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The investigations performed under Contract No. 754453 revealed:

(A) The data determined in the U-~Th-Pb system én rocks collected
for Apollo 11 and 12 confirm the great antiquity.

(B) U-Th-Pb data suggest that the soils w;fe derived from source

materigl about 4650 million years old. i

(C) The large ratios of U/Pb and Th/Pb and the U-Th~Pb systematics
of the lupar samples suggest that the moon was accreted from the broiled

outer particles in the proto-earth-moon system about 4650 million years

R

‘ago.

(D) The results of the present‘studieé, as well as other PI's
studies, alsolsuggest that the moon-was melted at the beginning stage
;nd had a large-scale differentiation. The differentiation accumulated

uranium and thorium into the surface layer. .

238/U235

(E) The U ratio in samples measured is the same as that

for terrestrial uranium within'experimental error (137.8 £ 0.3). The

U23a daughter is in radioactive equilibfium with parent U23§ in the

samples; however, it could not be demonstrated that Th230 is' in equilibrium

with U238 in some rock samples,
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(l)kTatSumoto, M., 1969, New method for prepafing ultrapure hydrofluoric
' acid: Anal, Chem., v. 41, p. 2088-2089, )
(2) Tatsumoto, M., and Rosholt, J. N., 1970,'Age of the moon: An isotopic
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Science, v. 167, p. 461-463.
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A U-Th-Pb isotopic study of three chips from lunar rock 12013 indicates that parental material of the intrusion
breccia formed quite early in the moon’s history, possibly 3.9 to 4.3 by ago. The U-Th-Pb characteristics of the
rock are distinctly different from those of other Apollo 12 igneous rocks and suggest a different origin.

1. Introduction

Three chips from lunar rock 12013 were analyzed

for lead isotopic composition and for concentratzons .

of lead, uranium, and thorium.

Rock 12013 is a unigue specimen with high ura-
nium, thorium and potassium concentrations and ex-
tremely beterogenous texture [1]. It is an intrusion
breccia in which fragments of darker colored rocks -
. are being engulfed in lighter colored rocks. Further-
more, the rock is interesting because of its Rb-Sr total
tock age of 4.6 by [2], suggested an origin for the . ~.
rock very early in the moon’s history.

All of the breccia is gabbroic in composition and .
the main cause of color differences appearsto be
variations in mineral percentages. i

2. Experimental

2.1. Sample description

Three chips {(about 250 mg each) from slab No. 10
of the rock 12013 were analyzed. Chips #09 and
#42 were supplied in the first allocation. A second
allocation, chip #45, was received one month later
than the first.

Small splits (about 10 mg each) of the crushed

samples #42 and #09 were subjected to a rapid petro- )

graphic examination by G.AlIzett and R.E.Wilcox,
and the results are shown in the Appendix.

* Publication authorized by the Director, U.S. Geological Sur-
vey

22. Analytical procedure

A new analytical method was developed in order
to minimize lead contamination of the lead isotopic
analyses. This method is briefiy described here, but
details will be published elsewhere. The samples
from the first allocation, chips #42 and #09, were _
crushed in a boron-carbide mortar without any pre-

. treatment ‘or washing, even though a copper metallic

color was observed on part-of the wire-sawed surface.
The sawed surfaces of #45, a light-celored chip con-
stituting the second allocation, were abraded with a
dental drill and washed quickly with double-distilled

" acctone using- -an ultrasonic vibrator. All samples

were decomposed by HCIO4-HNO3-HF in Teflon

* digestion bombs [3]. The 237-mg chip of #45 was

dissolved directly, without crushing, in a digestion
bomb. Samples #09A and #42 were heated at 150°C
for 12 hr and #09B and #45 were heated at 200°C
for 96 hr.

The content of the digestion bomb was transferred

. into a Teflon beaker and evaporated to dryness. The

residue was again treated with HNO; and HF in order
to facilitate isotopic equilibrium and was then taken
to dryness. The residue was taken up in double-
distilled.concentrated nitric acid. After prolonged
agitation in an ultrasonic vibrator to dissolve a white
precipitate (probably metatitanic acid), the solution
was divided into two parts. Although the solution
appeared to be perfectly clear, it was found, following
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centrifugation, that 2 very small amount of residue
still remained. One part of the solution was used for
the determination of lead isotopic composition.
Following centrifugation, a Ba(NO;), saturated
water solution was added to the supernatant [4].
The barium nitrate, which coprecipitates the lead,
was centrifuged out and dissolved in water, and the
lead was deposited on a platinum anode at 1.6V -
in the presence of 0.5 mg of copper [5]. The de-
posited lead was dissolved in freshly electrolized
concentrated nitric acid which contained NO,. The
solution was evaporated to dryness, and lead was
converted fo phosphate. The other part was spiked
with 225U, 222 Th, 2°7Pb, and 2**Pb for isctope dilu-
tion and was dried after addition of HF. Lead was
separated using the same technique employed for the
camposition analysis. The tofal [ead recovery by this
meathod was always more than 70% for the 1 pglead
range, and blanks for the lead analyses ranged from
4 to 7 ng (nanograms). Uranjum and thonum were
separated from the supernatant of the barium preci-
pitation by double Dowex 1 nitrate resin treatment
[41.

Lead, uranium, and thorium were analyzed in a
12-inch mass spectrometer using 2 Faraday cup for
jon collection and a digital data read-outk system.
Lead was analyzed by the silica gel-phosphate method
[6, 7] on a single rhenium filament, and uranium and -
thorium were analyzed by a triple-filament mode {8].
- The standard deviations of the lead isotope ratio meas-
urements are: 2°6Ph/204Ph, *1%; 207Ph/2%6Ph and
208pp/206py_ +0,1%, Mass fractionation for lead
analysis was corrected by a modified version (R.J.
Knight and M.Tatsumoto, unpublished data) of the
double-spike method [9]. Due to a lead blank which’

- . was lower than that in the previous lunar sample

analyses, the overall uncertainty for fead ratios in
table 1 is less than 1% (at one standard deviation),
Sample #09B, which was a small amount of mate-
rial left over from #09 powder, was spiked with
208pp, 235[J and 239Th before its decomposition.
The lead isotopic composition was calculated, using
the 2% Ph/295Pp ratio of #09A. Owing to improper
spiking ratio the isotopic composition has a large
uncertainty, but the U, Th, and Pb concentrations
are as accurate as those for samples #09A, #42 and .
#45. Because of such uncertainties this analysis is
excluded from most of the Discussion. .

Table 1
Isotopic composition of lead ard concentration of lead, urnnium and thorium chips of lunar rock 12013, 10 *

M.TATSUMOTO

Atomic ratio

1

238
204py

Correcteq for blank
sz]
LT

Raw data
207pp
04

Ffag—
ment

Concentration, '(ppm)

Shade

No.

2073

1202.9 16124 3.78
(423) *+ 4.04
3.28
3.42

641.6
(230) **

898.8 4814 9048 12017

22.94 {415) *+

34.29 1050.2
15,05 764.1

5675
587,

9.285
12.30
16.31

Dark
Dark

09A
098

(435) *»
27923

177313
1266.3

265.6 1631.4 20592
643.2 1062.5 1437.6

1392.3
1202.1

10.80
5,759

Light
Light 11.43

42
45

1510.5 |

208pyy1206py ratio in #09A.

Uand Th,

** Carrected for °%Pb spike, The lead isotopic compesition was calculated using

* Estimated uncertainties for the concentrations are less than 1% for Pb,
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.

3. Results -

The isotopic composition of lead and concentra-
tions of lead, uranium; and thorium are given in table
1. The uranium concentrations range from 5.7 to 10.8
ppm and the thorium concentrations from 19 to 34
ppm, and indicate extreme heterogeneity of the rock.
The ranges are in agreement with the values determined
by Wakita and Schmitt [10] ; however, their Th-U
ratios of 2.3 to 3.2 are lower than the ratios (3.2-4.0)
reported here. However, if LSPET’s [1] ratio (3.2 0.6)
obtained by gamma-ray spectrometry using the total
80-g sample is valid, then Wakita and Schmitt may have
analyzed samples that have a lower ratio than the ones
1 teported here. The highest values for uranium and - ]
thorium concentrationsreported here are close to - azH.
that reported by LSPET {1] for the entire rock.
Since U and Th are probably concentrated in inter- -

08

o1}

ZOSFb,'ESBU

04

stitial phases and in 'ficcessory rpinera}s, S}Ich as phos- . o 2'0 S =5 = B
phates, and the U might be enriched in zircon grains, L 207py /235
these differences may be caused by sampling bias . T
rather than by use of different analytical methods. -  .Fig. 1. U-Pb evolution diagram. Plotted points are
Lead concentrations which range from 9.3 to 16~ (Zg;l’bobsewed—:g:Pbpmordiapiﬁs U against
ppm are 20 to 40 times higher than those in other T Phyhserved™ primordial)/ 738y, The encircled arcas

k . . . . _indicate the regions in which data of Apollo 11 [6] and
tunar igneous rocks. The isotopic compositions are Apollo 12 (unpublished data) igneous rock fall. The 10084

extremely radioge_nic, more so than in any othe.x"lunar and 10061 are data on fines and breccia from Apollo 11.
rocks so far examined. The analytically determined - Numbers on the concordia indicate billions of years. Dimen-
present-day ratios of *33U/2%4Pp are a5 high as 2800. sions of the polygons indicate the analytical uncertainty.
This value further substantiates the conclusion de-

rived from the Apollo 11 samples that the volatile

element lead is depleted, relative to uranivm and ~ * minable. No consensus of opinion in dealing with
thorium, on the lunar surface. If the moon was chatr- _  these two problems for lunar rocks is found in the
acterized initially by a high U-Pb ratio, then at a time . recently published results of several laboratories,
significantly later than its formation it becomes ex- _ and difficulty in evaluating these factors still exists.
ceedingly difficult to apply a valid correction for the *: - Previous studies are compatible with the assump-
common lead generated during this interval when this tion that the moon originally had an isotopic com-
common lead is incorporated in a newly formed rock. position close to that of meteorite primordial lead.

Therefore, in evaluating initial lead correction for
lunar material, it seems to be a safe assumption that

4. Discussion at least as much 2°°Pb, 297Pb, and 298P} relative to
204P} as accurs in meteorite primordial lead must
In treating U-Th-Pb data, two complicating factors be subtracted. Although a considerably larger cor-
must be considered before raw analytical results can - rection may be required for lunar rocks significantly
be interpreted in terms of meaningful ages. (1) The younger than the age of the moon, removal of meteo-
amount and isotopic composition of lead incorporated rite primordial lead establishes an upper limit to the
into the rock at the time of crystallization (initial . .~ amount of the radiogenic isotopes produced by ir sifu
lead) must be known, and (2) the nature of any post- radioactive decay in the rock (for the present, we shall

crystallization open system behavior must be deter- jgnore the additional complications arising for post-
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_Table 2
Apparent ages of chips of lunar rock 12013,10 *

Atomic ratios

Apparent ages (my) **

Fragment

Shade 206p; 207p 207y Bl 206 20721 2°7P! 208,
NO. 238:] 235U 206Pb 232Th 238U’ 235U 206Pb 232.[;
Y
09A Dark 0.7395 53.96 0.5296 0.1929 3602 ' 4121 4388 3613
42 Light 07368 51.33 0.5073 0.1904 3582 4071 4334 3571
45 Light 0.9456 69.14 0.5306 0.2394 4330 4372 4391 4397

* Commeon lead used for calculation is that of troilite lead determined by Oversby [11]. _ "
** The constants used are [6]1: Agagyy = 1.5369 X 10710 yr™1; hpasyy = 9.7216 X 10790 vyl dpgo = 48813 X 107" vz 1,

851123817 = 1/137.8,

crystallization introduction of an extraneous lead to
the rock).

The data corrected for metsorite primordial lead
[11, 12] are plotted on fig. 1, and the resultant

- apparent ages are given in table 2. The analysis for
fragment #45 gives almost concordant ages, while
those for fragments #42 and #09A result in signi-
ficantly discordant U-Ph ages. Later, other methods
of correction for initial lead will be considered;
however, while this will cause some differences in’
age and translate the data points on the concordia
diagram, the basic relationships as seen here will
remain much the same. No reasonable choice of
initial lead will produce g concordant age for all of
the analyzed fragments, and we now turn our atten-
tion to the possible effects of posterystallization
open system conditions.

Much of our understanding of U-Th-Pb syste-
matics derives from work done on terrestrial radio-
active minerals, and it is instructive to examine the
lunar mateiral in light of existing theory. It has long
been known that suites of cogenetic zircon commonly
show some discardancy and plot along a straight line
which usually intersects concordia in two places.
Several open system models have been devised to
explain this relationship, among which the best

- known are the episodic disturbance model of Wether-
ill [13] and the continuous diffusion models of
Tilton [14] and Wasserburg [15].

In the case of episodic disturbance, the upper
(older) intersection between a linear array of sample
points and concordia indicates the age of primary
crystallization, and the lower (younger) intersection
indicates the age of disturbance {(metamorphism). Let

us tentatively consider all of rock 12013 as part of

one cogenetic snite of samples despite the admittedly
heterogeneous character of the intrusion breccia.
These data would then indicate a primary crystalliza-
tion age of 4.3 by and a disturbance age of about

0.5 by for an episodic model. Such a disturbance age
might record the time of brecciation, but it could
likewise reflect some more subtle event in the history
of the rock. By analogy with terrestrial rocks, chem-
ical mobility within the U-Pb system may have taken
place without leaving an imprint in the fabiic of the
rock.

.. If open system conditions subsequent to crystalli-

zation are.responsible for the pattern of the data
points in fig. 1, all of the analyzed samples apparently
have preferentially lost radiogenic lead relative to

. uranjum. With this limited number of analyses, how-

ever, it is not possible to say with certainty whether’
rock 12013 as a whole has been undergone a net
chemical change. If the rock remained a closed sys-

.tem we should find somewhere fractions of it showing

preferential loss of uranium relative to radiogenic lead.
As shown by Wasserburg [15], the interpretation
of diffusion models becomes somewhat complex for

_ very old systems. Nevertheless, nearly concordant

samples such as #45 would still closely approximate
the true crystallization age. The lower intercept of

.a linear array on the concordia diagram would have

no physical meaning in the case of continuous diffu-
sion.

Because our choice for the isotopic composition
of initial lead used to correct the raw data was some-
what arbitrary, ages given in the above discussion are
subject to some change when other initial lead is con-



U-Th-Pb AGE 197
Table 3

Apparent ages of chips of Tunar rock 12013,10 * ‘

Atomic ratios Apparent ages (my) i
Il;zagment Shade 206pp 207p, 201'EI 208 2052} 207 207fl 2osm

: U 735y 206py Ty =y 3y W6 p), \/qy

. 09A Daik 0.6421 32.92 0.3721 0.1691 3183 3567 3791 3203
42 Light 0.6760 39.04 0.4190 0.1758 3367 3771 3995 3295
45 Light 0.8298 44,68 0.3908 0.2 3931 3931 3931 3931

115

* Common lead used for calenlation is that obtained from #45, See text.

sidered, To examine how this factor can influence
the age interpretation, let us now use an extremely
radiogenic isotopic composition for this lead. For
example, following the method of Tatsumoto for

the Apollo 11 lunar samples [16], we may partition
the radiogenic isotopes between two stages of devel-
opment in such a manner as to uniquely definea
concordant age for the start of the second stage. This
is the so-called two-stage growth model of which the
mathematical formulation was reviewed in the afore-
mentioned paper. For this model we assume an oii-
ginal age of the moon of 4.6 by and an originat lunar
fead similar in isotopic composition to meteorite
primordial lead. A concordant age is calculated for
#45 by the two-stage model using the observed
2387J/204ph, 232Th/?33 U, and the analyzed lead iso-
topic composition. The calculated concerdant age

+ (#;) is 3931 my. The *°°Pb/?%4Pb, 2°7Pb{?%*Pb, and
208 ph/204 P ratios at £, are 184.23, 278.29, and
172.95, respectively. The 233Uf2%Pb and 232 Th{*3%U
ratios for the first stage are 883 and 4.06, respectively.
Assuming all of the material in rock 12013 to be co-
genetically related, it would be reasonable to now-use

an overcorrection for initial lead to our.assumption
that all three fractions are cogenetic.

