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Discussion Qg_Results
| VWe worked intensivély during 1969-70 on lunar samples from the

Apollo 11 and 12 missions. We received 11 samples of Apollo 11 materiél

which included "finerfinés," "coarse fines," rock chips and core samples

totaling 30.8 grams. From Apollo 12 we received 14 samples totaling

24 .4 grams. Ap§116'12 samples were much_better dogumented than samples

from Apollo.ll; In most if not all cases locations of our samﬁles'in

the original Aﬁollo 12 rocks_were‘acqurately specified. Frém at least

one Apollo 12 rock we were furnished a verticaliy ofiented slab so that

depth studies could be carried out.

Paper 2 is our &efinitive initiél report on the Apollo 11 studies;
it supersedes paper 1 which was an abb:eviated Version prepared in gregt
haste for the Apollo 11 conference ihAH6u5ton. Isotopic studiés.of the
rare gases from Apollo 11 samples were made by eleven groups representing
five nations! ‘There was consequently a great deal of overlap in‘the find-
ings reported at Houston in January, 1970. So much so that we shall simply
- 1i§t here some of the more common\findings in which we shaféd:

1. High concentfatibns of solaf wiﬁd rare gases in the lunar
soil. |

2. A very good isotopic match between the solar wind gases
from the moon and gas .components, in certain gas-rich

_ meteorites, which héd_Pfeviously been attributed to solar
wind. '

3. Rare gases attributable to spéllation reactions3indﬁcéd in
heavier target ﬁuclides by cosmic ray particles. This spalla-
tién compoﬁent is very marked in the crystalline lunar :odks,

- which are remarkably free from trapped rére-gases; and much

‘less conspicuous, although identifiable, in the soil samples.



4, Gengral agreement, with somé iﬁteresting exceptions, bet&een‘
thé isotopic compbsitionévof the spallafion gases andAthose
previously kﬁown from meteorites. The most interesting ex—
ception is a sometimes very striking enhancement of lBlXe,i
which is inseparable froﬁ the'Spallation comﬁonent but may
result from resonance neutron capture on l.30-Bai_.fThe enhance-
ment ;aries'fram one rock to ahoihef‘and is totally abéént in
somne. |

5. Surprisingly high éOAr concéntrations in the lunar soil,
evidently reqﬁirihg that there be some mechénism for implant-
ing in the soil radiogenic 40Ar leaking ouf of the moon.
Otherwise the lunar soil shouldchntain mainly argon directly
from the solar wind and much depleted in the 40 isotdpe.

6. 0ld but not meteoritic potassium;a:gon ages for ﬁhe crystal-
line ;ocks. This is to say ages in excess of 3;5 billion
years but still substanfially less than 4.6 billion'years.

7. Cosmic-ray exposure ages for tﬁe crysfalline rocks, based on

' spallation 13OXe contents and adjusted.meteoritic p;dduction
rates, which are generally of the order of 60 million years.
These ages'fepresent the integrated time which the sample
has spent within about oﬁe meter of the lunar surface.

8. Absence of any xenon in the sampleS whiéh could be atttibuted
to decay of the extiﬁct'fadiOactiVitieS‘lzgl and ZéaPu., This

finding is thus far consistent with the absence qf sampleg
of meteoritic age.

We measuréd'the‘raré gases from stepwise heating of the Apollo

11 rocks and fines, thereby obtéining some results which were unique or



at least reported less often. .Amongwﬁhese>results were:

1. ihe-observation that for helium, neon, and argon the lower
temperature fractions were enhanced in the light isotopes.
The enhancement factorAiﬁ the earliest temperature f;actions
in‘quf work was very near}y equal to the_reéiprocals of the
ratios_of thé atomiC'mass‘npmﬁérs. Injourrdisguséioh”wg
attfibu;édlﬁhis effecf to twb.proéesées: (1) déeper bufial:
of the light isotopes. (The soiar wind impinges én the moon
as a moﬁing fluid; in such a case tﬁe dépth of burial of
isotqpes will be proportional fo atomic mass.) (2) more
rapid diffusion of the lighter isotopes in the 1aboratory'
heating. Simiiar results were réported'in the measurements
made by Pepin and his co-workers at the University of Minnesota.
They héve recently‘probosed a different explanation, namely |
that a diétinét component, less firmly imbedded, has resultéd
from implantation of rare gases from é'very rarified lunar
atmosphefe under éction ofvelectfic fields.generated by the
éplar wind plasma. In thisvmo&el the mass fractionation would
be electromagdecic in origin. Such a model could also.apply
to certain Qf the gas—rich meteorites, where similar effects
are seen and where the ﬁarent body would then have to be
largé enough fqr the same processes to occur. Neither ;ur
model nor the Minnesqta.one is presently proven in an& sense.

2, ﬁylconstructing cqrrelation plots of isotopé rétios we were
able to show that xenon in our samplg of Apollo 11 ro;k 57
consisted of three components: a trapped‘éoﬁpohent, a

131

spallogenic component insepafable from a high ~~"Xe anomaly



(see above), and a fissiogenic component compatible with
production by spontaneous fission of 238U'over the life-

time of the rock. The trapped xenon was presumably solar
wind xenon from a surface patch or from lunar dust adhering

to the sample. In our sample of Apollo-ll rock 44, the
fissipgenig and spallogenic compohents (this time ﬁithout"

a 131Xe.én§maly) ﬁére resolved but’noAtraﬁpéd éomponent was
detected which couid be said to be‘of lunar origin. Release
curves with-femperature.of the various componenfs of the

rare gases in-the iunar rocks and fines were publisbed.
Rédiqactive 81Kr was measurable by mass spectrometry in
certain of the temperature fractions fof the iunar rqcks.
Since thé.concentration of this 2 X 165 year 1sotope specifies
its recent production fate on the lunar surface, the ratié

of its abundance to a étable cosmogenic Kr isotope (e.g.

83Kr) affords a preéise determination'of the cosmic-ray

exposure age. For Apollo 11 rock 44 this age was 70 million

years. Rock 44 could have had a simple history on the lunar

surface: abrupt transfer from depth to its final surface

location. Apollo 11 rock 57 has a Kr-Kr age of 34 million
years, lower than‘its integrated cosmic-ray exposure age
as.determined from 130Xé, implying aAmore'COmplicated
histo;y.-'One.can See>from the iptefrelation of these
'varioﬁé.sorts of exposure ages how the beginnings of a
”gardening'history" for the lunar surface can be written.

Kr-Kr ages are unusually helpful in this context.



4. Stebwise heating of the lunar fines also permitted us to
‘identify and méasuferthé concenttation.of the cosmogenic
xenon in the lunar’soil, The 13QX'e content of this soil
. corresponds to an eprsure age.of abéut 500 million years.
Ihe gardening effect, constantly turning over the lunar
surfacé,{wouid éxpiain why this age is younger than the
age of fhe Mare'rocks. | |
Paper 3 describes our studies on Apoilo 12 rock 13, a unique:
lunar rock of small size, very much enriched in the radioactive elements
ﬁranium, rubidium, and potassium. Initial measurements at Caltech of the
strbntium isotopic composition andrrubidium content suggested that this
rock might be of meteoritic aée.i An intensé study of a 10-gram slice of
the rock was collectively.undertaken by a consortiﬁm of laboratories, ours
included. Unfortunately as’ the work progressed it becamé evident that the
réck retains a rare gas reéord éf on1§ 3.9 billion years. AThis time'ago
the rock was extensively recrfstallized, so that in most senses 3.9 billion

years is the "

age'" of the rock. Our study i&entified cosmogenic gases on
the basis of which cosmic ray exposure ages (about 50 m.y.) were assigned.
Radiogenic and fissiogenic gases are present in amounts consistent with
the 3.9 billiomn year #ge. There appears to be some frappéd xenon in rock
13. Unfortunately it is heavily masked by the cosmic-ray prodﬁced gases
so that it is not possible'to answer ﬁhe important question of whether

| ’ ) .
the trapped lunar xenon is meteoritic‘or terrestrial in isotopic composi-
tion. Such a determination may eventually throw light on the'érigin of
the moon. fTerrestriél xehon in lunar sampies, for exéﬁpie, would.give
very strong support to theories of a terrestrial origin of the moon.

‘There were no traces in rock 13 of xenon from the decay of extinct radio-

nuclides.



Papers 4, 5 and 6 are the expanded versions of our report to
the Apollo'12.Lunar Scienée Conference. Paper 4 describes our studies of
neutron irradiated samples of 10044 and 10057. We obtained a 39Ar—40Ar
age of 4.00 * .07 x 109 years for 10044 and demonstrated that 10057‘was
-not datable by thé 39Ar—40Ar method. Auxiliary information in these ex~
perimén;s comés from study of thé krypton and xenon released. For Apollo .
11 rocks 44 apdA57>we e#amined the heavier gases at each release tempera-
ture. : "~ Krypton in ﬁhe.irradiated samples 1is enriéhed in

80Kr and 82Kr from the (n,Y) reactions on bromine. It is also enriched

83’84’85’86Kr from neutron-induced fission of uranium. The

in isotopes
krypton measurements thus yield the éoncentrations of bromine and uranium
in sites in the 1unar:samp1es which are retentive for rare gases. The
xenon measuremenfs éimilarly furnish iodine, barium, and uranium concentra-
tions. Coverage of tﬁe halogens in studies.of the lunar rocks has been
wegk so that our results aré important'in fixing ﬁhe ;ontents'of bromine
and iodine in lunaf rocks. These elements are of particular interest
"geochemically" because of their volatility. Being able to differentiate
between tightly and loosely bound bromine and iodine is a distinct advantage
in the work.

In studying Apoilo ll.rocks By this technique we noted that 131Xe
from the (n,Yy) reaction gn l?OBa was more highly retained in rockx57 than
in rock 44. Sinée the unexplained 131Xe anomaly is high in rock 57 and low
in rock 44 it may bevfhat differences in the siting of barium in the two
rocks is responsible for the difference in the 131 anomaly. What we are
suggesting here is that 13'1Xe is produced by resonance neutrons in the
barium in all or most lunar rocks but that differences in xenon retentivity

~ have led to differences in the magnitude of the effect as seen now in the

laboratory.



A great deal of effort is going into our program for 39Ar-AOAr

datipg of lunar samples. After the two runs descfibed above unde;”paper
4, the "bottle" for heating the samples.broke and imploded &uring out—{
gassing. The system was badly overrun with molybdenum oxide as a result

of this éccident and required extensive repairs. Réther than run the risk

of future éccidénts, we decided to upgrade thé system by installing one

of our newer‘é&stems, with a vapor-deposited tungsten c;ucible in a separatély
pumped bell-jar containing the RF coil. Outgassing from tﬁe exterior of

the crucible ﬁo lénger affects the sample in such systems so that we have
lower blanks. And the system.isvhighly secure égainst breakage: the walls

of the bell jar are fér removed from the heated tungsten. In the new

systém we have_arrénged valves so:thaf the krypton and xenon can bg ac-
cumulated as the temperaturé run proéeeds and stoied for total analysis

after the argon measurements are over. With our newer irradiations in

quartz break~off ﬁubes‘we shall be able to measure aé well the concentra-
tioné of lightly bound.barium, bfominQ; iodine énd uranium. " While at it,

we decided to renew‘the purification system and build a gas piéette for

the system. All these improvements have consumed much time but we expect

our efforts to pay off in the future.

Paper 5 describes our ra;e_gas studies in some mineral separates
from the unique Apollo 12 rock #13. We were able to separate visually
three mineral fractioms from alsmall sample of this rock énd to measure
all the rare gases in each fraétion. From avseriés of control experi-

-ments on the same aluminum foil as used to wrap the‘samples we concluded
that the mineral samples from réék #13 are essentially devoid of trapped
gases. Radiogenic argon correlates as expected with the potassium con-

tent. The spallation xenon correlates well with the concentrations of



barium and other. elements (raré earths) which‘can'constitute nuclear tar-
gets for thé'compoﬁent. In-one'ffaction cosmogenié7126xé was;‘by calculation,
98.52 from Ba; in another, this percentage was 76. Thus we could make‘a good
measuremen; of the cosmogenic Xe spectrum from Ba and a rough'estimate of
thenspectrum from REE. The spectra were generally in agreement with published
target data for 730 MeV protons.

’Papef 6 describes a depth étudy for krypton and xenon in Apollo
12 rock #2. This fock has been studied by radiochemical and by nuclear
track techniques and has beeh shown to have had a single orientation on
the lunar surface. A;;;he time we undertook this sfudy it»waé still sus-
: vpected that the 131 anomaly might be a surface effect i.e. that solar
particles of short range in lungr materialrmight bevindﬁcing special nuclear
reactions leéding to 131Xe. "Qur results showed absolutely no.depfh effect
in rock 12002.‘ Samples from the top, middle, and bottom of the rock ex-
hibited the same sbectré fof spallation krypton and xenon. We conclude
that solar parficles of short range have not played a significant role in

. generating krypton and xenon in this rock.



.Reprinted from o . i 4 . - -

Apo}l@ 11 Lunar Science Conference

Isotopic Analysis of Rare Gases from Stepwise
Heating of Lunar Fines and Rocks =

J. H. Reynolds, C. M. Hohenberg, R. S. Lewis, P. K. Davis and W. A. Kaiser
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Isotopic Analysis of ‘Rare Gases from Stepwise
Heating of Lunar Fines and Rocks |

Abstract. Highlights of a first effort in sorting out rare gases in lunar material. .

are solar wind rare gases in-abundance; variable **Ne/**Ne but constant *'Ne/**Ne
ratios in fractions of the trapped neon; cosmogenic rare -gases similar to those

found in meteorites, except for copious

1%1Xe in one rock but not in another; at

Tranquillity Base a rock 4.1 X 10° years old which reached the surface 35 to 65
million years ago, amid soil whose particles have typically been within a meter

of the surface for 10° years or more.

This paper describes the results of
stepwise heating of three Junar sam-
ples. At each of a series of successively
higher- temperatures, all the rare gases
evolved were examined in a glass mass
spectrometer. The programmed heating
was continued beyond the melting
points of the samples until all gas had
been extracted. Half-gram- chips of
rocks 57 (fine-grained crystalline) and
44 (coarser-grained crystalline) were
studied in one system. A 0.09-g sample

of lunar fines (sample 84) was studied

in a second system. The lunar material
was received at Berkeley in sealed, ni-
trogen-filled containers. All samples
were handled in nitrogen; they were
loaded into the vacuum systems without
exposure to the atmosphere.
Attention is focused here on resolv-

propriate pairs of isotope ratios in the
various temperature fractions from a
sample. Two-component mixtures are
characterized by straight lines on such
a diagram, spanning end points corres-
ponding to the two components. If the
end points can somehow be inferred,
relative concentrations of the two com-
ponents can be deduced for each tem-
perature fraction. Departures from a
straight line indicate additional com-
ponents. ' In particular, concentrations
of additional monoisotopic components
are easily deduced. The method of
. analysis should become clear upon dis-
cussion of examples. ,

Xenon in the Iunar fines was de-
tected in large concentrations and with
an isotopic composition close to that

predicted for solar-wind xenon by .

Marti (7) from his studies of xenon in

ing the rare gas mass spectra into con-
stituent components, As in meteorite the gas-rich achondrite Pesyanoe. The
studies, our basic technique has been solar xenon is depleted in 3*Xe and
1o plot correlation diagrams for ap- !3“Xe relative to xenon seen in the car-
Izoxe/IJOXe
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Fig. 1. Correlation of ratios **Xe/™Xe and ™*Xe/™Xe in lunar fines. The numbers are
release temperatures in degrees Celsius for half-hour heatings. These isotope§ belong
-0 a two-component systenm. One component appears to have the AVCC ratios. The
other is lunar spallation xenon as deduced from rock 10057. Note the similarity to

spallation xenon in achondritic meteorites,

bonaceous chondrites. Our stepwise
heating of the fines revealed an addi-
tional cosmogenic (cosmic-ray pro-
duced) xenon component, as shown in
Fig. 1, which is a correlation plot of
124Xe/1%0Xe against 1%6Xe/13°Xe. The
points define a line which spans the
compositions of average-carbonaceous-
chondrite (AVCC) xenon and spalla-
tion-type xenon as deduced from the
1200°C fraction from rock 57. The
proximity of the most “southwesterly”
-points on this plot to the AVCC com-
position strongly suggests that the solar
xenon has the AVCC ratios for the
light xenon isotopes, although we have
used the composition of the 820°C
fraction in the fines for solar xenon in
calculations in this paper. All numerical
results in this paper are presented in

. Tables 1 and 2.

Neon both in the fines and in rock
57 is dominated by an abundant
trapped component. Figure 2 shows the
isotopic composition in ‘the various

~ temperature fractions. Although there

is cosmogenic neon present, the
spectra are dominated ‘by neon for
which the *'Ne/22Ne is relatively con-
stant (at a value only slightly greater

" than the terrestrial value) but the 2°Ne/

22Ne is highly variable. Noncosmogenic
neon in any fraction will have a com-
position somewhere “northwest” of the
observed composition on the line join-
ing that point with point C. On this basis
the ?’Ne/22Ne ratio for noncosmogenic
neon in rock 57 varies from =8.3 to
= 13.9; similarly, the ratio in lunar fines

" ranges from =11.3 to =14.3. Effects

of . this type are known in stone mete-
orites (2), but have never been ade-
quately explained. Their occurrence ‘in
lunar material is one of the most strik-
ing results of our study and places con-
straints upon future theories for their
explanation.

Cosmogenic xenon in rock 57 ‘pre-
sents a generally consistent picture. The
1200°C fraction is most strongly cos-
mogenic and has been used to deduce
the spectrum. It was assumed that this
fraction is a mixture of cosmogenic
xenon and xenon with the composition
seen at 820°C in the lunar fines. It was
further assumed that there is no 13°Xe
in the cosmogenic fraction. The cosmo-
genic spectrum is then easily obtained
by subtraction. It fits (Fig. 3) the spalla-
tion xenon spectrum from the Stannern
calcium-rich achondrite, as deduced by
Marti et al. (3), more closely than it
fits other published spallation spectra.
The most striking difference between
the spectra is at mass 131. Rock 57
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Fig. 2. Isotopic composition of neon fractions released in stepwise heating of lunar fines
and rock 10057. The point C locates the composition of cosmogenic neon seen in a
typical stone meteorite. The noncosmogenic neon composition in any fraction must lie
toward the left on the line joining the observed composition with point C. Such lines
have been drawn for the fractions of extreme composition. The trapped compositions
are characterized by large variations in ratio 20Ne/’”Ne but a nearly constant ratio. for

“Ne/*Ne.

contains an extraordinary excess of this
isotope both in terms of absolute con-
centration and ratios! The differences
at masses 132 and 134, which are small
in terms of absolute gas concentration,
can perhaps be attributed to fission
effects in the Stannern meteorite,

A - comprehensive display of the

Xenon isotope variations in rock 57 is
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Fig. 3. Comparison of the mass spectrum
of cosmogenic xenon in lunar rock’ 10057
with spallation xenon from the Stannern
achondritic ‘meteorite. A large and signifi-
cant difference is seen for mass 131.

'

given in Fig. 4, where ratios ¥Xe/!3°Xe
are plotted against 126Xe/3°Xe. For
M -equal to 124, 131, and 132, the
points fall reasonably well on lines join-

-ing the 1200°C composition and the

composition seen at 820°C in the lunar
fines. Small corrections have been made
for a fission contribution at masses i31
and 132 (see the following paragraph).

Otherwise, these isotopes, with 126Xe
and !3°Xe, appear to belong to a two-
component system of trapped and cos-
mogenic xenon. For M equal to 128
and 129, the values observed between
600° and 900°C fall above the lines
containing the other points, as would
occur if there were an excess of **Xe
and '**Xe being released at these tem-
peratures. The correlation lines in Fig.
4 pass close to the compositions for
cosmogenic xenon in calcium-rich
achondrites, except at mass 131, where
the correlation line observed has the
opposite slope from that observed in
meteorites, :

Fission xenon in rock 57 was indi-
cated, after subtraction of cosmogenic
xenon, by higher values of 13¢Xe/132Xe
and 3*Xe/3:Xe than in the lunar fines.
The amount of fission xenon observed
is approximately what should accumu- .
late in 4.1 X 10? years (see below) of
uranium decay in rock 57 (780 ppb
uranium).

Argon from the samples is a mixture
of radiogenic 4°Ar from +*°K decay,
cosmogenic- argon, and trapped argon,
which can doubtless be ascribed to the
solar wind. Values of the ratio 4°Ar/
35Ar as low as 0.82 were observed in
argon fractions from the lunar fines,
and provide an upper limit for this ratio
in the solar wind. The much higher
values of ¢°Ar/3%Ar in gas fractions
from rock 57 have to be attributed to
“0Ar from potassium decay. On that
basis we compute a K-Ar age. of
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Fig. 4. Graphical analysis of the xenon released in stepwise heating of Iunar rock 10057.
Small corrections for fission have .been made at masses 131 and 132. Isotopes 124, 126,
130, and 132 appear to belong to a simple two-component system (trapped and spalla-
tion xenon). Isotope 131 fits a two-component model but with a highly anomalous
composition for the cosmogenic component. Isotopes 128 and 129 display excess

amounts from 600° to 900°C inclusive.
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Table 1, Rare gases from three lunar samples. The gas fractions for the stepwise heatings have been summed. All gas concentrations (boldface) are in

units of 10~8 cm3/g (STP). Errors in isotope ratios for total gas are about 1 percent. Errors in concentrations for total gas are about 10 percent.

Lunar fines, .
‘sample 10084,59

Fine-grained crystalline rock,
sample 10057,20

Medium-grained
crystalline rock,

Isotope sample 10044,20

Total Solar Cosmic Total Trapped Cosmic Fission Excess Total

*He/‘He 0.00047* 0.000545*+

{‘Hel 2.9X107 83000t

0Ne/?Ne 12.85 12.90 11.58° 3.72

21Ne/*Ne 0.0332 0.032 0.1152 ! ‘ R 0.710

[**Ne} " 41000 41000 >360 81 73 8.1 10.3

38Ar/38Ar - 0.1925 0.183 0.237

10Ar/3Ar 1.126 <0.82 . i 39.1

[*%Ar] 50600 50200 . 400 388 3713 - 15

8K r/8*Kr 0.0348 - 0.0315 0.10 0.23 0.164

80K ¢ /92Kr - 0.2064 -0.201 0.45 0.68 0.0043% - 0.486

81Ky /82Ky ‘ . ) 0.0068 :

8IKr/%Kr 1.003 0,997 1.06 1.35 1.10

MKr/®Kr 4.91 . 4.9 3.57 . 0.47 2.91

8Kr/9Kr 1.503 1.496 1.02 . 0 0.786

[B2Kr] 7.6 1.5 0.10 0.034 0.023 =0.011 0.027

124Xe/130Xe 0.0400 0.0302 0.265 . 0.57 0.59

120X e/130Xe 0.0464 0.0293 0.465 - 1.03 0.94

128xe/130Xe -0.530 Q.515 1.048 1.6t 0.000311 1.47

19¥Ke /120X e 6.28 6.38 4.11 1.03 0.00027% -~ 2.85

13X /130X 4.98 4.98 6.05 7.50 4.55

137Xe/130Xg 5.97 6.06 3.58 : 0.32 0.000081 . 1.96

134Xe /130Xe 2.20 2.22 1.283 - 0.020 0.000121

138X e/130Xe 1.78 1.79 - 1.040 =0 0.00013} 0.439

[*30Xe] 0.77 . 0.76 -0.010 0.0052 0.0029 0.0023 0.0015

*No discrimination correction was available for sHe/*He ratio.
the i

pe in the ator for the row.

+ 0.3 X 10° years for rock 57,

using the preliminary value (5) for the
potassium content of the rock.
‘Krypton exhibits a cosmogenic com-
ponent in all samples, and an excess of
30Kr in rock 57. Radioactive 82 Kr was
observed in the highly cosmogenic
. 1200°C fraction of rock 57, permit-
ting calculation of a 51Kr/5%82Kr age
(6) of 37 million years for exposuare of
the sample to galactic cosmic rays.
Crude exposure ages (Table 2) were

Table 2, Exposure ages of two lunar samples.
Sample 10087,59 is lunar fines; sample 10057,20

is fme-gramed crystalline rock.
Exposure 10084, 59 10057,20
. age type (10° years) (108 years)
3BAR - 3020 125
82Kr 1600 . 64
- 130%e 720 63

i

calculated for rock 57 and for the fines
from the cosmogenic contents of 32Ar,
82Kr, and 3°Xe. We used the produc-

“tion rates from Munk’s (7) study of the

calcium-rich achondrite Nuevo Laredo
for this purpose, assuming targets of
calcium, strontium, and ’barium, re-
spectively. These ages for rock 57 ex-
ceed the S5!Kr/#82Kr age as they
should; the results would agree only
if that rock was abruptly shifted to its
final location from a completely
shielded location. The 328Ar exposure
ages are older than the others, For the
soil, the ages represent an average for
the fine-grained material, but much of
the present surface soil material at
Tranquillity Base has been within- a
meter or so of the surface for 10° years
or so, according to our data.

