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Of Time and the Moon

Dating of lunar materials reveals the

early history of an observable planetary body.

The American cool was becoming a
narcotic. The horror of the Twentieth
Century was the size of each new event,
and the paucity of its reverberation.—
NORMAN MAILER, Of a Fire on the
Moon '

The current series of Apollo lunar
missions, together with the unmanned
Surveyor, Orbiter, and Soviet missions,
permit for the first time a rather de-
tailed study of the formative stage of a

planetary body. Prior to the Apollo

landings, many National Aeronautics
and Space Administration and Na-
tional Academy of Sciences study
groups produced documents predicting
that lunar exploration would enable us
to understand the origin of the moon,
the earth, and the solar system. To
some, these statements probably seemed
to be exaggerations calculated to per-
suade Congress and the public to pro-
vide the necessary financial support.
But to a large measure these predic-
tions have proven to be true, and it may
be expected that lunar data will both
supplement and supplant meteoritic
data as the primary source of informa-
tion about the origin and early history
of the earth and solar system. For this
reason, the continuing supply of data
obtained from the returned lunar sam-
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ples, from the geophysical instruments
emplaced on the lunar surface, and
from the experiments to be carried out
in lunar orbit deserve to be followed
closely by the scientific community,
particularly by earth scientists. This
new source of information comes at a
time when earth scientists are to some
extent overwhelmed with the necessity
of incorporating into their thinking
new concepts, particularly those arising
from the discovery of sea floor spread-
ing and plate tectonics. This wealth of
understanding concerning the origin
and evolution of the earth, as well as
fundamental earth processes, may well
lead to a renaissance in earth science,
especially at a time when great concern
as to the future of the earth should
serve as an incentive to understanding
our planet.

Rb-Sr Evidence for Primordial

Geochemical Differentiation

Measurements on samples returned
from Apollo 11 and 12 have shown
that the composition of the source of
lunar rocks differs significantly from the
average composition of the solar sys-
tem, as indicated by the composition of
the sun and of the most abundant and
least differentiated class of meteorites,
the chondrites. Furthermore, this differ-
ence was established very early in the
history of the solar system, 4.5 X 10°
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to 4.6 X 10? years ago. It is quite likely
that this primordial differentiation,
which depleted the moon of relatively
volatile elements such as potassium,
rubidium, and lead, took place in the
solar nebula, or in a protomoon, prior
to the final accretion of the moon.

Evidence for this primordial frac-
tionation is provided by the isotopic
composition of strontium separated
from lunar rocks and minerals. Radio-
genic 87Sr is generated by the beta de-
cay of 87Rb, with a half-life of 5 X 1010
years, so that the ratio of 87Sr to the
nonradiogenic isotope 86Sr increases
with time. The rate at which this ratio
increases is proportional to the ratio
87Rb/86Sr. The lowest 87Sr/86Sr ratio
found in any natural sample is in the
achondritic meteorite Angra dos Reis
and is equal to 0.69884 = 0.00004,
which indicates that this ratio was at
least this low at the time of contraction
of the solar nebula. Similar measure-
ments on the more abundant basaltic
achondrite meteorites give an only
slightly higher value of 0.69898 (I).
Measurements on the chondrite Gua-
refla (4.53 X 10° years old) (2) show
that, at the time chemical equilibrium
was established within this meteorite
sample, the ratio 87Sr/%6Sr had risen
to 0.69995. For a typical chondritic
87Rb/86Sr ratio of 0.75, this increase
of ~ 0.001 requires only 100 million
years; and for a solar 87Rb/86Sr ratio
of 2.25, it requires only about 30 mil-
lion years. Furthermore, measurements
in chondrites of 12°Xe, formed by the
decay of the now extinct (17-million-
year half-life) natural radioactivity 12°I,
show that the parent body of the chon-
drites crystallized within approximately
100 million years of the time of for-
mation of the solar nebula, from which
the sun and planets subsequently formed
(3). Consequently, any object less than
4.5 X 10° years old which has had a
ratio of 87Sr/86Sr less than about 0.700
was derived from a source which under-
went a significant depletion in Rb rela-
tive to Sr within the first 100 million
years of solar system history.