We have chosen two extreme cases for making
initial lead correction — meteorite primordial lead on
the one hand and a lead penerated by an extremely
high first stage 2**Uf?°*Pb-environment on the other

- hand. A more probable value of 224 U/2%*Pb might
“be 100—300 as defined in the previous paper for

the isotopic composition calculated to exist at the end - -

of the first stage for #435 to correct the other samples,
The recalculated data and apparent ages obtained by
using (2°5Pb/2°4Pb) (2°7Pb12°4Pb)t ,and
("’Bl’b/""‘lz‘b)fl from #45 are given in fable 3 and
are plotted in fig. 2. The 2°7Pb/?%¢Pb ages calculated
for this case range between 3.8 and 4.0 by. As befoze,
samples #42 and #09A fall near a line that connects
point #45 with the origin. In detail, however, points
#42 and #09A are not both colinear within experi-
mental uncertainty and now fall opposite their relative
position on fig. 1. This deviation may be due either to

Apollo 11 rocks. Correcting for such initial lead will
cause the data to plot somewhere between-their posi-
tion on fig. 1 and fig. 2, corresponding to 2°7Pb/2%¢Ph
ages of 4.1 to 4.2 by. This Kind of initial lead correc-

ZOGPh, ZSBU'

]
40
. L 20Tpp 2y

|
60 80 100

Fig. 2. U-Pb evolution diagram. Piotted points are corrected

by a common lead obtained from #45. (See text.) Numbers

on the concordia indicate billions of years. Dimensions of the
polygons indicate the analytical uncertainty.
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tion will also produce very similar **”Pb/**Pb ages
for #42 and #09A, thereby eliminating the age dis-
crepancy previously encountered for these two frac-
tions.

Up to this point we have treated all fractions as

_part of one cogenetic suite; i.e., all fractions crystal-
lized at the same time and with the same initial lead
isotopic composition, If rock 12013 is truly an in-
trusive breccia, then it is possible that fragments of
various ages and origins have been incorporated
together. In such a case, it may be erronecus to as-
sume a single age for all the fractions. Certainly, -
three samples are inadequate to define real peiro-
logic groupings, but it is instructive to discuss age
limitations for 742 and #09A entirely independent
of #45. Without an unreascnably large and entirely
contrived initial lead correction, it is difficult to
attribute the extremely discordant nature of these
two fragments (#09A and #42) to anything but
open system conditions subsequent to some original
time of crystallization. In the following discussion,
we shall consider the data corrected for meteoric -
primordial lead as shown in fig. 1. Other reasonable
methods of initial lead correction will not drastically
change the conclusions to be reached.

If disturbance of the itotopic system only took
place episodically, such as at the time of breccia
formation, two limiting cases may be considered for
the original age of the fragments and for the time of
brecciation. The two limiting cases arise (1) by as- -
suming the original age of the fragment to be as old
as the moon (4.6 by) in which case the time of brec-
ciation is approximately 2.1 by, and (2) by assuming
the time of brecciation to be recent in which case
the original age of the fragment is approximately
4.3 by. If mixing of radiogenic lead also occurs at the
time of brecciation between samples #42 and #09A
and other material, meaningful age information may
be virtually masked by the unknown trajectory of
their mixing line.

All of the above discussion assumes that the
samples were not contaminated during sample hand-
ling and that the analytical results are accurate. If
sample decompositions of #09A and #42 were in- .
complete, then the analytical results may be wrong.
Also, if a white precipitate, which usuaily appears
in the course of our method of the HF decomposition
of funar rock, hindered isotopic equilibrium, we could

observe a discordance in the 2%*Pbf?32(J angd
208pp{232 Th ages, because the white precipitate tends
to include more Th than U. Such discordance was not
observed on the two chips. The first two analyses,
those of #42 and #09A, were performed without any
special attempt to evaluate the effect of trace quanti-
ties of insoluble residue. After 1 was informed [2]
that rock 12013 contained zircon, samples #45 and
#09B were treated at a higher temperature and for a
lenger interval with twice the amount of HF in order
to decompose the samples completely [17]. The
T-Th-Pb data indicate that these samples are less
discordant than the samples previously analyzed
{#42, #09A on fig. 1).

Regardless of which of the several interpretations
discussed above, either parental material of the in-
trusion breccia, if not the brecciation itself, formed
quite early in the moon'’s history, possibly 3.9 t0 4.3
by ago. Such ages are quite compatibel with those
obtained by several other workers using different
techniques. A *® Ar*® Ar age of 3.9 by has been pro-
posed by Turner [18] and Rb-5r internal isochron |
age of 4.0 by is being presented by The Lunatic
Asylum [19].

——If rock 12013 was transported to its present loca-
tion from a highland area by impact after the mare
formation, the age of the source material in the high-
land may be inferred as about 4 by from the age of

- the rock 12013. If the source of the rock were the

soil overlying the mare region; the soil was felsic like
rock 12013 at that time or an extensive magmatic
differentiation had occurred in the mare to have pro-
duced such 2 felsic rock as 12013,

Even though the details are debatable, it is gener-
aily accepted that early stage differentiation of the
moon resulted in a separation of an anorthositic layer
at or near the surface and a mafic layer in the moon’s
mantle. The mafic layer has been considered to be as
either gabbroic [20], clinopyroxenite or peridotite
[211, or eclogite [22]. Basaltic lavas produced in the
mmantle have filled the maria. Because U-Th-Pb (e.g.
[16]) and Rb-8r {23] data for Apollo 11 soil indi-
cate an age of 4.6 by, the anorthesitic layer could be
thought to be 4.6 by old and may represent the
oldest moon surface. However, a highland area that

- is about 4 by old must be present, at least near the

mare, if the source of the rock is in the highland.
It is inferesting to note that almost all crystalline
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rocks from Apollo 11 and 12 fall near a chord be-
tween 4.6 by and 3.9 to 3.4 by in the U-Pb evolution
diagram (fig. 1). As Papanastassiou and Wasserburg
[25] have discussed, no proof has been found that
large differences in age exist for different mare
regions. Points for the least discordant samples from
Apollo 11 and 12, including rock 12013, mainly lie
on a chord between 4.6 and 3.9 by. From this obser-
vation, one could postulate that all flood-type maria
were presumably filled with basaltic lava within a '
small span of time during the interval 3.9 to 3.4 by.

Further implications of the data on the rock 12013~
will be discussed in a future paper dealing with lead
isotope analyses of other Apollo 12 samples.
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Appendix

The splits of #42 and #09 were examined in random
immersion mounts and selected grains were studied on
the spindle stage.

Chip #42 - From the generally lighter colored parts
of the rock.

Plagioclase (approximately 50—60%).

Fresh crystal fragments of plagioclase form an im-
portant part of the sample. The composition of the
plagioclase as inferred from the framgnets’ indices of
refraction ranges widely, From Ansp to Angs. Many
of the plagioclase fragments show patchy areas that

appear to be fractured and show some index differ~
ences from the optically uniform parts of the grains.
Other fragments are clear and unfractured.

Orthopyroxene (approximately 29%)

Cleavage fragments that show positive clongation
and parailel extinction and are pale light green form
asignificant part of the sample. No pleochroism
could be seen. The optic properties are:

N, =1712
N, =1.723£0.002
N, =1.727
N,—N, =0.015
2V, =56%3.

These properties indicate a probable content of over
50% of the Fe-end member (ferrohypersthene).
QOlivine (2—-10%)
Several fragments of olivine have optic properties
as follows:

N, ranges from 1.726 t01.745

Ny, ranges from 1.745 to 1.780

N, ranges from 1.765 to higher values
N, - N, =0.039.

These properties imply compositions in the hyalosiderite
and hortonolite range of the olivine series.
- Sanidine (5—10%)
The optic properties of the sanidine are:

N, =1:519 % 0.002

N,=1524
N, =1.526
. 2V, 20-30.

The sanidine contains light green rod-shaped inclusions

of pyroxene (7)

llmenite (approximately 0.5%)

Quartz (less than 1%)

A few grains of quartz were seen, and they show
undulatory extinction and contain scattered equidimen-
sional inclusions of an unidentified mineral.

Accessory minerals occurring in amounts of less
than 0.1% were not identified in this examination.
Apatite and zircon have been reported [19] in some
fractions of rock 12013, ’

Chip #09 — From the generally darker part of the rock.
" This sample contains almost the same minerals as
#42, including calcic plagioclase, sanidine, olivine, and
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orthopyroxene, except it has less potassium feldspar
and o quartz was seen. Most of the fragments are
feldspathic and crystalline and are charged with many
small opaque grains {iimenite), which lmpart a clouded
dark appearance: -
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Abstract--The data determined in the U-Th-Pb system on rocks collected by the
Apollo 12 mission confirm the great antiquity of and extreme depletioﬁ of
coomon lead in the surficial lunar rocks in maria. Unlike the rocks gnalyzed
from the Apollo 11 mission, those from Apollo 12 do not-define a good Pb-Pb
isochron although six of the eight-rocks lie close ‘to a 3900- to 4000-m, y.
isospron. Apollo 11 rocks have a well-defined 4200-m.y. isochron, and the
ﬁnuSual Apollo 12 rock 12013 has a well-defined 4370-m.y. isocliron. Although
these Pb-Fb isochron ages for the Apollo rocks are abdbut 10 percent 5ldet-
than Rb-St mineral isochron ages and 39Ar/40Ar whole—rock’ages as determined

‘by other werkers, they are in the same relative sequence of ages. Concordia

-

relations on whole rocks and U-Ph and Th-Pb isochrons on density fractiomns,

even though poorly defined, axe compatible with the ages determined by othex

238U 204

methods if-the values of Pb observed for-the Apollo 11 rocks and

/
N . 238 ,204,_ . . )
. fragments from rock 12013 are proportiomal to the U/ Pb in the source

_materials of these rocks and if the inifial lead was mot homogenized in the

magma-forming events. This proportionality constraint doces not exist for

the Apollo 12 rocks.

v .

An attempt was made to resolve the conflict in the U-Th-Pb whole-rock
data with the Rb-Sr mineral isochron and 39Ar/4QAr vhole-rock age data by a
concordia diagram treatment of U-Pb data on density fractions. In general,

the U-Pb data as plotted by using this technique indicate an event younger

wpublication authorized by the Director, U.S. Zeological Survey.
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than thége events determined for the same rocks by other lead isotope or dating
methods. This difference could be explained if the énknown amount of lead
contamination due to the sample processing decreases with increase in tﬁe
amount of sample processing, in spite of the fact that all liéuids in the
sample processing were distilled before use.

The agreement between apparent ages determined ble—Th-Pb nethods and
those ages determined by other dating techniques is mugh better oﬁ thé soils
and breccias, which are of complex origin, tham it is on the rocks. In general,
the U-Th-Pb data suggest that the soils were derived from source mate-rié,l
about 4650 m.y. old that had undergone differentiation of U relative to lead
- po more than 4000 m.y. ago. U-Th-Pb data on Apcllo 12 soils and breccia also
indicate’ that alteration in U/Pb also has taken place at times much younger
than 3000 m.y. ago ﬁy "third events" (pgrhéps alteration due to impact events?)
which are nog.r;flected in the Rb~Sr minerzl isochron or in the 395:/40Ar
Whole—rgck'ageé-but the occurrence of which‘ﬁay ke supported by partial
alteration of whole-rock Kﬁgr‘aéés. In addition, we emphasize  that the
occérpence-of “third eventsU’is supportéd by the dita of all -lead isctope
.investigators on.;oils and‘breccias, apé we'v{ew'fhiszihformation és g-mbét
impdrtant discovéry on Aﬁollo 12;mate;i§1, éossibly-second only in importance

to the greaf antiquity of rock 12013..



" INTRODUCTTION

. "

PRESENTED herein are the lead isotopic compositions and, as determined\
by isotope dilution, the uranium, thorium, and lead concentrations in some
'Samples collected by the Apollo 12 mission (volcanic rocks 12009, f20?1, 12022,
12035, 12035, 12052, 12063, 12064; igneous breccia 12013; fines 12033 and .
12070; and impact breccia 12034)., The new data presented here on samples
collected by the Apolio 12 wission are compared primarily with data for
samples ‘returned by the Apollo 11 mission that has been previously discussed
by TATSUMOTO and ROSHOLT {1970) and\TATﬁﬁMOTO {(1970a) to facilitate uniformity

N

of the data used in the comparison. Certain aspects cf the datz on the
“igneous breccia 12013 are included here that were not Ereviously included
(i.e., analysis of sawdust from 12013) or that were not thoroughly discussed
“(i.e., data on fragment.#0SD) by TATSUMOTO (1$70b) owing to the short time

available for writing that manuscript.



DATA,

Analytical procedures and accuracy

Certain facets of the U-Th-?Pb dating of lunar samples conflict with the
dating by 6ther techniques. Somé investigators héve been tempted to attribute
the conflict entirely to the U-Th-Pb system and due to analytical problems at
least in part. Accordingly, a rather complete é;scription of the aspects of
the analytical procedures in question and the analytical accuracy seems

warranted.

Sample preparation, All samples except the igneous breccia 12013 and
the soils were first briefly washed with.acetone by use of an ultrasonic
vibrator.. Fragments #42 and #09 from rock 12013 and the soil samples were

analyzed without any precleaning. Sawed surfaces on fragment #45 of rock

12013 were abraded with a dental drill and washed briefly with double-distilled
acetone using a; ultrasonic vibrator, Forlmost—samples,-a small chunk was
crﬁshed in 2 boron carbide morﬁa¥ and- one pprtiOn of the-powder was.used for
determinétion of the lead isotopic composition and the otherifor determination
_of the uranium, Lhoiium, and ieéﬁ coﬁcengfations. - Fragment #45 of rock 12013
. was treated directly without crushing. ‘Rock312664 was processed by use.of a
tunésten carbide.mortar rather thaﬁ a boron- carbide mortar. The whole-rock
énalysis of this sample was . made on about 4.4 é of the'sample{ and. the density
separations were méde on the remaining 13 g.,‘The portion used for density
éeparations was analyZed by the same procedures given previously by TATSUMOTO
(1970a, p. 1596} éxcept that the isodynamic separator used on sample 12064

was that in the clean mineral separétlon room of L, T, SiLVER at Califormia.