Although we have not completely
analyzed our results from rock 44, one

+ Includes estimate for one gas fraction which was lost. -

t Value is a concentration (not a ratio) for

‘important fact is immediately evident:

in rock 44 the large excess of 131Xe in
the cosmogemc component is absent.
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Abstract—We examined the rare gases from stepwise heating of lunar dust and two crystalline rocks
mass spectrometrically. We used isotope correlation diagrams extensively in our analysis of the
data in order to identify trapped, cosmogenic, and fissiogenic components and to deduce their release
curves, Cosmogenic neon, argon, krypton, and xenon have compositions similar to the cosmogenic
gases in calcium-rich achondrites, although some differences occur—notably in '*'Xe, which is
anomalously abundant in rock 10057 but not in rock 10044. Our sample of rock 10057 contains
trapped solar gases, but our sample of rock 10044 does not, suggesting that production of *'Xe may
be depth dependent. Fissiogenic xenon in the rocks appears to originate entirely from spontaneous

~fission of #28U. Isotopes '%*Xe, '#*Xe, *°Kr and 2Kr are in apparent excess in some of the temperature
fractions from the rocks, but except for !**Xe in rock 10044 the excesses are probably “memory”’
of a previous study of a neutron irradiated meteorite. A genuine excess of 1**Xe at two temperatures
in-rock 10044 is accompanied by excess 1**Xe and, possibly, 1**Xe and ***Xe. There thus may be more
than one cosmogenic component in rock 10044. In none of our lunar work have we seen evidence
of any '*Xe from decay of extinct 1l Rather large variations, with release temperature, in the
isotopic composition of trapped helium, neon, and argon can probably be explained by a combination
of two effects: (1) deeper burial of heavier isotopes in the solar wind; (2) diffusive separation of
isotopes during thermal release. Exposure ages of rocks 10057 and 10044 by the *'Kr-**Kr method
are 34 and 70 m.y. respectively. Exposure ages based on **Kr and '*°Xe and the meteoritic production
rates for those isotopes, are higher than the Kr-Kr age for rock 10057 as would be expected if the
rock spent time at a partially shielded depth. Rock 10044 may have had a simple irradiation history.
Our average value for the average exposure age of the lunar fines is 1300 m.y.

INTRODUCTION

-WE DESCRIBE the results of stepwise heating of three lunar samples. At each of a series
of successively higher temperatures, we examined in a glass mass spectrometer all
the rare gases evolved. We continued the programmed heating beyond the melting
of the samples until all gases had been extracted. Our objective in the work was to
resolve the rare gas mass spectra into the anticipated constituent components—
trapped, * cosmogenic, radiogenic and ﬁssiogenic gases—and in the process to search
for possible additional components. As in meteorite studies our basic technique has
been to plot correlatlon diagrams for appropriate pairs of isotope ratios (e.g. B/A vs.
C/A) in the various temperature fractions from a sample. Two-component mixtures
are straight lines on such a diagram, spanning end points corresponding to the two

* We use the term “‘trapped gases’” to designate those gases which were not formed in situ by
some sort of nuclear transmutation. The “trapped’’ component can thus include ambient gases
" dissolved in.the minerals at time of formation, solar wind and cosmic-ray gases injectéd into material
at the lunar surface, gases dissolved in existing minerals by diffusion and gases dissolved by shock.
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components. If one can somehow infer the end points, one reads the relative con-
centrations of isotope A in the two components directly from the plot, using the lever
rule. Departures from a straight line indicate additional components. In particular
it is easy to deduce concentrations of additional monoisotopic components. The
method of analysis should become clear upon discussion of examples.

EXPERIMENTAL METHODS

We opened the Houston containers at Berkeley in a nitrogen-filled glove-box and loaded the
samples into the vacuum systems without exposing them to the atmosphere. One-gram rock chips
of samples 10057 and 10044 were broken in half. One half was taken for the work in this paper;
the other half was reserved for neutron irradiation. We shall report the analysis of gases in pile-
irradiated samples elsewhere. Our ten-gram sample (10084) of lunar fines was split down to working
samples of 0-09 g, using a Sepor No. 212 sample-splitter. This method of splitting may not have
produced completely representative samples: we noticed that the fine material tended to clump
appreciably and it is doubtful that we succeeded in dividing the clumps representatively in the splitting.

We studied half-gram samples of crystalline rocks 10057 and 10044 in “system 1,”> which is a
completely metallic system 'up to and including the valve which admits the gases to the mass spec-
trometer, except for a small sample holder and dumper made from a glass of low permeability for
helium (Corning type 1720). The “hot-blank’ (1500°C heating for one hour) for helium in this
system is only 0-4 x 10-* cm® STP *He. The samples were heated by radiofrequency induction in a
previously outgassed crucible of vapor-deposited tungsten, which is welded to nickel tubing which
is in turn welded to the demountable stainless-steel plumbing for the system. Gases released from
the outside of the crucible are separately pumped to a waste vacuum. We measured temperatures
with a pair of W/W-Re thermocouples attached to the outside of the crucible. In one run (sample
10057) these couples were spotwelded to the crucible, using a platinum tab as an intermediary.
Thermocouples so mounted work well, but the platinum slowly sublimes. In the other run (sample
10044) the couples were bound to the crucible with tantalum wire. This scheme was only partially
successful: induced currents in the tantalum wire resulted in somewhat high température readings.
Because of the various problems encountered in the thermometry, the stated temperatures for system
1 may be in error by as much as +4:50°C for rock 10057 and -:100°C for rock 10044,

We studied the 0-09 g sample of lunar fines (sample 10084) in *‘system 2,”” for which the connecting
tubulations are Pyrex glass. The crucible is again vapor-deposited tungsten with a separate pumping
system for the outside. The *“hot blank’’ for helium for system 2 (1600°C heating for one half hour)
is 1:0 x 1077 ¢cm® STP *He, which is much larger than for system 1 but completely negligible in
comparison with the helium released by sample 10084. In system 2, we measured the higher tem-
peratures directly with an optical pyrometer. We measured the lower temperatures (and checked
the pyrometer measurements for the higher temperatures) indirectly: immediately after the run we
installed a W/W-Re thermocouple inside the crucible, without making further changes in the system,
and reproduced the heating steps in vacuum at exactly the same settings on the induction heater.
For the higher temperatures, determinations by the thermocouple and by the optical pyrometer were
in excellent agreement. We therefore believed that the stated temperatures for system 2 are accurate
within 4-20°C.

. In both systems, we purified gases over one or two stages of Zr-Ti alloy, supplemented by a fresh
mirror in a titanium bulb. The glass mass spectrometers also carried titanium bulbs in which fresh
mirrors were generated before a series of analyses. The rare gases were separated one from another
with an activated charcoal trap. The sequence for separation is: liquid nitrogen on charcoal, admit
He and Ne; dry ice on charcoal, admit Ar; —39°C on charcoal admit Kr; --100°C on charcoal,
admit Xe. The He-Ne mixture is looked at in two stages so that each gas can be examined first in
one of the two runs. Both systems contain ail-metal, gas pipettes filled with pure air and *He at
known pressures. Before and after each sample, several calibrations runs were made with the pipette.
These runs furnish both sensitivity factors for the various gases and correction factors for mass
discrimination.
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We have made no corrections in any of this work for blanks. Instead, blanks were run and
recorded separately in the tables. Every fraction reported here thus includes small amounts of
atmospheric rare gases. These blank gases are noticeable at the lower temperatures for the runs
on the rocks, expecially rock 10044. With one exception (see below) these contributions are very
close in size to our hot blanks, showing that the atmospheric gases are nof coming from the crucible,
even in the hot blanks. These results testify to the exceilence for rare gas extractions of vapor
deposited tungsten crucibles, even though large, so long as they are separately pumped exteriorly
by a waste vacuum system. The exception to which we alluded is the neon blank for rock 10057. We
ran rock 10057 with a quartz chimney lining the inner surface of the nickel tube connecting with the
crucible, so as to catch a fraction of the alkali metals evaporated from the sample. Even after many
hours of outgassing near maximum power, small traces of dissolved atmospheric neon were still
coming out of the chimney at the higher temperatures. The contribution of blank neon to the lower
temperatures for rock 10057 can best be estimated from the blank for rock 44, where the quariz
chimney was not used.

Background (i.e. “*dirt’’) correcuons were made only to K r, **Kr and %'Kr in the rocks. Entries
in the tables where there was such a correction have been flagged. We based the background correc-
tion on the 79 peak in the krypton spectrum, a procedure which is somewhat objectionable (except
for corrections to *'Kr) but one for which we had no good alternative. In some of the runs a correc-
tion had to be applied to *Ne* for °Ar?*, although we usually ran neon at electron bombardment.
voltages which suppressed the doubly charged argon peak to insignificant levels Again, entries in
the tables where such a correction was applied are flagged. :

' RESULTS FOR LUNAR FINES (SAMPLE 10084)

Complete results for He, Ne, Ar and Xe are set out in Table 1. The krypton data

are omitted because they were not precise enough to reveal significant trends, except

for an obvious cosmogenic component, which produces correlated changes in the

ratios ®Kr/*2Kr and ®*Kr/**Kr. The summed krypton data appear along with data
for the other gases in our summary Table 2., '

Xenon in the lunar fines was detected in large concentrations and with an isotopic
composition close to that predicted for solar-wind xenon by MARTI (1969) from his
study of xenon in the gas-rich achondrite Pesyanoe. . For the isotopes of mass 130 and
below, the abundance pattern resembles the xenon in average carbonaceous chondrites

"(AVCC). This fact cannot be established in a total extraction or “melting’ run on the
sample because of the occurrence of a spallogenic xenon component. But the stepwise
heating data enable one to distinguish the components. Figure | is a correlation
plot of 124Xe/[!39Xe against '26Xe/1%Xe. The points define a line which spans the com-
positions of AVCC xenon and spallation-type xenon as deduced from the 1200°
fraction from rock 10057. The proximity of the most “southwesterly” points on this
plot to the AVCC composition, strongly suggests that the solar xenon has the AVCC
ratios for the light xenon isotopes. We have used the composition of the 820°C
fraction in the fines to represent solar xenon in calculations in this paper, although
we recognize that “solar xenon” defined in this way may contain traces of spallation
xenon. The isotopes produced abundantly in fission (*3Xe, 132Xe, 13'Xe and 1*Xe.)
are all depleted in the lunar fines relative to AVCC xenon, as was noted in the prelim-
inary rare gas studies (LSPET, 1969). Confirmation, in results from the lunar
samples, of MARTI's (1969) hypothesis that solar and meteoritic xenon are one and the
same—aside from possible fission effects—deepens all the more the mystery about
terrestrial xenon. How can it have become so strongly fractionated in mass (almost
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Fig. 1. Correlation of ratios **Xe/'**Xe and '**Xe/!*°Xe in lunar fines. The numbers

are release temperatures in degrees Celsius for half-hour heatings. These isotopes belong

to a two-component system. One component appears to have the AVCC ratios. The
other is cosmogenic xenon as deduced from rock 10057.

4 per cent per mass unit!) relative to the xenon elsewhere in the solar system? And
without similar effects occurring in argon and krypton?

Helium and neon results are of special interest. We now suspect that separations
of isotopes during imbedding of the solar wind gas and in the release by heating are
jointly responsible for large variations in isotope ratios. There were errors in some
of our data reduction for neon at the time of our report (REYNOLDS et al., 1970)
to the Apollo 11 Conference. Because of a very large spread in the ratio 2°Ne/22Ne,
without variations, except for spallation effects, in the 2!Ne/**Ne ratio, we had to
suppose that at least two trapped neon components were present. The corrected data
no longer support this conclusion. The run of the helium isotopes during outgassing
is very instructive. In Fig. 2 we plot the release curves for ®He and *He for the dust
sample, 10084. Both curves are normalized to 100 per cent total release. One notes
that the curves are similar but displaced slightly in temperature: *He release occurs
slightly earlier than “He release. The initial 3He/*He ratio of 0-000635 is 36 per cent
higher than the total ratio. In a single stage diffusion process the initial enrichment in
the ratio should be (4/3)!/* = 1-074. But we have a two stage process in this instance:
1He was imbedded deeper than the 3He when the solar wind struck the lunar surface,
because the streaming of the solar wind is hydrodynamic, with equal velocities for the
two helium. isotopes. The initial burjal depth for isotopes will be proportional to
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Fig. 2. Releasc of helium isotopes in stepwise heating of lunar dust. The curves have
been normalized to 100 per cent total release.

mass.* And deeper burial of the mass 4 component, enhances the initial separative
effect. '

Release curves for isotopes 2*Ne and 2Ne (not shown) exhibit a similar effect if
‘one looks carefully at the low temperature and high temperature “tails” for the neon
release, where the effect is greatest. We see an initial enrichment for 22Ne/22Ne of 11
per cent, which again exceeds the single stage enrichment of (22/20)!/¢ = 1-024 and
for the same reason. Figure 3 shows the neon ratios for all three of our samples on a
standard.correlation plot for neon. Rock 10044, which was an interior piece, has
practically no trapped gas. Because of “°Ar?* interference no precise 20Ne/22Ne ratios
were obtained below 700°C where fractionation of the isotopes in the trapped com-
ponent would be most visible The ratios thus fall along a line (the “‘rock line,”
PEPIN et al., 1970) joining the compositions of trapped and cosmogenic neon. Point C
with coordinates 2Ne/[?2Ne = 0-82, 21Ne/?2Ne == 0-90 represents cosmogenic neon in
a typical stone meteorite. In the dust sample, neon is dominated. by the trapped
component except at the highest temperatures where the trapped component is almost
gone and the bulk of the cosmogenic component is being released. In this sample at
- low temperatures we thus see diffusive separatlon of the isotopes, trendmgD roughly
along a line of slope :

d In (®*Ne/?*Ne)/d In (*'Ne/?2Ne) = 2.

At later temperatures, where the last of the trapped neon is being released, an appre-
ciable enrichment of the heavier isotopes has built up. We see from the intersections

* It is questionable to what extent the initial distributions of isotopes with depth have been
preserved. There is conclusive evidence (EBERHARDT et al., 1970) for saturation effects in trapped
helium and neon in the bulk fines and for diffusion of trapped helium into the grains in the bulk
fines to depths of about 10 1 (KirsTEN et al., 1970). Both these effects could redistribute the isotopes.
But we find, surprisingly, that the distortion of the isotope ratios in the initial release is just the mass
ratio of the isotopes for helium, neon, and argon alike.
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Table 1. Helium, neon, argon and xenon from stepwise heating.

'l_'e.mpeml-ute : 3;’& . i -
(O Blank 265 |- 270 290 300 340 390 450 500 590 670 750 820
4He[SHe! —  [1575-0% {1751-0% |1678-0% [1666-0% (1754-0¢ [1678-0% {1754-0¢ (1887-0% [2049-0F |2487-02 [2299-0% |4878-0%
+170  |4340 |+200 |+110 [£90 [£80 |+60 |x110 |£80 [+370 150  |4240
®Hej, <0:026%al  79.4 181 | 213 | 3941 128:0 | 2440 | 2110.0 | 3690-0 | 2730+0 | 1620-0 | 1690-0 | 385.0
10~%cm3STP/g
; 5 P
20Ne/22Ne — 14:27 1394} 1419 | 1359 | 12:84 | 1291 | 1349 | 12:71 | 1306 | 12-87 | 1292 | 12:88
£006  |£010 | £0-08 |£009 |4004 |+£010 |1016 |4004 |-L010 1otz |4009 |4009
2INe/2ENe — 0-0323 | 0-0300 00319 0:0317) 0-0313| 00313 0'0334| 0-0305 00319 0-0310 00324 0-0331
_ h :£0-0030 | 4:0-0010}.1-0-0005] -+ 0-0003| ::0-0003| ). 0-0003 | :t 0:0004] -1 0-0002] -t 0-0003| 4 0-0006 |- 0-0003 -1.0-0004
(22N}, 0-025* | 26.8 461 | 576 | 136 | 111:0 | 2440 | 4500.0 | 4060-0 | 6190-0 | 73000 | 73000 | 1890-0
10-8cm3STP/g : ) R P
38Ar/38AT — 0-1816 | 0-1784| 0-1807 0-1800] 0-1787| 0-1799] 0-1810| 0-1835] 01802 o0-1829] 0-1897] 0-1920
:£0-0007 {.£:0-0016| 4-0-001 1|+ 0-0008| 1:0-0013| 4:0-0010| :0-0010] -+-0-0006 :: 0-0010| +:0-001 1 | +0-0009{ +-0-0006
OAr/38Ar — | 32 34-59 | 30.99 | 25-35 | 14:32 | 11-23 5-60 3-64 2877 2-128 | 0923} 0-820
+0-09 |4£017 [+0-09 .[+0-08 |£007 [:£004 [.0-02 [40-01 |40010 |-£0-007 |+0-003 |+0-002
13%Ar), 0-01* 3.87 0-79 | 0.78 125 | 426 9.8 9.8 270:0 | 886:0 | 3780.0 |13300:0 | 9000.0
10~8cm3STP/g
124X¢/130Xe — — — — — — — 0045 | 0-0280{ 0:0312| 0-0342] 0-0312{ 0-0302
40004 |£0-003 |£0004 |40-0013|+0-0006|+0-0008
izsxe/HOXe — - - — — — — 0:0309| 00363 00318 0-0316| 0-0290| 0-0293
+0-0046| +:0-0023| :£0-0024 4-0-0005| 4+ 0-0005| -+ 0-0005
128¢/130Xe - 0516 | 0508 | 0727 | 0623 | 0656 | 0696 | 0-521| 0-s40| 0-508 | 0-507 | 0-509 0-515
£0-033 | £0-054 40-012 |-£0:058 |:1:0-053 |:£0030 |4:0-028 |4:0-010 |1:0:017 |4.0-014 |+0-005 |+ 0-004
120¢/130X ¢ - 6:32 692 | 691 649 | 674 | 691 658 | 657 | 630 | 631 631 638
) 3 £032 |+044" {go11 |+0-30 |+037 |030 |4+020 [1008 |4012 ]r009 |+£003 1005
131¢/130Xe - 5-20 5:47 5-43 548 | s60 | 542 | 523 509 | 496} 491 493 | 498
£0-26 |+£035 |1027 (1029 [4:030 14034 |£018 11007 1009 (1008 [+o03 |1o00s
132X 130Xe — 635 7.01 754 | 689 | 6% | 67 626 | 621 6-02 596 | 597 | 606
£0-31 {1041 | 4008 [4031 [1037 {(o029. [£013 [1005 {4008 |i006 [L003 [10-0a
134xe/130Xe - 2404 | 2-553 | 2-842 | "2:523 | 2:385 | 2478 | 2341 | 2:270 | 2238 | 2200 | 2174 | 2224
- 4012|4018 {1010 |4:011 [£0:15 | 1013 [.L0:073 |1 0032 |4 0-036 [:1.0-042 |+0-013 | 0019
136X¢c/130Xe — 2086 | 2374 | 2.43a | 2225 | 2138 | 2105 | 1042 | 1840 | 1817 | 1790 | 1763 | 1793
4011 [£017 {£0:037 [£0-13 [£013. [£0-14 [-£0:07 |£0-024 [4:0-033 {4:0-034 [£:0-013 [ 10015
11:0)_(3,. a‘ 0:3* 0-85 0-27 0:26 0-32 0-38 | 0-50 2:06. | 3.67 905 20. {2760 | 461:0
0~ 12cm®STP/g X

1

Notes: Boldface entries are gas concentrations. Errors in gas concentrations are 10°, for helium, neon, and xenon. 202, for argon.
Errors arc statistical only, In addition there is a fractional crror in the applied mass discrimination factors as follows: Ne 20/22: 0-015;

21/22: 0-05. Ar38/36: 0-05: 40/36: 0-04, Xe 124/130
0-006; 134/130: 0-01; 136/130: 0-014,

1 0:04: 126/130: 0-05: 128/130: 0-01; 129/130: 0-007; 131/130: 0-008: 132/130:
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of 0-089°g of lunar fines (10084-59). Heatings were for } hr.
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01937 01950| 01974 | 0:1977] 02009 02070 0-2148] 02279 0-2281| o0-2205| 02316 0-2152| 02016 (0-1925
+0-0004 £0°0009 | :£ 0:0002 | :0-0003| £0-0005| -+:0-0008| +:0-0005| :0-0005] - 0-0008, :£-0-0005| - 0-0007| -£ 0-0008|:0-006 | +0-0003
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+0-001 +0-004 | +£0.001 [£0-001 |+0-002 |+0-003 |+0-002 [ 0-002 |+0:007 |+0-003 |+0:005 |+0-01 |+o07 [+0-001
6930+0 31700 | 1950-0 | 27900 | 28000 | 1390+0 | 1730 | 1130 | 24-3 | 21.4 | 435 | 347 | 021 [46700-0
.0.0322 00329 0-0401| 00455 0-0442| 0-0442| 0.0529] 0-0550| o0-0583 00573 0-0686| 0-0523| 0-1139] 00400t
+0-0003 40-0002 | -+ 0-0002 | -:0-0004| £0-0003| +-0-0009] -+ 0-0010 +:0-0007] .1:0-0017| 0-0032|40-0031{4:0-004 | +0-026 |-£0-0001

0-0310 0-0340( 00469 | 0-0560] 0.0545| 00557 0-0719] 0-0725| 00792| 0-0763| 0-0796| 0-0583 0-0404| 0-0464%
40-0005 400003 | +0-0004 | +0-0008|-£0-0006| -+:0-0009| £ 0-0019} -t 0-0011| +:0-0020| 1:0-0038| -} 0-0046| £ 0-008 |-+-0-007 | :0-0002

0-518 0514 | o529 | o541 0-540] 0533 | o356 | 0553 | 0569 | ose1 | 0-s44 | 0-546| 0589 | o0.530
1+0-003 £0003 |:£0-003 {::0-004 |£0-003 |::0-004 |:£0.005 |::0-005 |0-008 £0015 |£0:017 |:£0:017 | 0088 | £0-001

633 631 6-28 626 | 627 | 623 | 618 | 617 | 619 | 618 | 605 | 593 | 710 | 628
4003 £0.03 | £003 |+004 |+£003 [£0:04 |£005 [1004 |£007 |+£008 |00 |2014 |+0-85 |+001

495 497 | 497 500 | 501 | 501 | 496 | 503 | so03 | 506 | 499 | 476 | 553 | 498
+0-02 £002 | 4002 |£0:03 |£0:03 |+0:03 |+0-04 |+003 |+006 |+006 |£009 |£012 |+068 |£001

6-01 601 5-97 s94-| 595 | 592 | 582 | 587 | 588 | 587 | 581 | 576 | 630 | 597
+0-03 ;go-oz' £002 |£003 |£0-02 [£0-03 |£004 |+£0-03 |4006 |£007 |4£009 |+£0-10 4076 |£0-01

2-209 298| 2205 | 2187 | 2:196 [ 2181 | 2136 | 2170 | 2149 | 2177 | 2:076 | 2113 | 2233 | 2195
£0-013 | £0009 | £0-012 |+0-013 [+£0:011 |£0:016 | +0:018 |£0-018 |£0:024 | +0:032 | +0-040 | £0-046 {£0-29 |+£0-005

1-785 1795 [ 1790 | 1776 | 1787 | 1773 | 1741 | 1768 | 1741 | 1773 | 1757 | 1701 | 1707 | 1-783
+0-008 £0-007 | £0:009 |40-010 |+0-008 |£0-011 |20-015 | £0-012 | 40022 | £0-028 |+0-050 |+0-056 | £0-22 |+0-004
936:0 10300 | 1180.0 | 1700.0 | 1120-0 | 548-0 | 108-0 | 118-0 | 412 | 294 | 519 | 2.82 | 0.25 | 77000

* Absolute blank in cm® STP is the tabulated blank times 0-089 g,
1 Total of gas fractions where this ratio was obtained.
1 No discrimination correction available. These ratios may be systematically in error.
a3He not measured. *He concentration: ~10-0 x 10~8cm3STP/g.
b Questionabic value.
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Table 2. Summary of the results for rare gasés from lunar samples.