Initial 87Sr/86Sr ratios for typical
lunar rocks and minerals are shown in
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Fig. 1. Knowledge of their present
878r/86Sr ratios, together with their
age (discussed later), permits extrapola-
t'on of th: 87Sr/86Sr ratio of each sam-
ple back to that at the time of its for-
mation; this initial ratio is given by the
intercepts on the ordinate of the lines

representing the growth of 87Sr/86Sr
with time for each of these samples.
All of these initial values are less than
the value for the chondrite Guarefia,
and but slightly higher than the ratio
found in the chondrite Angra dos Reis.
In fact, for some of the samples (for

example, the plagioclase feldspar from
basalt sample 10017) even the present
87Sr/86Sr ratio is less than 0.700, and
the extrapolation back to the even
lower initial ratio is insensitive to any
possible error in the age of the sample.
These results show that the source from
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Fig. 1 (left). Extrapolation of measured ®Sr/*Sr ratios back to
the value at the time of formation of the rock. The initial
values for lunar rocks fall between the values found for achon-
dritic and chondritic meteorites (Data primarily from Wasser-
burg and co-workers).

Fig. 2 (below). (A) Thin section of lunar rock 12013, a breccia.
containing light and dark regions with numerous included rock
fragments. Horizontal dimension of thin section is 1.2 centi-
meters. Total weight of rock is 82 grams. (B) Large lunar rock
(~ 50 centimeters) with light and dark portions, photographed
by Surveyor I, in western Oceanus Procellarum.
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Fig. 3. (A) Rubidium-strontium data of
Asylum (5) for rock fragments from rock
12013. The points lying along the isochron
marked “4.52 X 10" years” represent ma-
terial that has been enriched in Rb relative
to Sr very early in lunar history. (B) Ru-
bidium-strontium data of Asylum (5) for
minerals separated from fragments of rock
12013. The mineral points lying on the
two distinct isochrons are interpreted to
be part of ~ 4.5 % 10’ year-old rocks
which were. metamorphosed 4.0 X 10°
years ago. (C) Rubidium-strontium data
for materials separated from the lunar
soil indicate that these soils contain a
component which was involved in differ-
entiation very early in lunar history.

which these rocks were derived has
not had a chondritic 87TRb/86Sr ratio
since the formation interval of the
solar system. This depletion in Rb rela-
tive to Sr could have taken place in
that portion of the solar nebula which
subsequently accumulated to form the
moon, or alternatively, the region in
the moon from which these basalts were
derived was depleted in Rb immediately
following formation of the moon, with
the concomitant enrichment in Rb of
some other portion of the moon, pre-
sumably a region nearer the surface.
Because of their chemical similarity a
similar depletion in K should also have
occurred.

Rb-Sr Evidence for Subsequent

Early Geochemical Differentiation

Regardless of the site of lowering of
this primordial Rb/Sr ratio, there is
evidence that, in addition, some por-
tions of the moon underwent a pos-
sibly subsequent, but nevertheless, early,
enrichment in Rb relative to Sr. This is
most clearly shown by rock 12013, col-
lected on the Apollo 12 mission. Studies
of thin sections of this rock (Fig. 2A)
indicate that this is a breccia consisting
of dark fragments, which have been
intruded by a matrix of lighter ma-
terial. Analyses of this rock (4) show
that neither the light nor the dark por-
tions of this rock are similar in compo-
sition to the more common mare ba-
salts. returned by Apollo 11 and 12.
Rock 12013 is enriched in the elements
K, Rb, Ba, and the rare earths by a
factor of about 10.

