
close to the initial temperatures of 
crystallization from a silicate melt. On 
earth, large differences in isotopic tem- 

peratures are found between fine- 

grained, rapidly quenched volcanic 
rocks and their coarse-grained plutonic 
equivalents (5, 6). This has been in- 

terpreted as resulting from post-crystal- 
lization retrograde isotopic exchange, on 
a scale comparable to the grain size, 
during the slow cooling of the plutonic 
rocks. No terrestrial rock as coarse- 
grained as the Apollo 11 type B samples 
has been found with a high isotopic 
temperature corresponding to its initial 

crystallization. Apparently the cooling 
conditions of the lunar samples were 
such as to prevent significant subsolidus 

exchange. The absence of water may 
have been an important factor. 

The indistinguishability between types 
A and B rocks in terms of isotopic com- 

positions or isotopic fractionations sug- 
gests that they were derived from mag- 
mas of the same isotopic composition, 
and that in both types the initial isotopic 
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coexisting plagioclase and ilmenite. 

During the past 20 years a large 
amount of information on the relative 
abundance of the stable isotopes of 

hydrogen, carbon, oxygen, and sulfur 
in terrestrial and meteoritic materials 
has been accumulated. Consequently, it 
was of interest to investigate the rela- 
tive abundance of these isotopes in 
lunar materials. In addition, determina- 
tion of the water and hydrogen con- 
tents in lunar samples is important 
because a knowledge of these contents 
leads to a better understanding of the 

development and history of the earth's 

hydrosphere. 
For the deuterium, the water, and 

some of the carbon analyses, the weighed 
samples were placed in a platinum cru- 
cible and the crucible was then inserted 
into a vacuum system. The crucible 
was heated, step by step, to 1350?C 
and H2, He, HO2, CO2, and SO2 were 
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distribution at the time of crystallization 
has been quenched in, and has subse- 
quently remained unchanged. 
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collected, separated, and measured, and 
the isotopic abundances were deter- 
mined on isotope-ratio mass spectrom- 
eters. After melting, the sample was 
then mixed with approximately half its 

weight of previously combusted CuO, 
and the resulting mixture was com- 
busted at 950?C in oxygen at 1 atm 

pressure. The collected H20 was an- 

alyzed for D/H and the CO, for 
13C/12C and 1O/O60. 

The results of the deuterium analyses 
are expressed as atomic ratios of deu- 
terium to hydrogen, D/H x 106, and 
also as 8D per mil SMOW. The 13C/12C 
analyses are given as 8t3C per mil PDB, 
whereas the s10/160 ratios are ex- 

pressed as 8t80 per mil SMOW. 
A 9.3-g sample of lunar dust (10084) 

and 2.7-g piece of breccia (10060-11), 
which had been sealed in an aluminum 
vacuum container in Houston until 

collected, separated, and measured, and 
the isotopic abundances were deter- 
mined on isotope-ratio mass spectrom- 
eters. After melting, the sample was 
then mixed with approximately half its 

weight of previously combusted CuO, 
and the resulting mixture was com- 
busted at 950?C in oxygen at 1 atm 

pressure. The collected H20 was an- 

alyzed for D/H and the CO, for 
13C/12C and 1O/O60. 

The results of the deuterium analyses 
are expressed as atomic ratios of deu- 
terium to hydrogen, D/H x 106, and 
also as 8D per mil SMOW. The 13C/12C 
analyses are given as 8t3C per mil PDB, 
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pressed as 8t80 per mil SMOW. 
A 9.3-g sample of lunar dust (10084) 

and 2.7-g piece of breccia (10060-11), 
which had been sealed in an aluminum 
vacuum container in Houston until 

opened for processing in our laboratory, 
were combusted directly without being 
melted in vacuum. Another 3.7-g piece 
of the vacuum-sealed 10060-11 was 
processed by heating in a vacuum, as 
described above, to compare results 
with those for breccia samples 10046-21 
and 10046-22 that had been exposed 
to laboratory atmosphere for several 
months. 