Lunar fines Fine-grained
Sample Sample
i : 10084, 59 10057, 20
" Isotope Total Trapped Cosmog. . Total Trapped Cosmog.
4He/*He 2138-0* — — 1809-3*.b —_ —_
: 460 - + 3-9
[*He] 13400-0 ) —_ — 89-48 — —
-+ 1300-0 + 72
20Ne/*Ne 12-85 12:92 — 12-08 — —_
4- 0-20 + 0-2t : + 0-15 .
21Ne/*2Ne 0-0332 0:0324s == 0900 0-120 2. 0032 =2 0-900
+4- 0:0017 -+ 0:0016 -+ 0-002
{?*Ne] 40800-0 40800-0 40-0 76-6 67-5 92
4- 4080-0 + 4080-0 + 78.0-15-0 + 77 -+ 68 - 09
33Ar/3%Ar 0-193 0-190a — 0237 — == 1-52
+ 0-010 4 0-010 + 0-002
40Ar[3%Ar 1-125 — — 39-19 —_ —_
+ 0-045 4+ 028 )
[3%Ar] 46700-0 46700-0 — 388-0 372-0 15-1
+ 9300.0 4+ 9300-0 + 390 + 37-0 + 15
K /82K 0-0312% 0-0307}.c — 00844+ — 02241
+ 00011 + 0-00i13 + 0:0016 4 0-0075
80K r/*2Kr 0-206 0-201¢ = 0675 0-4420% — 06701 -
' + 0-004 4 0-004 + 0-0066 3 0-0227
SIK r/%2Kr — — — — — 0007221
: + 0-00112
83K r/82Kr 1-00 1-00¢ — 1-06 — 1-35
- 4 001 + 0-01 + 0013 + 0-016
84K r/82Kr 491 4-91¢ — 3-57 — 0-45
- 4 005 + 005 - + 0-037 -+ 0018
88K r/%2Kr 1-50 1-50¢" — ©o102 — = 0-000
4- 0-01 ‘4 001 + 0-025
[®2Kr] 7-6 7-5 0-093 0-0337 0-0237 0-01
. + 1.5 + 15 -} 0-064-0-024 -- 0-0061 4 00043 +4- 0-0018
126X ef130X e 0-0400 0-0302¢ — 0-265 — 0-57
-1- 0-0016 4- 0-0015 -1 0-0037 1. 0-0083
120X /130X e 0-0464 0-0293¢ - 103 0-465 — 1-03
4 0-0023 - 0:0016 - 0-0097 ) - 0-022
128X e/130Xe .0-530 . 0-515¢ — 1-048 e 1-61
< o 0005 + 0007 - 0-053 4- 0:070
120X e[130Xe © 628 6-38¢ . —_ 4:11 - 1-03
+4- 0-04 + 007 - 0:072 -k 0-:066
131Xe/130Xe - 4-98 4-98¢ — 6-05 — 7-50
+: 0-04 4 0-06 4 0-040 + 0-081
132X e /130X e 5:97 6-06¢ — 3-58 — - 032
-4 0-04 + 0:06- + 0-023 -+ 0-042
134X /130X e 2:20 . 2:22¢ — {-283 —_— 0-:020
+ 0-02 4 0-03 4+ 0-0096 + 0-0166
138X /130X e 1-78 1-79¢ — 1-040 — = 0-000
-4- 0-03 4 0-03 ) . -+ 0-0083
(130X e} 077 . 0:76 0-013 0-00517 0-00291 0-00226
-1 0-08 ‘+ 0-08 £ 0002 4- 0-00031 . 4. 0-00019 - 0-00016
Notes:

total errors.

* No discrimination correction was avalldble

Boldface cnlrus are gas concentrations in unns of 10-8cm® ST P/l, Errors in this table are

t Correction has been made for background. Error includes uncertainty in bdckground as wcll as
discrimination corrections.
a Based on 750° fraction.
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The gas fractions for the stepwise heatings have been summed

Crystalline rock

‘Medium-grained crystalline rock

Sample 10044, 20.

Fission Excess Total Trapped Cosmog. Fission " Excess
— — 213-69* — — — —
4 015
— — 102-4 -— —_ — —
+ 133
— — 3311 — — — —
-4 0-043 :
— —_ 0719 == 0-029 =: 0-905 -— —
+ 0-014 : '
— — 95 20 75 — —
4+ 10 4+ 02 + 0-8
— — 0-9843 — == 1-52 — —
+ 0-0088
— — 2828 — — - —
+ 20 :
—-— — 419 - 16-8 25-1 — —
+ 42 + 17 + 25
—_ — 0-174% — 0-233% — —
) + 0-0042 + 00122
— 0.00391d.¢ 0-520% — 0617t — 9-00131.4.¢
4+ 00103 + 0-0265
— — — — 0-00334% — —
-+ 0-000806
— — 1-09 — 127 ~— —
-+ 0-0074 4 0-025
— — 2:89 - — 0-51 — —
4- 0.031 -4- 0-042
— - 0-78 — = 0-000 — —
N -k 0-009
- 0:0010¢ 0-0311 0-0167 0-0144 e 0-00035¢
-4- 0-0093 4- 0-0050 |- 0-0043
— — 063 - 069 — —
4- 0-01 + 0-014
— — 1-001 — 1-106 — —
- + 0022 + 0-028 ) )
— 0-00028¢.¢ 1-47 — 1-625 — 0-0000474.¢
-+ 0075 - -+ 0-087 )
— 0- e 2-85 — 1-71 — 0-00052¢
+ 0-052 + 0-057
— — 4-55 — 4-28 — —
+ 0-041 - 0-067
— — 1-97 — - 077 — —
+ 0-014 + 0-021
— — 0-558 — 0-041 — —
+ 0-0048 -+ 0-0076
0-000134 — 0-439 — = 0-000 0-00015¢ —
+ 0-00006 : + 0-0028 - 0-00005
— : — 0-00135 0-00021 0-0014 — —
+ 0-000081 + 0-000029 1 0-000080

b Includes estimate for one gas fraction which was lost.
¢ Based on 820° fraction.

4 Value is a concentration (not ‘a ratio) fo

€ Questionable effect. See text.

r the isotope with numerator for the row.
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Fig. 3. Isotopic composition of neon fractions released in stepwise heating of lunar
samples. The numbers are release temperatures in degrees Celsius.. Mass-dependent
fractionation should produce compositions on a line with d In (**Ne/?*Ne)/d In (*'Ne/
*2Ne) = 2. Mixing with cosmogenic neon further displaces the points toward point C.
Extréme mixing lines are shown for the fines and for rock 10057. The lower mixing
line for rock 10057 was omitted because of high-temperature contamination with atmos-
pheric neon from a quartz chimney. The “rock line” should be the locus of points
representing total neon from lunar samples.- Rock 10044, in the temperature range
plotted, essentially follows the rock line (see text).

of mixing lines through C with the diffusive trend line that in the trapped component
the ratio 2®Ne/?2Ne varies from 14-3 to 10-9 in the course of the release. Rock 10057
is an intermediate-case: it contains enough trapped gas and enough cosmogenic gas
to show diffusive separation at low temperatures and strong cosmogenic features at

‘high temperatures. At 1200°C and above, atmospheric neon from the quartz chimney,
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Fig. 4. Release curves for trapped, cosmogenic, and fission components from the
samples. Curves are normalized to 100 per cent total release. Partial release curves are

normalized to 100 per cent total for the fractions plotted.

In the 900°C heating for

rock 10044 there was a thermocouple malfunction; it is questionable that the tempera-
ture was actually reached

1293

is dommatmg the trapped component so that the pomts fall near a line Jommg point
C with air neon..

Table 2 contains summary data on the lunar fines. For neon, krypton and xenon
we have resolved the total gas released into cosmogenic and trapped components,
giving the amounts of each. For argon our estimate of the cosmogenic component
would be too inaccurate (see below) to be useful and it was not included in the table.
In the calculations we used the cosmogenic mass spectra for the light isotopes of Krand
Xe deduced from the highly cosmogenic gas in the 1200°C fraction from rock 10057.

For neon we assumed the cosmogenic ratios corresponding to point C in Fig. 3.
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_Tablé 3. Rare gases from stepwise heating of lunar

Ave.

Temperature 1550° ' .
°C) blank 100 200 300 400 500 600 700
‘He/*He} — — 1924-0f 21570t  1878-03  2090-0f  1581-0% —d
— — 4+ 200 4100 + 30 4140 L 50 —
[*He], 10-® i ) .
cm?® STP/g a b 0-149 0-308 2-594 1253 32-74 —d
20Ne/**Ne — 11-36§ 14-05§ 14-04§ 13-554§  13-258 13-404 13-456
) — £ 248 + 0-38 + 0-12 + 0046 4- 0055 4 0008 - 0-061
#INe/*2Ne — 0-0274  0-0329 0-0378 0-0337 0:0331 0-0344 0-0378

] + 00025 4 00014 + 00007 - 00003 = 00003 <+ 00003 -+ 0-0002
[#Ne}, 10-¢ :
cm®STP/g  0-26*  0-0081 00839 02071  1-672 9183  11.52 1518
BATSSAT — 0-1846 01802 . 0-1821  0-1852  0-1923 01924  0-1887
. . — 400009 + 00009 - 00007 <+ 0-0009 -+ 0-0008 = 0-0006 -+ 0-0013
©AT/SAr — 2617 18330 1490 78460 77-70 7849 36-56
— 405 4+040 +036 +009 ~ £016 4007 4 017
[**Ar), 10-8 ’ _ ‘
cm®STP/g  0-069*  0-0806 01158  0.2084 © 05077 2897  11-75. 6546

78K y/82K ¢ i — —_ — —_ — 0-0486}| 0-0453||
— — — — — — 100083 - 00066
80K /83K r — — _ —_— = — 0-4253f]  0-4925])
. — — — — - — 4+ 0:0245 4 0-0225
81K /82K r — _ _ — — _ . —
83K r/82Kr — 0-980 0-969 0-982 0-972 0-982 0-960 0-958
— + 0019 40018 10022 40036 40039 4 0017 + 0-012
8Kr/%2Kr —_ 4-642 4-541 4-627 4-649 4-291 4-198 4-198
— + 0-065 + 0047 £ 0066 £ 0151 4 0-070 4 0-051 -4 0-033
88K r/®2Kr — 1-372 1-400 1-367 1-413 1-312 1232 1-222

+ 0:022 + 0019 40028 4 0047 4 0039 4 0023 + 0015
{®*Kr], 10-12 -
cm® STP/g  3.5* 2:70 2:72 2-68 2-38 2.85 6-62 13-76

12X ef130Xe — — — — 0-0564 0-0546
: — — —_ — — — 4 0-0051 - 0-0048
126X e /130X e — —_ —_ - 00985 — — 0-0715 ~ 0-0795
—. - . — -+ 0-0088 — — 4 00065 A 0-0038
128X e/130Xe — 1-257 1110 0912 0-839 0-976 1-099 1-142
— 4+ 0072 4 0059 4+ 0-047 4 0061 4 0037 40032 4 0-025
189X e /130X e —_ 715 615 670 635 6-48 702 - 6-80
) — + 034 + 0-27 + 0-20 =+ 0-27 + 0-19 4 0-22 + 012
131X e /130X e — 5-47 4-88 . 5:11 4-89 5-03 5-19 5-09
: — 4 029 + 0-20 + 0-16 + 0-19 + 016 +017 . 4008
132X e[130X e — 678 590 6:44 595 6-09 6:16 590
— + 0:28 4+ 0-23 + 0-19 + 0-22 + 0-17 + 017 4 0-087
134X ef130Xe — 2-75 2:38 2-431 2:467 2:363 2:393 2:258
— + 0-13 4+ 01t 40084 40122 4 0081 . 4 0-080 4 0-041
136Xe/139Xe = — 240 1-914 2:064 2:054 1-996 2:043° 1-915

. —  +013 + 0082 0075 4 0092 A+ 0064 4 0:062 + 0-036
[139Xe], 10-12 . :
cm® STP/g  0-081* 0-036 0:072 0-089 . 0-077 0177 0-380 0914

Notes: Boldface entries are gas concentrations. Errors in gas concentrations are: He + 8%; Ne +11%
Ar 4 8%; Kr 3 18%; Xe 4 6%. )

Unless otherwise specified errors are statistical only. In addition there is a fractional error in the applied
mass discrimination factors as follows: - )
Ne 20/22: 0-01; 21/22: 0-016. Ar 38/36: 0-007; 40/36: 0-0065. Kr 78/82: 0-03; 80/82: 0-03; 83/82:
0-005; 84/82: 0-01; 86/82: 0-01. Xe 124/130: 0-013; 126/130: 0-02; 128/130: 0-05; 129/130: 0-017;
131/130: 0-005; 132/130: 0-005; 134/130: 0-005; 136/130: 0-005. :

* Absolute blank in ccSTP is tabulated blank times 0-557 g.

1 Total of gas fractions where this ratio was obtained.

1 No discrimination correction available. These ratios may be systematically in error.

Correction has been applied for °Ar2+. Error includes uncertainty in this correction.

ﬁ Correction has been made for background. Error includes uncertainty in background and in dis-

crimination correction. '
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rock 10057-20. Heatings were for one hour

800 900 1000 1100

1200

1300 Total
2072-0% 2138-0% 2224-0% 1695-0% 1212-0} —_ — 1809-3¢
+ 30 + 60, + 130 + 11-0 + 70 — — + 39
6595 3.433 1-002 0-326 0-402 —_ —c 89-48¢
13-333 11-893 9-492 9:372 2:4972§ 10-146 § 10-3508 12-078
+ 0-016 + 0028 + 0014 + 0008 4+ 0-0088 + 0113 =+ 0-088 + 0015
0-0596 0-1362 0-2755 0-2713 0-7482 0-0666 0:0296 0-1200
4+ 0-0002 4 0-0005 . -+ 0-0008 4+ 0-0006 + 00021 4 0-00!1 -+ 00003 + 0-0006
12.59 8-595 6-517 7973 2:612 0-2211 0:2431 76-60
0-1941 0-208% 0-2669 0-2792 1-4000 0-2405 0-1888 0-2369
4+ 0-0005 4 00006 4 0-0010 -+ 0-0007 4+ 00028 4+ 0-0017 + 0-0012 -+ 0-0008
18-370 34:72 146-30 43-40 212-40 154-80 23520 39-19
+ 0-037 + 0-05 4 0-28 + 0-04 + 033 + 0-84 4 1:00 + 012
176-1 84-97 14-68 19-89 10-76 0-2153 - 0-0928 3878
0-0455(| - 0-0451} 0-0849 || 0-1084|| 0-1984]] 0-0633 0-0653| 0-08441||
+ 00019 4 00022 4 0-0036  + 0-0048 + 0-0065 &4 0-0125 + 0-0155 4 0-0016
0-3285 0-3994|| 0-5323 0-3624] 0-6086|| 0-2819|| 0-3188]| 0-44201||
+ 00111 4 00130 £ 00171 - 4 00129 4 00197 4 0-0564 4- 0-0603 + 0-0066
—_ — — _ 0-0072|| — - —_
—_ — —_ —_ -+ 0-0012 R — —_—
0-998 0-981 1-052 1-161 1-300 0-964 0-941 1-062
+ 0-011 + 0-010 + 0-010 + 0-010 + 0-012 4+ 0-018 4 0-030 + 0-012
4-482 4-399 3-215 3-184 1-054 '4-347 4436 - 3:567
+ 0-026 + 0-031 + 0-016 + 0-023 + 0-007 4 0-051 4 0-118 4+ 0-032
1-310 1-299 - 0-9025 0-9200 0-1960 1-274 1-236 1-022
+ 0-009 + 0-036 + 0-0083 + 0-0093 + 0-0018 4 0-025 - 4 0037 + 0023
63-05 1061 43.17 25-47 60-38 3.27 2.57 337-8
0-0555 0-0632 0-1325 0-2668 0-4557 — 0-2046 026501
+ 00019 400014 4 0-002] + 00035 + 0-0027 — 4 0-0137 + 0-0028
0-0792 0-0901 0-2168 0-4604 0-8235 — 0-0897 0-4647%
+ 00023 4+ 0-0018 £ 0-0045 + 0-0047 + 0-0064 — + 0-0174 +4- 0-0050
0-800 0-7659 0-7590 09591 1-3770 1-457 0-878 1-048
+ 0017 4 0-0098 -+ 0-0075 + 00118 4+ 0:0095 -+ 0135 + 0075 4 0013
6-381 6-288- 5-289 4-033 2-152 6-53 6-39 4-107
+ 0-078 4- 0-071 + 0-055 + 0-037 4 0-018 + 0-49 4 0-26 4 0-058
5099 5:176 5-456 5919 6976 591 5-38 6048
+ 0065 + 0-066 + 0-056 <+ 0-058 + 0-048 + 0-36 =+ 0-26 +4: 0-062
5-780 5:763 - 4-906 T 3614 1-523 5-56 613 3-579
+ 0-063 + 0-060 + 0043 4- 0-029 + 0-007 + 0-30 4 019 -} 0-046
2164 2:110 1-780 1:303 0-4819 2:11 2-48 1-282
+ 0036 -4 0-028 -+ 0-022 -+ 0015 -4 00050 4+ 0-13 - 011 4 0-023
1-789 L 1-719 1-454 ©1-046 0-3758 1-609 - 1-88 . 1-039
-+ 0029 -+ 0:031 4- 0-015 + 0-010 + 00049  4- 0093 -+ 055 + 0-027
2-506 8567 7118 1296 18.78 0-035 0-061 51.78

8 3He not measured. ‘He concentration: 0-72 x 10-%cm? STP/g.
b 3He not measured. ‘He concentration: 111 X 10~ cm® STP/g.
¢ 3He not measured. ‘He concentration: 7-2 X 10-% cm® STP/g.
d . .
e

Gas lost.

Includes estimate for the one significant gas fraction lost.

t High blank (high temperature only) because of quartz chimney (see text).
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In addmon to amounts, Table 2 contains corrected 1sotop1c composmons for the
trapped components. These can safely be identified as the solar component for neon,
krypton, and xenon, except for possible fission effects in xenon.

Argon from the fines is a complex system where a number of effects operate to-
gether in the stepwise release. The initial 3*Ar/3%Ar ratio of 0-18 rises to 0-19 at 750°C
where the release of trapped argon reaches its peak. Judging from the release curves
(see Fig. 4) for cosmogenic neon and krypton from the fines, cosmogenic argon has
not yet begun to be released at this temperature so that we must again ascribe the
change - in the ratio to diffusive separation of the isotopes. The initial Ar[3Ar
ratio is 5-3 per cent lower than that for the total. 'Again, as with helium and neon, the
initial distortion in the ratio seems to be just the mass ratio for the 1sotopes involved.
Above 750°C the cosmogenic argon begins to be released, increasing the 38Ar/3Ar
ratio further. The interplay of the two independent effects on the ratio makes it
difficult to compute the amount of cosmogenic argon in the fines with any precision and
the computation was not attempted. It was possible, however, to ascertain that the
38Ar/*®Ar ratio in the trapped component is 0-19 as reported in Table 2,

The sample certainly contains radiogenic ‘“°Ar. The difficulty in knowing how
much of the *°Ar is due to potassium decay in the fines themselves has been described
very clearly by HEYMANN et al. (1970) who find that *°Ar in the lunar fines is predom-
inantly surface correlated with solar 3°Ar, but in proportions (‘*°Ar/*Ar = 1-056)
which greatly exceed what can reasonably be expected from the sun (BERNSTEIN
et al., 1963). Our concentrations for ¥Ar and “°Ar plot near, but not precisely on,
the correlation line in the paper by HEYMANN et al. (1970).

Our total rare gas concentrations for sample 10084 are higher than values by
HEYMANN et al. (1970), HINTENBERGER et al. (1970) and MARTI et al. (1970) among
whom there is rough consensus on the rare gas contents of this sample. For Ne, Kr
and Xe our concentrations are about 100 per cent higher than those reported by
MARTI et al.; for He and Ar, about 50 per cent higher. A possible difference in
average grain size between our samples could easily produce differences in gas con-
centration of this magnitude, since the concentrations depend strongly on grain size.

" Figure 4 includes fractional release curves against temperature for the trapped
component of Ne, Ar, Kr and Xe in the dust. Cosmogemc release curves are also -
included, except for argon. As expected, the cosmogenic component is released at
higher temperatures than the trapped component. And release of the trapped com-
ponent is shifted toward higher temperatures as one progresses from helium (Fig. 2)

to xénon.
RESULTS FROM FINE GRAINED CRYSTALLINE Rock 10057

Rock 10057 is a good example of a system where a stepwise heating analysis
permits us to sort out the various rare gas components with good success. The stone
was heatéd in 100° steps. All the data are set out in Table 3. The neon results have
already been discussed in the section on lunar fines.

The xenon analysis is the most complex. We know just from the uranium \ content
and age of the rock that there is a significant xenon component from spontaneous -
fission of 2%/ in addition to the cosmogenic and trapped components. We thus are
dealing with at least a threc component system for many of the isotopes. HOHENBERG
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et al. (1967) showed in their work on stepwise heating of the Pasamonte calcium-rich
achondrite that such a three component system can be unraveled without fore-
knowledge of the isotopic composition of the cosmogenic and fissiogenic components.
An isotope ratio which was pivotal, on one correlation diagram, for subtracting a
component was treated as a free parameter. ““Success’ of the subtraction based on an
assigned value for this parameter could be judged by the fit of the residual gas, after
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Fig. 5. Isotopic composition of cosmogenic xenon from lunar rocks. The comparison
spectrum is cosmogenic xenon from the Stannern calcium-rich achondrite (MARTI €2 al.,
- 1966). The point for '**Xe in the comparison spectrum is a value based on achondrites
by Rowe (1967). Except at mass 131 the errors in  the comparison spectrum and the

~ lunar spectra overlap.

the subtractlon to a straight line on a second correlation diagram. Withan' electronic
computer, the computational cycle was repeated rapidly and a best value for the free
parameter qutckly obtained. :

In the present work we have made some short cuts instead of a complete analysis,
but we have been able thereby to complete an adequate (if not the best possible)
analysis quite quickly **by hand.” In rock 10057 the successful short cut was to assume
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sample, 10084) from the 1200°C fraction then immediately gave us the isotopic com-
position of the cosmogenic component. ‘The end points were now known on the two- .
component correlation diagram (trapped and cosmogenic) for 124Xe/'%Xe vs. 126Xe/
130Xe. " This diagram could then be used to partition '3**Xe between trapped and cos-
mogenic components in the various temperature fractions. Trapped xenor was
subtracted off by this technique and-the residual xenon tested as a two-component
system (cosmogenic and fissiogenic xenon) on the correlation diagram for **Xe/'**Xe
vs. 138Xe/132Xe. A straight line spanning the compositions of the cosmogenic xenon

10

T T 7 T T T 1.0
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Fig. 6. Graphlcal analysis of the xenon released in stepwise heating of lunar rock
10057. Small corrections for fission have been made at masses 131 and 132. Isotopes
124, 126, 130 and 132 appear to belong to a simple two-component system (trapped and
cosmogenic xenon). Isotope 131 fits a two-component model but with a highly anom-
alous composmon for the cosmogenic component. Isotopes 128 and 129 display excess

" amounts in the temperature range 600 to 900°C inclusive but these excesses are now
thought to be almost certainly due to memory of gas from a neutron-irradiated meteorite
previously studied in the mass spectrometer. The errors shown are statistical only.

" Total errors are larger.

and xenon from spontaneous fission of 233U was found. This last diagram could be
used, in turn, for subtracting off fissiogenic xenon in the various temperature fractions
where fission corrections were needed.

Some of the results of this analysis will now be prescntcd in Fig. 5 and Table 2
that the isotope '**Xe in the highly cosmogenic 1200°C fraction was ail trapped xenon
(no fission or cosmogenic xenon). Subtraction of trapped xenon (as seen in the dust
we exhibit the isotopic composition so obtained for the cosmogenic xenon. The
spectrum for rock 10057 is compared with the cosmogenic spectrum for the Stannern
calcium-rich achondrite. We have plotted the values obtained: for this last spectrum
by MARTI et al. (1966) at Berne simply because their values fit the lunar sample better
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than other spectra do. Their spectrum has been supplemented by a meteoritic value
for (***Xe/**Xe) oemogentc Obtained by ROWE (1967). Agreement between the meteor-
itic and lunar spectra are quite good, except at mass 131 where there is a large and
conspicuous excess in the lunar sample. The discrepancies at masses 132 and 134,
which are not so large in terms of absolute gas concentration, are not sngmﬁcant
when errors are considered.

