
given in units of 10-12 cm3 (STP)/g. 
Cosmogenic (c) Xe and Kr spectra 
were derived for No. 17, giving 

Xe 124/126/128/129/130/131/132/134/ 
136 - 0.55/- 1/1.58/1.67/1.10/7.90/ 
0.91/0.099 0; 

'Xec = [170]; 
3';Xetr = [30] and 
Kr 80/82/83/84/86 = 

0.484/0.743/_ 1/0.384/_ 0; 
"Krc = [1400] 
8Krt, = [70]. 

We assumed 136Xe and 86Kr represented 
trapped (tr) gas of atmospheric com- 

position after correcting for 238U spon- 
taneous fission (136Xef/13Xet, 0.1). 
For No. 69 (26Xec = [14]; 3GXetr 
[13]), cosmogenic spectra derived with 
these assumptions agree well with those 
for No. 17. Using soil Xe for Xet, 
leaves the Xe0 spectra for No. 17 rela- 

tively unaffected but destroys good 
agreement between Nos. 69 and 17, 
suggesting that either large amounts of 

atmospheric Xe contamination are pres- 
ent or that Xe,, in lunar rocks has at- 

mospheric composition. 
Xe% and Kr, spectra for No. 17 are 

compatible with meteoritic spallation 
spectra except at masses 129 and 131. 
The 129 and 131 excesses appear cos- 
mogenic in that, for chemically similar 
Nos. 17 and 69, (129Xe/126Xe), and 
( 3tXe/ 12Xe), are the same to 10 per- 
cent, although the exposure ages differ 

by a factor of 14. The ratio (13lXe/ 
-26Xe) =- 3.51 in No. 44 is reasonable 
for meteoritic spallation, but the (129Xe/ 
12;Xe) =- 1.47 is still anomalous and 
similar to that in No. 17. Measured 
neutron exposures and estimated target 
concentrations are too low to account 
for excesses in '13Xe and 129Xe by cap- 
ture on Ba or Te. Solar proton reac- 
tions (15 to 30 Mev) on Ba would pre- 
dominantly produce "12Xe and 13AXe 
(from ":l?Ba and 32Ba); however, ex- 
cess 83s,SKr from similar reactions on 
84Sr and 85Rb are not observed. Excess 
12"Xe may indicate that meteoritic 

(129Xe/12"Xe), is too low. Excess lunar 
129Xe is not attributable to 129I. 

A fraction (< 37 ,m) of soil (No. 
85) was used for rare gas analysis to 
enhance solar-wind Xe relative to spall- 
ation. Measured spectra are 

Xe 124/126/128/129/130/131/132/134/ 
136 = 0.590/0.658/8.68/105.0/16.68/ 
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Abundances of heavier Xe isotopes 
are distinct from both the average for 
carbonaceous chondrites (AVCC) and 
atmosphere. Enrichments in lighter Xe 
isotopes are presumably due to spall- 
ation. The 130-136Xe data. can be ac- 
counted for by a mass fractionation of 
1.5 percent per mass unit relative to 
AVCC. However, subtraction of this 
fractionated AVCC component from 
124-sXe yields residuals 

Xe 124/126/128 = 
0.37 - 0.04/1.0/0.5 - 0.2 

which are not compatible with known 
Xe spallation spectra. The quoted er- 
rors arise from uncertainties in AVCC. 
A similar calculation relative to atmos- 
phere gives a more unreasonable "spall- 
ation" spectrum. The Kr spectrum can 
be accounted for by a mixture of AVCC 
Kr plus spallation. It is not possible 
from our data to establish a genetic re- 
lationship between solar-wind Kr and 
Xe and AVCC (or atmosphere). 

The average depth to which the soil is 
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The determination of accurate and 

meaningful ages of rocks and soil from 

many parts of the lunar surface will be 
of prime importance in unraveling the 

sequence of events which have occurred 
there since the moon formed as an in- 

dependent object in space. In this paper 
I report on the measurement and in- 

terpretation of potassium-argon ages of 

crystalline rocks returned by Apollo 11. 
In its simplest form the determination 

of a potassium-argon age involves the 
measurement of the total amount of 

potassium and the total amount of 

radiogenic 40Ar in the sample. The as- 

sumptions are made that the rock was 
free of argon when formed and that it 
has quantitatively retained 40Ar, from 
the decay of 40K, since that time. The 

assumption of quantitative argon reten- 
tion is particularly inappropriate for the 
lunar rocks. The rocks returned to earth 
have been picked up loose from the sur- 
face of the moon, presumably at some 
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distance from their place of origin. The 

presence of shock effects in some, if not 

all, of the crystalline rocks indicates that 

high-energy events, possibly meteorite 

impacts, may have transported the rocks 
from their place of origin to their place 
of discovery and it is very probable that 