- Institute of Technology. The sgmple weights of the density fractions are:

4 (4a follows)



. (I
16084, fraction 0 (acetone suspension, Apollo 11 samples 0n1y)~—0.219§( hand

. i

magnet fraction weight on this sample was not record; sample 12064, hand

_magnet fraction--0.008g, fraction 1 (acetone suspension)--0.1216 g, fraction 2
(bromoform floats)--2,4261 g, fraction 3 (methylenme iodide floats--1.9635 g,
fraction 4 (methylene iodide sinks, nonmagnetic)—-%.8065, fra;tion 5 (methylene'
iodide sinks, magnetic)--1.6460 g; saméle 12033, hand mégnet ﬁraction—Jq few
grains, fractiom 1--0.1226 g, fraction 2--0,1029, fraction 3--1.0351.g, '

4wag4ua%%¥‘hzaarr—~—'ani&uwfafzbu;4
fraction-4 (total methylene iodide -sinks)--0. 2510; ‘sample 12070 Afractlov 1-~
0.1816; fraction 2--0.2154; fraction 3--0.9758 g; fraction 4 (methylene

iodide sinks)--b,2510.
-(

4a (5 follows)



Density fractions of samples of rocks 10017 and 12064 agé soils 10084,
12033, and 12070 were made b§ the same techniques as those ﬁreviously describ%i,
which utilized immediately vacuum-predistilled heavy-density reagents bnd . %
doub1y~distilled acetone (TATSUMOTO, 1970a). - There are still some ;easoﬁs,;
neverthelesg, to suspect lead contamination from the heavy liquids:\ Eor
Apollo 12 materials, fraction 1 refers to material that remained in suspension
in acetone.after 2 minutes of ultrasonic agitation. On Apoilo 11 (TATSUMOTO,
1970a, p. 1600), fraction 1 refers to bromofoém floats,'which is equivalent to
fractioi.Z on Apollé 12 materials; howeﬁer, the acetone suspension was made on

Apollo 11 samples. Analysis of this fraction on soil- 10084 will be reported

here,

Analysis, The lead -contents of the lunar rocks are so little that we
‘have had to develop new énaiyticai techniques that have lowered the level of
lead contamination to 4 to 7 nanograms (10"9 g) per amalysis (TATSUMOTO, 1970b).
E%én S0, éhis level of coﬁtamination is great‘enough that it still limits the
size_of the samples which can be amalyzed. Dissolution of sémples was made by
a H0104-HNO$-HF mixture i? a Téflon digestion boub followed by treagment of

the Fesiﬁue with HNOS and HF in a Teflony beaker in a: Teflon hood under

nitrogen atmosphere. In most concentration determinations by isotope dilution,

the 2%pb, 2%7pb (and, for demsity fraction 1 of 12064 and 12033 and fragment

2 235 230

#09B of rock 12013, the 2°CPb), and the 20U, and -~~UTh “spikes" were added

-
>

to the bomb alomg with the powdered samples. Fragments #09A, #42, and #45
of rock 12013 were taken into solution first, then alidﬁoted, and spiked.
Tests have been made on spiking before and after dissolution on oceanic

tholeiites (which have lead contents comparable to those of lunar samples)

"5



and the reproducibility of the U/Pb is about 0.3 percent of the ratio,
Therefore, there should be no problem éf equilibration of the sample with the
“"spike," but there always is a small amount of éhiteprecipitate left in the
lunar sample dissolution (metatitanic acid?) so that some problems in determina-
tions of concentrations camnot be completely ruled out, mnor can it be predicted
at this time whether the effeect would result in valueé of U/Pb or Th/Pb that.

are -too .great or too small. The bombs were.also tested for memory by making

sequential runs of 204Pb and 207

Pb spikes usually used for the blank determina-
tion followed by 208?b spike, but no memory was observed.

- The lead, which is coprecipitated from concentraéed HNO3 by Ba(ND3)2 and
dissolved in water, is electrodeposited onto a platinum anode, converted to
the phosphate, and is then analyzed by the silica gel-phosphate method
(TATS(MOTO, 1970b). Early in the use of this technique the electrodeposition
éas sometimes not too efficient and_the lead blank £rom the sliica gel-phosphate
methed (0.03 ng) was more-signifgcant than it was later (where this blank was

significant will be noted in the text where appropriate). The standard

deviations of the mass spectrometric measurements of the lead isotope ratios

206_, 204 207P 206

are less than 1 percent for Pb/ b/7 Pb

. 20 ) R
-and 208Pb/ 6Pb. The overall lead blank is about 5 ng; this amount leads to

Pb and less than 0.1 percent for

an uncertainty in the lead isotope ratios for most samples of less than 3 percent.

Trace elements

_ The lead, uranium, and thorium concentrations in the Apolle 12 samples
are shown in Table 1. The samples are basaltic and doleritic rocks whose
concentrations range from 0.270 to 0.653 ppm Ph, 0.157 to 0.404 ppom U, and

0.615 to 1.41 ppm Th. Ia additicn, we analyzed two fines and two breccia



. G&M
samples, of which rock 12013 isj,an igneous breccia and 12034 is an impact
) SooTTD T ! R
breccia (WARKER, 1970). The lead, uranium and thorium concentrations in the

impact breccia and the fines of Aéollo 12 are about 10 or more times greater

than those of the igneous rocks. : -

The concentrations of lead, uranium and thorium in the igneous breccia
, ! '
12013 are exceedingly great--20 to 40 times greater than in the lunar igneous

rocks--and, in addition, they reflect the extremely heterogeneous nature of
the rock as previously stated (TATSIMOTO, 1970b). -The values of Th/U reported
by WAKITA and SCHMITY (1970) are low as compared to our values, their highest

ratio of 3.0 is 10 percent less tham our lowest ratio of 3.3. The difference
i N .
in Th/U seems to be due to their systematically low thorium contents which
o L g
appear to be log«by‘io to 20 percent as compared to our values; however, the

rock does seem to be heterogeneous in Th/U; The LSPET (1970) value on the
whole rock is 3.2, and the possibility remains that we analyzed fragments
| greater in Th/ﬁiéhan the averége and that WARITA and SCHHITT analyzeé
fr;gments iess than average in Th/U. TUse of the low Th/U values with éur.

:‘1eéa ﬁaiﬁgs will, however, always give ages by Th-Pb methods lower than . 3

UuPb_ééesf - The newly aﬁalyzed sawdust must be .contaminated with lead from

- Lt - *

.some source apparently different from the copper. wire used in the wire saw

-inaémuéh as-the sawdust contains 2.65 percent copper and the saw wire '

2

.only 0.6%ppm lead, values which would result in a negligible lead addition.

N -

More likely the contamination comes from the vacuum cleaner bags imvolved
B A Y .

in vaéuuming up the sawdust, If all the 204?b in the sawdust comes from

- ]
contamination, the contaminant in the sample is 14.8 ppm (versus about 0.2 ppm

. common~type lead in the-three largest fragments analyzed from rock 12013) of



the 25.3 ppm lead in the total sawdust sample. The isotopicjéomposition of

the contaminant lead in this calculation was assumed to be similar to that

found in dust gathered from the filters of our clean laboratory (206Pb]204Pb:

207, ,204 208__ ,204

18.48; Pb/"" Pb: 15.73; Pb/" 'Pb: 38.38;'T. J. CHOW, written épmmun.,

1970). On this basis, the corxected lead content is found to be c;;parable

to that in the fragments. The sawdust was thought to be a representative,
homogenized sample of this igneous breccia;.however, the uranium and thorium
concentrations in the sawdusi (two elements that are probably not contaminated)
are 5«aﬁ§ 17 ppm respectively, contents.that are about half the reported
valueg obtained by gamma spectrometry as.reported by LSPET (1970) on the

whole rock and about 10 to 20 percent lower than the concentrations reported
in other chips by TATSUMOTO (1970b)., Rather than attributing the low results
to dilution from extreme Eontamination (to avoid tbis, considérable time was

.

spent in handpicking fibers from the sawdust which were probably introduced

by the vacuum cleaner bags), we feel that uranium- and thorium-rich small:
éarticles (such as phosphatés) were probably not recovered in the_sawdust.
-At any raFe; a; analyzed, éhe sawdust-is nokt a ;eprésentative sample of the
-ig;eou; breﬁcia; and daéé éﬁ.it ﬁust be -interpreted -with éare.

= - > 4 -- L
A comparison of the lead,. uranium, and thorium concentrations between

samples returned by the Apollo 11 and Apollo 12 missions is given in Table 2.

Ihg_contenps of the three elements and the va}ue of Th/U for-the Apollo 12
mission rocﬁs ére similar to thoge of-the égpup iI rocks from the Apollo 11
misgion'(potassium poor) but distinctly lower than those of the Group I rocks
'returned by the Apollo 11 mission (which are highly potassic). The Group I

and Group IT classification used here is adopted from COMPSTON et al. (1970).

The lead, uranium and thorium contents of impact breccia and fines from.

——
~ — W are wm— - -

Apollo 12 are two to five times greater than in the equivalent roeck types

8



from Apollo 11, but are between those contents of the igneous rocks and the

* igneous breccia 12013 suggesting that the fines and impact breccia are a

-

. mixture of rocks and the igneous breccia. SCHNETéLER_gE'gl. (1970{ and
SCHNETIZLER and PHILPOTTS (1970) have pointed out that the dark phase of rock
12013 is a good candidate for the non-meteoritic "KREEP-like component" in
the lunar soils. WOOD et al., (1971) aas also identified crystallized material
of similar composition in the coarse fines of the Apollo 12 .mission and calls

them norite, but some of this norite has as much as 2 percent KZO'

Potassium~rich, rare earth element-rich, and phosphorous-rich glass and rock

fragments (KREEP material) which were also reported at the Conference
COSHUBBARD et ale, lq7/

(particularly by-MEYER.gE al., 197}3, are rather similar in composition to
the dark phase of rock 12013. Most investigators have compared KREEP-1ike
material with common terrestrial basaits; however, the major element

compositions of these materials are rathey equivalent to those of more

-

unusual terrestrial basalts called shoshonites (basalts with coexisting

plagioclase and sanidine in the groundmass). ‘Analyses of two samples of
Cenozoic shoshonltes for the . U-Th-Pb system have been glven by PETERMAN et 2l,
. (1970} [2 56 and 2.63 ppm uranium, 9 54 and 11.01 ppm ‘thorium, and 22.6 and

20.0 ppm lead}. Comparison of the shoshonite data with those on.the dark

T

phase of rock 12013 indicates that uranium and thorium "in rock 12013 is

enriched relative to the shoshonite data available by a factor of about 2,

~

whilst the common lead content sfill folldﬁstthe lunar depletion pattern

o P
»

found for the other igneous rock types and is depléted in rock 12013 by

.
L] P i

' about a factor of 100 relative to the amount in the available shoshonlte data
1

e ow .u
+

(the lead in lunar samples is mainly radiogenic znd the common 1ead component

in fragment 12013 is only about 0.2 ppm). - This lead depletion factor is -

Ty



actually larger than that found for other lumar rock types as compared to

[

their terrestrial equivalents which is about a factorvof 10 to 20,

’ Tﬂe lead content of lunar samples ié sufficiently small that some
workers have attributed all the common lead found ‘to contaminétion gt some
stage of samplg handling on the moon, in the Lunar Rece%ving Laboratory, or
in the lead isotope analyses procedureé. Thallium, for example, which like
lead_is a "volatile element'" that is less abundant on the moon than on the
earth, is found on the moon (O.é to 1.1 ppb; GANAPATHY et al., 1970) at about
1/16 to 1/100 that in terrestrial basalts (about 20 ppb; GANAPATHY et al.,
1570). Indeed, our computed common lead contents of lunar rocks are just
about the wvalues ;xpected from the -thallium depletion factor. We have

reason to believe, therefore, 'that a common or initial lead correction of

some sort is required for the lumar samples. -

Isotope ratios

The isotopic compositions of Apollo 12 samples (Tables 3 and 4) zre

23?U/?'O&Pb valuesf-soncalied u values--

extfémely ra&idgeqic'and.tﬁe observed
range from 470 t& 2700.. _Thése greét i values indicate tﬁat the volatilé
_element lead was greatié‘depiéted relatiﬁg to uranium énd thorium on the-
lunar surface as compared to that‘on the surface of thé earth, éé has been
shown in the Apollo 11 pépers (TATSUMOTO, 19702; SILVER, 1970; GOPALAN gﬁ al.,
1970). Thé_isdtogic compositions of the rocks fall‘into gwo gfoups at least:
one gfoup (12009, 12022,‘12b35,-12638, and-lZdaé) that has a value of about

206_. ,204 208Pb/204

300 to 450 for Pb/" Pb and s Pb and another group (12021, 12052,

and 12063) that has values of about 700 for the 206Pb/204]?b ratio and

208_, ,204

650 to 800 for Pb/“""Pb. Sample 12070 (“contingency fines') has a value of

10



206, ,204

Pb/ 1 Pb intermediate between the values fo;utPe_two—grou?ingf.of_igneQus
. roéks, but fines sample 12033, the impact breccia 12034, ané the igneous
_breccia 12013 have exceedingly great values for the ratio.

A cémparisoﬁ of tée isotopic compositions of. the Apocllo 12 sampleﬁ with

. : .
those of Apollo 11 is given in Table 5. The two groupings of Apollo 12 rocks

206, ,204 208, /204

by Pb/”" "Pb and Pb Pb are rather similar to those in rocks from the

Apollo 11 mission where the Group I (high-potassium) rocks have values of

206Pb/'204Pb and 208Pb/zoan that are greater -than.400 and the Group II

206_. ,204

(potassihﬁ-poor) rocks have values for Pb/77 Pb of about 300 to 400 and

) 2
ZOSPb/_Oé

for Pb of 300 to 450. No parallelism is found, however, in the lead,

uranium and thorium contents of the Apollo 12 rocks. WARKER and ANDERSON (1971)
have further subdivided the Group II rocks inteo porphyritic basalis {(also
olivine—rich) [of ﬁﬁich 12009, 12021 12022, and 12052 are included in this

study] and granular or Ophltlc basalts (also olivine- poor) [of which 12033,

~

12038, 12003, and 1”064 are "included in thlS stuay}, however, no correlation -
ofl?ostlzo Pb with. this subgrouplna is found, either. - Two of four rocks

from the Apollo 12. mission™ classified as granular and ophitie (Group II for

206 Pb/zoan category, whereas one of

fdux pérphyritic basalts is-in the low 20§P5/204Pb category. Apparently the

Apollo 11 materlal) are~1n,the great

subdivision of Group I is not of significance in the U-Th~Pb system.

1L



DISCUSSION .

Isochron age methods

There are four isochron techniques of dating in the U-Th-Pb system,

FEE .
three of which are 1ndependent-—twoﬂﬁor the U-Pb system (2 7Pb/zoan--ZOGPblzol}Pb,

207 P / Pb—-23 U/204Pb, 206Pb/204Pbr-238U/204Pb) and one for the Th—Pp system

208_. 204 232

204 !
(" Pb/" Pb-- Th/HOFPb). The Pb-Pb isochron, which was the first dating

technique to give precise ages of meteorites, will be discussed .first because

of the simplicity of the method, its proven reliability, and the insensitivity

of the method to a variety of analytical uncertainties. This discussion is

2
followed by discussions of the 206Pb/204Pb-238 /'04 207P 20al?b--2351]/204}"9,

b/
2 2 ~
and '08 /204Pb~23”Th/204Pb isochrons which are analogous to the 87Sr/865;-

87Rb/ Sr or BPI (Bernard Price Institute) isochron dating technigques.