The correlation diagram for 24Xe/1*Xe vs. 12¢X¢/!3Xe is shown in Fig. 6. The
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Fig. 7. Correlation of ratios '**Xe/'*2Xe and !2¢Xe/***Xe in rock 10057. Trapped
xenon has been subtracted off before computing the ratios. The diagram is consistent

with a two-component system of cosmogenic xenon and fissiogenic xenon from. spon-
taneous fission of #**U, The errors shown are statistical only. Total errors are larger.

experimental points fit the line very. closely For each point the amounts of
(*3°X€)cosmogenic AN (12°X€),rappeq aT€ in inverse proportion to the line segments between
the measured point and the cosmogenic and trapped end points. The release curves for
trapped and cosmogenic xenon based on this partitioning are shown in Fig. 4. After -
subtraction of the trapped component, the correlation line for the heavy isotopes 13Xe/
132Xe vs. 138Xe/132Xe should be a straight line. It is displayed in Fig. 7 where we see
that within experimental error the points define a line between the spallation composi-
“tion and the composition of xenon from the spontaneous fission of 2*U (WETHERILL,
1953). The release pattern for the fission component is also shown in Fig. 4. The shape
is somewhat unlikely (of course the zero at 1200°C is an artifact: it was assumed so)
and one wonders how, if at all, the shape would be altered by a more complete,
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: computenzed analyms But the total amount of fission *Xe found is in agreement
with that expected after 3-7 x 10° yr (ALBEE et al., 1970) decay by spontaneous fission
of 800 ppb (LSPET, 1969). uranium: - -3 X 10~'*cm?® STP[g found; [-5 x 10712
cm? STP/g expected. In this calculation we used 1:0 x 10 yr as the half-life for
spontaneots fission of 23U (FLEISCHER and PRICE, 1964). The fission results were -
used to correct the ratios 1*'Xe/!**Xe and 132Xe['*Xe shown in Fig. 6. The corrections
are not large. Figure 6, where ratios ¥Xe/**Xe are plotted against 126X e/130Xe,
provides a comprehensive display of the xenon isotope variations in rock 10057..
For values of M equal to 124 (already discussed), 131, and 132, the points fall reason-
ably well on lines joining the 1200°C fraction and the fraction seen at 820°C in the
lunar fines. These isotopes, with 12¢Xe and '*Xe, appear after fission correction to
belong to a two-component system of trapped and cosmogenic xenon. For values of
M equal to 128 and 129, the points between 600° and 900°C fall above the lines con-
taining the other points, as would occur if there were an excess of *#Xe and 1**Xe
being released at these temperatures. The amounts seen in excess are given in our
summary Table 2. We now believe, for reasons discussed below, that the apparent
excesses in 128Xe and '22Xe are due to memory of gas samples from a neutron irradiated
meteorite studied earlier in the same mass spectrometer. One should note in Fig. 6
that the correlation lines pass close to the compositions for cosmogenic xenon in
calcium-rich achondrites, except at mass 131 where the correlation line observed has
the opposite slope for that observed in the Stannern meteorite.

The analysis for krypton from rock 10057 is much simpler than that for xénon

_because there is no appreciable fission krypton component. The assumption that
krypton is the 1200°C fraction contains only trapped krypton at mass 86 should be
nearly true. The cosmogenic spectrum for krypton so derived is given in Table 2 and
shown in Fig. 8 along with the achondritic spectrum for Stannern as computed by
MARTI et al. (1966). The correlations of #Kr/84Kr and 82Kr/*Kr with #3Kr/8Kr
revealed an apparent excess of 8°Kr and 32Kr for temperatures below 1100°C. Other-
wise the correlation lines for krypton were those for a two component system, leading
to the release curves shown in Fig. 4. Radioactive ®Kr was observed (especially in
the 1200°C fraction), permitting calculation of a 8Kr/®3Kr exposure age for the rock
(see the section on exposure ages, below).

The ratio of the total 8°Kr excess to the total 8Kr excess is 3:8, within 15 per cent
or so error. For krypton produced by pile neutrons on bromine, theratio is 3-94 4 0-05
(REYNOLDS, 1950). The ratios of excess 8Kr to excess 82Kr in the individual tempera-
ture fractions are in good agreement, with few exceptions, with the ratio for the total
excess krypton It thus seems almost certain that we are seeing excess krypton which.
originated in a neutron irradiation of bromine. It is equally certain that this kryptcm
did not originate in the sample. The highest bromine content (0-38 ppm) reported in
lunar material (REED et al., 1970) combined with the hxghest neutron exposure (17 X
105 cm~?) reported for lunar material (ALBEE ef al., 1970) generates only 10~ cm?®
STP/g of excess #Kr. We find 3-9 x 107" cm® STP/g in rock 10057. The argument
is even stronger in rock 10044 where REED er al. measured the bromine (0-22 ppm)
and ALBEE ef al. have put an upper limit of about 10'> cm~2 on the integrated neutron
flux. There will be less than 0-3 X 107" ¢m?® STP/g excess *Kr produced; we find
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13 x 1072 cm? STP/g. We did not have to look far to find a source of the excess

krypton and xenon. Ten months prior to the lunar work, the mass spectrometer -

(but not the sample system) was used to study xenon from a heavily neutron-irradiated

sample of the enstatite chondrite Abee (HOHENBERG and REYNOLDS, 1969). Krypton
from the meteorite was admitted along with the xenon. The amount of excess *Kr

admitted to the spectrometer from the larger of two samples studied totaled about
6 X 1078 c¢cm3 STP or about 2800 times the amount of excess #Kr found in rock
10057. Such an amount of “‘memory” appears (in hindsight!) to be quite reasonable.
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Fig. 8. Isotopic composition of cosmogenic krypton from lunar rocks. The comparison

spectrum is cosmogenic krypton from the Stannern calcium-rich achondrite (MARTI et

al.,"1966). At all masses the efrors in thé comparison spectrum and the lunar spectra
overlap.

The excesses of 128Xe and !2°Xe can be ascribed to the same source. In the irradiated
meteorite the ratio of excess 2°Xe to 28Xe was 1-47. In rock 10057, the ratio was the
same, 1-43 {and close to thatin all temperature fractions where excesses were observed).
The amount of excess 1%Xe admitted to the mass spectrometer from the larger run
with the meteorite was 0-33 X 1078 cm® STP or 2100 times the amount of excess
128Xe in rock 10057. We need say no more about excess Kr and Xe isotopes in rock
10057 : : :

The release curves for argon and neon, also shown in Fig. 4, were computed in
the same way as for the fines (see above). Looking at all the release curves for rock
10057 together, we note that the cosmogenic fraction was relcased similarly for all the
gases, at temperatures near the melting point for the rock. Release of the trapped
component takes place at lower temperatures and at temperatures which are shifted



1302 C. M. HoHENBERG, P. K. Davis, W. A. Kaiser, R. S. LEwis and J. H. RevyNoLDS

upward progressively in going from neon to xenon. Note the agreément in"temperature
for each gas between the release of the trapped component in rock 10057 and in the
fines. The chemical ratios (e.g. He/Ne etc.) are also very similar in rock 10057 and the
fines. Our sample of 10057 is either contaminated with lunar dust or contains a
surface patch:in which solar wind gases have been imbedded. Other samples of rock
10057 which have been run (FUNKHOUSER ef al., 1970; WANLESS er al., 1970;
HINTENBERGER ef al., 1970) appear to contain much less trapped gas.

The “°Ar/*Ar ratio in rock 10057 greatly exceeds that in the fines. The excess
“Ar has to be attributed to potassium decay in the rock. Curiously, our value of
%Ar is more than 3 times higher than values reported by other investigators. We
cannot explain this discrepancy. In rock 10044 (see below) we measured less *°Ar
than other investigators. - Air argon cannot contribute appreciably to “°Ar in rock
10057, judging from the release curve.

_RESULTS FROM MEDIUM GRAINED CRYSTALLINE Rock 10044

Our calculations for rock 10044 were very similar to those for rock 10057, and

~ the same general sorts of results were obtained. The Figures and Tables contain a
parallel display of results for the two rocks. In this section we mainly stress the
differences encountered with rock 10044. The complete stepwise heating data are
set out in Table 4.

The essential short cut for the xenon calculations in rock 10044 was the assumptlon
that the 1400°C fraction contains only trapped *¢Xe. This will not be strictly true,
we know, but quite consistent results were obtained with the assumption. The
cosmogemc xenon spectrum so obtained is set out in Table 2 and Fig. 5. Cosmogenic

“xenon in rock 10044 differs markedly from rock 10057 at mass 131. The relative
abundance of cosmogenic 181%e in rock 10044 is more nearly that in calcium-rich
achondrites. Variability in the relative production of cosmogenic 3'Xe is probably
some sort of depth effect. Since our sample of rock 10057 may include some lunar
surface (as judged from the concentration of trapped gases) whereas rock 10044
appears (from the lack of trapped gas) to be an interior piece, we tentatively assign
high production of ¥!Xe to surface locations. Cosmogenic *Xe also differs in
relative strength. between rocks 10044 and 10057. As we shall see below, the amount

of 1**Xe in the various temperature fractions is somewhat erratic in this rock, which
makes it difficult to be sure about the abundance of 127Xe in the cosmogenic spectrum
for rock 10044,

The correlation dlagram (Fig. 9) for mXe/“"’Xe vs. 126Xe/"‘°Xe is well behaved
for rock 10044 and permits us to subtract off trapped xenon and to prepare a two
component correlation diagram for the heavy xenon isotopes ¢ Fig. 10). The concentra-
tions of trapped xenon in the various temperature fractions of rock 10044 are never
greatly above the level of the xenon “hot blank,™ so that atmospheric 'values have
been used for the isotopic composition of the trapped xenon. The actual trapped
component is probably a blend of atmospheric and solar xenon. Figure 10 shows
that the heavy isotope data-are consistent with the fission xenon component originating
from spontaneous fission of 2¥U. 'In rock 10044 we find too much ¥6Xe from fission.
Expected from a 3-7 x -10° yr old rock (ALBEE et al., 1970; TURNER, 1970) with 280 ppb
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Fig. 9. Graphical analysis of the xenon released in stepwise heating of lunar rock
10044, Small corrections for fission have been made at masses 131 and 132. Isotopes 124,
126, 130, and 131 appear to belong to a simple two-component system (trapped and
cosmogenic xenon). Excess 12*Xe and '**Xe at 1000, 1100 and 1600°C is thought to be
almost certainly memory of gas from an irradiated meteorite previously studied in the
mass spectrometer. Isotopes 129 and 132 are in excess at 1200 and 1300°C, where the -
effects are nor instrumental. Error shown are statistical only. Total errors are larger.

uranium (WANKE ef al., 1970) is 0-5 x 1012 cm?® STP/g; whereas we found 15 X
10712 cm® STP/g. Possibly our sample contained more uranium than 280 ppb.

The comprehensive display of isotope abundance variations in xenon appears in
Fig.9. The isotopes 3!Xe and 132Xe have been fission corrected. The most noteworthy
feature of the diagram is the erratic behavior of 1*Xe. A correlation line for **Xe/
130Xe vs. 126Xe/1%0Xe has been drawn between trapped xenon and xenon in the
1400°C fraction. The choice leads to positive excesses of 12*Xe at most other tempera-
tures, but no negative ones. Use of the cosmogenic '**Xe abundance for rock 10057

“would produce an even more steeply dipping correlation line and would lead to even

greater excesses of »Xe in the various temperature fractions. The total excess
129X¢ calculated from the construction shown in Fig. 9 is 52 x 1072 cm?® STP/g.
Only part of this is due to memory of the gas from the irradiated meteorite: we
attribute the. excesses at 1000, 1100 and 1600°C and part of the excess at 1200°C
(totaling perhaps 0-7 x 10~ cm3 STP/g) to this source. The remainder at 1200
and the whole at 1300°C (totaling 5 X 10~!2 cm® STP/g) is not an instrumental effect.
It is accompanied at just those two temperatures by significant amounts of excess
132Xe and possibly some '**Xe and '*Xe. It seems possible that there may be more
than oné cosmogenic component in rock 10044. It would be interesting to work
with mineral separates of this rock as a means of exploring the question further.
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Table 4. Rare gases from stepwise heating of lunar

R . Ave.
Temperature 1500° ’ . : : R .
°C) Blank- 100 - . 200 300 400 500 - 600 700 800 -
‘He/*He — 3817:0f 17330t 653601 232001 204107 149701 67261 3725}
. — 4-190-0 +33-0 47260 4-151-0 -|-46-0 4:27-0 +23 +0-4
[*He], ) e 0-0004 0-0039 0-0002 0-0020 0-0029 0-0435 4-365 - 24-28
10-8 cm?® STP/g - _
20Ne/**Ne — 9-1§ 10-6§ 84§  10.S§  11-S§  11-44§ 12:55§ 12:32
—_ +9-4 468, +11-4 +70 +60. +0-38 +0-08 +0-05
21Ne/?2Ne — 0-0294 0-0514 0-0488 0-0374 0-0444 0-0889 0-0468 0-0678
- 40-0055 0-0029 00042 -+0-0056 -+0-0018 -+0-0062 +0-00i0 4-0-0009
[**Ne], ' 0-0042* 0-0021 0-0023 0-0017 0-0023 0-0025 0-0077 0-176 0-482
10~ cm® STP/g : :
3BAT/3SAr —_ 0-1826 0-1841 0-1849 0-1879 0-1848 0-1895 0-3010 0-6101
: —_ +0-:0010 4-0-0010 --0-0008 +0-0010 +0-0009 -0-0007 4-0-0013 +-0-0019
4OAT/3ATY —_ 296-8 300-2 299-4 2986 298-7 2956 298-8 3635
— 4-0-3 407 +06 +0-8 +0-5 404 406 408
[3¢Ar], 0-24* 0-256 0-221 0-221 0-239 0-251 0-221 0-312 1-100
10— cm® STP/g . -
18K r/*Kr - . — - —_ — _ — —
80K r/93K _ — —_ . _— —_ — — —_ —_
81K r/82Kr . — _ — - — _ —_ -
83K /82K r — 0-956 0-950 0929 0-955 0975 0-944 0-957 0-941
— -1-0:016 40016 40021 +4-0-:014 -+0024 -+£0020 40025  4-0-02i
MK /%Kt —_ 4-583 4-745 4-635 4-681 4715 4-635 4-61 4:573
—_ 4-0-068 4:0-059 - -|-0-091 4-0-051 -0-099 --0087 010 +4-0-078
PeK r/82K — 1-316 1-393 1-334 1-364 1:370 1365 1-367 1-333
. — 40023 . 40024 10028 4-0:020 --+0032 0028 --0-033 40025
[%2Kr], 16-3*. 16-43 13-46 10-85 9.77 10-20 10-19 9-78 8.50
—12 8 - - ]
134;?6/135)22 STrig — _ _ T __ . . _
136X e130X e — . — . _ _ _ . _
138 e/130Xe — 0-735 0-648 0-646 0-694 0623 . 0656 0-668 0-705
’ —_ +0:034 40052 40038 10048 +0-054 +0-045 0049 -L0-046
139)(e[130Xe — 6-84 617 6-54 656 . 643 6-88 650 692
— +0-18 +0-25 +0-31 +0-22 +0-31 =+0-30 4035 +0-26
131X e/130Xe — 5-28 498 5-18 - 523 - 504 535 5-05 4-95
. - +0-14 +0-18 +0-23 +0-18 4023 +0-23 +0-28 4018
133X e /130X e S— . 656 6-12 631 - 651 ° 635 6-76 636 597
- +012 +0-22 +0-27 +0-19 +0-27 +-0-23 +033 +0-21
134X e/130Xe —_— 2-596 2:334 . 2:42 2:482 2:45 2-61 2:44 - 2:297
N —_ +0-061 40-098 +40-12° 40088 +0-12 40-10 4013 +0-090
138X e/130Xe —_— 2-202 1-976 - 2-125 2-056 1-996 224 203 1-971
— . 40053 +0-078 40097 +0-072 440091 010 011 . 40073
[13%Xe] 0-124* 0-116 0-106 0-101 0-093 0-103 0-082 0-094 0-097

1012 cm? STP/g

Notes: Boldface entries are gas concentrations. Errors in gas concentrations are: He 4- 13%; Ne 4 10%;
Ar + 10%; Kr + 30%; Xe + 6%. B
Unless otherwise specified errors are statistical only. In addition there is a fractional error in the applicd mass
discrimination factors as follows: ’ N . :
Ne 20/22: 0:01; 21/22: 0-016. Ar 38/36: 0-007; 40/36: 0-0065. Kr 78/82: 0-03; 80/82: 0-03: 83/82: 0-005;
84/82: 0-01; 86/82: 0-01. Xe 124/130: 0-013; 126/130: 0-02; 128/130: 0-05; 129/130: 0-017; 131/130:
0-005; 132/130: 0-005; 134/130: 0-005; 136/130: 0-005. o
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1000

900> 1100 1200 1300 - 1400 1500 1600 Total
152721 100.60f  111-00t  210-8% 207-0% 92:061. s8-461  2513-0f 2137}
+ 0-28 +010 4015 £ 02 +£05. 4027 40197 41330 4 015
2:889>  24.43 23.80 1219 679 2-468 1132 0-00297 102-4
11-39 11-35 8-610 3-062 1-490 0-8779 091138 6-53§ 3311 .
+ 0-08 4004 . 40034 40010 40012 4 0004l + 00045  + 023 + 0027
0-1499 0-1239 03364 ~ 0-7264 ‘08515 0-9046 0-8955 0477 ~ 07193
400034 4+ 0001F - 00024 - 00030 < 0-0087 - 00056 - 0-0045 = 0-021 < 00072
0-02730 0.522 0-630 1-503 2:265 - 2:267 1-612. 0.0076 ~ 9:510
0-3757 0-4978 0-4551 09091 1-191 1-516 1-521 04233 09843
+ 00017 4 00010 - 0-0058 + 00034 -+ 0003 4 0002 -+ 0-003 4 0-0016 -+ 0-0036
3967 3527 3166 7204 3469 103-5 51-82 249-0 2828
+ 14 + 05 + 04 + 1-8 + 07 + 09 + 0-07 405 408
0-241° 2-842 9.385 5-100 5.111 6-907 8-404 1099 4191
— — 0050l - 009621 022151 017391  ©0-1822 — 0-17401+
— — + 0018 4 00098 4 00075 -+ 0-0086 - 0-0086 — + 0-0043
- 0-286!l 0-448lk  * 0-5131 06191l 0-493 || 0-536ll 01371~ 0-52211t
— + 0057 £0036 40024 0020 ° 0019 4 0020 + 0-040 4 0010
- — —_ = 0-002361 ~  — - — —
— — — — " 0-00057 — — — —
0-926 0-948 0-944 1-062 1-235 1192 1233 0-983 1:0928
40016  + 0024 0015 40018 +0012 40016 =+ 0017 4+ 0-027 4+ 00049
4-547 4-376 . 3-860 2-967 1176 1-800 1-560 4-74 2-886
+ 0071 4009  +0051 40023 40005 0014 +0012 4012 4 0010
1-314 1-257. 1-108 0-808 0-2359 0-4261 03275 1353~ 0-7802
40022 . £0032 40018 0010 -+ 00045 00060 4 00036 -+ 0038 - 0-0037
10-03 11-81 17-05 24-34 77-48 3552 - 3926 707 3118
— 0-0845 00973  0-444 0-6896 0-6206 0-643 0222 0-6307%
— 4 00091  + 00057 + 0014  + 0-0074 4+ 0:0093 -+ 0-016 4+ 0-019 4 0-0053 -
- 0097 . 01379 ~ 0669 1-096 0-998 1-029 0-331 1-001+
— 40012 4+ 00076 40014 . + 0017 +£0015 4 0025 +0-029 + 0011
0-655 1-102 1-226 1-355 1-579 1-510 1-516 0914  1-471
+£0050° 4+ 0036 0042 40025 40022 0021 4 0028 4 0-039 4 0-014
6-21 691 683 4-688 2:252 2:185 2174 5-34 2-848
+033 4019  £012 40074 0027 +0035 4+ 0056 4021 4+ 0-020
484 524 5:040 4-964 4-463 4-369 4-430 510 4-548
+ 026 + 015 + 0095 ° 4+ 0093 0052 . - 0056 -+ 0083 4021+ 0034
6-05 6-37 5720 3-795 1-265 1-347 1-340 506 1-965
4030 4010 40075  4£0056 40012 40014 4+ 0021 4019 4+ 0010
2-21 7 2452 2:240 1-325 02611 0-2929 0-2742 . 1-790  0-5582
+ 012 40071  +£0040 40026 4 00041 £+ 00054 -£ 00064  -L 0078 - 0-0041
" 1-98 2:116 1-840 1123 0-1870 0-1959 0-1753 1-499 ~ 0-4392
4011 40070 40032 40021 4 0-0027 - 00031 -f 00072 -k 0067 - 0-0031
0-071 0-143 0-314 0-901 7-965 1907 1-328 0117 1353

* Absolute blank in cm® STP is tabulated blank times 0-6121 g.
1 Total of gas fractions where this ratio was obtained.

1 No-discrimination correction available. These ratios may be systematlcally in error.

§ Correction has been applied for 4°Ar2+. Error includes uncertainty in this correction.
i, Correction has been made for background. Error includes uncertainty in background and in discrimination

correction.

a 3He not measured. Concentration of ‘He is 0-68 X 10~® cm® STP/g.

b Thermocouple problem: doubtful that 900°C was actually reached in this heating.
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Fig. 10. Correlation of ratios ***Xe/'**Xe and "“Xe/mXe inrock 44. Trapped xenon has

been subtracted off before compuung the ratios. The diagram is consistent with a two-

: component system of cosmogenic xenon and xenon from spontaneous fission of 23U,
The errors shown are statlstrcal only.

" CosMic RAY EXPOSURE AGES OF THE SAMPLES

The data obtained in this paper permit calculation in a number of ways of cosmic-
ray exposure ages for the samples. We conclude this report by giving results of some
of these calculations.

" The most precise exposure ages which we can calculate come from our observa-
tion in both rocks of cosmogenic ®'Kr, a radioactive isotope with a half-life of 0-21
million years. Since decay of this isotope will be in equilibrium, at the time the rock
was collected, with its production, measurement of its concentration gives us a
production rate for 8Kr.. One of the stable cosmogenic Kr isotopes gives us a measure

of the time-integrated production. If the relative production rates of the two isotopes
can be specnﬁed an exposure age which depends only on mass spectrometer krypton
measurements is obtained. Errors in the sensitivity of the mass spectrometer for
krypton do not affect the result, since only abundance ratios for krypton isotopes
are involved.

We have carried out these calculations “using the same assumptions as MARTI
et al. (1970) who are among the originators of the method. Our results appear in
Table 5. We are in fair agreement with MART! et al. (1970) on rock 10057. They

"obtain 47 m.y. in comparison with our value of 34 m.y.
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‘Table 5. Exposure-ages of lunar samples

MK . . : : :
- 8Kr ’ . T . 8Kreosm. ) 130X ecosm-
age o S age © . age
(33Kr/ ’ : in S Y Zr in Ba Ce in
8Kf)cosm. Pi1 Pia  10®yr.¥Krgosm.(ppm) (ppm) (ppm) 10° yr 12X egosm.(ppm) (ppm) 10® yr
Nuevo — —_— —_— = 13 84:4¢ - 67 = l6f 15 468 10-78 =16
Laredo® . ’ + 0-39 4- 045 :
Lunar fines - — - —. — 1255 200! 150! 390! 1130 130 220t 50! 1450
10084-59 . -}- 864 . +- 840 4 20 - -+ 540
. — 324 _ — 450
Lunar rock 187:6 793 135 234 . 135 1301 210t 560! 118! 226 2801 881 76}
10057-20 4293 +5. . 4-243 441 414 + 23
Lunar rock 380-2 768 127 70 183 167« 1601 410! 176¢) 11-4 285k 76k 100!
10044-20 4 92:4 . + 17 + 55 475 4-07 +4- 30
& Production rates (P) computed after MARTI et al. (1970) Pg; = 095 [(Pgy + Pgy)/2]; Pg, = 100.
b Gas concentration in units 10712 cm® STP/g. : :
¢ MuNK (1967). . ’
4 Gast (1962).
e SCHMITT ef al. (1964).
t Munk (1967); HEYMANN et al. (1968).
h HamaGucHI et al. (1957).
h

ScCHMITT ‘et al. (1963).

1 MORRISON et al. (1970).

1 2x irradiation geometry assumed.

X PHILPOTTS and SCHNETZLER (1970)

1 MAXWELL ef al. (1970), Value is for Type B Rock 10017.

An 8Kr-%3Kr age is very meamngful if the sample has had a snmple irradiation
history: i.e. if it has been abruptly transferred from a completely shielded environ-
ment to its final position on the surface of the moon. If the rock came to its final
position in stages, the 8 Kr-8Kr method will overestimate its time in the final position
but underestimate the mtegrated period when it was within a meter or so of the surface.

For this reason, it is interesting to compare the $Kr—Kr ages with exposure
ages determined from various stable cosmogenic nuclides and the production rates
inferred for those nuclides from stone meteorites. We have elected to compute
exposure ages based on ®3Kr and 1%Xe, using the calcium-rich achondrite Nuevo
Laredo as a meteorite standard. The exposure age for Nuevo Laredo has been found
by more than one author to be 16 million years. MUNK (1967) has conveniently
measured the 83Kr and 13°Xe concentrations from spallation in the Nuevo Laredo
stone. We can correct for chemical differences between Nuevo Laredo and the lunar
rocks, using the Rudstam calculations carried out by HOHENBERG ef al. (1967) for
Kr and Xe production in the relevant target elements. In other words we take the Kr
and Xe production rates from the 16 m.y. exposure in Nuevo Laredo, but we adjust
these production rates (using relative yields given by the Rudstam calculations) to.
allow for differences in chemical composition between Nuevo Laredo and the lunar
sample in question. The details, including the chemical compositions we used, appear
in Table 5. The production rates found for Nuevo Laredo were halved to take into
account the 27 instead of 47 irradiation geometry for samples near the lunar surface,
We believe that the 1%Xe ages are to be preferred to the #Kr ages because we have
encountered occasional severe variations in our krypton sensitivity which make Kr

" concentrations somewhat suspect. But in all cases the two methods agree within the
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errors. In comparing the alKr—‘”Kr ages with the 1"'°Xe ages, we fmd agreement :
within the errors, for rock 10044, ‘suggesting that this rock may have had a simple
irradiation history: sudden emplacement on the lunar surface from shielded depth.
For rock 10057 the "‘Kr—“Kr age of 34 m.y. is significantly less than the !*Xe age
of 76 m.y.; as if it had spent some time at a partially shielded location. Our average
value for the average exposure age of the fines is 1300 m.y. plus or minus about 500 m.y.

