Reports

Carbon, Carbides, and Methane in an Apollo 12 Sample

Abstract. Total carbon in the Apollo 12 sample 12023 fines was 110 micro-
grams per gram of sample with a carbon isotopic abundance 83C (relative to
the Pee Dee belemnite standard) of +12 per mil. Hydrolysis of the fines with
deuterium chloride yielded undeuterated methane along with deuterated hydro-
carbons, thus confirming the presence of 7' to 21 micrograms of carbon per
gram of sample as carbide and about 2 micrograms of carbon per gram of sample
as indigenous methane. After vacuum pyrolysis of the fines to 1100°C the
following gases were detected in the relative abundance: carbon monoxide >
carbon dioxide > methane. Variations of the 83C value with the pyrolysis
temperature indicated the presence of carbon with more than one range of
isotopic values. The observed 813C value of +14 per mil for lunar carbide is
much higher than that of carbide in meteorites. These results suggest that lunar
carbide is either indigenous to the moon or a meteoritic contribution that has

been highly fractionated isotopically.

Guided by the Apollo 11 results
(I-6) and the similarity in carbon
content of Apollo 11 and 12 samples
(7), we investigated the amount, na-
ture, and isotopic composition of car-
bon in a sample of Apollo 12 fines
(sample 12023) (8). The results of
acid hydrolysis (9), vacuum crushing,
and vacuum pyrolysis experiments in-
dicate that this sample contains indige-
nous carbide and methane in amounts
comparable to those found in Apollo
11 fines (2, 710). The bulk of the car-
bon does not appear to be present as
carbonyls, carbonates, or organic car-
bon, but rather seems to be in ele-
mental form or in the form of unhy-
drolyzable carbides, or both; upon
vacuum pyrolysis to 1100°C most of
the carbon is converted in the mineral
matrix to CO and CO, with the former
predominating.

We determined the values given in
Table 1 for total carbon concentration
and carbon isotopic composition in
12023 fines by following procedures
used previously (4). The first sample
listed seems high in carbon concentra-
tion and light in isotopic composition,
probably because of slight contamina-
tion. The second and third determina-
tions are believed to be representative
of the concentration and isotopic com-
position of carbon in sample 12023
(11).

By means of procedures described
earlier (2), the 12023 fines were
treated with 6N HCI and the gaseous
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products were collected. High-resolution
mass spectrometric analysis showed the
presence of C; to C, hydrocarbons,
but no CO or CO, (detection limit,
approximately 4 nanomoles of a gas).
Gas chromatography revealed amounts
of C; to C, hydrocarbons correspond-
ing to 16.8 ug of carbon per gram of
sample (Table 2, experiment 1), val-
ues similar to those obtained for Apol-
lo 11 sample 10086 (2). In an experi-
ment modeled after that of Abell et al.
({0) we confirmed the presence of
indigenous carbide in Apollo 12 sam-
ple 12023 by heating the sample with
6N DCI in D,O, which resulted in the
release of deuterated hydrocarbons. Al-
though 69 percent of the methane
could be accounted for as CHD; and
CD,, 31 percent was obtained as CH,
(Table 2, experiment 2) (12).

Since CH, apparently was released
by partial acid destruction of the lunar
mineral matrix, an alternative means
(10) of breaking up the matrix was
examined. A sample of 12023 fines in
a Pyrex ball mill equipped with Luca-

Table 1. Amount and isotopic composition
(relative to the Pee Dee belemnite standard)
of carbon in samples of Apollo 12 (12023)
fines. ’

Total carbon

(ug of carbon per ( a°C i
gram of fines) per mil)
140 +3.4
112 +11.3
109 +12.4

lox (General Electric) balls was evac-
uated at 150°C and 10—* torr for 2
hours, then pulverized for 8 hours. In
another experiment a second sample of
12023 fines was mixed with 1 ml of
D,O (99.8 percent D) in the ball mill
(to exchange hydroxyl hydrogen in the
sample) and then evaporated to dry-
ness at 10—% torr and 150°C. The
procedure (I0) was repeated twice.
Undeuterated methane was identified
in both crushing experiments; however,
36 percent of the methane from the
D,0-exchanged sample was released
as CHD,; and CD, (Table 2, experi-
ments 3 and 4). In a separate experi-
ment 25 mg of iron carbide (FezC) was
mixed with a 1.06-g sample from a
batch of basalt, which previously had
yielded no CH,, CO, or CO, when
crushed, and was pulverized in the ball
mill. Traces of methane were pro-
duced (/3). Carbides in the samples
can be hydrolyzed during crushing ex-
periments, possibly by evolved water,
as indicated by the formation of CHD,
and CD, from the D,O-exchanged
samples. Similarly, most of the hydro-
carbons generated during acid treat-
ment of sample 12023 fines are pro-
duced by carbide hydrolysis (14). Sig-
nificantly, however, some CH, was re-
leased in the crushing and hydrolysis
experiments involving D,O and DCI,
respectively. The unlabeled methane
appears to be indigenous to Apollo 12
fines, and its concentration is estimated
to be about 2 ug per gram of sample
(15). Similar results were reported for
Apollo 11 samples (2, 10).