Pb-Pb isochron

T L 238,235 . " . .
Owing to the fact that U/7770 in lunar and terrestrial bodies is, for .

p—

ail-practical puréoses, a ghysical cénstant of i37.8 (see ROSHOiT and TATSTMOTO,
1970: for measurements on lunar samples), the Pb-Pb isochron has several
_advantages over other isochron methods. For example, this dating_ﬁechnique

:is not sensitive £0 analytical uncertainties in the determination of U/Pb

éné Th/Eb, and, in fact, Ehe uranium, thorium, and ilead contents need not be
determinéd at alll! As in 511 isochron treatments, no initial lead composition

need be determined or estimated if several coeval samples with the same lead

-
L d

isotopic compositions are available that had a spread in their ratios of

radioactive parent to the stable isotope of the daughter element, 204Pb, for

long periods of time. Even better, isochron lines that pass near the origin
as d& those for many lunar samples are insensitive o blank correction because
the Jumar samples are very old and highly radiogenic, whereas_the isotopic

- composition of the blank lead is always mear the origin (however, our blanks
on whole-rock and soil analyses are- less than one ‘percent the lead in the

sample analyzed), 12



The only effect of the -blank is to determine the position of the sample on
the isochron, but it does not affect the slope (i.e., age) of the isochron.
L ) 2 -
‘Lastly, the lunar samples are so old that errors in 04?b measurement (the

" least abundant lead isotope) also have little effect. -
. _. .- . ‘ ‘ |‘
. Naturally, the technigue has some constraints. These are that all

+samples must be of the same age, have started with the same initial’

lead isotopic composition and have a spread in the lead isotope ratios.

 The linear relationship should not be the result of mixing.

P —— PRU——

if éhere is no spread in the isotope ratios--for example, if you have only
one sample~—anfinitia1 lead must be assumed (this statement was oversimpli-
fied in TATSUMOTO, 1970a, p. 1598). The sampies alsc "should not have
evolved in greater than two-stage systems if the third and higher order
stages occerred at times significantly greater than t = 0., If these
constraents afe eot met , irregularities in the isochron development will
pfobably occur, cher aspects of the Pb-Pb isechron wiil be discussed

where appropriate.‘

In comparlson of-rock lead datlng w1th.Rb Sr datlng on. terreetrlai
,materlals, good agreement has generally been obtalned between the-two
methods. ROSHOLT et al. (1970) get 1820 i }10 m.y. for the Pb-Pb isochrom
and 1810 *+ 50 m.y. for the Rb-Sr isochron-on’ a seﬁple of granite from
Saskatcheﬁen; Canada. The U-Pb and Th-Pb 1Sochrons are also in good
agreement w1th the ages determined by the other teehnlques. FARQUHARSON
and_RICHARDa (1970) report ages of 1553 * 29 m.y. for the U-Th-Pb isochrons
and 1565 £ 52 m.y. for the Rb-Sr isochrons for a microgranite and pegmafite
from Mount Isa, Australia, 'PETERMAN et al. (1971) give ages of 2950 % 110 m.y.

At s

for the Pb-Pb ‘isochrom and 2925 # 80 m.y. for the Rb-Sr isochron on a

13



paragneiss from ﬁhe Granite Mountains, Wyoming, and their eée of 2610_# 70 f
m;y. by the Rb-Sr isochron is mithin analytical uncertainties of the gSZOim.i.
age obtained by the Pb-Pb and Th-Pb isochrons'(30§HOLT and BARTEL, 1§69)

on & recently altered granite that has also suffered_metamorphism.en&

intrusion at about 1600 m.y. (ROSHOLT et al., 1969; PETERMAN et al., 1971).

Rocks. All the samples analyzed from the Apollo 12 mission are

.plotted in Fig. 1, and an enlarged diagram of part of Fig. 1 is given bn

-Fig.'z. The data on Fig, 1 are dominated by those for the igneous breccia

-

12013 and discussion of this sample first will help to illustrate the
eontroversy existing between the different kinds of dating techniques.
- All samples of 12013, including the sawdust, lie very ¢lose to an isochron

¢

-ef‘4370 m.y. that’passes near the common lead field no matter whether the

analyhes are or are not corrected for, blank lead as if the lead lnltlally

present in the rbck'developed in a source with a small valué “of 23811/204 b.

Even though fragment #42 departs from the 1sochron beyond analytlcal
uncertalntles, the departure is not: great and could be due to a_Lzeaeeeas .
“effees, This age of 4370 m.y. is in confllct w1th the two ‘ages given by
the Rb- Sr datlng system (4500 m.y. for a thole-rock isochron composed of
dark ffagments and 4000 m.y. for a mineral isochron; LUNATIC ASYLIR{, 1970)
and the age given by the 39Ar/é0Ar method (3900 m.y.; TURNER, 1970b). 1Imn

3]

any controversy about the dating, however, we should not forget that all

-
L

data 1ndlcate the sample is old, probably not youunger  than 4000 Mm.¥. nor
much older than 4600 m.y. Although the 4370-m.y. age by the Pb-Pb isochron

. is a valid age estimate, the intermediate age shown by the method welative

14



tn Rb~Sr dating could be explained if the 238U/?‘OAPb that developed in each

fragment at 4000 m.y. and existing to.the present (second stage) is exactly
. . . 238

proportlonal (enriched in U over ?péPb by a factor of about 2} to the

18, ,204 gt
? {u/ Pb existing in all fragments except #42 between 4600 m.y. and

238U/2041’b in the second

A000 m.y. (first stage). For fragment #42, the
ntage 1s enriched in 238U over 204Pb by a factor of about 2.4 and therefore
duparts ounly a little from that proPQrtionality constant- that gov;rns the
other samples., In this approach to resolving the age discrepancy, the

2
06Pb/_0~’-1Pb and 207Pb/204

vitlues of 2 Pb in the source of the magmas also
cannot ﬁave been homogenized 4000 m.y. ago. If such systemautics are the
anivwer to the age discrepancies, then we feel that the most logical
{interpretation of the history of rock 12013, of the two interpretations
piven from Rh—Sr.déting (LURATIC ASYLUM, 1970), is that the entire rock.

wan formed at one time (perhaps 4500 m.y.) and internally rocomstituted

hy some thermal event (impact?) at a later time (probably 4000 m,y.)

rather than that an old gabbro %as intruded by a younger granite. This
kind of interpretation is also supported by the petrographic study of JAMES
(1971). 1f sucﬁ-regularities as descéibed'above are considorgd-in the

=D s&séem, they should also be consiéereé in the-Rb-Sr system. For
grample, if some lead was ﬁolatilizea fram 12013 in a prdportional manner

ralative to uranium by a heating event, volatilization of some rubidium

~

relatlve to strontium in a proportional manper is also rcasonmable (GLIFF et al.,

1971, report volatilization of both lead and rubidiuwsd. Such a process would

result in an age of rock formation that is too young on the Pb-Pb isochron
(22 Ritocsssesn 2o ATLVER, 1470, p, i5721)

and too old on a Rb-Sr :i.soc'm:o:}c If the age of rock 12013 is older than

Ehat glven by the Pb-Ph isochron (4370 m.y.}, it is also probably younger

khan that given by the Rb-Sr "whole-rock" isochren (4500 m.y.). The best

m—m e n ComEera o n - — .

— R

autimate of the.age of formatica of rock 12013 seems therefore tu be in the

vanpe 4370 to 4500 mn,y. . :



to Rb-Sr dating could be explained if the %?SU/204Pb that developed in each

| .
fragment at 4000 m.y. and existing to the present (second stage) is exactly

proportional (enriched in 238U over 2D4Pb by a factor of about 2) to the

238U/204Pb existing in all fragments except #42 between 4600 m.y. and

238U 204

4000 m.y. (first stage). For fragment #42, the /77 'Pb in the second

stage 1s enriched in 238U over 204Pb by a factor of about 2.4 and therefore

departs only a little from that proportionality comstant that governs the

other samples. In this approach to resolving the age discrepancy, the

204 .
values of 2‘:‘)E'Pb/"a']?b and 207Pb/2041?b in the source of the magmas also

cannot have been homogenized 4000 m.y. ago. If such systematics are€ the
answer to the age discrepancies, then we feel that the most logical
intérprétation of the history.of rock 12013, of the two interpretations
given from Rb-Sr_ééting (LUﬁATIC ASYLUM,_l@?O), is that the entire rock
was formed at one time (perhaps 4500 m.y.) and internally reconstituted

Sy some ;hérmai eveﬁt:(impact?) at a later time (probabiy 4000 m.y.)

rather than that an old gabbro Qas intruded by a younger granite. This
kind of interpretatibn‘is‘élsé sﬁpborted by the petfographic study of JAMES
'(}971). 1f Such-regularities gé\descgibed above aréfcons@@ere&'in the

U~Pb system, they should .also be considered in the Rb~Sr'system. For

example, if some lead was volatilized from 12013.-in a proportional mamer

relative to uranium by a heating: event, volatilization of some rubidium

.

relative to strontium in a proportional manper is also reasonable (CLITFF et al

22
.1971, report volatilization of both lead and rubidium). Sich a process would

result in an age of rock formation that is too young om the Pb-Pb isochron
, ( 2oe divorisscim cn STIVER, 1570, po 15721
and too old on a Rb-Sr isochrog. I1f the age of rock 12013 is older than
Y

that given by the Pb-Pb isochron (4370 m;y.}q it. is also probably younger

than that given by tﬁé Rb«Srw“ﬁhole-fGEEF isochrdE#EASOO my.). Tﬁgagéét

estimate of the age of formation of rock 12013 seems thereforce to be iu Ehe

range 4370 to 4500 m.y. B3


http:history.of

o

I -
..In the rocks collected by the Apollo 11 mission, the lgad isotope data

. { :
plot into two groups. Those with the greater value of 2OEin/ZOZFPb are Che

. . ) o 206" ,204 .
Group I, high-potassium basalts and those with the lesser values of %  Pb/T Pb

.
1

~

are the Group II, low~-potassium basalts. As was found for rock 12013, an
isochron line connecting the two groups of samples also passes th;bugh the

common lead field with an indicated age of _close to 4200 m.y. (Fig. 2), again

238U 204

as if the initial lead developed in a source with a small value of "7 U/ 'Pb..

(The data on Fig. 2 éf this paper has mot been corrected for initiai_legdf
TATSUMOTO (19702) had corrected for a radiogenic initial lead on his Fig. 3
where he obtained a’ 4000-m.y. age.) The 4000-m.y. age given by TATSUMCIO
(19?0a) is a lower. limit on the caleculated age. Note that if ome of the two

- . IA
groups of basalt is on the. 3980-m.y. isochron {by using its ‘observed 206Pb/2072b

2
207Pb/ OQPb until the point falls on that isochron) and the

but changing the

other remains on the 4Z00-m.y. isochron, & line conneciting the twec groups

would not pass close to the common lead field.” We, therefore, hardly appear
to be mixinz rocks of significantly different ages.‘ Just as in rock 12013,

because of-the arrangement: of the data, we would quite'confidently interpret

the rocks as being 4200 m.y. old in the absence of other infbrmation}-and that

they starteé‘with a nﬁﬁradiogenic initial lead isotopic composition similar tq-
- terrestrial common lead. Again, howevef, the ieadﬂisotope data are in
‘confiict with the age of the récké deteémined by other méans, étrongly‘so

for Group I basalts because the value of Rb/St does not appeér to be close

to equai to -that in its source (tha whole-rock Rb-Sr data for the Group I
ba;alts do not lie mear the 4500-m.y. Whole—roﬁk isochron). As for rock

12013, the Pb-Pb isochron age is older than the Rb-Sr mineral isochron age
(PAPANASTASRTOU ei =a1., 1970) and the,39A£/49Ar whole-rock a

The lead -isotope data could be also interpreted to agree with the ages

L : 238 204
determined by other methods through assuming that the values of /77 Pb

16



in the rocks are proportional to those values in the source material for the
rocks, as for rock 12013. In this interpretation, the enrichment factor for
238 ,20% o B

U/ 'Pb of Apollo 11 rocks would be about 2.7 for all rocks (using an
age of formation of 3800 m.y.). This is the interpretation preferred by

STLVER(lg70)and by

COMPSTON et al, (1970) and considered byﬂ?ATSJWOTO (1970a, p. 1606) in his
concordia discussion for these rocks. The disturbing thing about this
interpretation is the precise enrichment factor required. We have to
choose, then, between two rather unsatisfying hypotheses: one, that the
rocks are about 4200 m.y. old and that they had a2 nonradiogenic initial

lead; and the other, that the rocks are of some age (perhaps between 3500

and 3800 m.y. old), and that they had a very pfecise enrichment factor for
238U 204

/ . Of the two piiotheses, we still tend to favor the first
féLCa-J-»é.c :’K‘Tf\{_ g Sreder, L_T‘ o —(ﬁk_ I -c":‘iv’e:\q ¢L44(0 ,é?‘&&:t.w’_gd

(4200-m.y. acez,because sev ral 11nes of-information suggest that the

initial lead in the rocks may not have been.very radiogenic. We realize

-~

that this interpretation leaves a conflict with those arrived at by other

“dating technidues.
" Consideration of one greéter asﬁect in complexity of the Apollo 11°

" rocks is.instructive. Suppose that the Group I rocks are about 200 m.y.-

+

younger than the’ Group iI'rocks((for our calculationé, 3600 m.y. rather
than 3800 m.y.). A Pb-Pb isochron for all rocks that goes thfough the .

common lead field could still be obtained by judicious regulation of the

values of 238U/204Pb between the time of reck formation and the present,

For -this case, the enrichment factor in 238?/204Eb for the Group II rocks

would still appear to he zbout 2.7 as before, but for the Group I rocks it

would be only abuut 2.4. Ama21ng1y,'the enrichment factors would compensate

for the age dlffcrcnce just the right amount to allow the ignchron to still

.

pass through the common lead field rather than above it or below it. This

s

aspect is better illustrated in Apollo 12 rocks.

17



The lead isotopic data for rocks returned from the Apollo 12 mission
(other than rock 12013) contrast markedly_to those for rock 12013 and to
those for rocks collected by the Apollo 11 mission because of the irregularity
of the data on a Pb-Pb isochrom.plot. Data on sig rocks lie near an isochron
of about 3900 to 4000 m.y. that passes through the common lead field, but
data on rock 12064 lie well above that isochron and those on rock 12035
lie well below it. These last two rocks clearly could not have had the
same initial lead as the others, and they could be of a different age. If
the sampies are of about the same age {(as suggested by the Rb-5r mineral

39

isochron from the LUNATIC ASYLUM (1971) and Ar/AOAr whole-rock data from

238U/204Pb initially in the rock was also not

TURNER (1971), the walue of
proportional, at least for 12064 and 12035, to that in its source material,
Note that a line passed either through 12064 or 12035 and through any other
sample does not pass through the common lead field. Thus, in the analyzed
rock assemblage from Apollo 12, there is clear failure in the assumptions
necessary for using the Pb-Pb isochromn. The data do establish, however,

238U/204Pb in a magma relative to the source of

that prOportionaiity of
the magma is not necessarily the rule. It may be worth noting that the
isochron that passes through the bulk of the.data and the common lead field
indicat;s a younger age than that found for the rocks collected by the
Apollo 11 mission which in turn are youmger than rock 12013. The order

is the same as that established by either of the other dating methods and
there is some similarity to the intervals between apparent ages. We know
of no obvious eriteria to cause us to discard either rock 12064 and 12035
from the Pb-Pb isochron treatment, and conmclusions regarding Apollo 12

rocks achieved solely by this technique are suspect., Sufficient sample

was obtained for rock 12064 to permit some investigation of it for a

possible internal isochron.