Geoatmospheric contamination was 
removed by heating the samples to 
50?C in vacuum, after which the tem- 
perature was raised and the volatiles 
were collected. No volatiles were emit- 
ted from the samples until a tempera- 
ture of approximately 300?C was 
reached. Samples were heated at 5500?C 
for several hours and the volatiles proc- 
essed. Most of the hydrogen, some he- 
lium, more than half the H2O, and a 
little CO2 were released at this stage. 
The temperature was then raised to 
950?C and maintained there for several 
hours, during which time practically all 
the remaining HO2, CO2, and SO2 and 
some He were evolved. Finally the cru- 
cible was heated to 1350? to 1400?C 
for 15 minutes to release the remainder 
of the SO2, CO2, and He. The final 
combustion of the melted sample in 
oxygen yielded CO2 and a negligible 
amount of H20. Results of the analysis 
are given in Table 1. 

The hydrogen gas emitted by the 
samples may have been present as 
molecular hydrogen trapped in the solid 
material. Alternately, it may have been 
generated during heating by the reac- 
tions of water with carbon, metallic 
iron, or ferrous iron present in the sili- 
cates. The fact that all the hydrogen 
was liberated below 550?C, whereas 
appreciable amounts of water continued 
to be released above that temperature, 
would tend to rule out reactions with 
the reduced forms of iron or with car- 
bon. The possibility still exists that the 

hydrogen equilibrated isotopically with 
the water vapor. At 550?C the equi- 
librium constant of the reaction H20 + 
HD - HDO + H2 is 1.3 (1). The hy- 
drogen evolved at 550?C is depleted in 
deuterium by a factor of 2 to 4 com- 

pared with the water evolved at the 
same temperature-far in excess of the 
amount to be expected under equilib- 
rium conditions at the temperature of 
our experiments. 

The isotopic compositions of the hy- 
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pared with the water evolved at the 
same temperature-far in excess of the 
amount to be expected under equilib- 
rium conditions at the temperature of 
our experiments. 

The isotopic compositions of the hy- 
drogen and water are those to be ex- 

pected for isotopic equilibrium at tem- 

peratures from 0? to 200?C, which is 
well within the lunar temperature range. 
It is possible that the hydrogen orig- 
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Water, Hydrogen, Deuterium, Carbon, Carbon-13, and 

Oxygen-18 Content of Selected Lunar Material 

Abstract. The water content of the breccia is 150 to 455 ppm, with a 8D from 
-580 to -870 per mil. Hydrogen gas content is 40 to 53 ppm with a 8D of 
-830 to -970 per mil. The CO2 is 290 to 418 ppm with 8 1C = + 2.3 to + 5.1 

per mil and 8180 = 14.2 to 19.1 per mil. Non-CO2 carbon is 22 to 100 ppm, 
813C = -6.4 to -23.2 per mil. Lunar dust is 810 ppm HO2 (D = 80 ppm) 
and 188 ppm total carbon (8s1C = -17.6 per mil). The 180 analyses of whole 
rocks range from 5.8 to 6.2 per mil. The temperature of crystallization of type 
B rocks is 1100? to 1300?C, based on the oxygen isotope fractionation between 
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Fig. 1. The deuterium content of hydrogen 
containing materials from terrestrial, mete- 
oritic, and lunar sources (13); D/H was 
calculated using a value of 158 X 10-6 for 
SMOW. 

inates as solar wind protons and then 
slowly reaches isotopic equilibrium with 
the water already present in the rocks. 
The isotopic composition of the hydro- 
gen therefore may not be that of the 
solar wind. The water may be present 
as liquid or gas inclusions in the solid 
phases or as water present in the glass 
structures. 

Although all the samples that we 
analyzed have had some exposure to 
terrestrial water vapor, we do not be- 
lieve that terrestrial water is a serious 
contaminant in these samples. This 
opinion is based on several lines of 
evidence. 

1) The water is not evolved below 
about 300?C. This would tend to rule 
out adsorbed water. 