At the time this rock was found, it
seemed possible that it was an extreme
differentiate occurring at the top of a
layered igneous body, the average com-
position of which was more similar to
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the basaltic rocks at this site. However,
subsequent Rb-Sr measurements indi-
cate that this rock is considerably
older than the basaltic rocks, which have
an age of 3.3 X 10° years. Figure 3A
shows the results of Rb-Sr measure-
ments carried out by Asylum (5) on

_ individual fragments from this rock,

plotted on a Sr evolution diagram. The
open circles represent fragments of
“whole rock systems,” and the closed
circles are fragments more likely to be
similar to mineral separates. If 57Rb/
86Sr ratios are plotted against 87Sr/86Sr
ratios for each of an assemblage of
closed chemical systems a straight line
will result if all of the systems had the
same 87Sr/86Sr ratio at some time in
the past (6). The slope of this line is a
function of the time elapsed since all
of these systems had their common
ratio, and the initial ratio itself is given
by the intercept of this line with the
ordinate. Such would be the case for a
group of rocks separated from a com-
mon magma source, an assemblage of
minerals crystallizing from a melt, or a
metamorphic assemblage of minerals
forming in chemical equilibrium as a
result of a metamorphic event subse-
quent to the original crystallization of
the rock. The “whole rock” points in
Fig. 3A fall along the line marked
“4.52 % 109 years,” so that all of these
fragments were probably involved in a
fractionation of Rb relative to Sr at this
time in the past, and at that time they
possessed a common 87Sr/86Sr ratio
equivalent to that found in achondritic
meteorites. This age is the same as that
obtained by similar measurements on
minerals separated from chondrites (I,
2, 7) or on measurements on whole
meteorites (7, 8), and represents a time
during the formation interval of the
solar system.

Similar data obtained from indivi-
dual minerals separated from two rock
fragments of sample 12013 are plotted
in Fig. 3B. These also fall along straight
lines, but with slopes corresponding to
an age of 4.0 X 10° years, which may
be interpreted as a time of subsequent
metamorphism, possibly related to the
time at which the fragments were as-
sembled into a breccia. This age of
4.0 X 109 years has also been obtained
by K-Ar measurements (9).

It does not seem likely that rocks
similar to 12013 are extremely rare. An
83-milligram fragment (LR-1) similar
to. some parts of 12013 has been found
in a soil sample from Apollo 11 (10).
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Fig. 4. Uranium-lead data for lunar rocks. All of the Apollo 11 fine soil and breccia
give essentially concordant ages of 4.6 X 10° to 4.7 X 10° years. The Apollo 11 basalt
data of Tatsumoto (/6) gives “apparent” U-Pb ages of ~ 4 X 10" years, which are
actually not in conflict with 3.6 X 10° year Rb-Sr and K-Ar ages on these same
rocks, as discussed in text. A typical Apollo 12 rock (12063) gives slightly younger

apparent ages.

Measurements of various soil samples
from Apollo 12 (Fig. 3C) indicate that
the Rb and radiogenic Sr of soil at the
Apollo 12 site are entirely dominated
by a 4.5 X 10° year old component,
and individual rock types [microbreccia
(11, 12) and “KREEP” glass (13)]
separated from these soil samples are
even richer in this component. Apollo
11 soil, while containing less Rb and
less radiogenic 87Sr, nevertheless also
falls on the 4.6 X 10° year line (iso-
chron) in Fig. 3C (I10). Rocks resem-
bling 12013 in appearance have also
been photographed by Surveyor I (Fig.
2B). It seems very likely that lunar
igneous rocks are not limited to the
common mare basalts, but also contain
abundant differentiated rocks of varied
compositions, many of which differen-
tiated very early in the history of the
moon and the solar system.

U-Pb and Th-Pb Evidence for

Early Geochemical Differentiation

Additional evidence for primordial
differentiation may be obtained from
measurements of radiogenic Pb from
lunar materials and its associated parent
isotopes of uranium and thorium. The
isotopic composition of Pb from lunar
rocks and soil samples is entirely differ-
ent from that found in analogous ter-
restrial materials. Lunar rocks have
much higher ratios of the radiogenic
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isotopes 206Pb, 207Pb, and 2°8Pb, rela-
tive to the nonradiogenic isotope 204Pb
(14-16). This is because the lunar
abundance of 204Pb is lower than that
found in similar terrestrial rocks by a
factor of the order of 100. These data
indicate that the moon has been very
much depleted in the relatively volatile
Pb, and that essentially all of the Pb on
the moon has formed as a consequence
of the radioactive decay of U and Th.