argon loss occurred at the time of trans- 
fer. In an attempt to estimate the extent 
of gas loss and to apply a suitable cor- 
rection to the potassium-argon age, an 
activation technique, the 40Ar-39Ar 
method, has been applied to seven of the 

crystalline lunar rocks. 
The 40Ar-39Ar method has been 

described more fully elsewhere (1, 2). 
The technique consists of converting a 
measured fraction of 39K in the rock to 
39Ar by neutron activation, and then 

heating the sample in stages to release 
this 39Ar, together with radiogenic 40Ar, 
by thermal diffusion. The argon is sub- 

sequently analyzed in a mass spectrom- 
eter. In a sample which has quantita- 
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Argon-40/Argon-39 Dating of Lunar Rock Samples 

Abstract. Seven crystalline rock samples returned by Apollo 11 have been 
analyzed in detail by means of the 0,OAr-39Ar dating technique. The extent of 
radiogenic argon loss in these samples ranges from 7 percent to > 48 percent. 
Potassium-argon ages, corrected for the effects of this loss, cluster relatively closely 
around the value of 3.7 X 109 years. Most of the vulcanism associated with the 
formation of the Mare Tranquillitatis presumably occurred around 3.7 X 109 

years ago. A major cause of the escape of gas from lunar rock is probably the 

impact event which ejected the rock from its place of origin to its place of discovery. 
Upper limits for the times at which these impact events occurred have been estimated. 
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Table 1. Argon-40/argon-39 ages of lunar samples. Ages calculated onl the basis of X1 = 4.72 X 10-10 year-'; Xe = 0.584 X 
10-'? year-'; "'K/K = 0.0119 atom percent; J values are 0.341 ? 0.007 for samples 10003,43 to 10022,46 and 0.319 ? 0.007 for the remainder. 
The two groups of samples were irradiated at the same time in separate Al canisters. An explanation of the significance of the "errors" in the 
ratios is given in the text. Quoted errors in ages include also the uncertainties in the J values which arise in part from nonuniformity of the meas- 
ured neutron flux. Absolute uncertainties in the monitor age (-'2 percent) have not been included as all samples are affected equally. 

Total argon High-temperature argon Low-temperature argon 
Sample Fractional 

No. ''Ar loss 4A "Age" Ar/Ar Age" X ''Ar/9Ar "Age"X 
10`' years 10'3 years 10s years 

1J0UU0,43 

10017,49 
10022,46 
10024,26 
10044,40 
10062,30 
10072,45 

U. IU 
3 0.48 

0.1.9 
? 0.45 

0.07 
0.22 
0.14 

1i3.1 + 1.4 
69.8 -+ 0.5 

135.5 + 0.7 
91.5 - 0.5 

182.0 -+ 0.9 
1.60.3 -- 1.6 
148.2 -+- 0.8 

3.76 + 0 uU 
2.30 -+ 0.05 
3.26 -+- 0.05 
2.58 ?- 0.05 
3.62 + 0.05 
3.42 - 0.05 
3.30 -+ 0.05 

Lz6.z +-b. 
132.9 + 3.0 
166.3 -+ 3.8 
166.2 -+ 1.4 
195.6 + 2.5 
206.5 -- 3.7 
172.5 + 2.6 

3.93 -+- u.u) 

> 3.23 + 0.06 
3.59 -+ 0.06 

-, 3.48 -+ 0.05 
3.74 -+ 0.05 
3.83 +- 0.06 
3.53 -- 0.05 

< 21 
< 4.2 
< 14 
< 3.7 
< 16 
< 22 
< 12 

< 1.U 
< 0.25 
<0.75 
<0.2 
<0.8 
< 1.0 
<0.6 

tively retained argon the two isotopes 
are expected to reside in fixed propor- 
tions in equivalent crystal sites since 
they have both been produced from 
potassium. Since the two isotopes have 
nearly identical diffusion coefficients, 
they will be released in proportionate 
amounts during a thermal diffusion ex- 
periment and the (constant) 4"Ar/ 3Ar 
ratio will be related in a simple way to 
the potassium-argon age of the rock. 

In contrast, a rock which has lost 
some of its argon at an intermediate 
stage of its history will contain easily 
outgassed crystal sites which are low in 
40Ar relative to 4?K. These sites may be, 
for example, minerals of high diffusion 
coefficient, small mineral grains, surface 
regions of large mineral grains, or re- 
gions surrounding crystal defects. When 
such a sample is analyzed by the 40Ar- 

31:Ar method the gas released in the early 
stages of the diffusion experiment is ex- 
pected to come from the more easily 
outgassed sites and therefore to be low 
in 40Ar relative to 39Ar. As the experi- 
ment proceeds, the more retentive sites 
will release their argon and the 40Ar/ 
39Ar ratio will increase. The 40Ar/ "Ar 

Fraction of "Ar released 

Fig. 1. Argon-40/argon-39 release patterns. 
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ratio of the gas released at high tempera- 
tures may be converted to an age which 
will be closer, though not necessarily 
equal, to the "true" age of the rock, 
whereas the initial 40Ar/ 3Ar ratio may, 
in suitable circumstances, indicate the 
most recent time at which argon loss 
occurred. 