Since lunar breccia presumably is
derived from the fines, it was of inter-
est to examine a sample of breccia for
carbides and indigenous hydrocarbons.
The crushing of Apollo 11 breccia
sample 10009 was accomplished in two
stages (combined in Table 2 as experi-
ment 5). The first stage (8 hours)
yielded C,, C,, and C; hydrocarbons,
but the second stage (8 hours) yielded
only methane (160 nanomoles per
gram of sample) and, notably, CO,
(11 nanomoles per gram of sample).
Subsequent treatment of the pulverized
breccia sample with 6 N DCI resulted
in the production of primarily deuter-
ated hydrocarbons arising from carbide
hydrolysis, but no additional CO,. How-
ever, 31 percent of the evolved meth-
ane was undeuterated and, therefore,
this methane is regarded as indigenous
to the sample (Table 2, experiment 6)
(16). 1t is not clear whether the trace
amount of CO, released during the
crushing of the breccia is indigenous
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Table 2. Hydrocarbons and deuterated hydrocarbons produced during HCI or DCI treatment and vacuum crushing of Apollo 12 fines and

Apollo 11 breccia; 0, not detectable; —, present but not measured.

Amounts of gases released (nanomoles per gram of sample)

Experi- . Other Other Indigenous Carbide
ment Sample* CH CHD cb CH D undeuterated deuterated ( CH, . (ug per
4 # N 2 2. C, to C, C, to C, {_’fmpeof gram of
species species farb on) carbon)
1. 6N HCl 12023 fines 978 0 0 29 0 153 (C,, C, Cy) 0 3.7% 13.1%
2. 6N DCl 12023 fines 133 102 187 0 51 0 - 1.6 6.7%
3. Crushing 12023 fines 40 0 0 0 0 0 0 0.48
in vacuum
4, Crushing in 12023 fines 18 8 2 0 0 0 0 0.22
vacuum after
D,0 exchange
5. Crushing in 10009 breccia§ 214 0 0 - 0 - 0 2.6
vacuum
6. 6N DC1 10009 breccia 336 301 401 0 185 0 - 4.0 18.1%
after crushing
in vacuum

* Sample sizes for experiments 1 through 5, respectively, (in grams) are as follows: 0.973, 1.251, 2.081, 2.087, and 1.801.
assumption that the amount of indigenous methane relative to that produced by carbide hydrolysis is the same as that in experiment 2.

F Calculated under the
I Calculated

from the total amount of hydrocarbon or deuterated hydrocarbon, as determined by gas chromatography, minus the amount of indigenous methane.
§ Carbon dioxide, 11 nanomoles per gram of sample, was also detected.

lunar gas or contamination. The fact
that CO, emerged only after extensive
crushing supports the former view,
whereas its absence after hydrolysis
(15) suggests the latter.

The procedure used in pyrolysis ex-
periments was as follows: (i) samples
were initially outgassed at 150°C and
10— torr for 8 to 10 hours; (ii) then
samples were pyrolyzed under vacuum
in stepwise fashion at 500°, 750°, and
1100°C; (iii) then the sample was
combusted at 1100°C in oxygen. At
each pyrolysis stage about half of the
evolved gases were converted to CO,
for determination of the total carbon
concentration and carbon isotope com-
position, and the remaining portion
was analyzed by mass spectroscopy.
The results of three pyrolysis experi-
ments are summarized in Table 3. In-
cluded are data obtained from the py-
rolysis of iron carbide, a sample of
which was intimately mixed with a
previously pyrolyzed (to 1100°C) ba-
salt sample. The results obtained in
trials 2 and 3 were quite similar, but the
results of trial 1 differ because a faulty
thermocouple introduced uncertainties
into the determination of the actual
temperatures. Generally, however, py-
rolysis at 500°C yielded gases in the
following order of abundance: CO, >
CO > CH,. Methane, the only hydro-
carbon detected, was obtained in
amounts that could be accounted for
as indigenous gas. At temperatures
above 750°C, CH, no longer appeared
and CO greatly predominated over
CO.,.