18



Density fractions on rocks 10017 and 12064

The isotopic compositions of the density fractions sepafated from
rocks 10017 (TATSUMOTO, 1970a) and 12064 (Table 4) are plotted om Fig. 3.
Both sets of density-fraction data have a considérable spread in their-
isotopic rat?os that permit construction of Pb-Pb isochrons. In botg
rocks the slope of the isochron is markedly less\than the slopes for the
whole-rock specimens, and the resultant apparent ages are 3950 m.y. for
10017 (versus 4200 m.y; for the whole-rock isochron of Apollo 11) end
3650 m.y. for 12064 (versus 3900 to 4000 m.y. for an isochrom through
primordial lead and the whole Yock). A similar line drawn through the data
on a concentrated HN03 leach of 10017 and its residue indicates an apparent
age of about 3950 m.y., similar to the age on the density fractions on the
same sample obtained by TATSUMOTO (1970a). While these ages are closer to
the Rb-Sr mineral isochron ages (3400 m.y. for Apolle 12 rocks by PAPANASTASSIOU
and WASSERB&RG, 1970) and 39Ar/40Ar whole~-rock ages (TURNER, 1971), they are
still high by 5 to 10 percent. A disturbing feature of both Pb-Pb isochrons
arising from density fractioms is that neither isochron includes-its
re;pective whole-rock anélysis.- Such a relationship could occur in pature |
if the whole rock contained a relict phasé rich in lead that éither was

a-d
‘vemained in suspension (2 candidate might

on e

lost, as very fi&gugﬁgticies that
be phosphate minefalsz)or wee dissolved and lost in the heaﬁy liquids {the
sum of the leads in the density fractions does not equal the lead content
of the whole rock). Unfortunately, all heavy liquids were combined after
use, so this explanation cannot be tested. Even though the liquids were
distilled before use, the heavy liquids mofé likely have contributed a

greater lead blank to the density fractions than we have estimated.
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Fraction 2 of rock 10017, for example, lies above the density-fraction
isochron that is described by the rest of the frectioms, and it lies along
a line that connects the whole rock with the common lead field. This

relationship suggests difficulties in blank correction. The fact that all

204Pb than their whole rocks

! . R . 206
density fractions are less radiogenic in Pb/
is also compatible with a contamination problem. The greater age for the

Pb~Pb isochron is suggestive that the amount of lead contamination is

inversely proportional to the ohserved 2Ostlzoan values in the fractioms.

The density-fraction data would have agreed with the Rb-S5r data had
they fallen on a line of 3600-d.y. slope for 10017 that passes through the
whole-rock value, and on a line of 3400-m.y. slope for rock 12064 that
passes through the whole-rock value. Considering the uncertain state of
the blank, we cannot now say that such is not true. The approximate wvalues
Bf 206Pb/zoéPb for which lines through the common lead field and the
obsarved densitﬁ«fraction data intersect the isochron of approximate age
that includes the whole-rock value are: - for 10017, fractiom 1:- 930:

2: 400 (same as thé,whole‘rock},_S: 540;.§ud 4:  670; and for 12064,
fraction 1: 3003 é:l 600; 3: 900; 4 11003 and 5: 1400. The data do .
support the concept that the minerél-f¥acti6n data lie on an isochron of
less slope, and therefore of yoﬁnger age, than-the-isochron for the

whole rocks. Otherwise, all the density-fraction data would lie along

lines conpecting the whole rock to the common lead field,

- 20



. The contamination explanation does seem to require two baffling
i

coincidences, however, that continuously seem to be needed to obtain ages
compatible with the Rb-Sr mineral isochr;n and 39Ar/4QAr whole~rock ages.
First, the contamination during our mineral separétion must have occurred
in a rather regular manner for the density-fraction daﬁa to retain linearity.

' Both random scatter of data and even negative slopes of isochroms are
possible, Second, the data of SILVER (1970) on the whole-rock 10017 lie
near our density-fractiom isochron for 10017 and his datz on whole-rock
12064 (SILVER, 1971) plot very mnear our mineral isochron for rock 12064.
Both of Silver's whole rocks do lie near lines connecting our respective
analyges amd the common lead field so that coincidental amounts of
contamination could account for the differences=--but this could hardly
have been predicted. Therefore, the preseﬁce of a randomly distributed
relict. component cannot-yet be completely abandoned. Also, we are not yet

- prepared to say whether the lead-isotope data on density fractions either

agree or disagree with the ages determined by other methods.

Soils

“ *'I"he"lead-‘-isotops_: data on soils 12033 and 12070 and breccia 12034-
'retu£ned by the_Apéllé 12 mission are shown on Figs. 1 and 2. All these

soil and breccia dqta clearly lie below the isochron drawn between the

Apéllé 11 soils and breccia.and the common lead field. There is perhaps

;bmé irony in the fact that the model whole-soil age reported by PAPANASTASSIOU
et al, (1970) of 4670 m.y. is.in excellent agreement.with the Pb-Pb isochron
age (4660 m.y.) on the Apollo Il seoils by TATSUMOTO (1970a) inasmuch as the
so0il and breccia arerclearly complex materiél that coqtain components from

" local rocks, rock detritus.thrown in by iméacts at some distance (including-

21 ca/a,f,«%m)



a "WREEP-like compoment"), and meteorites. If such agreement’ is surprising
for these complex materials, the irony is only compoum:led by‘ the; excelle;nt
agreeﬁent between the model "whole-soil' Rb-5r age on soil sample 12076 of
4440 m.y. (PAPANASTASSIOU and WASSEﬁBURG, 1970) and the Pb-Pb isochffn‘
model age determined by us of 4470 m.y. Other soil (12033) and breccia
{12034) samples from the Apollo 12 mission are younger in their model Pb-Pb
isochron ages, down to_4200 m.y. The close agreement is probably more
representative of excellent mixing‘of ébmpoﬁeﬁts in the soil rather than
of the aée of soil formation. ' (There is some conflict in the model Rb-Sr
ages reported on these samples:in the unpublished proceedings of the Apollo
12 Lunar Science Conference. Both MURTHY et al. (1971) .and CLIFF et al.
(19?1) state that 12070 has a modei age of 4600 m.y. within their

analytical uncertainties.) For 12033, MURTHY et al. give 2 model age of

' 4200 m.y., which is satisfyingly close to the Pb-Pb model age of 4320 m.y.g

Density fractions on 10084, 12070, and 12033 -
Density separations were carried .out. on three soil samples--10084 from

the Apollo 11 mission (TATSUMOIO, 1970a) and 12070 and 12033

ﬁfa..(ii/a%n){)



from the Apollo 12 mission. Soil data are plotted for 10084 and 12070
on Fig. 3 and for 12033 on Fig. 1. The data on the Apollo 12 soils

are %ncluded in Table 3 and those for 10084 may be obtained from the
original report (TATEBUMOTO, 1970a). The data on 10084 lie reasonably
close to the 4650-m.y.-old isochron drawn thréugh primordial lead and

the whole-soil. The new analysis of the acetone suspension fractiomn of
10084 (Table 4) is less radiogenic than the whole soil and is in good
agreement with the most easily leachable lead reported by SILVER (1970).
Soil 12033 gives a Pb-Pb isochron i; agreement with the primordial
lead:whole-soil Pb-Pb isochron. Sample 12070 contains two fractions

that express the heterogenéity of this soil sample. Fraction one (acetons
suspension) could represent a mobilized lead component such as that
postulated by SILVER (1970) and TATSUMOTO (1970a, p. 1606) and fraction 3
could represent some of the KREEP-like component. These components’
apparently balance each other in the whole soil.

' Parent-Daughiter Isochron Relationships

" " Unlike the Pb-Pb isochron, whole-rock lead isotope data on U-Pb
and Th-Fb diagrams (Fig. 4) do not défine any definite isochrons,

although the ages involved are clearly very old. - The reasons for the

scatter are not entire}y undérstooé. We feel at this time that the
scatter is more likely to be due to volatilization of some lead from
the rocks caused by the relatively recent impact event responsible for
the rock now being on the surface rather than to exceedingly great
analytical uncertainties, However, the impact may cause redistribution
of the lead within the ‘rock rather than volatilization of lead from the

rock. TIf this surmise is correct, some parts of the rock may have

become enriched in lead, and others may have been depleted of lead.
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Eﬁqﬁcei?éﬁly, we might learn some thing by passing "best-fit" lines through

“fhs Scatter of the data. TFor rock 12013, the ages are then indicated to

2BBU-ZOGPb isochron, 4200 m.y. for the 235U’207P

isochron, and 4000 m.y. for the 208Pb-232Th isochron, the limiting uncertain-

be about 3900 m.y. for the b
ties are drawn on Fig. 4. The average of these crude ages (4030 m.y.) is
surprisingly close to the ages determined by the Rb-Sr mineral isochron
(LUNATIC ASYLUM, 1970) and 39Ar/40Ar methods (TURNER, 1970b), When the same

best-fit lines are drawn through the scatter of the data on the density

-

- fractions for rock 10017 (TATSUMOTO, 1970a), the ages are about 3660 m.y.,

085 /205,

3950 n.y., and roughly about 2390 m.y. (little variation in the 2
respectively, in the same order as given for 12013. The average of the U-Pb

isochrons (3800 m.y.) is in gemeral agreement with the Rb-Sr mineral isochron
-ages (PAPANASTASSIOU et al., 1970) and the SAz/*Ar whole-rock ages (IURNER,
—1970a). For rock 12064 density fractioms, these-ages are 3320 m.y.,

‘3550 M, Y., and.3570 m.y.,'respectively. Again, the average isochron age

(3480 m,y.) is in remarkable agree@ent?.codsidering the scatter, with’the
‘Rb-ér mineral isoéhron generally observed in Apollo 12 rocks (COMPSTON et al.,
" 1971; MURTHY g__r: aly, 1971;.CLIFF et al,, 1971; LUNATIC ASYLUM, 1971) and
39Ar/40Ar whole~rock ages (TU&NER, 19%1). ‘

Tﬁe density-fraction isochron data on the Ap&llo 11 rocks, the rock 12064
and igneous breécia 12013, although not of as good quality as the whole-rock ‘
data, do appear to support the contention-that we may be dealing with an

_ acute initial'lead problem with some coincidental proportionalities of

" 238,204
e

th U/ Pb values in the magma and its source rocks, but we feel -

that the data are not of sufficient quality teo compel this conjecture.
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* CONCORDIA AGE RELATIONSHIP%

Rocks

The U-Pb system is plotted on a U-Pb concordia diagram (Fig., 5).
Using this diagram requires knowledge of the\hfanium and lead contents
as well as of the lead isotopic composition., An iqitial lead must also
be determined or assumed, This last requirement is not as difficuit
to meet for lunar samples as might be imagined, inasmuch as the initial
lead in the magmas is primordial lead plus some radiogenic addition.
The Eystematics of the U-Pb system are such that correction of the
observed ratios for primorgial lead will give a data point that still
lies on the straight lire drawn between the age of the source material
and the time of formation of the magma but to the right of the position
where ié would lie if corrected for the true initial lead. This line,
called a discordia line, is drawn for times representing the two limiting
* conditions ;f the daéa, i.e.~-between 4650 and 3400-3900 m.y. The Apoll? -
11 rocks lie in one patch and the Apolio 12 rocks (except for 12035 and
12064) in another patch;-.Though there is not a sfraightforward .

relationship between the'ZOGPb-2

OYPi is;chron and the concordia diagraﬁ,
the two patches reflect the younger age shown by the 206Pb-207Pb -

: isoéhron for the Apollo 12 rocks relative to that for the Apolle 11
rocks, For the concordia ages to agfée with the 4OAr/BQAr and internal
Rb/Sxr isochron ages, dafa for roclk 12013 should lie on a line between
about 4656 m.y. and 4,000 m.y., rocks of Apollo 1l near a line between
4650 m.y. and about 3700 m.y., and rocks of Apollo 12 near. a line from

4650 m.y. and about 3400 m.y. assuming that the age of all the source

rocks for these materials is a primordial source and that only two stages

24



have been invoived. The data do not clearly reflect wha;fwas exPectéd
because rock 12013 data are on a distinctly differént d{scoédia line

‘ and the data for Apollo 11 rocks lie on or below a 3%00- to 4650-m.,y.
discordia line. WNote that the sawdust from iéOlB lies_very rear the
concordia curve when corrected for modern lead (206Pb/204pb: 18.8;
207,20 15.8; 298pp/2%%ph: 38.8) @s the initial lead im spite of
the abundant lead contamination., There seem to be two groups in.the
Apbllo 12 igneous rocks (except 12035 and.12064) as shown by the dashed
line; in Fig. 5. The groupings also shown in the parent-daughter
diagram (U-Pb, Th-Pb), may .indicate that at least two parent magmas
were involved. The data for Apollo 12 rocks scatter considerably about
the 4650- to 3400-m.y. discordia line but Fhey may lie within all the
uncertainties as estimated from the multiple analyses of 12063 and }2052
(sample inhomogeneity plus laboratory treatment) that affect the data

~of the 4650- to 3400-m.y. discordia line. Rock 12035 lies drastically
belgw such a discordia line, but we are somewhat concerned about this
sample. - It is very friable and perhap; some key material in the U-Th-Fb

Lgyspem was lost by the third events (impact?) or in th; collection and
processiné of the material. éuch 105; %ould be ;q_episodic event at
ti@é_zero gnd would mov; the data point towards zero. The loss cannot
acco;nt for the'lateral offset of 12035 from the grouping of six
analyses,

if it is assumed that all rocks are concordant and that the problem

is oné of‘not knowing what the initial lead really was in the rock,
the initial lead and ZBSUIZOAPS in the source rocks may be calculated
(Table 6). If the uranium content in each of the magmas and source

rocks is assumed to be constant, then' the Apollo 12 rocks have lost
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about five-sixths of their lead relative to that in the source rocks.
For Eomparison, Apollo 11 rocks have lost about two-thirds of their
lead relative to that in source rocks.

As pointed out previously (TATSUMOTO, 1970b), the data on rock
12013 clearly do not fit the 4650- to 3400- or 3900-m.y. discordia lines
but seem to reflect some event much younger.th;n 3000 m.y. and are
evidence of third ev;nt systems on the moon (it should be Eept in mind
that chiplet {#f09B was a separate piece from chip #09A, both of which
came from fragment #09).

Densgity Fractions on Rock 12064

The data on rock 12064 are given in Fig. 6. The density fraction
data for-éhis rock appear to lie réasonably well along a 4400- to
2509-m,y. trend that would also include rock 12035 reasonably wé11.~
The 4400-m.&. intersection is also commog_;; tﬁat for the igneous
breccia 12013 and the impact breccia 12034 and the soil 12033. Though
we expected that éhe data would lie on a 4650~ ‘to 3400-m.y.. discordia
;?peg;tbg data cénnot“easiiy be made to fit such a line. ~Fraction 1
(acetone susPension)-lies weli above;ig and fractions 3, 4, and 5 lie
Pglpw it. Ewen though the observed arrangement of the data could be
due £o the possible contamination, préviously discussed, if the degree
of contamination is the reciprocal of the aﬁount of sample handling,
again we are surprised at the regularity of the data if contamination is

~the cause, The 2500-m.y. intercept, however, does not seem to be
reflected in the results determined by any o£ the other treatments of

the U-Th-Pb system or in those determined by the Rb-Sr mineral isochron

or 39Ar/40Ar methods. The only other information suggesting an
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approximate age of 2500 ﬁ.y. is the K-Ar ages in Ehe‘Apollo"lz
preliminary report (LSPET, 1970), we, however, tend to iﬂterpret those
apparent ages as intermediate ages between the time of volcanism and
the younger age of impact threwout.