2) All the breccia samples, both 
those kept open to the terrestrial envi- 
ronment and those sealed in vacuum, 
reacted similarly when heated and gave 
about the same amounts of hydrogen 
and water with about the same deute- 
rium content. 

3) The deuterium abundance of the 
water is far lower than that to be ex- 
pected from water picked up from the 
terrestrial atmosphere by the glass 
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Fig. 2. The relative "3C abundance of ter. 
restrial, meteoritic, and lunar sources (14). 
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phase present in the rocks. As deter- 
mined from data on volcanic glasses 
containing secondary water that is de- 
rived from meteoric or atmospheric 
sources (2), the secondary water should 
range from about 145 ppm D (hydrated 
in Houston) to about 125 ppm D (hy- 
drated in Denver). 

We do not think that the lower water 
content of the vacuum-sealed sample 
indicates large-scale contamination by 
terrestrial water in the other samples 
because there appears to be great varia- 
bility in water content between two 
pieces of the same breccia that had 
been exposed to the terrestrial atmo- 
sphere for several months. 

Contamination with unexpended 
rocket fuel dumped on the lunar sur- 
face can be ruled out by the results of 
Flory et al., which were published in 
the report of the Lunar Sample Prelim- 
inary Examination Team (3). Addi- 
tions of rocket exhaust gases cannot 
be as easily determined as can those of 
organic fuel, and these gases still re- 
main a possibility as a contaminant, 
particularly in the very porous, high- 
surface-area breccias. The CO2 and SO2 
results discussed later, however, tend 
to rule out rocket exhaust contamina- 
tion. 

The piece of vacuum-sealed 10060-11 
that was crushed in the laboratory prior 
to its combustion in oxygen and expo- 
sure to the laboratory air for approxi- 
mately 5 minutes has approximately 70 
ppm more water than the total water 
collected by heating the other vacuum- 
sealed piece in vacuum. In addition, 
the water from the combusted sample 
is slightly enriched in deuterium as 
compared with the water from the other 
sample. These differences may be due 
to the uptake of "heavy" (- 150 to 200 
ppm D) water from the atmosphere 
during sample handling, or they may 
represent inhomogeneity in the breccia. 
From our experience with the several 
pieces of breccia 10046, we favor the 
latter explanation-that of sample in- 
homogeneity. 

Figure 1 is a plot of the deuterium 
abundances of terrestrial, meteoritic, 
and lunar material. If the analysis given 
here is of true lunar water, deuterium 
in the earth is enriched by a factor of 
about 3 to 5 over that in the moon. If 
the moon is a sample of the primitive 
earth, the earth will have lost at least 
two-thirds of its original hydrogen by 
zscape from the exosphere to outer 
space. 

The total carbon content of the lunar 
samples is reasonably constant at 150 
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Table 2. Oxygen isotope compositions (5 180); 6 values are per mil deviations from the SMOW 
standard. Numbers in parentheses refer to number of analyses made. 

Sample Plagioclase Pyroxene Ilmenite Other Whole rock 

Fine grained 
10057-20 5.8 - 0.1 (2 

Crystalline 
10017-16 6.3 it 0.1 (2) 5.7 t4 0.1 (2) 3.8 :I 0.1 (2) 5.9 +- 0.1 (2) 
10050-34 6.2 i ? (4) 5.6 4- 0.1 (2) 4.0 4 0.2 (2) 

Breccia 
10046-21 5.7 ? 0.2 (2) 
10060-11 6.2 ? 0.2 (2) 

Dust 
10084-43 
Whole rock 6.2 - 0.1 (3) 
Dark glass 6.7 (1) 
Plagioclase 

(>90%) 6.1 (1) 
Magnetic 

separate 5.6 4 0.1 (2) 
Ilmenite 

(N50%)) 5.4 (1) 