I have applied the 40Ar-'0Ar tech- 
nique to seven lunar rock samples; each 
sample weighed approximately 100 mg. 
The samples were broken into small 
chips 1 to 3 mm in diameter for an- 
alysis. They came into contact with the 
atmosphere during this operation, and 
also briefly when being loaded into the 
gas extraction system, but during the 
neutron irradiation they were vacuum- 
encapsulated in quartz ampules to mini- 
mize contamination with atmospheric 
argon. The samples were irradiated for 
2 days in the core of the Herald reactor 
at the Atomic Weapons Research Estab- 
lishment (AWRE), Aldermaston, and 
received an integrated fast neutron flux 
of 6.0 X 1018 neutron cm-2. The irradia- 
tion was monitored by the inclusion of 
two terrestrial hornblende samples of 
known age. After the irradiation, sam- 
ples were heated for 1-hour periods at 
successively higher temperatures from 
400?C up to the melting point and the 
gas released at each stage was analyzed. 

Corrections for atmospheric argon re- 
leased from the gas extraction system 
were applied by measuring system 
blanks before and after each series of 
extractions. In general, these corrections 
were small (- 1 to 2 percent) except 
for the first and the last extraction for 
each sample. A small correction was 
made for trapped 4"Ar on the assump- 
tion that the 40Ar/ 3Ar ratio of the 
trapped gas is unity (3). It was also 
necessary to apply a correction for 39Ar 

produced by the 42Ca(n,a) 39Ar re- 
action. This was very conveniently done 
for each extraction by measuring the 
amount of 37Ar produced by the re- 
action "(Ca(n,ca) Ar. The release pat- 

terns of 37Ar and "3Ar are quite distinct, 
the 3'7Ar not being released until the very 
highest temperatures. From a considera- 
tion of the 40Ar/39Ar and 37Ar/ 3Ar 
ratios in two 37Ar-rich fractions of 
sample 10003,43, it is possible to show 
that the 37Ar/3'Ar ratio of the calcium- 
derived argon is 1250. All nOAr abun- 
dances have therefore been corrected by 
subtracting 1/1250 of the 37Ar abun- 
dance. In most fractions where signifi- 
cant radiogenic argon is released, this 
correction is also small. 

One may convert the corrected 
4?Ar/ 'Ar ratio to a potassium-argon 
age t by using the expression 

I = T In [1 +J (40Ar/3Ar)] 

where 

J = ( 1 + exp (t/rT) / (4Ar/"'Ar), 
T is the mean life of 40K, and the sub- 
script s refers to measurements on the 
monitor. 

All the samples analyzed have been 
crystalline igneous rocks of either type 
A or type B (3). Breccias and soil 

o 0.5 1.0 0.5 1.0 
Fraction of :Ar released 

Fig. 2. Argon-40/argon-39 release patterns. 
The monitor release pattern given is a 
composite of three experiments and is 
characteristic of the monitor used (2). 
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samples have not so far been analyzed 
because of their complex history and 
their extremely high solar wind content. 
Figures 1 and 2 summarize the results 
obtained so far. Without exception, the 
release patterns are consistent with a 
recent episode of argon loss having 
occurred in relatively old rocks, after the 
fashion described above. 

The evidence, in the low-temperature 
argon release, of regions within each of 
the samples that are low in radiogenic 
40Ar, relative to potassium, makes it 
possible in principle for one to estimate 
the time of the event which produced 
the loss of argon. In practice, with the 
present samples, it has been possible to 
place only upper limits on the time of 
outgassing because in most cases the gas 
loss was relatively small. These times 
are included in Table 1 and indicate that 
the events concerned, possibly the im- 
pact events which transported the rocks 
across the lunar surface, occurred rela- 
tively recently. It will be necessary to 
examine cosmic-ray exposure ages for 
details of this part of the rocks' history. 

In all but two samples (10017,49 and 
10024,26) the 40Ar/39Ar ratio attains a 
constant value in the last five or so high- 
temperature extractions. The average 
value of these high-temperature ratios 
is presented in Table 1 together with the 

root-mean-square deviation of the indi- 
vidual ratios. The ages calculated from 
these ratios are also included in the table 
and are a truer indication of the time 
of origin of the rocks than ages based 
on the total gas release. The ages based 
on total gas release are included for 
comparison and also included is an 
estimate of the extent of argon loss. This 
is simply the fractional difference be- 
tween the high-temperature 40Ar/ 3Ar 
ratio and the total gas 40Ar/39Ar ratio. 