In contrast to the rocks of Apollo 11 and 12 and soils aund breccias

of Apollo 11 which seem to approximate single- (no alteration of

238U/204

Pb since the moon formed) or two-stage development (line ty-t,
in Fig. 7), the soils and breccias of Apollo 12 show distinct develop-
ment of a third much young;r stage (Fig. 5) and are more accurately
represented by such lines as tp-Q; in Fig. 7. All other lead isotope
data reported in the unpublished ﬁroceedings of the Apollo 12 Lunar
Science Conference are in agreement on this point (CLIFF et al., 1971;
SILVER, 197}; and HUEY et al,, 1971). ‘The only alternative explanation
is that some neﬁ phase, not dissolvéd or 1eached‘of its uranium and
Jead, is present in Apollo 12 soil and breccias but is not present in
any other rock of exther Apollo 11 or Apollo 12 or in Apollo 11 3011
_}and breccia. No such_phase was reported at theé Second Lunar Sample
-bonferénce, and in fapt, one possibly troublesome phas;, ilménite; is
less in the Aﬁollb 12 sampies. Some unusual occurrences did happen in
rock 12013 thgt a;e sugggstive of a third event, as already discussed.
In the;e events, the KREEP-like component either m;y be young, éuch
"less than 300q m.y., or may have been altered at a young age. Third
events are the most likely explanation for the configuration of the
12013 data and almost certainly is the explanation for the soil-and

impact breccia data from the Apollo 12 mission. We ‘do not know the

precise age or ages .of the young, Ehird-stage event or events;

27



conceivably, they might be related to formation of impact,élasses and
alteration of the U/Pb ratioc in some rocks, such as 12013, by some
relatively young impact such as Copernicus, a ray from which the Apoilo

12 samples may in fact have been collected.

Density Fractions of 12033 and 12070

Some insight into the complexity of Apollo 12 soils and brepcias

may be given by the density-fraction data for soils 12070 and 12033

(Fig. 8). The data point of the extremelﬁlfine fraction of 12070
(fraction 1) falls.nicely on a2 ty~t, line. The data represented by

this line could be for soil that might have been derived from 4550-
m.y.-old source material at about 3200 m.y. ago at which time fractiom 1
was enriched somewhat in lead over uranjum. Fractions 3 (MI float) and &
o siﬁk) also fall on this line. TFraction 2 (BF float) falls on a line
dravn‘through it and one other bit of fraction data that-is much younger.
The oldest intersection with concordia for this younger event would be a
line connecting fractioms -1 and 2 which would intersect concordia at about
1.3 b.y. Fraction 2~prim;ri1y contaiﬁs feldspar and écoriaceous glass
which may be a younger (of relatively recently a;tered)“KREEP;like material
(note the great lead, uranium and thorium concentrations for fraction 2

in I;ble.4). The behavior of the fractions from 12033-differs ﬁarkedly
from the behavior of‘the density-fractions of 12070. It is almost as

if 12033 was largely reconstituted in terms of tﬁé U-Tb system at ;Ome
fai%ly recent time rather than just containing some added definable
component. Even though the soil and breccia data of Apollo 12 are ‘

intéfpreted only with great difficulty to any degree of precision,
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evidence clearly indicates a component greater than 4 b.y. in age and
another component much younger than 3 b.y. in age. Neither the
39Ar/40Ar method nor the internal Rb/Sr isochron methods is reflecting

this younger third event; however, these methods are applied to the soil

only with great difficulty.
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CONCLUSTIONS
In lunar samples, differences in the ages obtained by the Rb-Sr

and 39Ar/40

Ar methods and those obtained by U-Th-Pb dating seem to be
attributed, by some investigators, mainlxﬂanaiytical problems in the
U-Th-Pb system and complexities in the interpretation of that system,
The Pb-Fb isochron is, however, the dating method least sensitive to
analytical uncertainties, In addition, if the U/Pb and Th/Pb values in
the voleanic rocks have been enrichéa over those in the isotopically
inhoﬁogeneous source rocks by volatilizatién of lead from the magma,
depletion of the magma in rubidium relative to strontium is also likely.
The general effects of such volatilization would be Pb-Pb whole-rock
isochron ages that are younger than the age of the source rocks for the
magma and Rb~Sr whole-rock isochron ages that are older than the age of
Ehe source rocks., If the high quality Pb-~Pb isochron for the Apollo 11

~

rocks and rock 12013 is due to a coincidental constant enrichment factor

for U/Pb in the volcanic rocks relative to the source rocks,- the
;;proximate aéreement of the 1ow-potaséium whole~rock Rﬁ-Sr isochron
ages (yhich are inFerpreted as ages of the magma source rocks) with the
;ﬁé; of the ﬁ;on" also may be a coinciden¢e. We feel that:the Pb-FPb
}§ochrons on the Afollo 11 rocks and rock 12013 are of sufficiently high
éuality that abandonment of a 4200-m.y.~0ld age for Apollo 11 rocks and
\ 4370-m.y.-old age for ro;k 12013 is premature. The lead isotope data
on Apollo 12 rocks, other than 12013, does not form a simple Pb-Pb
isochron so that ages must be derived from concordia diagrams. In the
absence of other kinds of data, we would- interpret the concordia

relations as suggesting that the Apollo 12 rocks were derived about

3000 m.y. ago from a 4650-m.y.-old source. There is sufficient scatter
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in these data, however, to permit & derivation of thé ro;ﬁs at 3400
m.y. from a 4650-m.y.~old source, a derivation age that is £Tf::£§ntial
- _ \ .
‘agfeement with the Rb-Sr mineral isochron and 39Ar[40AgAmethods.
Although the lead isotope data on the lunar éails are subject to
alternative interpretations, the 4650 * 50 m.y. age determined b§
U-Th-Pb methods for the Apollo 11 soils ?é'probably a consequence of
the Apollo 11 soils being a well-mixed composite of lead enriched and
debleted materials, and the age stiil furnishes the best working
hypo;hesis for the age of the moon.  The most significant feature of
the lead isotope data on Apollo 12 soils is evidence of 'third events™
in these soils that are much less than 3000 m.y. in.age. These '"'third
events’™ are probably attributable to formation of or’volatﬁlization of
lead from components in the soil due to young impacts. These "third

39Ar/40Ar or BRb-Sr dating methods,

events' are not clearly shown in the
A speculation on the origin of the moon is not discussed im this

-paper because of paée iimitations and because of the rapid advance of

- physical astronomy; however, our concept of the lunar origin i; not

much different from those of other investigators (for example,

. GANAPATHY et al., '1970; ANDERS, 1970-1971) and.ghe symposium on the

evolution of the solar éystem (SHIMAZU, 1967). This concept is that

the moon originated from the beginniné as -a satellite of the earth in

the process of solar evolution,

- The radiation effect of the proto-sun at the Hayashi phase (high

luménosity stage; HAYASHI et al., 1962) c;uld'accoupt for the depletion

of lead and other volatile elements when the particle-size in the

proto-earth-moon system reached millimeter to meter size (ONO and

FUJIMOTO, 1967). The moon, which was formed from the outer particles,
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became more depleted in volatile elements than the earth, which was

accreted from interior particles of the proto-earth-moon system.

32



Acknowledgments--We thank George Reed of the Argonne National Laboratory

for his suggestion that we try anodig electrodeposition of lead in

the purification procedure rather than cathodic electrodeposition.

We also thank G. A, Izetf and R. E. Wilcox of the U. 8. Geological Survey,
for petrographic examination of mineral fractiouns, %We are indebted to

D. M. Unruh for laboratory assistance. We wish to thank S, Matsuo of

" the Tokyo University of Education for discussions on the origin and
evolution of the solar system, planets, satellites, and meteorites. We
benefited also by our discussions with our colleagues in the I, S.
Geological Survey, particularly Zell E. Péterman, Robert E. Zartman, -

and John N. Rosholt; This study was supported in part by NASA Contract

- T-75445.

33



REFERENCES
_ ANDERS E. (1970) Water on the moon? Science 169, 1309—1316.
ANDERS E. (1971) Meteorites and the early solar system (préprint).

Ann. Rev, Astron. Astrophys, 9 (in press)."

CLIFF R. A., LEE-HU C, and WETHERILL G. W, (1971) Rb-Sr and U, Th-Pb

measurements on Apollo 12 material. Apollo 12 Lunar Science

Conference (unpublished proceedings).
COMPSTON W,, CHAPPELL B, W., ARRIENS P, A, and VERNON M, J, (1970) The

chemistry and age of Apollo 11 lunar material. In Proc. Apollo 11

Lunar Sci. Conf., Geochim, Cosmochim. Acta Suppl. 1, Vol. 2,

1007-1027. Pergamon.,

COMPSTON W., BERRY H,, VERNCNW M, J., CHAPPELL B, W, and KAY%_M. J. (1971)
Rubidium~strontium chronology and chemistry of lunar material from
the Ocean of Storm;. Apollo 12 Lupar Science Conference (uﬁpublished

-

proceedings).

FARQUHARSON R, B, and RICHARDS J. R. (1970) Whole-rock U-~-Th-Pb and Rb-Sr

ages of the Sybella microgranite and pegmatite, Mount: Isa, Queensland.

J. Geol. Soc. Aust. 17, 53-58.
GANAPATHY R, , KEAYS R. R., LAUL J, C, and ANDERS E; (1970) Trace elements

in Apollo 11 lumar rocks: Implications for meteorite influx and

origin of moon, In Proc. Apcllc 11 Lupar Sci, Conf,, Geochim,
Cosmochim, Acta Suppl. 1, Vol. 2, 1117-1142, Pergamon.

GOPALAN K., KAUSHAL S., LEE-HU C, and WETHERILL G, W, (1970) Rb-Sr and U,

Th-Pb ages of lunar materials. Ir Proec. Apollo 11 Lunar Sci. Cenf.,

Geochim, Cosmochim. Acta Suppl., 1, Vol, 2, 1195-1205. Pergamon,

34



HAYASHI C,, HOSHI R. and SUGIMOTO D. (1962) Evolution of the stars,

Suppl. Prog. Ther. Phys. 22, 183 p.

HUBBARD N. J., GAST P, W. and MEYER C, (1971) The origin of the lunar
soil based on REE, K, Rb, Ba, Sr, P, and Sr87/8r86 data., Apollo 12

Lunar Science Conference (unpublished proceedings).

HUEY J, M,, IHOCHI H,, BLACK L, P,, OSTIC R. G. and KOHMAN T, P. (1971)
Lead isotopes and volatile transfer in the lumar soil. Apollo 12

Lunar Science Conference (unpublished proceedings).

JAMES 0: B. (1971) Petrology of lunmar microbreccia 12013,6. U.S. Geol.
. Survey-NASA Interagency Rpt., Astrogeol. 23, 39 p.
LSPET (LUNAR SAMPLE PRELIMINARY EXAMINATION TEAM) (1970) Preliminary
examination of the lumar ;amples from Apollo 12. Science 167, 1325-1339.
-LUNATIC ASYLUM (1970) Mineralogic and isotopic investigations on lunar.

rock 12013. Farth Planet. Sci. Lett. 9,-137-163.

LUNATIC ASYLUM-(1971) Rb-Sr ageé, chemical abundance patterns and history

of lunar rocks. Apollo 12 Lunar Science Conference (unpublished

proceedings).
~MEYER C., Jr., AITKEN F, K., BREIT R,, McKAY D. and MORRISON D. (1971)
Rock fragments and glasses rich in K, REE, P in Apollo 12 soils:

Their mineralogy and origin. Apollo 12 Lunar Science Conference

(unpublished proceedings).
MURTHY V. R., EVENSON N, M,, JAHN B.-M. and COSCIO M, R,, Jr. (1971)

Rb-Sr isotopic relations and elemental abundances of K, Rb, Sr,

and Ba in Apollo 11 and 12 samples. Apollo 12 Lunar Science

Conference (unpublished proceedings).

35



ONO S. and FUJIMOTO Y. (1967) Origin of the solar system (in Japanese).
KAGAKU 39, 547-551.
PAPANASTASSIOU D. A, , WASSERBURG G. J. and BURNETT D, S. {1970) Rb-Sr

ages of lunar rocks from the Sea of Tranquillity., Earth Planet,

Sci. Lett. 8, 1-19. . ‘l

PAPANASTASSIOU D, A, and WASSERBURG G. J. (1970) Rb-Sr ages from the

Ocean of Storms. Earth Planet. Sci, Lett. 8, 269-278.

PETERMAN Z, E., DOE B, R, and PROSTKA H, J, {1970) Lead znd strontium
isotopes in rocks of the Absaroka volcanic field, Wyoming.

Contrib, Mineral., Petrol, 27, 121-130.

PETERMAN 2. E,, HILDRETH R, A, and NKOMO I, (1971) Precambrian geology

and geochronology of the Granite Mountains, central Wyoming,

Geol. Soc. Amer. Abstracts with Programs 3, no., 5,

ROSHOLT J. N, and PETERMAN Z. E. (1969) Uranium, thorlum, lead systematics

in the Gramite Mountains, Wyoming. Geol. Soc. Amer. Abstracts with

"Programs, Part 5, 70.
ROSHOLT J, N,, PETERMAN Z. E. and BARTEL A, J. (1970) U-Th-Pb and Rb-Sr .
éges in granite réference sample from southwestern Saskatchewan.

" .Can., J. Earth Sci. 7, 184-187.

ROSHOLT J. N. and TATSTMOTO M, (1970) Isotopic composition of uranium and

thorium in Apollo 11 samples. In Proc. Apolio 11 Lumar Seci. Conf., -

" Geochim. Cosmochim, Acta Suppl. 1, Vol. 2, 1499-1502, Pergamon.
SCHNETZLER C. C. and PHILPOTTS J. A, (1970) Trace element abundances in

Apollo 12 samples. Geol. Soc, Amer. Abstracts with Programs 2,

no, 7, 676,

36



SCHNETZLER C, C., PHILPOTTS J, A, and BOTTINO M, L, (1970) Li, K, Rb, Sr,
Ba, and rare~earth concentrations; and Rb-8r age-of 1uﬁar.rock 12013.

Earth Planet. Sci. Lett. 9, 185-192,

SHIMAZU Y, [editor] (1967) Symposium of solar system (in Japanese):
s
Kagaku 37, 514-571.
SILVER L, T, (1970) Uranium-thorium-lead isotopes in some Tranquillity

Base samples and their implications for lunmar history. In Proc.-

Apollo 11 Lunar Sci., Conf., Geochim. Cosmochim. Acta Suppl. 1, Vol. 2,
1533-1574. Pergamon,
SILVER L, T. (1971) U-Th-Pb relations in Apolle 11 and 12 lupar samples.

Apollo 12 Lunar Science Conferemce (unpublished pxoceedings).

TATSUMOTO M. (1970a) Age of the moon:; An isotopic study of U-Th-Pb

systematics of Apollo 11 lunar samples--1I. In Proc. Apollo 11

Lunar Sci, Conf,, Geochim. Cosma: him. Acta Suppl. 1, Vol. 2,

1595-1612, Pergamon.

TATSUMOTO M. (1970b) U~Th-Pb age of Apollo 12 rock 12013. Earth Planet.
Sci. Lett. 9, 193-200.
TURNER G. (1970a). Aréon-éO/argon—39 dating of lunar rock éamples. In

Proc. Apcllo 1l Lunar Sci. Coanf., Geochim. Cosmochim. Acta Suppl.

Yol. 2, 1665-1684., Pergamon.
TURNER G, (1970b) 4OAr--39Ar age determination of lunar rock 12013. Earth
Planet. Sci, Lett. 9, 177-180.

