne x10-7 38ar738Ar 405,364, x10-°  x10-°
74002,175 (<0.1 cm) -
4575 um 712 27 60.7 58.4 12.59 = 04 2423 £ 41 7o 5.128 + 005 703 = .10 569 107
<20 pm 728 125. 336. 347, 12,62 = .04 30.73 £ .18 434, 5.238 = 005 5.52 = 02 25.7 39.2
74002,176 (0.5-1.0 cm)
150-250 um 13.26 26.2 64.5 70.7 12.59 = 03 24.55 = 32 122 5.147 £ 005 496+ 03 832 136
<20 ym 10.81 155. 420, 412 1270 £ .03 3127 = .16 558 5.233 £ 005 4532 01 313 46.6
74002,177 (1.5-2.0 cm)

150-250 pm 123 19.5 419 a8 12.53 + .14 2304 £ .24 687 ST & 008 6.4% 1 U8 sk2 1h2
<~ 20 jun 109 919 247, K4, 1262 £ 0) 30.79 £ .28 I $.250 = 015 546 = 02 212 325
74002,178 (3.0-3.5 cm)
150-250 wm 13.53 408 7.42 512 1188 = 07 1237 + 36 13.2 4.965 = .009 2354 . 285 8.74
<20 pm 1147 45.7 124. 139. 12.55 £ .03 2927+ .34 176 537= 015 755208 943 150

74002,179 (5.0-5.5 cm)

150-250 pum 1420 1.89 1.85 L7 9.28 + 38 4372 46 212 3.907 = .009 133. %8 0.86 27
<20 um 1142 204 56.1 814 12.39 £ .04 28.27 = .75 972 5.286 « 010 1H3iz2 535 107

20-45 pm )

Split 8 241 332 487 7.30 1362 .13 1o =10 8.8 465 = .04 4827 591 152

Split D 5.54 5.89 124 134 11.57 = .16 171z 4 12.5 499 £ .02 27+3 1.60 257

74002,180 (12 cm)

150-250 wm 970 1n 1.43 1.30 776 = .74 329 = 65 1.65 362 =.13 169. = 16 113 3.79
<20 ym 13.78 13.8 36.7 60.5 1231 2 .03 217945 . 106 547 =05 156+ 2 602 151
Table 1. (cont'd.)

3He ‘He 22Ne I8¢ Bigy  132xe

Sample Wimg) - x10-¢ x10-2 x10-7 20Ne/2INe 22Nes2INe x10-T . 3arAc A06r/30As x10-2  x10-*

74002.181 (18 cm)

150-250 wm 932 156 . 126 094 6.41 =225 246 64 0.99 306 +.20 276 = 22 L3 a7
<20 um 12.18 8.06 194 396 1225« 03 444z .10 49.5 5.146 = 005 165 .1 275 566

74002,182 (26 cm) . '

150-250 pm 10.15 1.51 110 0.65 © 316 % 195 159 = .56 0.63 233 =20 434 = 50 0.48 1.50
<20 ym 11.63 444 9.52 1.6 1202 04 19.15¢ .18 213 5292 = 036 206 =2 115 3m

7400198 (32 cm)

150-250 um 13.12 215 2.06 L7 7952 29 265% .26 1.61 335 £ .04 206+ 5 5.49 1.89
<20 um 10.68 21.9 52.7 411 1271 15 484 42 . 93 5.185 = 005 5.95 = 07 120 2.88

74001,107 (37 cm) ,

150-250 um 12.95 191 1.79 117 173+ 26 2622 .19 2.00 360 £ .07 169 = 7 600 216
<20 um 10.74 4.08 7.87 i 1190+ 03 1506 26 229 5.4 £.15 223 £.5 391 121

74001113 (44 cm)

150-250 pm 1025 119 098 065 631+ 190 203 2258 0.62 357 £.28 238 = 46 188 063

90-150 um 10.12 1.98 139 1.63 934+ 24 356+ 35 287 407 = 48 95. =3 333 112
<20 um 8.66 459 9.02 1.l 1197+ 07 1346 = .15 252 5.0 =.03 213 x4 298 038S

74001,119 (50 cm) .

150-250 um 12.58 161 1.28 1.26 769+ 30 266 = .10 1.94 353 +.06 183 =7 720 259
<20 um 3.00 3.59 6.78 9.54 186 .18 1428 = 39 300 5.15 x.03 216 £.5 789 348

74001125 (57 cm)

150-250 pm 1231 1.63 0.87 094 626 67 19+ 25 1.44 314 = 09 17526 897 4.S

90-150 um 10.83 260 0.88 0.84 168 = 1.23 118 = .18 0.65 159 = .34 417 = 43 206 102

2045 pm 73t 281 170 1.51 650 65 205+ 20 240 314 = .06 3z2 283 126
<20 pm 10.00 5.15 8.41 9.28 11.75 = .03 983 = 24 230 493 = .03 186 = .4 528 260

74001.2 (67 cm)

150-250 wm 12.60 269 134 155 55T+ 51 1842 14 208 288 = 06 13223 81 0.202

45-75 pm 12.50 132 2.14 1.81 694 + 18 218 = .18 247 314 £ 07 124 =3 .81 042
<20 pm 974 4l 5.95 .88 124= 06 7482 23 148 4717 £ W 258 =3 13 057

Table 1. From Bogard and Hirsch (1978).