? 50 ppm, with a 813C of -3 to -20. 
This is within the range to be expected 
for average earth carbon (see Fig. 2). 
Contamination by exhaust gases is 

again a possibility, but the tenacity with 
which the CO2 is held in the samples 
would tend to rule out this possibility. 
The CO2 could have been formed in 
our laboratory by reduction of the sili- 
cates by elemental carbon, but this re- 
action usually does not begin at tem- 

peratures under about 1600?C. The 

water-gas reaction (C + H20 -> CO + 

H2) is also a high-temperature reaction 
( - 900?C). In addition, the evolution 

of SO2 is difficult to explain as an arti- 
fact of our experimental procedure or 
as rocket-exhaust contamination. We 
believe that the CO2 is truly lunar and 

may be present as liquid or gaseous in- 
clusions in the solid phases. The carbon 
extracted by combustion after sample 
heating and removal of CO2 is probably 
present as either carbides or elemental 
carbon. 

The 180/160 ratio of the CO2 varies 

from + 14.2 to +19.1. These values are 
much heavier than the 18sO in the sili- 
cates and oxides analyzed below, and 
this fact is another indication that the 
CO2 did not form from the reduction of 
silicates by carbon. The heavy oxygen 
may be due to equilibration between the 
CO2 and HO2 and the silicates and 
oxides. It is known that the oxygen of 
CO2 in fluid inclusions exchanges with 
the oxygen present in the host min- 
eral (4). 

Boato (5) has analyzed carbon in 
both carbonaceous chondrites (-3.7 
to -18.8) and ordinary chondrites 

(-24.5 + 0.2). These values are in 
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the same range as that determined by 
our analysis of lunar materials. Clay- 
ton (6) has found very heavy carbon 
(+58.6 to +64.4 per mil) in carbonate 
minerals from Orgueil, a carbonaceous 
chondrite. This heavy carbon exceeds 
the range of the carbon in the lunar 
samples that we have examined. 

Oxygen was liberated from the sam- 
ples by reaction with BrF5 at 550?C (7). 
The oxygen was converted to CO2 and 
analyzed on an isotope-ratio mass spec- 
trometer. The 81sO values are given 
relative to the SMOW standard in 
Table 2. 

The lunar whole-rock analyses lie 
between 5.7 and 6.2 and fall in the 
5.5 to 7.0 range found for most ter- 
restrial volcanic rocks (8). The lunar 

pyroxene value of 5.7 is in the 5.3 to 
6.3 range found by Taylor et al. (9) 
to be characteristic of chondrites and 
enstatite achondrites. Meteorites which 
contain anorthitic plagioclase and which 
have chemical characteristics similar to 
those of lunar materials (for example, 
basaltic achondrites and mesosiderites) 
have 8 values for pyroxene which are 
1 to 2 per mil lower and thus do not 
appear to be genetically related to lunar 
material. 

Because mineral separation on the 
lunar fines was difficult, the analyses of 
these separates are not particularly 
meaningful. Since the whole rock is 
6.2 and some separates yield lower val- 
ues, there must be an isotopically heavy 
component, which may be cristobalite. 

From the oxygen isotope fractiona- 
tions between plagioclase and ilmenite 
and from the laboratory calibrations of 
the systems plagioclase-water (10) and 

magnetite-water (11), an estimate can 
be made of the temperature of crystal- 
lization of type B rocks. Oxygen yields 
of 106 to 114 percent (over stoichio- 
metric FeTiO3) were obtained for the 
ilmenite samples, and the measured 8 
values of 4.6 (10017) and 4.3 (10050) 
were corrected to the values shown in 
the table on the basis that the excess 
yields were due to pyroxene impurities. 
The values in the table will have to be 
raised slightly when the magnesium 
contents of the ilmenites become 
known. This uncertainty and the fact 
that only two crystalline rocks were 
analyzed in this study places limits on 
the precision of the isotopic tempera- 
ture. From our data we estimate the 
plagioclase-ilmenite fractionation to be 
between 1.8 and 2.2 per mil, implying 
a crystallization temperature of 1100? 
to 1300?C for type B rocks. 
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