The isotopic composition of Pb can
also be used to show that this gross
depletion of Pb relative to the refrac-
tory U and Th also took place very
early in lunar history, quite likely dur-
ing the process of lunar formation. The
parent of 207Pb, 235U, is quite short-
lived (its half-life is 0.7 X 102 years),
and consequently is nearly, but not
quite (unfortunately?) an “extinct”
radioactivity. Highly radiogenic Pb very
rich in 207Pb, as is the case for lunar
Pb, must therefore have formed very
early in the history of the solar sys-
tem, prior to the decay of most of the
235U.

A quantitative extension of this
qualitative argument leads to the con-
clusion that this early depletion in Pb
relative to U and Th took place be-
tween 4.6 X 10° and 4.7 X 10% years
ago. Figure 4 shows the results of U-Pb
analyses of Apollo 11 soil samples
plotted on a “concordia” diagram. The
Pb isotopic composition has been cor-
rected for primary Pb by subtraction

of a component with the isotopic com-
position of primordial Pb, as given by
Pb from the troilite (FeS) of iron mete-
orites (/7). Because the lunar ratios of
206pPp/204Ph (~ 262) and 207Pb/20¢Pb
(~171) are so high, the result is in-
sensitive to this correction. The con-
cordia curve is the locus of chemical
systems for which the ages calculated
from the ratio 206Pb/238U are the same
as those calculated from the ratio of
207Ph/235U (I18). This common ‘“con-
cordant” age can be read from the scale
marked along concordia. Figure 4
shows that samples of soil and breccia
(essentially compacted soil) from
Apollo 11 fall on concordia at an age
of 4.6 X 10% to 4.7 x 10° years. Thus
the Apollo 11 soil appears to represent
a closed system which was enriched in
U and Th relative to Pb about 4.65 X
109 years ago, and has not experienced
a major U-Pb fractionation since that
time. Remarkably, this same result- was
obtained for the 232Th-298Pb age.
This age of 4.65 X 10% years obtained
from these data has been interpreted as
the age of the moon (/5, 76). This is a
plausible inference, because more de-
tailed discussions show that this result
is unlikely on a body significantly less
than 4.65 X 109 years old, whereas a
moon significantly older would be in
conflict with the age of the solar sys-
tem, as calculated from meteoritic data.

At the time this result was first re-
ported, there was considerable discus-
sion both in the press and within the
scientific community as to how it was
possible for the soil samples to be older
than the rocks (3.6 X 10% years by Rb-
Sr dating) from which they presumably
were derived. In many of these discus-
sions, there was at least an implicit as-
sumption that some kind of logical
paradox was thereby involved. This is
not the case. For example, if lunar
basalts were formed 3.6 X 10° years
ago, and if, at least on the average,
there were no U-Pb or Th-Pb fraction-
ations at the time of their formation,
then this is exactly the result which
would be found. Therefore, the para-
dox, if any, is a geochemical one, and
not a logical one.

Apollo 12 soils and breccia differ
from those at Apollo 11 in that they
do not give concordant U-Pb and Th-
Pb ages (12, 19, 20). When plotted on
a concordia diagram, they fall along a
line approximately joining the concor-
dant Apollo 11 points and a point on the
concordia corresponding to about 1.5 X
107 years. As was the case for Rb, the

SCIENCE, VOL. 173



Apollo 12 soil is greatly enriched in
U and Th relative to the Apollo 12
rocks; this enrichment is apparently
associated with the presence in the soil
of at least one component rich in K,
Rb, Ba, U, Th, P, and rare earth ele-
ments, and this component has been
shown (Fig. 3C) to have a Rb-Sr age
of 4.5 X 109 years. The U-Pb data may
be interpreted as indicating an age of
4.5 X 10° years for the source of this
component; however this component
has lost Pb relative to U and Th at
some much more recent time. A simple
two-stage model for this loss implies
that the loss took place ~ 1.5 X 10°
years ago. This model is by no means
unique. However, all plausible models
imply that at least some Pb loss took
place this recently. A highly speculative
interpretation of these data would be
that this component was ejected from
a deeper layer in the moon at the time
of formation of a large nearby crater—
for example, Copernicus—that the loss
of Pb resulted from vaporization of Pb
from the hot ejecta, and that conse-
quently the crater formation took place
~ 1.5 X 10° years ago. This is a very
interesting possibility, but it is not free
from difficulties.