TURNER G. (1971) 4OAr—SgAr ages from the lumar maria. Apollo 12 Lunar

Science Conference (unpublished proceedings).

37



WAKITA H, and SCHMITT R, A, (1970) Elemental abundances in seven fragments

from lunar rock 12013, Earth Plamet. Sei. Lett, 9, 169-176.
WARNER J. [compilor] (1970) Apollo 12 lunar-sample information. NASA
TR R~353.
WARNER J. L. and ANDERSON D, H, (1971) Lupar crystalline rocks--Petrography,

geology, and origin. Apollo 12 Tunar Science Conference (unpublished

proceedings).

WoOD J. A., DICKEY J, 8., Jr., MARVIN U, B, and POWELL B, N, (1970) Lunar

anorthosites and a geophysical model of the moon. In Proc. Apollo 11

Lunar Sci. Conf., Geochim. Cosmochim., Acta Suppl. 1, Vol. 1, 965-988.

W0OD J, A., MARVIN U., RELD J. B,, TAYLOR G. J., BOWER J., F., POWELL B. N.
and DICKEY J. 8., Jr. (1971) Relative proportions of rock types, and
nature of the light-colored lithic fragments in Apollo 12 soil samples.,

. Apollo 12 Lunar Science Conference Gunpdb-lished proceedings).

38



-

g

Lead, uranium and thorium concentratj

Sample No. Typex Description (g
12009, 22 A Porphyritic olivine basalt o.i
12021,122 B Pigeonite dolerite, pegmatite
12022,37 B Olivine dolerite 0.1}
12035,10,a B 'Iroctolitef. . 0.3
12035,10,b B " do. 0.3
12038,42 A Basalt 0.2
12052,66,2 A Olivine basalt 0.6
12052,66,b A do. ° 0.5
12052,66,c A do. 0.6
12063,49,a A do. 0.3f
12063,49,b A ol do.TT. 0.3%
12064, 21 B Dolerite with crystobalite 0.5;
' impact ' 1
12034,16,a C Crystalpbreccia with glass 4.1¢
12034,16,b C - do. 3.8%
12033,53,a D Fines 4.0
12033,53,b D do. 4;43
12070,56 D Fines (contingency) 3.14
12070,56 D do. h 3.86
12013,10 A Igneous breccia
#09A 9.28
#0958 12.30
Tz FOLDOUT, FRAME " 16.52
Sawdust \ 25,34
(10.7€
*Type: A, fine-grained igneous rock; B, medium-grained if

#*%Corrected for lead contamination in order to get a reasc:



»n in Apollo 12 samples
3 U, Th Approx, initial Pb (ppb)
bm) _ (ppm) _ (ppm)  Th232/y?38 (after blank)
04 0.243  0.881 3.74 27
19 0.261L  0.932  3.69 11
09  0.198 0.710 3.70 23
—>
15 0.240 0.801 i 3.45 26
0.1%9 0.682 T3.54 --
: i
0.157 0.615 ‘@ 4.05 19
0.365 1.282 " 3.63 20
0.347 1.231 3.67 -
0.404 1.411 3.61 -
0.191  0.679 3.67 13
0.191  0.637 3.45 . -
0.278  0.977 3.64 .30
3.576 13.00 3.76 82
3.497 13.29 3.93 -
2.670  9.700 3.75 96
3.269 ' 12 . 14 3 084 -
1.641  6.020 3.79 190
2.103° 7.700 3.78 " --
' FOLBo Q
' ; o VT Eray,
5.675 20.73 3.78 200 - - T
5.871 22.9% 4,04 760 EZ
10.80 34.29 3,28 200
5.752 19.05 3.42 220
3.38 © -

5.158 16.88

frecus rock; C, breccia; D, soil.
%¥ble U-Th-Pb svstem as compared to that for other rhing,




" Table 2, Lead, uranium and thorium concentrations in Apollo 11 and 12 samples

.

Samples ‘ (zgm) (pgm) (gzm) Th232/U238
Apollo 11
Rocks ‘
Group II (3)* 0.29 ~ 0,51 0.16 ~ 0,27 0.53 ~ 1,02 3.53 ~'3.9§
Group I (3)% 1.56 ~ 1.74 0.85 ~ 0,87 3.30 ~ 3.43 4,03 ~ 4,08
Breccia (1)% 1.7 0.67 2.6 3.94
Fin;s {L* -l.4 0.54 2.1 3.97
. Apollo 12
Rocks (8)* 0.28 ~ 0.64 0.16 ~ 0,40 0.61 ~ 1.41 3.61 ~ 3,92
Breccia (1)% 42 3.6 13.0 3.76
Fines (2)* ) 3.2 ~ 4,00, 1.6 ~ 2.7 6.0 ~ 9.7 = 3.75 ~3.79
.. Igneo&g breccia -- N ._‘ : )
9,2 -~ 16,3 . :§.7 "~ 10.8 19.1 ~ 34,3 3.28 ~ 4,04

[12013] %% (4)¥¥*

*Number is number of samples anélyzedﬂ

*%Number is sample number,

**%Number is number of chips analyzed.




Table 4, Isotopic compositig
and thorium in mind

Pb u Th
~ Sample No. Fraction {ppm) ( ppm) _(ppm)
12033 Whole rock 4.00  2.67  9.70
1. Very fine 4,65 2.95 11.69
(float in acetone) .
2. p < 2.9 plag, (~98%) 4,24 2.60 8.91
3. 2.9 « p < 3.3 mixture 3.70 3.13 11.006
(glass ~70%;compound grain 30%)
4. 3.3 < p ilm. 1.05 0.700 1.38
{Py ~85%;01 10% others)
¥ Sum of fractions 3.09 2.68 9.37
12070 Whole rock _ 3.16 1.64 6.02
1. vyery fine 6.39 2.44 9.35
(float in acetone) -
~ 2. p < 2.9 plag, (>95%) 12,62 8,58 31.42
3. 2.9 < p < 3.3 mixture 1.26 0,588 2.16
(glass ~60%; compound gralns ~L07)
&, 3.3 <p ilm. 0,606 0.343 1.10
(Py 40%3 01 AAO%) .
T Sum of fractions 3.17 1.79 6.59
12064 Whole rock 0.532 0.278 0.977
1. Very fine 1.68 0.451 1.58

(float in acetone) ) )
2. ¢ < 2.9 plag.(plag. >957) '0.307  0.144  0.462

>

3. 2.9 < p < 33 mixture - 0.579 0.353 1.14
{compound grains) :

4, 3.3 « p ilm. non-magnetic 0.216 0.147 0.520
(By ~607, ilm. ~40%)

5. 3.3 < p ilm. magnetic _v 02759 0.497° 1.77
(ilm. ~80%) e )
L T Sum of fractions ™ 0.384 0.231 0.793
10084 0. acetone suspension 3.68 0.850 3.26

*Corrected for Pb203 spite (206ph/208ph is assumed to be the same as for th



n of lead and concentration of lead, uraniuam,
ral concentrates

Corrected for bhlank -

232 /Uzs}s 252065, 206 1207, 90h 208,204 38 - 70
3.75 1134 577.6 1028 1581
4.10 237.5 124.3  ° 231.8 317.1
3.54 224.4 128.0 218.8 ~ 293.4
3.66 . 1391 7116 .. 1 2453
2.04 9.6 42,77 75.52 108.9
3.42 . - . N

123579 43375 - 251,7 415.6 495.5
3.97 449:27 - 285.4 457.8 394.2
3.79 : LLSB.‘STT? 7 9367 165.2 247.3
3.79 %84 > 22683570 469.0 496.1
3.32 29,9 126.3 23 286.4
s - e T :

364 Tah4g 65 234.9 446 6  510.6
3.61 (42.79? L. £30.76)% (41.76)% (28.56)*
3.31 124.7 Sio6hG7 TRET 1428 136.6
3.35 152.7-° HowgyE 163.2 204,7
3.65 187.{; | i.h,79‘._3§' TEec 0 203.6 279.8
3.69 354.3 135.8 364.3 . 487.7
3.56 R '
3.96 83.1 66.5 98.8 - 50.;

e whole rock).



Table 5, Lead isotopic composition of Apollo 11 and 12 samples

Samples 5200 /p, 204 pp207 ypy, 204 pb208 /p, 204
Apollo 11
- '1
Rocks
Group II (3)* 260 ~ 420 . 140 ~ 200 290 ~ 450
Group I (3)% 410 ~ 1240 190 ~ 590 450 ~ 1280
Breceia' (1)* 260 170 270
‘Fines (L)% 260 170 270
Apollo 12
Rocks  (5)% 390 ~ 410 160 ~ 170 400 ~ 430
Y e 670 ~ 720 260 ~ 300 640 ~ 710
Breccia (L)% - 1380 660 1220
Fines [12070]%% (1)% 430 252 416
[12033]  (1)* 71130 580 . 1030
I'gt‘leous brec'cia. . |
[12013] (3)*#*- 1200 ~ 2060 1200 ~ 1770

640 ~ 1050

*Number is number of samples analyzed.

**Number is sample number.

*%*Number is number of chips analyzed.




Samgla'

12009
12021
12022
12035
12038

12052

12063,a

12064

™

. T?ble 6.

Calculated first stage parameters for concordant age
'(tl in million years) by two-stage model*

Conc:zdant . (32351131;20") . ~ ( .(I’bZOGIszm)tl _(szwll’bzo{') 6
3214 161.3 73.63 T 8910
3401 183.2 73.57 93,79
3770;- © 94.05 ' 28.02 . 37.66
.|é908' 67.89 4is1 46.29
3725 61.90 25.72 33.90
3511 256,0 91,67 121.3
3742 153.0 - 49,14 68.04
3087, 302.9 139.6 . 164.1

2

*Agsuming to-ﬂ 4,63,
less than 30 m.y.

FotA‘tc"‘”-_ 4,60 and £, = 4,65 s the calculated ages change



Fig. 1.

Fig. 2.

Captions to Illustrations

The 206pp/204p5.207p /204p, evolution for Apollo 12-whole
rock and 5911 samples, density fractioms (x) of soil 12033,
and a meteorite (Nuevo Laredo). The heavy isochron Iiné is
drawn through the data on igqgous breccia 12013. Data for
rock 12013 would lie on the 4650-4000 m.y. isochron if it
evolved in a U-Pb system between 4650 and 4000 m.y. Wigh a
238U/204Pb of zero sipce 4000 m.y. age. Isochron labeled
4650-3400 m.y. is included for comparison., Isochrons labeled
4000-0 m.y. define the locus of points of the 238y/204ph 5 0
since 4000 m.y. égo. The intersection of the 4000-0 m.y.
isochron with the 4650-4000 m.y. isochron would represent

the lead isotopic composition initially in the rock at 4000

‘m.y. ago. See text for discussion, Numbers on data points

are final digits of sample number and a's and b's indicate
duplicate determinations. §.D. is sawdust. Size of boxes

indicates the experimental error.

Enlarged 206Pb/204Pb-207Pb/204Pb evolution diagram showing .

data on Apollo 12 rocks in greater detail. The heavy isochron

lines are drawn from primordial lead for several different

ages. Data for the rocks would lie on the 4650-3400 m.y.

isochron if they evolved in-a-U-Pb system during that time

238U/204

period and subsequently had a value of Pb of zero.

Isochron labeled 4650-4000 m.y. is included for comparison.
Isochrons labeled 3400-0 m.y. define the locus of points if

the 238U/204Pb > 0 since 3400 m.y. ago. The intersection of



Captions to Tllustrations (Cont:*d)

the 3400-0 m.y. isochron with the 4650~3400 m.y. isochron
would representvthe isotopic composition of the lead initially
in the rock. See Fig. 1 caption for-additional explanation

of symbols.

Fig. 3. The zoéPblzqub-207Pb-204Pb evolution for density fractions
from selected Apollo 12 samples. F;r each density fraction
on the rocks, 10017 and 12064, the left symbol represents
the raw data and the symbol more to the right is the data
corrected for chemistry blank., The data represented by + are
for Whole-;ock 10017, Silver (1970) and for whole-rock 12064,
Silver (unpublished proceedings of the Apollo 12 Lunar Science-

-

Conference) .

235 ang 208p,.232

Fig. 4. The 206Pb-238U, 207Eb- Th isochrons for
whole rocks of Apollo 12 samples. Numbers on data éoints
are final digits of sample numbers, and abpended a's and b's
‘indicate duplicate determinations. The size of the symbols
approximate the analytical error (1 oj.

Fig. 5. The U-Pb evolution diagram. Plotted éoints are (207Pb

207,

observed -

/235y against (ZOGPb

o “206pp,
primordial) observed primordial)/

238y, Numbers .on data points are final digits of sample
numbers, and numbers on concordia in#icate 109 years.
Discordia lines connect limiting values for Apollo 11 (4660-
3900 m.y.) and Apollo 12 (4660-3400 m.y.) rocks according to

Rb~Sr mineral isochrons (Papanastassiou et al,, 1970); all -

soil samples (10061, 10084, 12033, and 12064); and fragments®



Fig. 6.

Fig. 7.

Fig. 8,

Captions to T1lustrations {Cont'd)

of igneous breccia 12013 that also includes impact breccia
12034. Dashed discordia lines give the limiting 207pp /2067,
slopes of all Apollo 12 rocks except 12035 and 12064.

The U-Pb evolution diagram for rock 120é4 and its separated
density fractions. Dashed lines are drawn to fit the data.
For comparison, rock 12035,'the field encompassing most
Apollo 12 rocks, and the trend of the fragments of igneous
breccia 12013 are given. The definitions of the density
fractions 1-5 are given in Table 4. The bars express the
estimated analytical uncertainties.

U-Pb evolution diagram illustrating processes_involved in
second and third stage events (for detailed explanation see
Tatsumote, 1970a}.

U-Pb evolution diagram for soils 12033 and 12070 and their
density fractions. The definitions of 1-4 densify fractions
are given in Table 4. The bars express the estimated

analytical uncertainties.
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. Isotopic composition of thorium and uranium in Apollo 12 samples®

|
J. N, ROSHOLT and M, TATSUMOTO

U.5. Geological Survey, Denver, Colorado 80225

/

¢

Abstract--The isotoplc composition of uranium and thorium was determined by

-~

mass spectrometry and alpha spectrometry in 14 lunar samples from Apollo 12,

e U238!U235

Th ratio in gamples measured is the same as that for terrestrial

uranlum within experimental error (137.8 * 0,3}. The U234 daughter is in

23

radioactive equilibrium with parent U 8 in the samples; however, it could

not be demonstrated that Th230 is in equilibrium with U238 in some rock

samples as measured by alpha spectrometry.

One interpretation of the g-particle spectral data of thorium would

suggest the existence of a significant amount of a shape isomer of Th232
-232
(Th23 m) accompanied by a decay series collateral to the regular decay

R Y . .
series for Th232. Different modes are postulated for the production of

Th232m a8 a fraction of primordial thorium and for the production of

radiogenic Th232 by decay of Pu244 progenitor.

*Publication authorized by the Director, U,S. Ge610g1c31 Survey,



The isotopic composition of uranium and thorium was deﬁ;rmined in
14 samples from Apollo 12. The isotopic ratios of urani&y’(U238, U235;
U234) were identical, within experimental error, ﬁith thoée of terreétrial
reference samples in radicactive equilibrium.  However, unexpected
variations in the isotopic ratioé of, thorium (Thzsz, TthU, Thzzs)jﬁay
provide clues to the variable cosmogenic history of éhorium.