Acknowledgments—We thank G. McCrory for much help in the experimental work. This work
received partial support from NASA and from the AEC and bears AEC code number UCB-34P32-72.

Note added in proof: All krypton ratios in Table 4 (of the form "Kr/**Kr) should be multiplied
by the factor 1-008. None of the conclusions reached in the paper will be changed thereby.
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RARE GASES FROM STEPWISE HEATING OF LUNAR ROCK 12013
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Helium, neon, argon and xenon data are presented from a seven step heating of lunar rock 12013. Helium, neon
and argon contain radiogenic and spallation components with no discernible trapped component. 3He and 2! Ne cos-
mic ray exposure ages-are 60 £ 12 m.y. The xenon contains a well defined spallation component, a fission compo-
nent and possibly a trapped component but no evidence for decay products of extmct 1291 or 2494py, Apparent soli-
dification ages are UTh-He: 2.3 i O 5 by; K-Af: 3.0 £0.7 by; 238U-136Xe: 3.6 717 by (assuming solar wind type
xenon as trapped xenon) or. 2. 2_2 2 by (assummg atmosphenc trapped xenon). .

1. Introduct'ion

Apollo rock 12013 is atypical in many respects
[1]. In particular the 40-fold uranium enrichment-
relative to other Apollo 12 samples [1], and the
report that its [2]. Rb-Sr age might be as old as 4.6
billion years (by) make rock 13 the most favorable
lunar sample yet encountered for possible detection
of decay products of extinct 2**Pu and '?°I. In this
letter I report the first results from an analysis of
rare gases in rock 13. In addition to searching for
the decay products of extinct '2°I and 24*Pu, I
have measured the UTh-He, K-Ar and U-Xe retention
ages, the 3He, 2! Ne and '3°Xe cosmic ray exposure
. ages, and the relative spallatxon yields of xenon iso-
topes in this rock. -

2. Experimental methods and data

The sample of rock 13 analyzed was a 70.0 mg
aliquot of the “crushed and split light sample” pre-
pared under sample number 12013, 10,37+24 [3].
The rare gases were extracted in seven temperature
steps in a glass extraction system which has-been pre-
viously described as “System 2" [4]. The only change

in the experimental proce_dure'frqm that described
for “System 2” was to run a smaller fraction of the
helium released from the sample, in the interest of

‘higher accuracy for the helium analysis. The tempera-

tures of the “~350°” and “~ 700°" fractions are
based on a calibration of the.induction heater made
during the analysis of the Apollo 11 samples. They
may be in error by £100°C due to instrumental drift
in the intervening six months. The higher tempera-
tures, accurate to +20°C, were measured during the
runs with an optical pyrometer

The helium, neon and argon data are listed in table

1. Isotopic ratios were calculated by selecting

“linearly” or “exponentially” extrapolated: peak
heights, according to which gave the-smaller error.
We refer here to calculations using a computer pro-
gram which fitted the peaks of each individual isotope
to both exponential and linear functioas of time and
extrapolated these functions to the moment when
the high voltage was turned on in the mass spectrom-
eter, after insertion of the gas sample. Peak heights
were extrapolated because they were observed to
change in a more regular fashnon than d:d the isotope
ratios.

No corrections have been made to these data for
blanks. Data for an 1800°C blank, run immediately
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before the sample was droppéd into the crucible,b
appear among the notes in table 1. The data have

been corrected for instrumental background. Because .

of the high *° Ar/*¢ Ar and helium to neon ratios,
the background corrections were sometimes quite
significant (as high as 40% for some of the 36Ar
fractions). Where backgrouhd corrections were made,
an error equal to half the correction was added to
the statistical error. The large errors listed for the
29Ne/??Ne and some of the *® A1/5 Ar ratios are -
mainly due to this background correction.

~ We have recently-discovered an error in argon
concentrations for Apollo 11 samples as measured
in Berkeley [4]. The error, which affected argon
concenitrations but not argon isotope ratios, was
caused by non-linearity of spectrometer sensitivity -
for the excessive amount of argon present in the
calibration samples from our gas pipettes. In the
present work the argon sensitivity was calculated
indirectly by comparing our results from the con-
trolled samples of Bruderheim interlaboratory
standard (which were rune immediately before the
rock 12013 sample) with the data of Schultz [6]
and Hintenberger et al. [6].

Xenon data are set out in table 2. The reported
ratios are linear extrapolations of the ratios (as
opposed to the peaks for the light gases) as a func-
tion of time to the point in time when the high
voltage was turned on in the mass spectrometer.
The errors listed are the statiszical error in the extra-

 polated ratios [5]. As with the light gases, the blank .
is tabulated separately and has not been subtracted
from the data. There is no significant background
in the xenon region.

The krypton peaks were comparable in all tem-
perature fractions to our. blank levels for krypton.
Analysis of the krypton has for this reason been
deferred. . ' .

3. Results and discussion

3.1. Helzum, neon and argon

The rare gases in table 1 appear to be a sunple
mixture of spallation and radiogenic components.’
There is no evidence of a trapped component. In
contrast the abundances of Ne and Ar (and Xe) re-
ported by LSPET [1] for rock 12013 are uniformly

larger than our data and show evidence of a trapped
component. Although LSPET states “the crystalline
rock samples reported here were completely interior
chips ...”, our sample evidently contained less trapped
gas than did the sample analyzed by LSPET. This
picture is somewhat confused by the He data where
we observed a similar *He/>He ratio but more *He

- than did LSPET.

For the spallation production rates of >He and
2! Ne we used the values P> = 1 X 1078 cm®/g-my and
P?' =0.12 X 108 cm?/g-my which have commonly
been used for lunar samples. Cosmic ray exposure
ages calculated by dividing the observed >*He and 2'Ne -
concentrations by P and P2! | respectively are set out
in table 3. Agreement between the ages calculated
from the two isotopes is good.

Wakita and Schmitt [7] have determined the U,
Th and K concentrations in an aliquot of our sample.
Using their values for U (9.7 ppm) and Th (25 ppm)
and the observed *He concentration of (5.7 + 0.9) X
1072 cm?/g we calculated a UTh-He age of 2.5 + 0.5
by. This is in good agreement with the.value of 2.3
by reported by LSPET [1] for rock 12013.

Combining Wakita and Schmitt’s [7] value for K
(1.65%) with the measured *° Ar content of
(49+2.0)X 107 cm3/g yielded a K-Ar age of
3.0 + 0.7 by. This can be compared with Schaeffer
et al.’s [8] value of 3.6 by and with Turner’s ‘“’Ar-”Ar
ageof 3.9+ 0.1 by [9].. :

3 2. Spallation xenon

‘Spallation is the majorsource ¢ of the xenon in the
sample. The technique used to resolve the spallation
spectrum is an adaptation of a technique used by
Bogard et al. [10].. If a sample contains xenon which
is a simple mixture of a well defined spallation com-
ponent (with no '3¢Xe) and a trapped component,
and if a heating experiment rzleases the two compo-

- nents in varying relative amounts then a plot of

IXe/'3%Xe versus 26 Xe/! 3¢ Xe for each i will give.a
well defined linear plot whose slope is the ratio of
spallation ‘Xe/!2¢Xe. Such an ideal case is rare in
reality because xenon normally contains at least some
fission '3¢Xe (rock 13 was expected to contain a
significant fission component). It is also possible that
the '*¢Xe spallation yield is not zero, Marti [11].
However, the presence of additional sources of ' 3¢ Xe
does not destroy the method. An additional compo-
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Table 3
Cosmic ray exposure ages, gas retention ages and xenon spallation yields from Apollo Sample 12013

Isotope Concentration Production rate : Exposure age -
(em3/g) (cm®/g-my) : (my)
 He . 61E9)X107° 1X1078 6112,
2Ne (1.2+1.2) X 1078 012X 1078 60%12
130xeS (191£10) X 107'? 25X107"2 76 23
Method Parent abundance [7] Gas abundance (cms/g) Age (by) . Reference
UTh-He U= 9.7 ppm, Th = 25 ppm “*He=(5.7%09) X 1072 2.5%0.5 _ this work
_ , - ©23 1]
K-Ar K= 1.65% WAr=(4.8+2.0)X 107 3.0£0.7 this work
3.6 (8]
, 3.9 £0.1 (91
U-Xe U=9.7 ppm 136xef = (13.5 £6.0) X 1072 * 36710 this work
136xef = (7.3 £ 6.8) X 1072 1 227281 this work
Trappéd xenon - Relative spallation yields
assumed 124 126 128 129 130 131 . 132 134
Solar wind [13] 53.2%0.7 =100 157%2 1356 118 £2 48719  -77%4 31

Atmosphere[l4]-,v 53.2+0.7 =100 1572 135 6 1182 4879  77%*5 32

* Assuming solar wind xenon as trapped.
1 Assuming atmospheric xenon as trapped.

: : 10 T T T T T
nent of ' 3*Xe moves the datum point directly to- , LUNAR ROCK 12013 -3
ward the origin of the graph. If the linear plot 8- ' ' -
nearly intersects the origin (as is the case for the ' o
l24xe/136xe’ l28xe/l36xe and 130Xe/l36'xe ol 'L; .

versus !2¢ Xe/! 26 Xe plots) the net effect is to move
the data points toward the origin without making
appreciable changes in the slope. Spallation yields
can be determined for 24 Xe, '2Xe, '?®Xe and

130 Xe from the slopes of the plots of the raw data 1
and can be used to correct the data of the other
isotopes for fission (or better to correct for non- .

trapped !3¢Xe). :

Fig. 1 is a plot of 28 Xe/'3%Xe versus 126 Xe/!3¢ Xe.
Solid points are the raw data, with error bars shown
only where the errors are larger than the pdints. The

Fig. 1. Correlation of ratios 128 %/ 136 Xe and 126 xe1136Xe
in lunar rock 12013. The numbers are release temperatures
in degrees celcius for half-hour heatings. Solid points are the

data form a well deﬁnedllzi:'ear ?; l;ay which passes uncorrected data and the open circles are the fission ccrrected
near the origin. Plots of '**Xe/" > Xe and data (assuming solar wind as the trapped component). The
130 %o /136X e versus ! 26 Xe/! 34 Xe were constructed solid line is the least-squares fit to the uncorrected data and

the dashed line is the fit to the fission.corrected data. Slopes

and are very similar-to fig. 1. The solid line is the ) 5 om Lt
B of the lines are the ratio of spallation 28 Xe to spallation 126Xe.
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least-squares fit, using the method of York [12] to the
uncorrected data. The spallation ratios, inferred from
the slopes of fig. 1 and the two similar graphs were
used to calculate the fraction of trapped '3°Xe in
each temperature fraction:

130 0t/130 00 _

_ (iXeS/l 30 XeS) _ (iXeO/l 30x60)
(ixeS/l 30 XeS) _ (ixet/l 30xet) ?

where the superscipts t, o and s refer to trapped, ob-
served and spallation respectively. The arithmetic
average of the three estimates of the quantity
130 %6t /130 %0 from eq. (1) was used to calculate
the quantity !3¢Xe'/!3¢Xe® by the formula:

136 Ket/136 X0 =

- (130Xet/130xe0) (l 56xet/1 30Xet)
(136Xe0/l3oxe0)

Observed "Xe®/135Xe® ratio were converted to
Xe®/'3¢ Xe! by dividing by the result of eq. (2). New
plots using ‘Xe®/136 Xe! versus 126 Xe®/136 Xet were
constructed and used to calculate the spallation ylelds
f129xe lSlXe l32xe and 134Xe

The open circles in fig. 1 are the fission corrected
points. They are included to demonstrate how the
fission correction moves the points along the line.
The 1000° point moved down the line due to a value
of 136 Xet/!3¢Xe® from eq. (2) which was slightly
greater than one. Actually two sets of spallation
yields were calculated; one using solar wind xenon
(as given by Eberhardt et al. [13]) as the trapped
component, and the other using atmospheric xenon,
Nier [14], as the trapped component. The two sets
of results are given in table 3. As can be seen the two
sets agree almost exactly — indicating that the cal-
culated yields are not a function of the trapped com-
ponent assumed. In addition, the '2*Xe to '3°Xe
yields inclusive do not assume a zero spallation yield
of '3 Xe. However, it was necessary to assume a
zero spallation yield for thescalculation of the relative
yields of '3' Xe, '*2Xe and '**Xe. The fraction of
trapped !¢ Xe from q. (2) was used together with

N

&)

2 T T 2| T T
LUNAR ROCK 12013 » Mo,

na) 7
"o

129 136

Xe/ ~ Xe

Fig. 2. Correlation at ratios~l29Xe/136Xe and 126Xe/l%xe
in lunar rock 12013. The numbers, points and lines have the
same meamn§ asin fig. 1. Slopes at the lines are the ratio of
spallation Xe to spallatlon 26Xe. The fission corrected
points appear to contain only trapped and spallation xenon
' with no radiogenic ~“” Xe.

the relative fission yields of 223U from von Gunten
[15] tocorrect 3! Xe®, 132 Xe® and *34Xe® for
fission. _ ‘

Using the method described in Hohenberg et al.
{4] and Wakita and Schmitt’s [7] values for the Ba
and rare earth concentrations, the cosmic ray pro-
duction rate of '3°Xe® (2.5 X 1072 cm®/g-my * 30%)
was calculated for our sample of rock 13. Because of
the high Ba to rare earth element ratio in rock 13,
the calculation indicates that approximately 95% of
130 XeS comes from spallation of Ba. The production
rate is based on the '°Xe® content in the Nuevo
Laredo achondrite, as measured by Munk [16].
Dividing the observed concentration of *3° Xe®

S(191 210 X 10712 ¢m®/g) by P'2° yielded an

130XeS cosmic ray exposure age of 76 + 23 my. This
age is in complete agreement with the exposure ages
calcutated from the > He and 2! Ne concentration's and
is listed in table 3. . '

3.3. Decay products of extinct **°1 and ***Pu
A search for '?° Xe from the decay of extinct

1297 and/or '3 Xef from the decay of extinct 24*Pu
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was the main purpose of our analysis of rock 13. No
such products of extinct radioactivity were found.
Fig. 2 is a plot of 122 Xe/'3® Xe versus ' 26Xe/!3¢ Xe.
‘As in fig. 1, the solid points in fig. 2 are the raw data
points and the open circles are the fission corrected
data points (assuming solar wind xenon as the trapped
component). The solid line is the least-squares fit to
the raw data and the dashed line is the fit to the cor-
rected data. Although the fission corrected data do
not define as sharp a line as do the '*%Xe, '?®Xe and
130 Xe data, the line does pass through the error bars
of each point at the 20 level [17] . In addition the
linearity of the fission corrected '2° Xe data, as meas-

ured by the uncertainty in the slope, is comparable to '

the linearity of the fission corrected '>' Xe data and
these are the two isotopes which show the greatest
variation in spallation yields in lunar samples, Rey-
nolds [18]. The somewhat larger errors for the '2°Xe
and '3! Xe spallation yields in table 3 may in fact be

due to variation from mineral to mineral in the yield -

of these two isotopes. In short, there is no evidence -
for excess !2°Xe from the decay of extinct '*°Iin
rock 13. _ '

A simple way to look for 3¢ Xef from the decay
of 2**Pu is to calculate the U-Xe age. An “age” older
than the accepted age of the sample would indicate
the presence of excess ' ¢ Xe!, presumably from the
decay of >**Pu. The amount of !3¢Xef in rock 13 is
dependent on the trapped xenon assumed. Therefore,
two calculations were made. The first, assuming
trapped solar wind xenon, gave '3¢Xef = (13.5 + 6.0)
X 107'2 cm3/g. The second calculation, assuming -
trapped atmospheric xenon, yielded 3¢ Xef =
(7.3+6.8) X 107'% cm?/g. Using von Gunten’s [15]
value for the 228U fission yield of '3¢Xe (4.58%
[19]) and Fleischer and Price’s [20] value for the
spontaneous fission decay constant of 238U, the
U-Xe ages shown in table 3 were calculated. The
upper limit of the older age, 4.6 by, is comparable to
the Rb-Sr age [2]. Clearly, thereis no need to invoke
244 Py to explain the observed concentration of

136 Xef in rock 13.

3.4. Trapped xenon ,

Knowledge of the isotopic composition of xenon
trapped in lunar rock (independent of that xenon - .
implanted by the solar wind) would be of great
interest to the study of the earth-moon system. As

our sample of rock 12 was an interior sample which

' hopefully had not been exposed to the solar wind,

an effort was made to determine the isotopic compo-
sition of the trapped xenon: Unfortunately the
trapped xenon is almost entirely masked by the very
large spallation xenon component.

. Release patterns were calculated for the trapped
and spallation components and are independem of -
the trapped component assumed. There is a small low
temperature release of trapped xenon unaccompanied
by spallation xenon which is probably dueto a com-
ponent of absorbed atmospheric xenon picked up
during the processing of the sample. Above 700°C a
trapped component is released which correlates with
the spallation component and is apparently a true
“trapped’” component. ‘

" As discussed earlier, the amount of fission xenon
is a function of the trapped component assumed.
Therefore, two release patterns were calculated. The
assumption of a solar wind trapped component leads
to positive amounts of fission Xxenon at all tempera-
tures except at 1000° where it is only slightly negative.
The assumption of an atmospheric trapped compo-
nent yields large negative amounts of fission xenon
at 850°C and 1000°C — a physical impossibility. How-
ever, the errors in the célculated amounts are very
large and the negative points are within experimental
error of zero. The major release of fission xenon is
in the high temperature fractions — starting in the
1150°C fraction and rising monotonically to the
1800°C fraction. In view of the large errors, the data
can only be saidsto suggest that atmospheric xenon

" has a higher 3¢ Xe/* 3® Xe ratio than the trapped com-

ponent, i.e. that the trapped xenon in rock 13 may
have a '3%Xe/!3%Xe ratio similar to solar wind xenon.

The suggestion of such a trapped component in
rock 13 is admittedly indirect and is subject to a
serious objection: the lack of light rare gases as seen
in the solar wind. If the 1.4 X 107'° ¢cm?/g of trapped
132 ¥e are due to the solar wind, there should be
present ~1 X 107% cm®/gof *Arand ~2X 107%
cm?® /g of 2°Ne. The total amounts of ¢ Ar and 2°Ne
are factors of 20 and 200 respectively lower and are
largely due to spallation.

4. Conclusions -

In summary, our rarc gas data do not support the
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suggestion that the Rb-Sr age might be as large as
4.6 by [2] of Apollo sample 12013. There is no
evidence of the decay products of extinct !2°1 or
244py. Gas retention ages are consistent with
Turner’s *® Ar-3% Ar age of 3.9 by [9]. The cosmic
ray exposure age of rock 13 is approximately 60 my.
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Abstract—Argon, krypton, and xenon from stepwise heating of two lunar rocks which had been
irradiated in a pile (integrated flux 1.35 x 10'® slow neutrons/cm?) were examined mass spectro-
metrically. The argon data are the basis for the so-called *°Ar/?°Ar method of K-Ar dating, which
gives an age of (4.00 + 0.07) x 107 years for rock 10044 but is not useful for rock 10057, where the
argon is very lightly bound. The krypton and xenon results led to release curves for “trapped”
and cosmogenic gases plus the gases produced by neutron capture (or fission) in Ba, Br, 1, and U.
Inferred concentrations for rocks 10044 and 10057, respectively, are: Ba: 84 and 202 ppm; Br: (2.4
and 47 ppb; 1: 0.9 and 0.7 ppb; U from krypton: 0.15 and 1.37 ppm; U from xenon (preferred):
0.19 and 0.59 ppm. Despite the fact that we have not recovered the rare gases from sites where
they were lightly bound (in later experiments we shall), our inferred trace element compositions
are in acceptable agreement with other workers, except for iodine where there are not yet de-
finitive analyses for lunar samples.

INTRODUCTION

As ONE MEANS at our disposal to increase the scientific return from lunar samples,
we have undertaken a rather broad study of rare gases in specimens which have been
- strongly neutron irradiated in a reactor. Initial objectives were to obtain K-Ar ages
by the *°Ar/*®Ar technique (MERRIHUE and TURNER, 1966), I-Xe ages from release
of 128Xe correlated with excess 12°Xe from extinct 1291 (JErFerY and. REYNoOLDs, 1961),
and Pu-U-Xe ages from release of xenon from pile-induced fission of 235U correlated
with fission xenon from extinct _"’“Pu (Poposek, 1970), We also expected to obtain
concentrations of certain trace elements which produce rare gas nuclides by slow
neutron absorption (MERRIHUE, 1966). This paper is more nearly a progress report
than a definitive study; the program is ongoing with present results indicating rather
well what can be obtained and what cannot, as follows. The K-Ar ages are often
obtainable with high precision as TURNER (1970a) has already so beautifully demon-
strated. The I-Xe and U-Pu-Xe dating techniques are not yet applicable to lunar
rocks since we have yet to find a lunar rock which is old enough to exhibit fossil
xenon from extinct radioactivitics. The trace elements Ba, Br, I, and U are readily
measured in the lunar rocks by our technique, even in the presence of complicated
preexisting krypton and xenon spectra. Indeed, temperature release curves for the
gases from these trace elements can be calculated, as a possible means of distinguish-
ing surficial and other lightly bound fractions of an clement from more retentively
sited components.
' 1693
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EXPERIMENTAL PRELIMINARIES

The work was focused on the two lunar rocks for which HOHENBERG ef al. (1970) have obtained
complete data for stepwise temperature release of rare gases, rock 10057, which is a fine-grained
and high rubidium (type A) basalt, and rock 10044, which is a coarse-grained and low-rubidium
(type B) basalt (PAPANASTASSIOU, et al., 1970). Because of the variety of cffects involved; we chose
a neutron spectrum for the irradiation with a smaller ratio of fast to thermatl 'ncutrons than
TURNER (1970a) has used. The irradiation was carried out in the pool of the General Electric Test
Reactor, Vallecitos Nuclear Center, Pleasanton, California. The nominal integrated fluxes, as
supplied by the Vallecitos Center were

thermal (E < 6.17 ev) 1.35 x 10'® neutrons/cm?
epithermal (0.17 ev < E < 0.18 Mev) 0.411 x 10*® neutrons/cm?
fast (E > 0.18 Mev) 0.0869 x 10'° neu;rons/cm’.

We have not yet run the monitors which can confirm those fluxes. Tentatively we use the nominal
values with-an assigned error of +20%. The capsule was designed to rotate continuously about a
vertical axis parallel to the core of the reactor, but unfortunately the mechanism for rotation failed
soon after the irradiation began. As a substitute for continuous rotation under these circumstances,
the capsule was rotated 180° midway through the irradiation. Counting of cobalt-doped flux
wires packed with the samples indicates that the spatial variations in the total neutron exposure
for the samples were no more than 2 to 3%.

The samples were packed in evacuated quartz tubes, but it was not possible to analyze the
rare-gases which escaped into the gas phase during the neutron irradiation or during the time the
samples were stored in the extraction system (and mildly heated, maximum temperature 110° C)
prior to the actual run. In subsequent work these “lost’ gases are also being analyzed. But in the
present report, we. must emphasize, the sites in the rocks of very low retentivity for argon, krypton,
and xenon have not been sampled.

19Ar/3%Ar AGE STUDIES

In favorable rocks the argon data permit reliable K—Ar ages to be determined
(MERRIHUE and TURNER, 1966). If during the last part of the release there is a tempera-
ture regime where the argon is coming almost entirely from highly retentive sites, the
ratio *°Ar/3%Ar will exhibit a plateau. Both isotopes are coming from potassium sites:
The *°Ar was formed there by natural radioactive decay of *°K ; the ®*Ar was formed
there during the pile irradiation by fast neutrons via the (», p) reaction on *°K. The
ratio of the isotopes seen at the plateau is proportional to the *°Ar/*°K ratio in
retentive minerals, a quantity which is a well known function of the age of the minerals.
Figure 1 shows *°Ar/%®Ar ratios from Apollo 11 rocks 10044 and 10057 determined
at a progression of temperatures (half hour heatings) and plotted as a function of the
cumulative 3°Ar release at the end of the heatings. The data for the plot arc set out in
Table 1. In determining the ordinate we have subtracted small amounts of *°Ar due
to combined contributions of solar wind and cosmic-ray spallation (the ratio *°Ar/¢Ar
assumed to be unity in this component); similarly we have subtracted small amounts

of 3°Ar from the (n, «) reaction on *2Ca, using the monitoring reaction *°Ca (n, «)
37Ar to make this correction. One can see from Table 1 that both corrections are
usually small. ’

For rock 10044, one can obtain a valid date by the method. It exhibits a well-
defined plateau, which is almost identical to that found by TURNER (1970a). Note that
Turner’s points are for the upper midpoints of the rectangles in the implicd histogram,
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Fig. 1. Comparative releasc of *°Ar and 3°Ar from pile-irradiated lunar rocks. The

numbers on the points are release temperatures in degrees Centigrade (progressive

half hour heatings). Rock 10044, with a good high temperature plateau, can be
precisely dated by the technique. Rock 10057 cannot.