Time of Filling of the Lunar Maria

A key question in any discussion of
lunar chronology is that of the time at
which the dark mare regions were
filled with the basaltic rock now present
in these regions, and the related ques-
tion as to whether mare filling was a
single event, or took place at various
times in lunar history. Data obtained
from Apollo 11 and Apollo 12 samples
have given some clear answers relevant
to these questions.

The. Apollo 11 basalts fall into two
discrete groups, one characterized by
Rb concentrations of about 6 micro-
grams per gram of sample, the other by
Rb concentrations of about 1 micro-
gram per gram of sample; correspond-
ing differences are found for many
other minor elements (27). It is possi-
ble that these two groups merely repre-
sent two different lava flows underlying
the soil at this site. Measurements of
Rb and Sr have been carried out on rock
from both of these groups, in order to
determine the time since the rock was
crystallized (10, 15, 21). Although the
enrichment in radiogenic Sr is very
low, definitive ages have been obtained.

Both the high (Fig. 5A) and the low.
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Rb groups were formed 3.61 X 10°
years ago. Although both of these
groups were formed at nearly the same
time, they cannot be interpreted as rep-
resenting differentiation from a common
source at the time of extrusion, because
their initial 87Sr/®6Sr ratios are dis-

-tinctly different. In addition, the initial

87Sr/86Sr ratios of the high Rb group
rocks is lower than that predicted for
a 3.6 X 10° year magma source with
the Rb/Sr ratio of these rocks. The
initial ratio is consistent with an ap-
proximately threefold enrichment in Rb
relative to Sr at the time the rocks were
formed. On the other hand, the initial
87Sr/86Sr ratio of the low Rb rocks
does not require this enrichment.
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Fig. 5. (A) Rubidium-strontium data for
high Rb group of Apollo 11 basalts. Both
groups of Apollo 11 basalts have been
dated by this method at 3.6 X 10° years.
(B) Potassium-argon data of Turner (23)
obtained by neutron irradiation and step-
wise heating of the sample. The “plateau”
at 3.55 x 10° years is interpreted as the
age of the rock.

Similar Rb-Sr data for the Apollo 12
rocks indicate a distinctly younger age
of ~3.25 X 10% years (11, 12, 22);
possibly younger rocks with an age of
~ 2.9 X 109 years are also present (22),
but this result requires further confir-
mation. Like the low Rb group from
Apollo 11, the initial ratios found for
the Apollo 12 basalts require no major
Rb-Sr fractionation between the rocks
and their source.

Preliminary K-Ar data indicated that
the Apollo 11 and Apollo 12 basalts
are considerably younger than these
Rb-Sr ages (4), but more refined K-Ar
measurements have been reported by
Turner (23) which are in generally
good agreement with the Rb-Sr data.
These more accurate data have been
obtained by the step-heating method of
Merrihue and Turner (24), and involve
irradiation of the sample with energetic
neutrons converting 3°K to 3°Ar by an
(n, p) reaction. The sample is then
heated in vacuum to successively higher
temperatures, and an age calculated
from the 3°Ar/4%Ar ratio measured on
the gas released following each heating
step. In most cases (Fig. 5B), a plateau
is reached; at higher temperatures a
nearly uniform age is found. This high
temperature data is interpreted to rep-
resent sites in which radiogenic 4°Ar is
quantitatively retained, and hence these
plateau ages represent the true age of
the rock. Ages are found by this meth-
od to be from 3.5 X 10° to 3.8 X 10?
years for the Apollo 11 rocks, and
from 3.2 X 10° to 3.3 X 10 years for
the Apollo 12 rocks. These are similar
to ages obtained by the Rb-Sr method,
although in some cases the K-Ar ages
are apparently 200 million years older;
this slight discrepancy remains to be ex-
plained.