Samples 10017,49 and 10024,26 do 
not show plateaus in the argon release 

pattern, and it is probable that the 

"high-temperature" age, calculated on 
the basis of the last significant argon ex- 
traction, represents only a lower limit 
on the true age of the rock. Likewise the 
fractional argon losses calculated (48 
percent and 45 percent, respectively) 
can only be regarded as lower limits. 

The effect of applying the correction 
for argon loss is impressive in that the 
spread of ages is considerably reduced. 
The ages based on total argon cover a 
range of 1.4 X 109 years, from 2.30 X 
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The effect of applying the correction 
for argon loss is impressive in that the 
spread of ages is considerably reduced. 
The ages based on total argon cover a 
range of 1.4 X 109 years, from 2.30 X 
109 years to 3.76 X 109 years. If we take 
account of the fact that the "high-tem- 
perature" ages of samples 10017,49 and 
10024,26 are now to be regarded only 
as lower limits, the significant spread in 
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ages is reduced to 0.4 X 109 years (from 
3.53 X 109 years to 3.93 X 109 years). 

Once one has been able to largely 
eliminate the effects of argon loss, the 
problem of the interpretation of these 
ages is considerably eased, provided 
some estimate can be made of the area 
of the lunar surface represented by the 

samples. It is probable that most of the 

regolith is of comparatively local origin. 
This viewpoint is supported by the rela- 
tive uniformity of composition of many 
of the Apollo 11 rocks (3), the existence 
of well-defined color boundaries asso- 
ciated with differences in underlying 
rock type (4), and the relationship of 

regolith thickness to local cratering 
density (5). Despite the fact that only 
a limited number of age determinations 
have been made, we can therefore now 
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about rock genesis on the moon. 

Elemental and isotopic abundances of 

uranium, thorium, and lead have been 
studied in six samples of lunar materials 
collected from the Sea of Tranquillity. 
The initial analytical results contain 
some fundamental information bearing 
upon the early history of the moon in 
matters of genesis, chemical differentia- 
tion, and timing. They raise some new 

questions concerning lunar evolution. 
The samples include lunar dust (fines 

< 1 mm, sample 10084,35) a fine- 

grained dark breccia, apparently a sam- 

ple of indurated lunar regolith (10060,- 
15), and chips of four rocks fairly repre- 
sentative of the textural and composi- 
tional ranges encountered in the Apollo 
11 collections (10017,34; 10045,30; 
10047,34; and 10072,39). The general 
character and lunar setting of these ma- 
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escape the conclusion that the spread is 
real and represents different rock-form- 
ing events which have occurred in the 
vicinity of the Apollo 11 site. However, 
before reading too much into these 
differences, it will be useful to seek 
corroboration by a comparison of the 
40Ar-39Ar ages with either Rb-Sr or 
U-Pb ages. 
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Department of Physics, University of 
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terials have been described previously 
(1). 

The rocks are basaltic or gabbroic in 

composition and texture. Rocks 10072 
and 10045 are fine-grained, vesicular to 

vuggy, and olivine-bearing. Rock 10017 
has not been definitely identified as con- 

taining olivine and is a microgabbro in 

texture, with striking spherical vesicles. 
Rock 10047 is a medium-grained, cristo- 

balite-bearing gabbro. The microbreccia, 
10060, is very dark and fine-grained 
with a few scattered glass spherules sug- 
gesting its affinity to the dust sample. 

The analytical techniques consisted of 
chemical decomposition with HF and 

HC104, extraction of Pb, U, and Th 
from the residue with concentrated 

HNO3 and various procedures of copre- 
cipitation and organic solvent extraction 
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Uranium-Thorium-Lead Isotope Relations in Lunar Materials 

Abstract. The lead isotopic compositions and uranium, thorium, and lead con- 
centrations have been measured on six samples of material from the Sea of Tran- 

quillity. The leads are moderately to very radiogenic; the initial lead concentra- 
tions are very low; the uranium and thorium levels are 0.26 to 0.88 and 0.87 to 
3.35 parts per million, respectively. The Th/U ratios cluster about a 3.6 value. 

Apparent ages calculated for four rocks are 4.1 to 4.2 X 109 years. Dust and 
breccia yield apparent ages of 4.60 to 4.63 X 10? years. The uranium-lead ages 
are concordant, or nearly so, in all cases. The lunar surface is an ancient region 
with an extended record of events in the early history of the solar system. The 

discrepancy between the rock ages and dust ages poses a fundamental question 
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