Table 1. Data for %°Ar/3®Ar dating of lunar rocks.

Cumulative fractional

Heating Temperature release of %Ar . (1"A_r) (&)
reC after heating AT messured I%Ar1/ correctea
] Rock 10044 )
800 0.133+ 221.3t- 223.3%
900 . 0.372 293.0 300.9
1000 0.577 288.0 ) . 2973
- 1100 0.758 281.5 289.7
1200 . 0.872 254.7 286.5.
1300 : 1.000 203.2 309.4
. o Rock 10057 .
600 0.214* 41.7¢ . 40.5%
700 - 0.830 109.9 103.8
800 0.898 176.5 : 168.9
900 . 0.942 2129 218.9
1000 0.959 214.6 213.7
1100 - 0.973 T 2135 2289
1200 1.000 200.4 © 2472

* Errors in °Ar increments are 109 of the increments.

t Errors in the measured *°Ar/“°Ar ratios arc 1.5%.

$ The additional error in the corrected “°Ar/*®Ar ratios is 149 of the correction. °Ar has been corrceted
for cosmogenic and trapped argon. ®Ar has been corrected for production by the (n, @) reaction on *2Ca.
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whereas we plot the upper right-hand corner. The difference in method of plotting
makes it appear that our sample was less retentive of *°Ar than his, which is not the
casc (our sample showed 3.2% loss of *°Ar; Turner’s showed 7%, loss). The maximum
fractional variation in the °Ar/*Ar ratios above 800° C in this rock corresponds to
a fractional age variation of only 3%, a respcct in which our results are identical with
Turner’s. The age we calculate for rock 10044 is (4.00 +.0.07) x 10° years, based on
a meteorite standard, Karoonda. Karoonda is one of a group of meteorites found
to have a common age when dated by the ‘°Ar/>*Ar method (PODOSEK 1971). We
assume, with PODOSEK, that the most preciscly dated meteorite of this group (St.
Severin) is 4.6 x 10° years old; in that case, the age of Karoonda inferred from
PopOSEK’s data is (4.58 + 0.05) x 10° years. The error in this last quantity is the
largest component in the error computed for rock 10044. In addition, any shift in the
age -of St. Severin will shift the age of rock 10044 essentially the same amount. Our
result does not agree well with TURNER's (1970a) value of (3.74 + 0.08) x 10° years
for this rock, but it coincides, within the errors, with the average age of TURNER’S
other type B rocks from-Apollo 11, namely (3.88 + 0.08) x 10° years. TURNER (1970b)
has noted that “plateau ages™ obtained for type B rocks from Apollo 11 are system-
atically older than those for type A. Our datum supports this observation.

Rock 10057, on the other hand, exhibits no plateau whatsoever and cannot be
dated by the method. From agreement between the Rb-Sr ages on these two rocks
(PAPANASTASSIOU et al., 1970) we would expect *°Ar/3%Ar ratios in retentive minerals
in the two rocks to have the same values within 5%. But note how lightly the 3°Ar is
bound in rock 10057: 90% of the isotope is released even before the 900° C heating
was started. It is clear from our work that the isotope *°Ar is also lightly bound and
poorly retained. )

The difference between rocks 10044 and 10057 for argon dating could well have
been anticipated from the release patterns obtained for unirradiated samples of these
rocks and tabulated by HOHENBERG et al. (1970). Both rocks show double peaks in
their *°Ar release, at ~800° C and ~1200° C. But most of the release in rock 57 is
associated with the low temperature peak, whereas virtually all of the release in
rock 44 is associated with the high temperature peak. For both rocks the release
curves for *°Ar after irradiation (this work and TURNER, 1970a) are different from.
before. For rock 44 the release curve is shifted down in temperature by about 200
centigrade degrees, without change in shape. For rock 10057 the broad lower
temperature release peak is sharpened and shifted down in temperature by 100 to
200 centigrade degrees. The higher temperature peak, of less importance than the
other in both irradiated and unirradiated samples, is shifted down in temperature by
about 300 centigrade degrees and broadened. Clearly “°Ar release patterns are
altered by the neutron irradiation. This does not seem to affect the validity of the
method, which, of course, depends only upon effects for the two isotopes, 39 and 40,
being the same. '

Kr AND Xe RELEASE

Krypton and xenon spectra from irradiated lunar rocks are very complex because
of the presence of so many gas components. Fortunately the isotopic compositions
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of the various components are known and the number of isotopes exceeds the number
of components. In this circumstance, the problem is amenable to analysis. For krypton
we have 7 isotopes: the usual stable isotopes plus 10.7 year ®°Kr produced in the
neutron-induced fission of 2*°U. There are five possible gas components: spallogenic
krypton from cosmic-rays, “trapped™ krypton, fissiogenic krypton from n-fission of
235, monoisotopic ®Kr from .n-capture in 82Se, ‘and a mixture of Kr and 82Kr
from n-capture in bromine. We use quotation marks in referring to the “trapped”
component because this component is probably a mixture of atmospheric contamina-
tion ‘and of -solar-wind krypton in dust particles adhering to the rock sample; in
neither case is the gas trapped in the rock in the usual sense. For xenon we have
9 isotopes and 6 components of known isotopic composition: spallogenic xenon from
cosmic rays, “trapped” xenon, fission xenon from n-fission of 225U (completcly
dominating the traces of xenon present from spontancous fission of 228U), an extra
monoisotopic component, *36Xe, from pile-neutron capture in short-lived fissiogenic
135Xe, monoisotopic 128Xe from n-capture in iodine, and monoisotopic *'Xe from
n-capture in barium (in lunar rocks completely dominating **Xe from n-capture in
tellurium).

‘Most of these components are known and constant in composition throughout
the release. Where there were uncertainties in composition we adopted a single
isotopic composition taken from HOHENBERG et al. (1970), but assigned large enough
errors to include the possible variations. We refer here to “trapped” xenon where the
isotopic composition may be like the atmosphere, or like the solar wind, or in between;
and to cosmogenic '2°Xe, !3'1Xe, and '32Xe which showed occasional, sporadic
variations in relative abundance during the experiments with the unirradiated samples.

METHOD OF CALCULATION

How best to unravel these spectra and determine the amounts (and errors in the
amounts) of each component present in each temperature fraction posed an interesting
mathematical problem. We solved the problem to our satisfaction with a least squares
method involving matrices which permitted us to use all the data in a simple com-
putational format. We describe the process briefly here as it applies to krypton.
Although straightforward, the method appears not to be published and we plan to
publish a more adequate account elsewhere. Each of the samples is a mixture of seven

isotopes which can be represented by a vector A in seven dimensional space. Each of
thc samples is also a mixture of five components which can be represented by a vector

C in five dlmensmnal space. The fractional isotopic abundances of the various pure
components written as an array, definea 7 x 5 matnx, F, whlch relates the vectors

A and C: .
A = FC.

We measure A for a sample and seek C The best va\ue ofC is one for Wthh the sum

of squares: .
7 . [ 2
= z [“1"' Z flicl]

f=al =l
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) — . -
is a minimum. The solution to this lcast squares problem is C = (F'F)~'F’A where F’
is the transpose of F and (M) ™! is the inverse of M. The error estimates in C are also

—_—
obtained by a matrix method which utilizes the errors in both the components of A
and the elementb of F. The basic matrix relation used in solving the error problem was

(P+eQ) ! >P-! - P 'QP"! ase—0,

by means of which the errors in the matrix (F F)~'F' were obtamed from the errors
in F.

RESULTS AND DISCUSSIONS

The totaled results from all temperature fractions are set out in Table 2. Release
curves for the various components are shown as Figs. 2 through 5. The errors plotted
in the figures are 1 o errors with contributions included, as they would propagate
through our matrix solutions, from all known sources, except the uncertainties in
mass spectrometer sensitivity. These last errors-affect equally all components of a
gas at each release temperature. For krypton this additional source of error is judged
to be 25%;; for xenon, 20%;. The errors in Table 2 are total errors, including the errors
in spectrometer sensitivity. The final errors are sometimes quite large, in part because
we were generous in assigning errors to the isotopic abundances of those components
where a range of values would be possible (see above).

Table 2. Totaled gas components from pile-irradiated Junar rocks.

Component Amount Inferred Quantity Comparison Reference
Kr Components

. Rock 10044

Kr “trapped™ . 400 + 103 1450 + 450 umrradxated )
Kr80-82 ycapture Br . 292 + 75 12.4 + 3.2 ppb Br 190 ppb Br . Q) -

Kr cosmogenic 258 + 72 ’ 523 + 156 unirradiated 1)
Kr n-fission U2 30 + 14 0.15 + 0.07 ppm U. 0.28 ppm U 3)
Kr® n-capture Se 2+12 134 + 770 ppb Se ~ 800 ppb Se (rock 10045) “@

. Rock 10057
Kr “trapped” ) 1907 + 486 2060 + 370 unirradiated (¢))]
Kr®9:82 p.capture Br 1105 + 287 47 + 12 ppb Br 25.2 ppb Br )
Kr cosmogenic - 350 + 153 . ) 326 + 59 unirradiated : ()]
Kr n-fission U235 280 + 76 1.37 + 0.37 ppm U 0.80 ppm U 3)
Kr83 n-capture Se 16 + 64 990 + 3900 ppb Se ~700 ppb Se (rock 10022)  (4)

Xe Components

: : ) ' Rock 10044
Xe!R p.capture Ba 2070 + 415 84 + 17 ppm Ba 95 ppm Ba (@)}
Xe n-fission U338 224 + 55 0.19 + 0.05 ppm U 0.28 ppm U : - (3)
Xe “trapped” 89 +62 - - : 52 + 7 unirradiated a)
Xe cosmogenic - 85 +90 . 128 + 9 unirradiated (D
Xel28 p.capture 1 13 + 12 0.93 + 0.85ppb 1 210 ppb 1 [P}

. ' Rock 10057 ’

Xe™ pcapture Ba = 4939 + 989 202 + 40 ppm Ba 208 ppm Ba (&)]
Xe n-fission U238 - 686 + 139 0.59 + 0.12 ppm U 0.80 ppm U ’ 3)
Xe “trapped” " 370-% 83 669 + 44 unirradiated )
Xe cosmogenic 112 + 64 296 + 21 unirradiated o
Xe'? pcapture I - 103 + 79 0.74 + 0.55ppb 1 24.7 ppb 1 (rock 10017) (6)

Units are 1073 ¢c STP/g unless otherwise specified. Errors in this table are total errors (~1 o).
References: (1) HoueNBERG ef al. (1970); (2) Reep and JovaNovic (1970); (3) WANKE er al. (1970); (4)
HaSKIN ¢ al. (1970); (5) GANAPATRHY ¢t al. (1970); (6) Reep and Jovanovic (1971); (7) TerA et al. (1970).
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Fig. 2. Release curves for xenon components from pile-irradiated lunar rock 10044.
The spectra are dominated by *3'Xe from a-capture in 1*°Ba. Errors (1 @) include all
known sources except for variation from one temperature to another in xenon
sensitivity (+20%).
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Fig.- 3. Release curves for xenon components from pile-irradiated lunar rock 10057.
The spectra are dominated by 3'Xe from n-capture in !°Ba. For comment on
. : errors, see caption for Fig. 2.
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No scrious discrepancics between results in irradiated and unirradiated samples
can be noted. There appears to be less **trapped’™ krypton in 10044 and less “trappcd”
xenon in 10057 after the irradiation than before, but since the “trapped™ gases are
probably a mixturc of atmospheric contamination and of solar wind gas dissolved in
dust particles adhering to the grains, their concentrations would not be expected to
‘be highly reproducible. The substantially larger amounts of “trapped™ xenon.and
krypton in our sample of 10057, relative to the amounts we saw in 10044, was again
seen in the irradiated:samples and proved that the effect is not instrumental. The
release patterns for-the “trapped” gases in irradiated rock 10044 differ from those
obtained with the unirradiated samples (sce Fig. 4, HOHENBERG er al., 1970) but the
latter were of such shape as to suggest that most of the “trapped” gases in 10044 are
system blanks.

One would not expect the amounts or release patterns for the cosmogenic gases
to be altered by the irradiation, and no such effects were seen. An exception was an
apparent loss of cosmogenic xenon in irradiated rock 10057. But the effect is statistic-
ally of low significance. There is a large 1 o error (aside from the 20% uncertainty in
xenon sensitivity for the mass spectrometer) for cosmogenic xenon in 1rrad|ated 10057.
At.the 2 o level, the errors would almost overlap.

The release curves in Figs. 2-5 are useful for getting an overall picture of the
krypton and xenon in the irradiated rocks. Most striking is the dominance of the
xenon by '3'Xe from n-capture in '*°Ba. The effect is so large as to suggest that
neutrons are in some way responsible for the large and variable 13! Xe anomaly in the
Apollo rocks. Unfortunately the 3 Xe anomaly cannot be attributed to capture of
natural slow neutrons in the rocks, a process which can be independently monitored
in the rocks by the measurement of n-capture in *7Gd (ALBEE er al., 1970; MARTI
et al., 1970).

The xenon components generated in the pile have single-peaked release patterns
rather similar to the release of the cosmogenic component, except for the component
from iodine, which is more diffuse in its release.

For krypton there is no dominant component corresponding to Xe!3!; thc various
components tend to be comparable in size. Most of the components generated in the
pile have release patterns similar to the cosmogenic release pattern, but again the
component from the halogen, now bromine, is released more diffusely. Also we note
that the krypton components in 10057 tend to be generally more diffusely released
. than in 10044. The krypton from n-capture in bromine in 10057 is especially diffusely
released, and is almost four times more abundant than its counterpart in 10044,

TRACE ELEMENT ESTIMATES

The concentrations of Ba, U, Br, 1, and Se inferred from our rare gas concentra-
tions (see Table 2) depend upon the nominal slow-neutron flux for the irradiation,
which we have not yet checked, and upon values for slow neutron cross sections
taken from the literature. Some confidence in these parameters is generated by the
generally good agrecment with radiochemical data for the barium and uranium
concentrations we have measured. These elements are lithophile and nonvolatile.
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They can thus be cxpected to be sited away from grain boundaries where the rare
gases produced will be rcasonably well retained. Such appears to be the case, judging
from both our concentrations and release curves,

Our values for sclenium are too imprecise to be very uscful It is doubtful if our
 method will ever gnve much better seienium values, except in partlcularly favorable
samples.

There are relatively few data for bromine and iodine in the lunar rocks. Bromine
has been measured by MORRISON er al. (1970, 1971) but in their Apollo 12 report
they include this element in a group for which there are analytical problems associated
with the determinations. Bromine has been measured in rock 10057 by GANAPATHY
et al. (1970) at 25.2 ppb and in rock 10044 by Reeb and Jovanovic (1970) at 190 ppb.
Our results for the bromine (at reasonably gas-retentive sites) in these rocks are 47
and 12.4 ppb respectively, so that we agree reasonably well with GANAPATHY ef.al.
(1970) but poorly with REED and JovaNovic. In other comparisons (see GANAPATHY
et-al., 1970) the bromine values of REED and Jovanovic (1970) tend to be high. While
rock 10044 is a type B rock and conceivably could differ greatly in its bromine content
from Type A rocks, ANDERS et al. (1971) recently have reported a low value (29 ppb)
from bromine in rock 10047, of Type B. We thus are inclined to question the high
value reported by REED and Jovanovic (1970). But we really have to reserve judgment
until we have studied the “lost” gases from irradiated lunar rocks and have gained
some idea of the concentrations of surficial bromine.

The situation with respect to iodine analyses is presently unclear. Here we can
compare only our values for “interior” iodine with values of “leachable” iodine
given by REED and Jovanovic (1970) as lower limits. Obviously we are comparing
what may be mutually exclusive resuits. For rock 10044 their value is > 10 ppb;
ours is 0.9 ppb. For type A rocks we had no samples in common, but their value of
>4.7 ppb for rock 10017 can perhaps be compared with our value of 0.7 ppb for
rock 10057. The question of the abundance of iodine in lunar samples is clearly still
open.
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Rare gas measurements in three mineral 'separates of rock
12013,10,31

o W. A. KAISER
Department of Physics, University of California, Berkeley, California 94720

(Recéiuéd 24 February 1971; acclepre_d in revised form 20 April 1971)

Abstract—He, Ne, Ar, Kr, and Xe¢ were measured in 3 different mineral separates of 12013,10,31
sclected by handpicking and |denuﬁed by microprobe analysis (WALTER, 1970). About 10 mg of

each fraction- were available for the rare gas analyses. The rare gas measurements showed clear
differences due to different concentrations of K, Ba, rare earth elements (REE) etc. The K~Ar
ages were in good agreement with TURNER's (1970) results. The Kr and Xe amounts were predom-
inantly produced by cosmic ray bombardment. The '?*Xe-cxposure ages varied from 40 x 10"y
to 47 x 10% y). In one sample cosmogenic !2°Xe was, by calculation, 98.5% from Ba as a target;
in-another, this percentage was 76. Thus we could make a good measurement of the cosmogenic
Xe spectrum for Ba and a rough estimate of the spectrum for REE. The spectra were generally in
agreement with published target data for 730 MeV protons (FUNK et al., 1967; HOHENBERG and
" Rowg, 1970). No trapped Xe and Kr was found in the separates. No 2°Xe coming from in situ
decay of 2°] was measured. No evidence for or against the 2**Pu hypothesis was seen, confirming
the results of ALEXANDER (1970) and LUNATIC AsyLuMm (1970).

INTRODUCTION

THIS WORK WAS STARTED under the impression that Apollo rock 12013 had a crystal-
lization age of 4.5 x 10° y (WASSERBURG, 1970), in which case it should be highly
possible to detect traces of extinct radioactivities in lunar material. The extraordinarily
high abundances of Ba, REE, U, and nearly all other trace elements reported by the
LSPET (1970), pointed to this rock as a unique source for studies. We should have
‘been able to see radiogenic 1**Xe commg from decay in situ of '2°] and a ﬁssxogemc
Xe contribution from 244Pu. :

Thus, the situation appeared unusually favorable in 12013. Since ALEXANDER
(1970) was investigating a homogenized sample 24 + 37, mostly light material, and
the LuNaTiC AsyLUM (1970) had measured several bulk pieces, our approach was to
make separations,.in hopes of achieving in one or the other of the fractions enrich-
ments of the trace elements, especially U. We were successful in this respect as judged
by microprobe investigations on representative material, which provided us with
mineralogical data we could use to identify our samples with samples measured else-
‘where for trace element abundances. Meanwhile several investigations (TURNER,
1970; LuNATIC AsyLUM, 1970; TaTsumoTo, 1970) showed that the actual crystalliza-
tion age of this rock was closer to 4.0 x 10° y, making it doubtful that evidences of
extinct radioactivity could be detected.

ExPERlMENTAL TECHNIQUES

Sample 12013,10,31 was an interior chip consisting of a light and a dark phase. We crushed the
sample in an agate mortar and separated by sieving particles of a size between 50 and 150 4, in
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ordcr to acquirc as many purc crystals (without mlcrL.rowlhs) as possiblec. Thcn we put the whole
sample in rcagent grade acetone and cleaned it in an ullrusomc cleancr for 5 min, scparating the
grains from cach other in the process. Afterwards, we sieved the sample again using a special
filtering funncl. This consisted of 3 quartz sections, which enabled us to sieve and filter simul-
tancously. We used a “membranc” filter with a pore size of 0.04 ;. to rcmove the fine particles.
The crystals larger than 50 u were collccted on a stainless stecl screen. We madc separates from this

“‘'material handpicking under a stereomicroscope according to color. We were able to scparate 4
different mincral agglomerates: milky white, clear, black vesicular, and greenish, but we present
results for only three of the fractions in this paper in the interests of brevity. (Additional measure-
ments. on sample 12013,10,31 including a dctailed. stepwnse temperature analysns of the residual
fine material, will be described elsewhere (KAISER, 1971).

The samples were wrapped in Reynolds Al-foil (heavy duty),. prcvnously cleaned by polishing
with a tissuc wipe and ultrasonic agitation in acctone. The Al-foil was always handled with gloves
after cleaning. The samples were measured in BMS 4, previously described as system 1 in HOHEN-.
BERG et al. (1970), a Pyrex glass-spectrometer with an all-metal-sample system. Separate analyses
were made of the gascs rcleased by one-hour heating at 700°C and 1550°C (well above the melting
point for all samples).” The temperature was mcasured by two thermocouples, which were con-
sistently in good agreement with cach other. The temperatures spccificd (referring to the base of
crucible) are corrcct to within +15°C. We have made numerous measurements of the blanks.
Since the samples weighed only about 10 mg each and were wrapped in about 200 mg of Al-foil, '
it was important to include the Al-foil in our blanks. Therefore, we ran pure Al-foil of the same
kind and amounts as used to wrap our samples under the same temperature and mecasurement
conditions as the samples. The results for the different gases were in good agreement with each
other except for Kr. The isotopic compositions found were those of air. Three Al-samples were run
(Table 1).

All results are corrected for spectrometer background and fox discrimination except for He,
where no discrimination-value was available. For He we applied a discrimination.factor of 1.
(Results of He measurements on an interlaboratory standard sample of the Bruderheim meteorite
indicated that this discrimination factor is essentially unity.) The spectrometer background correc-
tions were essentially negligible except in instances to be noted below. The errors listed in the tables
include all known sources and are based upon observed reproducibilities of peak-ratios, air-
pipette analyses, or blank runs as the case may be. A few of the errors had to be increased further
for causes we now note: During this series of runs we had some problems with the 2°Ne back-
ground, caused by a saturation of the Vac-ion pump of the spectrometer and requiring a somewhat
large background correction. The error assigned for this correction was the full value of the back-
ground and is certainly too high. The 2°Ne values were also corrected for doubly charged *°Ar
but this correction was small. We had a high “dirt™ background for "®Kr. The error listed in this
case includes the full value of this correction.

TRACE ELEMENT ABUNDANCES

Mineralogical data were obtained for each of the three fractions by :lectro_h
microprobe analysis of a few grains (WALTER, 1970). Mincral agglomerate 31A, a

Table 1. Rare gases in the Al-foil [x 1078 cc STP/g Al). The foil is Reynolds Wrap, heavy
duty, 0.001” thickness. Exccpt for Kr, we have averaged these separate runs.

T “He ) 2Ne AL 83Kr o 130X e
: Weight '
132mg 167mg 186 mg

3.8 0.013 + 0.001 0.029 + 0.001 0.00006 (').0002_6' 0.00027 0.000022 + 0.000002

700°C 31.9 £
1550°C 2.7 + 0.3 0.005 + 0.001 0.056 + 0.003 0.00020 0.00058 0.00023  0.000041 + 0,000008
Totl 34.6 + 4 0.018 + 0.002 0.085 + 0.004 0.00026 0.00084 0.00050 0.000063 + 0.000010
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Tablc 2. Estimates of trace clement abundances for the scparates.

1A 3B . 31C
Milky white Clear Black vesicular Remarks
K ) 4324078 167+ 7 057 + 0.48% _ _ SYQIA, 3IB) =
° : ) =053 £ 007" (45 13, 41, 44, 37 + 24)

Y(chondrites) C

x Y(chondrites) Y(chondrites

) = 1.9 ppm) (WaKITA and

) - . - ScHmirr, 1970, p. 174, Fig. 3)

Ba (ppm) 6360 + 970 3450 + 7, 895 + 1330F 112 + 217 © & Average valuc for 15, 18,
R -2 o= - 31, 44, 37 + 24; WaKITA and
. © - . - ScHmITY, 1970, p. 171, Table 1)

Ce(ppm) 96 + 20 169 + ? 374 £ ? °Ze(31A, 31B) = ZsfHf x
. . : Hf; '(ZrIHr)Apollo 1zson = 27;
(GoLss et al., 1971)

Eu (ppm) 2.8 + 7 3.48% + ? . 9Zr value measured by
: optical spectroscopy (LSPET,
P 1970) e
Sr (ppm) 145 + 10 180f £ ? 157 -42— 219¢ 190! + 31 U = KKU; _

K/U [%/ppm] = 0.19 + 0.02 -
(average value of 15, 18,41, 44,
37 + 24; Waxita and SCHMITT,
s 1970, p. 171, Table 1)
Y (ppm) 247 + 7 247 + ? 5890 + 7. £8r(31B) = (Sr/Eu) x Eu;
(St/Eu)iight cotored phase = 64.3
(HuBBARD et al., 1970, p. 182,
) Table 1)
Hf (ppm} 20.3®> + ? 203> + ? 36F + ? . ® Chemical abundances for
: ) 06 (Waxita and ScCHMITT,
1970, p. 171, Table 1, a sample
similar to 15—dark
(SCHNETZLER et al., 1970))
B _ Y(06)
YQ]C) ~ ¥Y(chondrites)
x Y (chondrites) (WAKITA and
' SchmitT, 1970, p. 174, Fig. 3)
(2200)* + 2 (2200)¢ + ? (22004 + ? ! Average values of 06
(WakiTa and . Scumitt, 1970)
and 15—dark (SCHNETZLER et
al., 1970) -

U = K‘,‘—U; K/U [%/ppm] = 0.08

(06) (WakiTa ‘and ScHMITT,
1970, p. 171, Table 1)

Zr (ppm) 548° + ? 548‘ 972° + ?