The interpretation of the U-Pb and
Th-Pb ages for these basaltic rocks is
less straightforward. In principle, one
should be able to.separate minerals
from each of these rocks, and obtain
238U_206Pb., 235U_‘207Pb, and 232Th_208Pb
isochrons analogous to those found by
the Rb-Sr method. This has been at-
tempted by Tatsumoto (I6), but the
data have considerable scatter and are
only roughly in agreement with the
Rb-Sr results. The cause of the scatter
has not been definitely established;
however, it may be caused by terrestrial
Pb contamination, in spite of the fact
that Tatsumoto has wachieved lower
contamination levels than anyone else
working on this problem. Analytical er-
rors, possibly associated with equilibra-
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tion of the isotopic tracers used in the
isotope dilution analysis, may also play
a role. Furthermore, in contrast to the
case of Rb-Sr, for which a large num-
ber of internal mineral isochrons have
been obtained there is no backlog of
analogous U-Pb and Th-Pb age data
for terrestrial rocks. It may be that U
and Th and their Pb daughters are not
sufficiently tightly bound to sites in
their host minerals in basaltic rocks to
fulfill the closed system requirement
essential to interpretation of these data
as an age. A corollary of this failure to
obtain internal isochrons for lunar
rocks is that we have no idea what iso-
topic composition should be assumed

in calculating whole rock U-Pb and
Th-Pb ages for these rocks. We have
seen that lunar Pb is extremely radio-
genic because the ratio of 238U/204Pb
in lunar rocks is ~ 1000, in contrast to
the average terrestrial ratio of 9. These
lunar rocks were almost certainly de-
rived from a source which also had a
very high ratio of 238U/2%¢Pb and con-
sequently it would be grossly incorrect
to use terrestrial Pb data to estimate
the initial isotopic composition of lead
in a lunar basalt.

Thus, it is not possible at the pres-
ent time to calculate meaningful U-Pb
and Th-Pb ages for lunar rocks. It is
possible, however, to discuss the extent
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Fig. 6. (A) Data of Tatsumoto (25) for terrestrial basalts plotted on a concordia dia-
gram after subtraction of the primordial Pb present at the time the earth was formed.
The points scatter about a line passing through the origin and the point on concordia
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to which those measurements which
have been made on lunar rocks are
consistent with the Rb-Sr and K-Ar
data which have already resolved the
question of the age of these mare ba-
salts.

The lunar basaltic magmas probably
undergo U-Pb fractionation similar to
that of terrestrial basalts at the time of
their formation. Tatsumoto (25) has
published data for modern terrestrial
basalts, which are plotted on a con-
cordia diagram in Fig. 6A. In calculat-
ing the radiogenic 296Pb/238U ratios for
this figure, the Pb isotopic composition
has been corrected by subtraction of
the primordial Pb present at the time
the earth was formed, as indicated by
meteoritic data (I7). It may be seen
from Fig. 6A that the resulting data
points from these new basalts with an
age of zero do not lie at the origin of
the concordia diagram, but are spread
out, with some scatter, along a line
extending from the origin through a
point on concordia corresponding to
~ 4.55 X 109 years. This indicates that
basalts invariably contain some radio-
genic Pb at the time of their forma-
tion; those points lying above the con-
cordia curve in Fig. 6A correspond to
basaltic magmas for which the 238U/
204Pp ratio was fractionated so as to
decrease this ratio in the magma rela-
tive to the average mantle ratio of 9;
those points lying below concordia cor-
respond to basaltic magmas which were
enriched in 238U relative to the value
in their source. Both types of fraction-
ation are common, and on the average
the 238U/204Pb ratio of basalts may be
about the same as that of their source.

Data of this kind exist only for mod-
ern terrestrial basalts, that is, those of
zero age. If it is assumed that similar
processes occurred during the first bil-
lion years of earth and lunar history,
these results can be used to “predict”
what 3.6 X 109 year lunar basalts should
look like when data from them is
plotted in this way (Fig. 6B). The
points are spread out along a line ex-
tending from 3.6 X 10° years on the
concordia curve through 4.6 X 10°
years on the curve. This line passes
through Tatsumoto’s Apollo 11 data
(Fig. 4), within their experimental er-
rors. Tatsumoto’s data appears to be
less affected by terrestrial contamination
than that obtained in other laboratories,
and consequently it is the best data to
use for this comparison. Therefore, the
U-Pb data do not conflict with the Rb-
Sr and K-Ar data on these rocks. A
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similar comparison for Apollo 12 ba-
salts leads to the same conclusion.