The déscription of chemical separations and the-measurements for
uranium and thorium were given in ROSHOLT.and TATSUMOTO (1970) and ‘
=TATSUMDTO-(19703). After the separation of lead for the determination
of the isotopic abundances of lead isotopes (TATSUMOTO, 1970b), uranium

and thorium were separated from the lunar samples.

Both mass spectrometry and alpha épectrometfy were used in

determination of the isotopic composition of uranium. Radiocactivity ratios

of U234 to U238 were determined first; then uranium was removed from the

238 2
3 Ju 35

platinum counting disk and U ratios were determined by mass

spectrometry on 0.4-microgram quautitiés of uranium. . The results (Téble 1)

" indicate that 0234 is in radioactive equilibrium with.Usz, and the

U23_'8/U235 ratio in sampleé measured is the same as terrestrial uranium
(137.8 £ 0, 3) Uncertainties-in radioactivity ratios are standard - .-
deviatxons based on counting statlstics.

2/ 230 in lunar samples (Tabie 2)

The radioactivity ratios of Th
were determined by w-particle spectrometry on aliquots of the same solution
.of the rock sample used in determining the concentrations of uranium and

thorium (TATSUMOTO, 1970b); however, separate splits of the fines were used

for determination of the concentrations of uranium and thorium,



Th ﬂata is not included in this paper because, to evaluate properly its

232 /T h230 228

zelatirn to Th variations, more time is required to measure Th

L

ﬂecay and Ra22 growth from Th . Thorium-232 has been used as a natural

tracer for the determination of the atate of radiocactive equilibrium between

2 - .
'Th?Bo and parent U ® in terrestrial rocks (ROSHOLT et al., 1967). The 4.0

Mev o-particle emitted from Th232 was measured to determine its radioactivity,

A typilcal a-particle spectra of lunar crystalline rock is shown in Fig. 1.

1f Th23 is in radicactive equilibrium with 0238, the activity ratio

;expectsﬂ:for thorium isotopes can be calculated, using the atomic ratio of

et
'T52°21U138 as determined by isotope dilution (TATSUMOTO, 1970b) and using

‘the decay constants for Th232 and U238. The expected activity ratio is

I

232, .230 _ ren 232, 238

(Th ™" /Th )EXpected = (/U )atom % (K232/h238)’

where K232 and K238 are the decay cou;tants for Th232 and U238. Values

for the measured activity ratios-of thorium lsotopes and the expected

activ1ty ratios of Th 32/ h230 are shown in Table 2.

- Comparison of the expected ratio/measured ratio (Table 2)-iﬁdicates

that fragments -(12013, 10-42 and 12013 10-45), breccia (12034), and fines
*(12033) are sfmilar in thorium isotopic compusition to terrestrial reference
samples; however, the sample of the dark portion of rock 12013 (12013,10-09)
"ﬁas a low value for this compaéisén. A split-of contingencf fines (12070)
: hés an‘excess of radioactivity over that expected at the g-particle energy
of Th230 (4.66 £ ,06 Mev peak). All the crystalline rocks analyzed hgve

an excess of radioactivity at this u;particle energy. Unusually large
:ex;eéses are indicated for three of the samples é12009, 12021, 120&3)

where the e;pected ratio/measured ratio (Table 2) exceeds unity by

60 to 80 pefcént; A distribution diagram of the comparison of

3



the expegted ratio/measured ratio (Fig. 2) shows the variations of thorium
isotopfé composition in different rock typés. The pattern of variations
suggests agreement with the KREEP hypothesis of HUBBARD et al. (1971)
because the dark portion of rock 12013 ﬂas a thorium isotopic composiéion'

at one extreme, the basalts have a composition at the other extremé, and

the fines have an intermediate composition., We do not interpret the

variations in the Th232/Th230 ratios as due to disequilibrium in the

U238-U234-'Th230 decay sequence because of (a) the equilibrium conditions
, demonstrated between U234 and U238 in all samples measured (Table 1),

(b) the Th230 equilibrium demonstrated in samples 12013, 12033, 12034 and
;in some of the Apollo 11 samples (ROSHOLT and TATSUMOTO, 1970), ahd

206/U238 ages and Pb?'os/Th232 ages in the

(c) the concordancy between Pb
two-stage lead evolution model by TATSIMOTO (1970a, b).
__ Continuing measurements of the o-particle spectra of thorium separates

of samples from both Apollo 11 and Apollo 12 indicate that samples with

devﬁations in the Th232/Th230 ratios also show deviations in the radioactivity
ratios of Th228 and its immediate daughter product RaZZA. Razz? has a half
224 228

life of 3.64 days and the radicactivity ratio of Ra ~ /Th should be unity

after approximately 30 days following.the -electrodeposition of thorium. An

example is illustrated in Fig. 1 for sample 12063, measured 6 months after

thorium was electrodeposited on the platinum counting disk. The Ra224/Th228

g=radicactivity ratic in this sample at this time of measurement is

228

1.08 £ ,03; Th' ™, with a 1.9-year half lif€, has decayed to 83 percent of

its original activity. The amount of recoil atom loss in production of-Razzé
from electrodeposited thorium has not been evaluated completely; thus, a

. 224 :
quantitative comparison of Ra excess to 4,6 Mev g-particle excess cannot

be made at this time,



A possible interpretation of the w-spectral data, in lunar samples-

with excess 4.6 Mev w-activity, is that some of the Ra224 is produced by

a mode of radicactive decay other than direct o-particle emission of fhzza.“

A collateral radicactive series, wixh the long-lived parent being an isomer

232 232m

of Th {Th ), could account for the g-particle data observed. A block

diagram of this suggested collateral series.(indicated by cross-hatched-

blocks) and its relation to the Th232 decay series is showm in Fig. 3.

Such & collateral series would require an isomer(ﬁfR{izz8 (Ra228m as daughter

;of Th232m) and possibly an isomer of Ac228, both of which have significant

components of a-pérticle emission in their decay modes to bypass the Th228

branch of the series.
~ 228

The possibility for rare g-particle emission in Ra has. been considered
from the time of classical investigations of natural radiocactivity; however,
FEATHER et al. (1957) have presented evidence for only very slight amounts

of g-emission in R3228 with an upper limit of the «/f branching ratio of

about 1.5 x 10-8 - The radioactlve properties of the parent isomer, 'I'h232m
as indicated by the lead data in 1unar samples, suggest that its half life
would be similar to that of Th (n'l 4 x 10 10 years) and the energy of
its g-particle émission, aé'suggested by a-spectroﬁetr&, would be abouts
4.7 Me;. Positive identification of its presence is apparently masked by
the 4, 68,Mev a-partlcle emitted by Th . ©Our best spectral resolution,
using 300-sq.-mm. silicon surface barrier detectors, has been 30 Kev, FWiHM,
and there is only.slight evidence of the existence of an ahpargicle with

an energy of 5-10 Kev greater than that emitted by Th230. The suggested

decay scheme and ¢-particle energy for Th232m in relation to the decay

properties of Thzsz, Th230, and Th228 are shown in Fig. 4.

5


http:a-partic.le

I1f such an isomer exists in lunar samples and accountg'for the excess
a-radioactivity in the 4.6 Mev spectra of thorium, then & calculatio% of
its activity abundance in individual samples can be made using the

following equation:

Th232m - R'measured --Rexpected
Th232 + 'I‘h232m Rmeasured +1

4,6 Mev o-counts of Th

. The concentrations of thorium, the
4.0 Mev @~-counts of Th ¢ concentrations o 1umd,

whete R =

expected and measured ratios, R, and the calculated activity ratios of

232m/(Th h232m) are given in Table 3. Values of about 0.25 for

this ratio, are indicated for the most anomalous samples of crystalline
rock. Significant variations exist among the 8 crystalline rocks analyzed,
232 232m ’

suggesting fractionation between Th™ - and Th . Preliminary measurements

(ROéHOLT, unpublished data) indicate that such an isomer may exist in some

terrestrial rocks in the amount of about 3 percent of the terrestrial thorium.
It should be noted that no long-lived isomers of even proton-even neutron

nuclei of heavy elements have been reported in the 11terature.

Primordial thorium, in r-process nucleosynthe31s, would have been

produced by beta decay of neutron-rich nuclides and through neutron capture

by-Th231. If a significant fracfion of this thorium was produced as the

232 232m

igomer Th232m, a variable cosmogenic history for Th and Th may exist

(ROSHOLT and TATSUMOTO, 1970). WASSERBURG et al. (1969) have given evidence
for "last-minute” synthesis of heavy elements at about 4.8 billion years

ago in their model for nuclear chronology in the galaxy. .Thus, radiogenic

232

Th would have been pro&uced up to 400 million years after the "last-minute"

synthesis and after the formation of the solar system, by decay of Pu244

progenitor, Different modes for the production of primordial Th232m and
radiogenic Th232 are suggested in the block diagram shown in Fig. 5.

6
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Table 1. Concentrations and isotopic composition qf uranium

| o T LT: Ubsaluzssi_

Sampla Rock type - {ppm) (activity ratio) (atom ratio)
12013,10-09 Breceia T 5.67 1.01 137.7
12013,10-42 " © 10.80 .99 138.0
12013,10-45 " 5,75 1.02 137.6
12034,16 - " 3.58 1.00 137.7
12033,53 - Fines 2.67 .99 137.7
12070,56 Fines (contingency) 1.64 1.01 137.8
12009;22 .+ Crystalline rock .243 1.00 138.0
12021,122 " .261 13,00 137.8
12022,37 " .198 .99 137.7
12035,10 " .199 99 137.6
12038,42 " . 157 1.01 137.6
12052,66 A" <365 1.00 137.8-
12063,49 " 191 .99 137.7
12064,21 " .278 1.01 137.9

Error range (percent) IR 2 © 0425




Table 2, Rédioactivity ratios of thorium isotopes.

232, 238 1/ ' i i
232/U238 [Th™"/u 23;atom x £k232 M3gl” ) ~-'T5232/Th230 Expected rat¥s
Sample (atom ratio) (expected Th™~ “/Th activity ratio) .- (measured activity ratio) Measured rati
Breccias and fines \ 1
. ] . .
12013,10-09 3.78 DRI 1.20 : ' 1.30 ©0.92
12013,10-42 3.28 . {: S04 S . 1.03 1.01
12013,10-45 3.42 Co 109 1.09 .-+ 1,00
12034,16 . . 3,75 N L9 : 1.23 .97
o . . A .
12033,53(a)  3.75 Lo 1.9 1.20 .99
27 ,12033)53(b) 3184 ] 122 - 1.18 . 103
12070,56(a) . 3,79 ‘ 1.20 . " 1.18 : 1.02
12070, 56(b) 3.78 1.20 - : 0.99 1.21
Crystalline rocks
12009,22 3.74 . ' 1.18 0.73 1.63
12021,122 3,69 1.17 .69 1.69
12022,37 3.70 : "1.17 .95 ' ©1.24
12035,10 3.56 , 1.12 .95 o 1.19
12038 ,42(a) 3.92 : = 1.24 1.03 "1.24
12038,42(1)) 309_7 . 3 ’ 1.26 1.05 1.21
12052,66 3.63 _ ) - L.15 1.02 ' 1.13
12063,49(a) 3.67 .0 T Ly .73 1.60
12063,49(b) T 3|45 ) ! N 1.09 .61 ' 1-80
12064,21 3.64 . 1,16 1,02 ; 1.3
Error range (percent) 2 2.3
-1 -1 ~10, -1

1/ =
Nggp = 488 x 107

(3) and (b) indicate different portions of .sample -

; K238 = 1.537 x 10



Table 3, Concentrations and alpha radioactivity ratios of thorium isotopes
i

L . y

4.6 Mev alpha counts of Th Th232m
Th 4.0 Mev ai?ha counts of Th Th232 + Th232m
Sample (ppm) (expected)— {measured) (calculated activity ratio)
’ Breceias and fines
12013,10-09 20.73 0.834 ) 0.772 -0.035 = .030
| 12013,10-42 © 34,29 .960 .968 .004 = 030
12013,10-45 ) 19.05 920 916 -.002 % ,035
12034?16 13.00 838 814 -, 010 i’.030
- 12033,53(a) ) 9.70 .839 ) .835 -.003 £ 030
12033,53(b) 12.14 .821 .847 .014 £ .035
12070,56(a) 6.02 .831 847 .009 * ,035
12070,56(b) 7.70 .833 1.01 090 £ .030
Crystalline rocks
12009,22 .381 - «842 1.37 0.22 %= .03
12021,122 .932 .853 1.44 24+ .03
" 12022,37 .710 .851 1.06 .10 % .05
12035,10 .b82 .8%0 1.06 .08 * .04
12038,42(a) . .615 .778 969 .10 = .04
12038,42(b) .816 «794 964 .09 * .04
12052,66 } 1.28 .568 .981 06 % ,03
12063,49(a) .679 858 1.37 22 * .02
12063,49(b) et L8337 TTTTTTTTLO13 1,65 «28 £ .03
12064,21 «377 .865 .980 06 % .04
A = 5.88 x 10" ye™t AL = 1,537 x 107M0 ]
232~ 7 Y 3 Mg3g T e .

{a) and (b) indicate different portions of sample.
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mposition of lead of Apollo 12 samples

Atomic Ratio

Corrected for blank

l'z_oZ pp206 /pp204 207 5,204 208 o, 204 238 o 204
396.6 168.9 403.3 505.6
672.2 270.3 671.9 871.9
£10.7 . - 172.3  402.3 487.5
2934 97.85 306.3  447.0
391.2 . 158.8 . 4328.5 473.,0
- 225.5 96.5 ' 258.6 .- -
796.7 331.3 789.2  985.6
~ 720.2° 2999 71055 863.3
739.9 ;;30619 o 724.8 1972.9
449.6 . 349 . uaes T sl0.6
1388 660.3 1217 248
924.2 - 462.9 86,0 1765
13 ¢ 577.5."‘_- 1028 1581
33,6 2517 . - 415.6° 495.5
1201.7 ' 641.6 . 1203 _; 1612
" (415) @30k (G2 (a35yen
2059 1050 1773 2773
1438 o 768.1 1266 1510
(e (TOTARE (LAgYer  (1398)%s

ned igneous rock; C, brecciag DﬂSSOil'G
sition was calculated using Pb2U8/Pb200 rario in #09A.
tamination was 14.56 ppm for sawing.



Table 3. Isotopic co

Raw data

Sample No. _Type* Pb-0/pp 0% pp207/pp204 pp208,5y
12009,22 A 375.7 160.4 '383.1
12021,122 B 1 606.3 244,6 _.608.0
12022,37 B 377.0 162.1 378.6
12035,10 B 247.0 83.96 259.4
12038,42,a A 338.9 139.6 376.4
12038,42,b,, A 207.8 89.6 239.8
12052,66 A 714.9 298.1 710.3
12063,49,a " A 645.1 zes.a'. 638.6
12063,49,b < A 551.6 $230.9 545.6
12064,21 :§ 397.8 208.5 395.7
12034,16,a ¢ 926.4 459.7 850.1
12034,16,b ¢ 555.7 280.05 _'524;7
12033,53 D 985.5  502.8 '896.2
12070,56 D 4009 233.2 '387.7
12013,10 A . L

#0948 898.8 481.4 904.8

#09B ‘ C

a2 1892 '965.6 ~ 1631
$#45 1202 643.2 1062
sawdust 39.63_

ST Y S——- 1.

*Type: A, fine-grained igneous rock; B, medium-grali
*#%#Corrected for Pb
*%%A reasonable value was calculated assuming lead con

spike.

The lead isotopic compc
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