Data from the pyrolysis of iron car-
bide indicate that 95 percent of the
carbide is converted to CO and CO,
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at temperatures from 500° to 1100°C.
Thus, in lunar samples, although a
fraction of the gases can be attributed
to oxidation of hydrolyzable carbides,
most of the CO and some of the CO,
evolved at 750° and 1100°C must be
derived from some other source or
sources. The absence of comparable
quantities of organic pyrolysis frag-
ments and the lack of detectable CO
or CO, in hydrolysis experiments is not
consistent with the presence of organic
compounds, carbonyls, and carbonates.
The products, however, are consistent
with the conversion of elemental car-
bon, in whatever form, or unhydrolyz-
able carbides, or both, to CO and CO,

by interaction with minerals in the
Junar sample (2, 6, 7). Thus indige-
nous carbon in this sample of Apollo
12 fines appears to occur as methane
(2 to 4 ug per gram of sample), hy-
drolyzable carbides (7 to 13 pug per
gram of sample), and possibly elemen-
tal carbon or unhydrolyzable carbides,
or both (93 to 101 ug per gram of
sample) (17). ~ :

Consistently low 813C wvalues at
500°C probably reflect the presence of
isotopically light indigenous CH, (18).
The possibility of contamination in the
form of strongly adsorbed terrestrial
CO, cannot be eliminated as a source
of isotopically light carbon. At 750°C

Table 3. Carbon-containing gases produced during the stepwise pyrolysis of Apollo 12 fines:

relative abundance, total carbon, and carbon isotopic composition; —, not measured; 0, not
detectable.
- Gases released (mole % Total C
Tearglprzr ases released (mole %) (ug perf ( Jon C‘“)
gram o per mi
(°C) Cco Cco, CH, sample)
Trial 1
500 37 46 18 25 —10.0
750 . >98 < 0.08 < 0.7 49 +13.6
1100 94 6 0 61 +12.6
1100(0,) * - -
Trial 2
500 15 68 17 - 16 —17.7
750 >98 <11 <04 27 +22.0
1100 86 14 0 73 +8.0
1100(0,) * 20 +7.0
Trial 3
500 32 ’ 38 30 16 —16.5
750 95 4 1 24 +26.4
1100 93 7 0 69 +7.4
1100(0,) * 20 —17.0
Iron carbide
500 - - - St -
750 73 27 0 18+ —26.2
1100 - 70 30 0 77% —19.6
1100(0,)* 0

* Sample combusted in oxygen at 1100°C.

+ Percentage of total carbon originally in Fe,C sample.
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the isotope value of the gases increased
sharply, then decreased at 1100°C. The
data clearly indicate that the CO
evolved at 750°C differs isotopically
from the CO evolved at 1100°C. Al-
though 613C values of products ob-
tained at the mid-temperature range
could be interpreted as the result of
isotopic fractionation at lower temper-
ature, involving preferential production
and evolution of compounds contain-
ing 12C, the dramatic decrease in the
813C range at the highest temperature
is not in -agreement with such a possi-
bility and presents strong evidence for
the presence in lunar fines of carbon
with more than one range of isotopic
values (4, 19). Combustion at 1100°C
of the material remaining yielded 20 ug
of carbon per gram of sample (trials
2 and 3), but the 83C value of this
unpyrolyzed carbon was -7 per mil in
trial 2 and —7 per mil in trial 3. The
significance of the combustion results
is not clear, although sample hetero-
geneity may exist.

Carbon on the lunar surface prob-
ably exists as a mixture of native ma-
terial, solar wind particles, and un-
volatilized meteorite debris (4, 6, 20,
21). The carbide in lunar samples has
been generally attributed to a meteor-
itic origin (2, 3, 22). Since the carbon
isotopic composition of meteoritic car-
bides has been measured, it appeared
that examination of the 813C value for
lunar carbide could resolve the ques-
tion of its possible meteoritic origin.
Such a value could not be measured
directly, but could be inferred from
the isotopic composition of hydrocar-
bons produced during the acid treat-
ment of lunar material.

In two experiments hydrocarbons re-
leased by HCI treatment were collected
as described earlier (2), then converted
to CO, for isotopic determination. The
gases amounted to 21 ug per gram of
sample with §13C = +14 per mil in one
case and 26 upg per gram of sample
with §3C = +5 per mil in the second.
The latter sample appears to be high
in carbon content and is isotopically
light (23). Therefore, the isotope value
of 414 per mil is thought to be repre-
sentative of the carbon isotopic compo-
sition of the hydrocarbon gases evolved
from sample 12023. Experiments with
Fe;C indicated that hydrocarbons pro-
duced by hydrolysis were depleted rath-
er than enriched in 13C, Thus, the
813C value of +14 per mil obtained
for the hydrocarbons derived from
sample 12023 apparently represents a
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minimum value. Although the §18C val-
ue of the indigenous methane is not
known, it is most probably less than
zero (I8), and the small amount of
indigenous gas can make only a minor
isotopic contribution to the §13C value
of the total gas mixture.