+
-3

Uppm) 227°+48 884 ? 6+?7 66+09

Sample 31A corresponds to-an average of samples 15, 15A, and 15B (SCHNETZLER ef al., 1970). Sample
3B corresponds to sample §—light (SCHNETZLER er al., 1970). Sample 31C corresponds to sample 15—dark

V(Y — 2
(SCHNETZLER et al., 1970). The errors assigned are AX = J }H type.

" milky white phase, contained mainly plagioclase (Ang,) and pyroxene; sample 31B,

a clear phase, was mostly plagioclase (Ang,); sample 31C, a black phase, was mostly
low Ca pyroxene with some feldspar and a high abundance of opaque minerals e.g.,
ilmenite. In a private communication SCHNETZLER (1970) compared our samples with
those of SCHNETZLER ef al. (1970) using both the mincralogical data by WALTER and
direct microscopic observation. On this basis he supplied us with the correspondences
specified in Table 2. Trace element abundances were then estimated for the three
fractions using those correspondences and data of SCHNETZLER et al. (1970); WAKiTA
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Table 3. Rare gases from onc-hour hcating of scparates

12013,10,31 A (8.95) mg Al foil (199.1 mg)
1550°C -

700°C Total 700°C
SHel'He "0.000089 + 0.0000006™ 0.000128 + 0.000003° 0.00009 + 0.0000008° 0.00015 + 0.000004*
sHe[1073 cc STP/g] 3.14 ¥ 0.06 0.15 + 0.003 329 + 006 1.26 + 0.03
20Ne[23Ne 2.64 + 1.22 084 + 2.22 172 + 1.42 528 £009 -
21Ne/23Ne 0.67 = 0.01 © 0.852 + 0.02 0.77 £ 0.01 . 0.53 % 0.01 . .o
22Ne[10-? cc STP/g] 273 1 0.10 3.45 1 0.14 6.18 + 0.20 343 %043
WAL[IOAT 0.91 + 0.03 1.15 % 0.02 1.05 + 002 - 0.68 % 0.02
OAT/IAT 21630 + 780 22090 + 440 . 21890 * 420 7530 + 170
3AL[10-9 cc STP/g] 4.31 £ 0.07 581 £ 0.1 10.12 + 0.13 5.24 + 0.09
1A, [10~4 cc STPjg]  9.27 + 0.37 12.80 + 0.34 - 22,07 £ 0.50 3.85 + 0.07

18K r[83K ¢ 0.5 + 1.2 0.10  0.26 0.19 + 0.25 0.03  0.95

80K pf03K ¢ 0.33 + 0.03 0.44 + 0.02 0.42 % 0.02 0.38 + 0.03
82)(p[e3K 0.78 + 0.09 0.78 + 0.03 0.78 + 0.03 0.96 + 0.07

8K r/eKr 2.73 + 0.19 1.06 + 0.05 1.35 + 0.05 3.46 + 0.16

88K /83K r 0.72 + 0.03 0.29 * 0.01 0.37 + 0.02 1.07 * 0.04

83K r{10-12 cc STP/g] 7513 - 350 * 10 425+ 10 . 40 t2

124X e/130Xe 0.38 + 0.02 0.41 + 0.01 0.41 % 0.01 0.29 + 0.01
126X ¢[130X e 0.67 + 0.03 0.78 + 0.02 0,78 + 0.02 0.50 + 0.02
128X ¢[130X ¢ 1.17 * 0.05 1.23 % 0.03 123 + 0.03 - 0.98 + 0.04
125X e[130X e 2.76 + 0.13 1.62 + 0.05 1.66 + 0.05 3.07 * 0.09
131X [130Xe 481 £ 0.8 4.31 % 0.12 432 £ 012 4.22 + 0.13
182X e[130X e 2.47 = 0.09 1.19 + 0.03 1.24 + 0.03 301 £ 0.3
131X¢/130Xe 0.79 + 0.03 0.24 + 0.006 0.26 + 0.01 0.93 + 0.04
196X e[10Xe . 0.68 + 0.03 0.17 + 0.004 - 6.19 * 0.004 0.83 + 0.04
130X ¢[10-12 cc STP/g] 13£05 368+ 10 - 381+ 10 10 + 0.5

and ScHmITT (1970); HUBBARD ef al. (1970); GOLES et al.'(197l) (see Table 2 for
details). ‘ .

RESULTS AND DISCUSSION

The results for He, Ne, Ar, Kr, and Xe for separates 31A, 31B, and 31C are
presented in Tables 3 to 11. ' . '

Helium

All samples investigated had very high amounts of He with low ®He/*He ratios
(Table 3). Sample 31A contained the lowest He/*He ratio observed. The total amount
of 3He was low compared with 31C, the sample with the highest *He concentration.
Assuming a similar cosmic ray exposure history for all the minerals, this indicates a
severe He loss by diffusion in 31A. The correction for trapped *He and for cosmogenic
*Hec (using a cosmogenic *He/*He ratio of 0.0266; KaIiser, 1971) could be neglected.
Sample 31B showed a ®He/*He ratio comparable to 31C. However, the total *He and
4He concentrations were the lowest observed. The total 2He-content is comparable to
31A, but the *He content is nearly a factor of 3 lower, un'dcrstandub‘lc because of the
low U concentratioi in 31B. The total °He and *He contents in 31C were the highest
obscrved. This sample, mostly pyroxene, showed higher retentivity against diffusive
loss of He than the two plagioclase fractions 31A and 31B.

Neon

Most of the Ne mcasured in the scparates was cosmogenic (Table 4). Two kinds
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from rock 12013. Errors givcn arc total errors (lo).

12013,10,31B (9.99 mg) Al-foil (245.7 mg) : 12013,10,31C (9.26 mg) Al-foil (243.8 mg)
1550°C Total 700°C 1550°C Total

0.00036 + 0.000007* 0.000161 + 0.0000007° 0.00014 + 0.000001* 0.00017 + 0.000012* 0.000146 + 0.000001*
0.05 + 0.00t 1.31 + 0.03 3.37 + 0.06 0.33 + 0.006 - -3.70 + 0.06
1.23 £ 0.24 3.83 £ 0.26 " 3.52 %+ 0.11 1.07 + 0.05 - 2.15 + 0.06

. 0.865 + 0.023 0.65 + 0.01 0.66 + 0.02 - 0.855 + 0.04 0.77 + 0.02
+ 191 % 0.07 5.34 + 0.15 3.70 £ 0.15 4.66 + 0.20 8.36 + 0.25
1.08 £ 0.02 - 0.89 % 0.02 0.65 +-0.02 1.05 + 0.03 -0.88 + 0.02
12000 + 220 9830 + 140 5100 + 160 3210 + 90 © 4030 + 80
556 + 0.10 10.80 + 0.13 3.70 + 0.06 4.77 + 0.08 8.47 + 0.01 .
6.63 + 0.12 10.48 + 0.14 1.82 + 0.07 149 + 0.05 331 £ 0.09
.01 +0.28 0.11 + 0.28. 1.00 + 2.2 0.14 + 0.29 - 0.24 + 0.30
0.44 + 0.02 0.44 + 0.02 0.38 £ 0.06 0.46 + 0.03 0.45 + 0.02
0.78 +.0.03 0.80 +.0.03 - 132 +0.11 0.82 + 0.04 0.88 + 0.04
1.23 + 0.03 1.50 + 0.03. 3.07 + 0.24 110 + 0.05 1.34 + 0.05
0.29 + 0.008. 0.39 + 0.01 0.96 + 0.08 0.26 + 0.01 0.34 & 0.02
293 + 8 333+ 8 42 +3 300 + 12 342 + 13
0.39 + 0.02 -0.39 + 0.02 0.17 % 0.02 0.51 + 0.03 0.49 + 0.03
0.71 + 0.05 0.70 + 0.05 0.33 + 0.03 0.83 + 0.04° 0.80 + 0.04
1.23 + 0.09 1.22 + 0.08 -0.89 + 0.08" 1.39 + 0.08 1.36 + 0.07
1.65 + 0.12 1.72 £ 0.12 -5.02 + 0.25 2.17 £ 013 236 + 0.13
4.39 £ 0.32 4.39 + 0.32 5.05 + 0.26 4.36 + 0.25 4.41 + 0.24
1.46 + 0.13 153 + 0.13 4.88 + 0.28 1.72 + 0.09 1.93 + 0.09
0.23 + 0.02 0.26 + 0.02 1.89 + 0.09 0.59 + 0.03- 0.68 + 0.03
0.13 + 0.01 0.16 + 0.01 1.63 + 0.08 - 0.53 + 0.03 0.61 + 0.03
236 + 13 +13 7+£03 93 +4 100 + 4

E

* The ®He/*He ratios are not discrimination corrected.
We applied the discrimination factor 1.

of trapped Neon were present: Ne coming from the Al-foil and an additional com-
‘ponent, probably a surface correlated air contamination. The separation of trapped
and cosmogenic components was based only on the 2!Ne/??Ne ratio. The cosmogenic
31Ne/22Ne value used was 0.865, the highest value observed in rock 12013,10,31 (31B)
which is in good agreement with values found in other lunar samples and in meteorites.
Cosmogenic’ 2!Ne measured in 31A and 31B was low compared to 31C, further
supporting the observation that these samples have suffered diffusive loss of the light
rare gases.

Argon

The Ar was dominated by large amounts of radiogenic *°Ar due to the high
K-concentration in this rock. The *®Ar and *®Ar were mainly cosmogenic (Table 5).
The correction for cosmogenic *°Ar was small because according to LAMMERZAHL
and ZAHRINGER (1966) the cosmogenic *°Ar/®8Ar ratio is less than 0.2. A “pure”
cosmogenic ratio (*®Ar/3Ar = 1.52) was taken from the 1200°C fraction in rock
10044 (HOHENBERG et al., 1970). The trapped *®Ar/3¢Ar ratio chosen was that for air.

“Sample 31A had the highest *°Ar/*®Ar ratio measured (21890); 31C, the lowest (4030).
The total Ar amount was comparable in all the scparates. The fraction of 3¢Ar
which is cosmogenic (X) was calculated by mcans of the formula :

(PAI[*AD), = (PAL/PAnsmX + (1 — X)(PAr/*®Ar),,.
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Table 4. Trapped and cosmogenic 23Ne in the scparates. Units.are 10-8 cc STP/g.

A 700°C 1550°C Total
Sample cosm, _trapped cosm. trapped cosm. . trapped

1A 209 £0.10 0.64 + 005  34+0.15 005+009 549 +0.
1B 206 £ 0.10 1.37 + 0.07 191 £ 0.07 =0 3.97 .+ 0.
. 31IC 7 278 £ 0437 092+ 010 461 + 027 0.05+£021 7394

22’N e

a Total concentrations of ———r———-—
gram of sampl

attributed to Al-foil.

V Table 5. Trapped and cosmogenic 2°Ar in the separates. Units are 1078 cc STP/g.

) 700°C 1550°C . . Total
Sample cosm. - trapped cosm. trapped " cosm. trapped
1A 252 4012 1.79 +0.12 4.52 +0.13 1.29 + 0.11 7.04 + 0.18 3.08 + 0.16 (1.89)*
31B 2.10 £ 0.08 3.14 + 0.09 4.03 +0.12 1.53 £ 0.10 6.13 + 0.14 4.67 % 0.14 (2.10)*
31C 1.40'+ 0.07 2.30 £ 0.08 334 £0.13 143 £0.12 474+ 015 3.73 + 0.1

114'(2.24)*

36AT

m attributed to Al-foil.

a Total concentrations of
The Al-foil did not.account for all the trapped Ar suggestmg agam that there was
some adsorbed air.

Xenon

Xe results will be discussed first because the treatment of the Kr results are de-
pendent upon them. Xe was predominantly cosmogenic in all the samples. Trapped Xe
and Xe produced in decay by spontaneous fission of the U-Pu system were present.
Trapped Xe. ALEXANDER (1970) and LunaTic AsyLum (1970) reported a trapped Xe
component the composition of which could not be established because of the dominant
cosmogenic Xe in rock 12013, The isotopic composition of this trapped component
can make a large difference in determining the cosmogenic yields for the higher .
masses and the yield of Xe produced in fission. Because of the small weight of sample
involved, it was important to have good data for blanks, including Al-foil. We assume
for the moment that the trapped Xe component is atmospheric in composition; we
shall see if this lcads to consistent results. The 13Xe concentrations were quite different
in the three separates (Table 3) but the 13°Xe amounts in the Al-foil per gram of sample
were nearly the same because the samples had similar weights and the amount of
Al-foil used was roughly the same. Thus, the percentage of Al-trapped Xe in the total
130X e was quite different from one sample to another. For the 1550°C gas fractions
these percentages, based on the foil measurements, were 2.5, 4.3, and 11.6 in fractions
A, B, and C. The maximum possible (terminal) percentages of trapped !3°Xe—
assuming that all 13Xe was trapped, i.e., ncglecting the fission contribution for this
isotope—were 8, 5, and 25.

The comparison between the percentage value of trapped '3°Xe due to the Al-foil
and the terminal percentage value is especially interesting in the case of 318. The
predicted 3°Xe-percentage value of the Al-foil experiment almost agreed with the
terminal percentage value, showing that little trapped Xe beyond that contributed by
the Al-foil was present. This led us to the conclusion that no trapped Xe component
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other than the Al-trapped Xc was in the separates. The trapped Xe in the 700°C
fractions of the separates, obtained from a two component plot (*2¢Xe/!'3%Xc vs.
126Xe/139Xe-—see HOHENBERG et al., 1970, p. 1298; the purc cosmogenic point was
computed as described below) was in fair agreement with the Xc-amounts measured
in the 700°C fraction of the Al-foil supporting this conclusion. Since an assumption
of atmospherlc composmon for the trapped Xe component Kas thus led to consistent .
results, we see no need to invoke another . trappcd component of dlﬂ"crent isotopic
composition. :

Cosmogenic Xe. The measured xenon was primarily cosmogenic in all the samples of -
12013,10,31 investigated (Tables 3 and 6). This is in agreement with ALEXANDER
(1970) and LunATIC AsYLUM (1970). The cosmogenic Xe amounts were obtained by
subtracting the trapped and fission contributions: First we subtracted the trapped Xe
due to the Al-foil; then we subtracted a component from U-fission assuming all the
remaining '**Xe to be from such a source. Sample 31A contained an extremely high
abundance of Ba (6360 ppm). The REE concentration (Ce = 96 ppm) was low, and,
therefore, the cosmogenic *26Xe present was 98.5%, from Ba isotopes, based on spalla-
tion systematics (RUDSTAM, 1966, as used by HOHENBERG ef al., 1967). The cosmo-
genic Xe in 31B is also mostly from Ba (95.67,). Thus, these samples give an essentially
puré cosmogenic Xe spectrum from Ba in rock 12013 (Fig. 1, Tables 7a and 7b). The
cosmogemc yields are based on the 1550°C fractions only The cosmogenic Xe

Table 6. Cosmogenic and trapped 130%e [x 10712 cc STP/g). See text for the method used
to calculate these components.

Sam'ple 700°C 1550°C Total
cosm. trapped cosm. trapped - cosm. trapped
31A 11 2+05 359 + 10 9+£2 370 +°10 11 £2
31B 7+05 3+3 226 + 13 10 + 2 233 + 13 13+ 4
31C 2+05 5+ 1.5 82 + 5 1 +2 84 + 5 16 + 5
Table 7a. Isotopic composition of cosmogenic Xe in the separates
Sample 124 ) 126 128. 129 130 131 132 134
1A 0.42 + 0.01 0.80 + 0.02 1.25 + 0.03 1.49 + 0.06 1.00 + 0.00 4.28 + 0.13 0.99 + 0.05 0.08 + 0.02
3B 041 + 003 0.74 + 0.06 1.26 + 0.09 1,44 + 0.13 1.00 + 0.00 436 + 0.33 1.21 + 0.14 0.09 + 0.03
1.52 £ 0.10 1.60 + 0.22 1.00 + 0.00 4.22 +

ki {3 0.58 + 0.04 0.95 + 0.06 0.33 0.88 + 0.19 0.06 + 0.07

Table 7b. Isotopic composition of cosmogenic Xe from Ba and REE.’

Ba: - 124 126 128 129 130 134 132 134
Ba= - 0.54 + 0.05 1.00 + 0.00 163 + 0.15 1.91 + 0.18 1.30 + 0.09 S.62 + 0.54 1.44 + 0.26 0.11 + 0.03
BaClgdb 072 £ 002 1.00 + 0.00 1.14 + 0.04 1.12 + 0.04 072 + 0.03 1.31 + 0.06 0.55 + 0.04 0.05 + 0.10
REE® 0.83 £ 0.29 1.00 + 0.00 1.50 + 0.79 096 + 1.17 0.25 + 0.38 0.71 + 2.50 .s1.2 =<0.29
CeClya  0.83 + 0.02 1.00 £ 0.00 1.08 + 0.04 1.08 + 0.09 024 + .10 115+ 0.10 022 + 0.17 0.0015

C : + 0.0015

& Inferred from samples 31A and 318,

® FuNK -ef al. (1967).

¢ Inferred from samples 3HA, JIB, and 31C.
@ HoneNeerG and ROWE (1970),
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Fig. 1. 'Spectrum of cosmogenic Xe from lunar Ba inferred from separates 31A and
"31B. It is compared to the spectrum of Xe produced by 730 MeV protons in a Ba
target (FUNK er al., 1967).
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" Fig. 2. Spectrum of cosmogenic Xe from lunar REE obtained by subtréclion of Xe
from separates in rock 12013, 1t is compared to the spectrum of Xe produced by 730
MeV protons in a Ce target (HonenserG and Rowe, 1970).
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spectrum obtained in 31C is different from 31A and 31B. The '?°Xe/**Xe and
131Xe/126Xe yields arc lower. The '?Xe produced in this sample contained, unlike
the: other separates, a significant portion (24%) of cosmogenic '2°Xc from REE
targets according to’ RubpsTAM calculations. This made it possible to estimate the COs-
mogenic Xe spectrum from REE targets in this rock (Fig. 2, Table 7b). The spectrum
is marked by a high 12¢Xe/'25Xe, and by low 129Xe/!26Xc, 139Xc/!26X¢e, and 13! Xe/!26Xe

_ratios. The 132Xe/'2¢Xe and *3*Xe/*?¢Xe ratios seem to be very low. The errors listed
are based on the Xe measurements only. No errors for the chemical abundances were
taken into account. We also plotted the spallation spectra obtained by bombardment

- of Ba targets (FUNK et al., 1967) and Ce targets (HOHENBERG and Rowg, 1970) with
730 MeV protons. The spallation spectrum for Ce agrees well with the cosmogenic
spectrum for REE. ,

The spallation spectrum for Ba disagrees with the cosmogenic Ba spectrum. The
spectra (except for mass 131) could be brought into fair agreement by rotating the
spallation spectrum counterclockwise around the intersection point at mass 126.

Fthis is generally what would be expected for particles of lower energy than the
somewhat high value of 730 MeV used in the target experiment, since high energy
protons accentuate the spallation yields at masses far removed from the target. The
discrepancy at mass 131 is of course augmented by the now famous 13*Xe anomaly in

“lumar rocks. '
Fissiogenic Xe. All the sample of 12013,10,31 contained Xe produced by spontaneous
fission decay of the U-Pu system. However, because of the dominance of and the un-

" certainties in the cosmogenic yields for Xe it was impossible to determine the iso-
topic composition of fission Xe in any of the samples studied. Thus, we used the
Xe spectrum for spontaneous fission decay of 224U (WETHERILL, 1953). The amounts
of fission 13%Xe were obtained by subtracting the 3%Xe due to the Al-foil from the
total *3%Xe and assuming all the remaining *3¢Xe to be fissiogenic (Table 8).

Krypton

Trapped Kr. The Kr measurements for the Al-foil were not as consistent as the results
obtained for the other rare gases. Three experiments with Al-foil (two temperatures
each, namely 700°C and 1550°C) led to discordant results for this gas (Table 1). We
have no explanation for the nonreproducibility in Al-trapped Krypton. The procedure
for separating trapped, cosmogenic, and fission Kr was necessarily changed from that
used for Xe. The fission corrections, which were small for the 1550°C and negligible
otherwise, were based on the fission Xenon found. We used the fission yields for
spontaneous fission of 228U measured by WETHERILL (1953). The remaining *°Kr was

-Table 8. Fissiogenic 88Kr and 13%Xe [x 10-12 ¢¢c STP/g].

’ " . Xenon : Krypton
Sample 700°C 1550°C Total Total
3IA 5+ 1 44 + 4 49 + 4 6+ 4.5
3B 1 +1 . 8+2 9+2 1 +2
3IC” 11 26 + S5 271+ 5 4+4
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assumed to be trapped (i.e., ®Kresm = 0). Results of the calculations (Tables 8-10)
were cosmogenic Kr spectra and concentrations for trapped and cosmogenic Krypton,
The Kr is mostly cosmogenic as illustrated by sample 31C where at most 179 of the -
300 x 1072 cc STP/g 92K r of the 1550°C fraction could be trapped, based on the

86K r content. This 17% trapped %3Kr corresponds to a ®Kr value of 1.9 x 1072 ¢c

STP/g Al-foil for the 1550°C fraction, a value lower than measured in any of the foils.

The trapped ®3Kr percentage values for the other scparates were 31B = 19% (2.3 x -
10-12 cc STP/g Al-foil in 1550°C) 31A = 19% (3.0 x 10~'2 cc STP #Kr/g Al-foil in

1550°C). The amounts of trapped 83Kr in the 700°C fractions of the separates were, if
attributed to the Al-foil in the range of concentrations found at 700°C in the expen-

ments with the foil (Tables 1 and 9).

Cosmogenic Kr. Cosmogenic Kr, as obtained by subtracting trapped and fission

contributions, was more abundant in the 1550°C fractions and we therefore adopt the

cosmogenic spectra obtained for those fractions (Table 10). Using these spectra, we

were able to deduce the concentrations of cosmogenic Kr in the 700°C fractions by

means of the ratio ®*Kr/®3Kr.

- AGES
ARadtogemc ages o

The K-Ar ages of 31A, 31B, and 31C were nominally 3.8 x 10%y, 4.1 x 10° Y,
and 4.1 x 10°y, respectively (Table 11). These values are in very good agreement with
each other within the errors assigred, and with the results obtained by TURNER
(1970), LuNaTiC AsyLum (1970), and TaTsumoTo (1970). We also confirm TURNER’s
(1970) result that neither the light phase nor the dark phase had suffered diffusive
loss of °Ar. We note that the K—~Ar ages obtained on 31A, 31B, and 31C confirm the
estimated chemical compositions. The *He-U-Th ages are lower in the plagioclases
31A and 31B. The ages, both of which were 0.7 x 10° y, indicate an equally severe
diffusive loss of He in both samples. This leads to similar *He-U-Th ages despite
different U concentrations. A *He-U-Th age of 2.3 x 10° y was found in 31C. This
particular *He-U-Th age was in good agreement with values reported by ALEXANDER
(1970) and LuNATIC AsyLuMm (1970).

Table 9. Cosmogemc and trapped 83Kr [x 10-13 ¢¢ STP/g).

700°C : 1550°C_ Total

Sample cosm, trapped cosm. _ trapped cosm. trapped
31A 34+ 8 41 + 7 287 + 8 63 + 3 21+ 1 104 £ 8
31B - 23+ 4 17+ 4 237 + 7 56 + 2 260 + 8 13+£5
3IC 24 + 8 18 +8 251 + 13 49 + 2 275 £ 15 67 + 8

Table 10. Isotopic composition of cosmogenic Kr in the separates.