The most significant fact that
emerges from the carbon isotope data
is that hydrolyzable carbide in Apollo
12 sample 12023 is much heavier, iso-
topically, than any known carbide
phase in meteorites; isotope values for
meteoritic carbide fall in the range
—4 to —8 per mil (24). In contrast,
hydrolyzable carbides in 12023 fines
have a minimum isotope value of 45
per mil and a most probable isotope
value of +14 per mil or slightly higher.
The large difference between isotope
values for lunar and meteoritic carbide
strongly suggests that the former was
either native to the moon or deposited
by meteorites and subsequently sub-
jected to isotope fractionation processes
on the lunar surface.

A solar wind “hydrogen-stripping”
mechanism for 13C enrichment in the
carbon on the lunar surface has been
proposed (4, 2I) to account for the
unusually heavy carbon in Apollo 11
samples. After long exposure on the
lunar surface, meteoritic carbide with
an initial isotope value of —4 to —8
per mil could be sufficiently depleted
in 12C to attain a value of +5 to +14
per mil. The action of the solar wind
may also provide an explanation for
the occurrence of carbon with several
isotope ranges. Bond formation be-
tween solar wind carbon and many
other elements on the lunar surface
and subsequent ‘“hydrogen-stripping”
could be accompanied by isotope ef-
fects,. thus leaving assemblages of car-
bon atoms in the mineral matrix hav-
ing different degrees of enrichment in
18C. These differences become mani-
fest during pyrolytic oxidation as vari-
ations in the isotopic composition of
CO at several temperatures (see Table
3), as well as possible isotopic varia-
tions between CO and CO, at the same
temperature (I8).

If metcorites are not the source of
lunar carbide, then we are left with
the possibilities that the carbides rep-
resent primordial indigenous lunar car-
bon, however formed, or the product
of interaction between solar wind car-
bon and metals or metal oxides or
minerals on the lunar surface. Less
ambiguous information regarding pri-
mordial lunar carbide (and carbon)

could be obtained by careful examina-
tion of the interiors of lunar crystalline
rocks where exposure to solar and cos-
mic radiation and intermixing with
lunar fines and breccia is minimized.
In contrast to values obtained from
fines, carbon isotope values from Apol-
lo 11 rocks ranged from —20 to —28
per mil, but there was some ambiguity
regarding contamination (4). Evidence
also exists for the presence of carbides
in Apollo 11 rocks (2) but the amounts
were too low for isotopic measure-
ments. If the carbon was indeed in-
digenous to the lunar rocks, the ob-
served range of isotopic composition
would be more representative of pri-
mordial lunar carbon.
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Endogenetic Craters Interpreted from Crater

Counts on the Inner Wall of Copernicus

Abstract. Collapse craters formed in terrestrial basalt flows exhibit size-fre-
quency distributions that are similar to distributions for craters located in terraces
in the inner wall of the lunar crater Copernicus. These distributions and surface
morphology suggest that the interior terraces are basalt lava flows containing
collapse craters as well as impact craters.

Lunar crater counts have been em-
ployed previously in interpretations of
lunar surface processes and geology
(I-3). Most applications are based
on the assumption (probably correct)
that the vast majority of lunar craters
are of impact origin. In some applica-
tions (I, 3), determination of crater
size-frequency distributions for appar-
ently different lunar surfaces permits
relative age determinations for those
surfaces. In essence, old surfaces have
more and larger craters than young sur-
faces. However, the presence of lunar
lavas, confirmed by Apollo samples
(4), lends support to the possible exist-
ence of endogenetic craters. On the
basis of crater counts, lunar surfaces
with both endogenetic and exogenetic
craters would erroneously appear to be

“old.” Results of this study indicate,
however, that crater size-frequency dis-
tributions provide a means for recog-
nizing and evaluating the presence of
anomalous (endogenetic) craters.

Several types of endogenetic craters
may be present on the moon. Collapse
craters were proposed by Kuiper et al.
(5) to be present in significant numbers
on some mare surfaces. As terrestrial
analogs, he cited examples of collapse
craters formed in young basalt flows
near Grants, New Mexico. Selection of
basalt collapse craters as analogs to
lunar structures is reasonable in view
of the basaltic composition of mare
rocks.

Volcanic collapse craters are pro-
duced by two main mechanisms: drain-
age of surface debris into subsurface
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Fig. 1. Crater size-frequency distributions for terrestrial basaltic collapse craters (a,
e, f) and five “formations” (b, ¢, d, g, h) associated with the lunar crater Copernicus.
The datum for the lunar counts is a line representing the cumulative crater count for
the continuous ejecta blanket from Copernicus. @, Average number of craters per
square kilometer; @, cumulative number of craters per square kilometer.
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