Sample 78 80 82 83 84
3tA 0.12 +0.24 049 +0.02 0.73 + 0.04 1.00 + 0.00 0.20 + 0.05
318 0.13 +0.28 0.50 + 0.02 0.73 + 0.03 1.00 + 0.00 0.35 + 0.03
31C 0.15 + 029 0.51 +£0.03 0.79 + 0.05 1.00 + 0.00 0.34 + 0.04
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* Table 11. Ages.
31A 31B 3C
Milky-white Clear Black
Measured rare gas components
*Hecoem( X 1078 cc STP/g) ©29.6 + 0.5 21.1 + 0.5 542 + 09 -
“SHepea( x 107 3¢cc STP/g) - 3.29 + 0.06 1.31 £ 0.03 - 3.71 £+ 0.06
3 Nezoom(* 1078 cc STP/g) 4.5 + 0.15 3.43 + 0.10 6.39 + 0.26
WA a(x 1074 cc STP/g) 22.r+ 0.5 1048 + 0.14 - 3.31 + 0.09
K feosm( X 10712 cc STP/g) 320 + 11 260 + 8 - 275 + 15
138X egosm( X 10712 cC STP/g) 296 + 11 173 + 17 80 + S
.!”xe.,(x _10‘“‘ cc STP/g) 49 + 4 942 27+ 5
Inferred ages ‘.
¢He-U-Th age (x 10° y) 0.7 % 0.1 0.7 + 0.1 23+ 04
wAr-10K age (x 10°y) 3.8 £ 04 4.1 + 7 4.1 + 03
138X e, —244Pu-338U age (x 10°y) 4.0 + 0.2 22+ 17 4.3 + 0.1
. : . - 0.8 - 0.15
3He-exposure age (x 10° y) 30 + 0.5 21 £ 0.5 54 +1
3tNe-exposure age (x 10°% y) 32+ 1.5 23 t 1 . 43 + 2 .
- WK r-exposure age (x 10%y) 215 + 66(102 + 32y 180 & SS5(85 £ 26)° 107 + 34(73 + 23)*
128)(e-exposure age (x 10%y) 40 + 13 41 + 13 47 + 16‘ -

* This value is based on spectroséopic data for Zr (LSPET, 1970).

Exposure ages

The plagioclases (31A and 31B) had lower ®He concentrations than the pyroxene
(31C). Assuming a production rate of 1 x 10~2 cc STP He/g 10° y (KIRSTEN et al.,
1970) these amounts lead to *He exposure ages of 30 x 108,21 x 105, and 54 x 10%y,
respectively. Together with the low *He-Th-U ages for 31A and 31B, this indicates a
diffusive loss of He in the plagioclases (Table 11). The 2'Ne amounts show essentially
the same pattern. The plagioclases (31A and 31B) have lower cosmogenic ?*Ne
concentrations than 31C. Using 0.15 x 10-8 cc STP #*Ne/g 10° y' (KIRSTEN et al.,
1970) as the production rate, we arrive at exposure ages of 32 x 10%y, 23 x 108y, and
43 x 10° y (31C), respectively. We want to note here, that the assumption of a uni-
versal production rate for Ne is certainly an oversimplification (KAISER, 1971). But
- even taking chemical effects into account would not change the point we intend to
express here: 31A and 31B both suffered diffusive loss of Ne.

The cosmogenic '2%Xe concentrations were significantly different in the separates.
Despite this, the exposure ages based on 126Xe, are in good agreement. They range
from 40 x 10° y in 31A to 47 x 10% y in 31C. The samples are strongly enriched in
Ba and REE, the target elements for cosmogemc-produced Xe. The production rates
used (assuming a 27 geometry) were

A 1.07 x 10 15 ¢¢ STP 128Xc/lO SgBa 10" y,
and

1.01 x 10-1® cc STP 126Xe/10-% g Ce 10% y (}REE)

These values were obtained from the achondrite Nuevo Laredo (MUNK, 1967) and
RupsTam calculations for Pasamonte (HOHENBERG et al., 1967) assuming an cxposure
age 16 x 10°y for Nuevo Larcdo (HEYMANN et al., 1968). These exposurc ages are the
most trustworthy ones we obtained for rock 12013. This fact is not evident in view of
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the large errors assigned, but they are due almost entirely to the 30% error in ‘“Xemm
for the Nuevo Laredo meteorite.

The 83Kr exposure ages are questionable. The essential glcments are Sr, Y, and Zr.
The production rates used were

3.56 x 1015 cc STP ©9Kr/10-® g Sr 10° y,
“1.76 x 10-15 cc- STP ®Kr/10-° Y 10° y

(Y value for Nuevo Laredo was estimated by ScumiTT (1970) and GOLES (1970) to be -

23 ppm.)
0.98 x 10-15 cc STP #3Kr/10-6 g Zr lO8 y

and were based on Nuevo Laredo (MUNK, 1967) and Pasamonte calculations (HOHEN-
BERG ef al., 1967) as before. The exposure ages obtained were much higher than the
126Xe exposure ages and ranged from 107 x 10°y in 31C to 215 x 10®y in 31A.

There are two ways of explaining the high Kr exposure ages: either the production
rates used were wrong or the chemical abundances were underestimated. Therefore,
we checked our production rates on lunar rock 10017, studied by MARTI et al. (1970).
This rock has a 8Kr-®3Kr exposure age of 509 x 10°y. The 8Kr exposure age ob-
tained using MARTI’s 83Kr concentration value, the chemical values for Sr, Y, and Zr
(WAKITA et al., 1970) and the production rates previously stated was 473 x 108 y
Therefore, we believe that the chemical abundances—especially the Zr values—used
for the calculations are underestimated. The Zr values are very uncertain. None of the
investigators working with samples of 12013 remeasured Zr, although one of them
inferred a value substantially lower than the 2200 ppm reported by LSPET (1970).
However, using the LSPET Zr value in the calculations, the ®*Kr exposure ages become -
lower and more nearly agree with the 26Xe exposure ages (listed in Table 11 in
brackets). Thus, our results support the Zr value reported by LSPET (1970).

Unfortunately, the samples studied were too small and the background for #Kr
too high to perform 8'Kr-83Kr exposure age determinations.

lGGxe_244Pu_238U ages

Sample 31A showed the highest fissiogenic Xe concentration and highest U con-
centration. The resulting **Xe-Pu-U age was 4.0 x 10° y and was,in agreement with
the K~Ar age of 3.8 x 10° y (Table 11)." A *36Xe spontancous fission yield of 67{
was used for 2°°U as well as 24*Pu. The spontaneous fission half lives applied were
taken from FLEISCHER and PRICE (1964) for 238U, and from FIELDS et al. (1966) for
24Py, A 2%4Pyu /238U ratio of 0.015 at the time of the formation of the solar system
(4.6 x 10° y ago) was assumed (PoDOSEK, 1970; LuNATIC AsyLuM, 1970). But, one
gets the same age (to three significant figures) for assumed 2¢*Pu/?%®U ratios.of 0.0 .
and 0.047 (HOHENBERG, 1970). If the U and fissiogenic '*®Xe data are taken at face
value for 31C unreasonably old ages and contributions to fission Xe from 2*‘Pu are
required.

But a much more likely explanation for the data is that the U-valuc was under-
estimated. Use of the fissiogenic *%Xe data and the crystallization age of TURNER
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(1970) leads to a K-U ratio = 0.06 (5//ppm) for the dark colored phase Thcrc would
be neghglble 13¢Xe from #**Pu decay for these values

CONCLUSIONS

We confirm, in essence, the results reported by ALEXANDER (1970) and - LUNATIC
AsYLUM (1970), that no 2°Xe coming from in situ decay of !2°[ is present. Also, no
real evidence for fission Xe originating from 2**Pu was established. The K-Ar ages
are in good agreement with results obtained by TuRNER (1970) and with the Rb-Sr
ages (LUNATIC AsyLuM, 1970), for distinct mineral phases. Because of pronounccd
chemical differences among the different fractions, we were able to derive cosmogenic
Xe spectra from Ba targets and REE targets in this moon sample. The 126Xe¢ exposure
. ages confirm the data reported by ALEXANDER (1970) and the LuNATIC AsyLuM (1970).
We did not find any indications of trapped Kr and Xe components in the separates.
Instead, we could attribute -all the trapped Kr and Xe to the Al-foil in which the
samples were wrapped.

The ®Kr exposure ages were very high and in disagreement wnh each other,
suggestmg much higher Zr concentrations than mferred by WAKITA and SCHMITT
(1970) and supporting the value by LSPET (1970).
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Spallogemc Ne, Kr, and Xe from a depth study of 12002

-E.C. AL[XAND[R Jr.
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Abstract—Isotopic abundances and concentrations of neon, krypton, and xcnon were measured
in the top, middle, and bottom of rock 12002. The rare gases are mainly spallation produced and
no evidence of a depth variation was detected in the relative isdto_pic yields. Apparent depth varia-
tions do exist in the concentration of xenon and krypton. The rare gas data along with the results
of other workers are used to construct a three stage model of the irradiation history of 12002. The
model is as follows: Stage 1. A long (~ 100 m.y.) irradiation at greater than onc meter burial.
Stage 2. A shorter (20 to 50 m.y.) irradiation at a shallow burial of 0 to 10 ¢cm. Stage 3. A very short
(2 to 5 m.y.) surface residence period. Stages 2 and 3 may not be separate stages but may reflect
a noncatastrophic continuous movement of 12002 to the surface.

INTRODUCTION

THE SPALLATION YIELDS of stable rare gas isotopes in lunar rocks were some of the
more enigmatic results reported at the Apollo 11 Lunar Science Conference. The high
and variable yield of *3!°Xe was particularly puzzling. A number of authors (ALBEE
et al., 1970; FUNKHOUSER et al., 1970; HINTENBERGER ef al., 1970; HOHENBERG et al.,
1970; MARTI et al., 1970; PEPIN et al., 1970; BOGARD et al., 1971) have offered possible
explanations which fall into two broad categories. The two-fold variation in the !3'¢Xe
spallation yield could be due to: (1) differences in chemical abundances of target
elements and/or (2) differences in the effective irradiation encrgy spectrum integrated
by each rock due to varying shielding histories. A companion paper (ALEXANDER
et al., 1971) discusses the effects of chemical differences between the minerals of rock
12013 on the spallation yields. In this paper we present the results of a study of self-
shielding effects on the spallation yields within rock 12002,

EXPERIMENTAL TECHNIQUES

-Rare gas mass spectroscopy was used to measure both the concentration and isotopic abundance
of the rare gas isotopes. The rare gases were extracted from ~ 250 mg samples in three temperature
steps. The glass extraction system has been previously described as System 2 (HOHENBERG e/ al.,
1970). Experimental procedures and data reduction were essentially unchanged from those de-
scribed for System 2.

¢

SAMPLE DESCRIPTION

We received three pieces of Apollo rock 12002. The samples were 12002,80,
12002,83, and. 12002,88—the top, “‘middle,” and bottom of picces 12002,28 respec-
tively. Piece 12002,28 was column B3, an approximately 1.5 x 1.5 x 6.5 cm bar
extending through rock 12002 (sce the Apollo 12 Lunar Receiving Laboratory
Orientation Drawings of Lunar Rock No. 12002). The top 1 to 2 mm of sample 12002,

1643
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80 and the bottom 3 to 4 mm of sample 12002,88 were removed to climinate the
surface solar wind component; i.c., the bottom of the top picce and the top of the
bottom piece were analyzed. Sample 12002,83 was completely interior.

' RESULTS . . T

After the analysis of 12002 was completed, it was discovered that the He and Ar
data were obtained in a region of nonlincarity in the mass spectrometer and are
crroncous. Therefore, the discussion will be confined to the Ne, Kr, and Xe data
which were not affected by the nonlincarity. Neon and krypton data arc given in
Table 1 and xenon data are given in Table 2. The errors listed for the isotope ratios are
one standard deviation (1 o) in the fit of the observed ratios to the drift line. The “°Ar’
peak was monitored during the Ne analyses and was used to correct the ?°Ne data for
49Ar*? contamination. The correction was greatér than 1% only in the ~700°C

Table 1. Neon and krypton from lunar rock 12002

12002,80 (210.8 mg)

Temp. °C ~700 1000 1800 ~700
2120 0.755 + 0.017 0.997 + 0.004 1.009 + 0.003 0.799 + 0.036
22/20 10.959 + 0.020 1.145 + 0.005 1.148-+ 0.005 0.968 + 0.043
[**Ne}* x 10-8 cc/gm 0.52 8.53 9.31 0.59
Blank *°Ne 0.47
x 1078 ¢c/gm
78/84 0.00 + 0.02 0.15 + 0.02 0.18 + 0.01 0.01 + 0.02
180/84 0.076 + 0.006 0.49 + 0.02 0.58 + 0.02 0.10 + 0.01
82/84 0.24 + 0.01 0.84 + 0.02 0.96 + 0.03 0.26 + 0.02
83/84 0.26 + 0.01 1.08 + 0.04 1.30 + 0.05 0.27 + 0.02
86/84 0.307 + 0.006 0.188 + 0.009 0.131 + 0.005 0.307 + 0.010
[#*Kr]* x 1012 cc/gm 15.2 24.5 41.5 .14
Blank ®*Kr 20.3
x 10713 cc/gm
12002,83 (292.6 mg) . 12002,88 (251.8 mg)
"~ 1000 1800 ~ 700 1050 1800
1.028 + 0.003 1.048 + 0.002 0.790 + 0.033 1.031 £ 0.003 1.048 + 0.002
1,167 + 0.002 1.167 + 0.004 0.981 + 0.038 1.138 + 0.004 . 1.144 + 0.002
8.75 ' 10.2 0.79 9.27 10.1
0.15 0.22
0.13 + 0.01 0.17 + 0.01 0.02 +:0.01 0.14 + 0.01 0.13 + 0.02
. 0.48 + 0.02 0.50 + 0.01 0.061 + 0.006 0.45 + 0.01 0.39 * 0.01
0.82 + 0.04 0.86 + 0.02 0.21 + 0.01 -0.76 + 0.03 0.73 + 0.02
1.00 % 0.05 1.15 + 0.02 0.23 + 0.01 0.97 + 0.04 0.91 + 0.02
0.199 + 0.008 0.173 + 0.007 0.285 + 0.015 0.193 + 0.005 0.171 + 0.005
19.9t 37.2t. 19.1 ' 27.9 30.7
8.3¢ 15.3

* The concentrations of 2°Ne¢ and #4Kr werc determined using the *“‘peak height” method and are repro-
ducible to about +10%. : o

t The concentrations of krypton in sample 12002,83 may be in error by + 30% due to erratic sensitivities
in the associated calibration runs. The krypton data have been corrected for background as discussed in the
text.
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Tablc 2. Xenon from lunar rock 12002

1645

Samplc 12002,80
Temp. °C ~ 700 1000 - 1800 . ~700
124/132 0.0268 + 0.0020 0.396 + 0.016 0.370 + 0..009 0.0307 + 0.0017
126/132 0.0237 + 0.0046 0.729 + 0.019 0.642 + 0.022 0.0397 + 0.0016
128/132 0.122 +.0.010 1.154 + 0.033 1.045 + 0.030 0.119 + 0.009
129/132 1.028 + 0.042 1.550 # 0.039 1.410 + 0.034 0.995 + 0.022
130/132 0.165 + 0.0it 0.768 + 0.014 0.713 + 0.012 0.167 + 0.005
131132 0.905 + 0.027 4591+ 0.107 .4.222 + 0.089 0.904 + 0.015
134/132 0.385 + 0.020 - 0.284 + 0.007 - 0.366 + 0.007 0.428 + 0.018
136/132 0.346 + 0.008 0.214 + 0.003 ©0.270 + 0.00S 0.363 + 0.009
{293Xe]* x 10712 cc/gm 1.4 6.4 5.3 0.9
Blank 132Xe 0.8 .
x 10712 cc/gm .
12002,83 12002,88 A
1000 1800 ~ 700 1050 1800
0.408 i.O..OlO 0.358 + 0.007 0.0251 + 0.0027 0.435 #+ 0,011 0.317 + 0.010
0.729 % 0.016 0.623 + 0.008- 0.0279 + 0.0017 0.744 + 0.013 © 0.570 1 0.006
1.126 + 0.023 0.976 + 0.016 0.117. + 0.007 1.167 + 0.036 0.886 + 0.020
1.547 + 0.027 1.414 + 0.027. °  1.063 + 0.026 1.549 + 0.019 1.361 + 0.011
0.752 £ 0.018 0.685 + 0.017 0.178 + 0.005 0.775 + 0.018 0.632 + 0.014
4.470 £ 0.098 3.934 + 0.072 0.927 + 0.022 4.652 + 0.120 3.823 + 0.049
0.291 + 0.003 '0.352 + 0.014 0.382 + 0.011 0.310 + 0.006 0.360 + 0.016
0.208 + 0.010 0.270 + 0.005" 0.332 + 0.011 0._2!3)1- 0.004 0.262 + 0.012
4.9 4.5 1.2 5.6 31
S 0.4 0.8

* The concentrations of 132Xe were determined-using the *‘peak height” method and are reproducible to
+10%. . :

fractions. The maximum correction was 385 for the ~700°C fraction of 12002,80.
The light isotopes of krypton have been corrected for background (as measured in.
the spectrometer immediately before the krypton was admitted), and the error shown
includes the added uncertainty due to the background correction. None of the data
were corrected for blanks. Data for an 1800°C blank run before each sample are
.included in the tables. o -

The data in Tables 1 and 2 are typical of those previously reportéd for lunar
crystalline rocks. The rare gases are almost completely due to spallation, and there is
no evidence of a trapped or “solar wind” component. The small amount of non-
spallation gas is probably due to blank contamination.

A search for a depth effect in the relative '3'<Xe yield was the main purpose of our
analysis of 12002. Figure 1 is a plot of '%1Xe/'3¢Xe vs. 126Xe/’3®Xe in the manner
described by ALEXANDER (1970). A small fission correction was applied to the data
(see the previous reference for details). 1n a plot such as Fig. 1 the data will form a
linear array if the heating experiment samples different mixtures of uniform spaliation
and trapped components. The slopc of the plot is then the relative spallation yield
131eXe/128<X¢. The data in Fig. 1 define a line well within the error limits, If there were
a depth variation in the '*'°Xe yield, the data would form two or more lines or scatter
badly. Therefore, to a depth of 6.5 cm in rock 12002 and to the error limits of the
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Fig. 1. Correlation of 131Xe/*38Xe vs. 126Xe/1%Xe for lunar rock 12002. Data have

been corrected for spontaneous fission of 2°2U in the manner described by ALEXANDER

(1970). The line is the least-squares fit of the data using the method of York (1966).

The regression line was forced through the atmospheric value. The well-defined line

demonstrates the absence of a depth variation in the spallation yield of **Xe
relative to 2%<Xe. .

Table 3. 'Relati-ve spallation yields of xenon and krypton.*

Xenon o - o

isotopes 124 126 128 129 - 130 131 132 134 136
563 £ 06 =100 1504 £ 0.9 121 £ 0.5 91.1 £ 0.6 556 £+ 04 46 +t4 7.0+ 0.7 =0.0

Krypton . . . - .

isotopes 78 80 82 © 83 . 84 86

211 65 £ 2 =100 134 £ 2 61 +3 =0.0

* The relative yields listed in this table are the slopes of the Ieast-squares fits to data in Fig. l and in
snmnlar figures constructed for the other lsotopes .

experiment (a few percent) there is no depth variation m the yield of *31¢Xe relative to
the other spallation xenon isotopes.

Plots similar to Fig. 1 were constructed for all ofthe xenon and krypton (normal-

ized to ®Kr) isotopes. No evidence of depth variations were found in the relative

. yields of any xenon or krypton isotopes. Table 3 contains the relative spallation yields

for xenon and krypton isotopes as calculated from the slopes of Fig. | and similar

plots. Although there arc no depth effects in the relative isotopic yiclds, apparent

. depth variations do exist in the concentration of spallation gases. Figure 2 is a plot of

* the relative concentrations of 12°¢Xe, 8°Kr, and 2*Ne as a function- of depth. Both
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.Fig. 2. Relative concentration of la°°X\e 83cKr, and 2°Ne in column “B3” of lunar
rock 12002. Shaded areas in the horizontal cm scale gwe the positions of the samples
thhm column B3.

the 12%Xe and the #*°Kr decrease with depth. In contrast, the 2'°Ne appears to increase
slightly with depth although it could be uniform within the experimental error.”

. Using the method described by HOHENBERG et al. (1970), which is based on the
spallatxon xenon content of the Nuevo Laredo meteorite, and the Ba and REE con-
centrations of HUBBARD et al. (1971), we calculate a production rate of 7.0 x 107 cc
130cXe/om/m.y. + 30% in rock 12002. As the concentration of '2°°Xe varies with
depth, the apparent “13°Xe exposure age” also varies from 105 + 32 m.y. at the top
to 77 + 25 m.y. at the bottom. Using a production rate of 0.12 x 10~8 cc 21cNe/gm/

' m.y. we calculate a “2‘°Ne exposure age” of 161 +°20 m.y.

DiscussioN

The lack of a depth variation in the yield of 1310Xe r'eia_'tlive to the other xenon
isotopes appears to argue against the specific suggestion of HOHENBERG et al. (1970)

_that the high !31°Xe yield might be a surface effect. Mechanisms involving solar flare

protons (ALBEE et al., 1970; BOGARD et al., 1971) also predict a strong surface effect’
in the 13¢Xe yicld (as the range of solar flare protons is only a few mm) and are not
supported by our results. Unfortunately, the irradiation history of 12002 is particu-

~ larly unfavorable for observing surface effects.
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The irradiation history of 12002 is complicated, and at lcast a three stage model is
nccessary to accommodate obscrvations of other workers to the results of thls work.
The model can be summarized as follows:

Stage 1. A long irradiation under at lcast onc metcr (~350 to 400 gm/cm’) of
regolith. This stage lasted at least on the order of 100 m.y. but could have been much
longer if 12002 was buried deeper. The Gd'isotope observation of ALBEE ef al. (1971)

that 12002 accumulated most of its neutron flux in a very shielded location necessitates

this stage. :

Stage 2. A shorter irradiation at a sllghtly shlelded (0 to ~10 cm) depth for from
20 to 50 m.y. The tracks of the heavy cosmic rays (BHANDARI et al., 1971 and ALBEE -
et al., 1971) and the **He/2°H exposure ages of D’AMico et al. (1971) document this -
stage. (The first-and second stages could easily have occurred in the opposite order.)

Stage 3. A very short irradiation (compared to the total irradiation) on the actual
linar surface. BHANDARL et al. (1971) calculate ~2 m.y. for the length of Stage 3.

. D’AMIcO et al. (1971) calculate 8.8 + 6.5 m.y. and by combining the 3H profile of

D’AMIcoO er al. (1971) with the ®He profile of MART! and LUGMAIR ( 1971) we calculate
~2.6% of the total irradiation, or ~3 m.y., as the length of the surface irradiation.
A short surface residence time is compatible with the observation of FINKEL et al.
(1971) and others that 12002 did not tumble once it reached the surface.

Possible variations in the 13¢Xe yield due to surface irradiations may simply be
masked by the longer irradiations at depth. The larger question of whether differences
of shielding from galactic cosmic rays cause the variation in the %1<Xe yield (EBER-

_ HARDT et al., 1970 and MARTI and LUGMAIR, 1971} is not answered by the results from

12002. The scale of any energy effects from galactic cosmic rays is expected to be deci--
meters to meters and rock 12002 is too small to monitor such variations.

The 22°Ne and 3°Xe exposure ages of 161 + 20 m.y. and 77 + 25.to 105 + 32
m.y. respectlvely can be compared to MARTI and LucMaIR’s (1971) Kr®-Kr age of
94 + 6 m.y. and to the 3cHe/23H ages of from 63 + 5 to 144 + 10 m.y. and the
38Ar/(3TAr + °Ar) ages of from 125 + 15 to 155 + 15 m.y. of D’AmicO et al.
(1971). In view of the complex history of rock 12002, however, the “‘exposure ages”
based on meteoritic production rates are of doubtful physical meaning.

The variations in the 13%Xe and ®°Kr concentrations in Fig. 2 mlght reflect

variations.in the abundances of the target trace elements, within 12002 or they might
be an artifact due to variations in the sensitivity of the spectrometer. However, it is
possible that the concentration gradient is real and nontrivial, in which case it reflects
the flux gradient in Stage 2 of the above model. Stage 3 is simply not long enough to
establish concentration gradients as large as were observed. However, if the gradient
werc established in Stage 2, then rock 12002 had the same orientation in Stages 2 and 3.
It is unlikely that a catastrophic event would have. moved the rock without changing
its orientation. Therefore, the model might be modified to a two stage model. Namely,

~ a_dceply buried Stage 1 followed by a catastrophic movement to a shallow. burial

under fine regolith in Stage 2. The covering regolith was then sEowly, gently, and
continuously removed over a span of tens of millions of years by the mechanism of
GoLp (1971) or by some other method. Finally rock 12002 reached the surface some
two to five m.y. ago. ‘ -
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It'is unfortunate for the **!*Xe anomaly question that rock 12002 has such a short
surface residence time and complex history. Depth studics on fumre large lunar rocks
will hopefully yield much less ambiguous results.
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