It may be asked why all of the lunar
data occupy a relatively limited portion
of the line. This would imply a similar
U/Pb fractionation factor relative to
their source for all these rocks. It is
quite likely that the Apollo 11 data
represent but two lava flows. Terrestrial
data do not exist for multiple samples
from an identical lava flow. However,
data obtained on subsequent flows from
the same source give 238U/204Pb ratios
similar to one another (26). Because of
the limited number of flows sampled,
no explanation may be required for
the clustering of the lunar data nor

for the fact that all the lunar data plot -

below the concordia curve, while the
terrestrial data fall both above and
below the curve. On the other hand,
this latter fact could represent a system-
atic difference between lunar and ter-
restrial basalts, a systematic Pb volatili-
zation occurring when a thin lava flow
is exposed to the lunar vacuum. In con-
sidering this possibility it must be rec-
ognized that the Rb-Sr data for soil
(Fig. 3C) gives no evidence that Rb
was lost from the Rb-rich component
of the soil, in spite of the fact that a
considerable fraction of this Rb-rich
component is contained in glassy ma-
terial which was almost certainly ex-
posed to the lunar vacuum in the form
of liquid droplets. Significant Rb loss
would increase the scatter in these
points and cause at least some of them
to fall well to the left of the 4.6 X 10°
year isochron. Laboratory data on the
volatilization of Pb relative to Rb is
not definitive (12, 27), but it is quite
likely that significant Pb loss must be
accompanied by similar loss of Rb
and K. ]

The above discussion suggests sev-
eral possibilities about the concordant
4.6 X 109 year ages found for the
Apollo 11 soil. First, if lunar basalts,
like terrestrial basalts, undergo both
U/Pb enrichment and depletion rela-
tive to their source, points both above
and below concordia on the dashed
line in Fig. 6B should occur, and these
could average to give concordant ages.
This would require that there be nearby
basalts which would lie above concor-
dia; the sampling at the Apollo 11 site
was certainly not complete enough to
eliminate this possibility. This would be
particularly likely if there were a major
component in the Apollo 11 soil derived
from an ~ 4.4 X 10° to 4.6 X 10° year
old source, because the spread along
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the line will become less as the age
approaches 4.65 X 10? years. It is also
possible, in spite of the reservation
mentioned in the previous paragraph,
that Pb is volatilized from the magma
when it flows onto the lunar surface.
If this volatilized Pb is mixed into the
lunar soil together with Pb derived from
the basaltic rocks, the result will be
that the soil is effectively a closed
U-Pb and Th-Pb system (21). This vola-
tilized Pb may be related to the com-
ponent of old radiogenic Pb which
Silver (I4) has separated from Apollo
11 soil. Because of these possibilities,
the coexistence of a 4.6 X 10% year old
soil with 3.6 X 10° year old basalts
does not necessarily represent a geo-
chemical paradox, and certainly not a
logical paradox.

Solar and Cosmic-Ray

Bombardment

Another aspect of lunar chronology
of considerable importance concerns
more recent surface processes resulting
from extralunar bombardment by mete-
oritic bodies. Information bearing on
the time scale for these processes can
be obtained by techniques which mea-
sure the length of time lunar material
has been near the lunar surface. These
techniques make use of the fact that
the lunar surface is bombarded by par-
ticles of various energies such as solar
wind (1000 electron volts per nucleon),
solar flare particles (10 to 100 million
electron volts), and galactic cosmic rays
(1 to 10 billion electron volts per nu-
cleon). These particles implant in the
lunar surface material, cause nuclear
reactions in this material which result
in the production of both stable and
radioactive nuclei, and leave particle
tracks as a result of radiation damage
produced as the particles traverse lunar
minerals. The depths to which these
effects extend vary according to the

energy of the bombarding particle; the
solar wind penetrates only to a depth
of 0.1 micrometer, solar flare particles
to a depth of several centimeters, and
galactic cosmic rays to a depth of sev-
eral meters. This makes possible the
measurement of various ‘“bombard-
ment ages,” which, depending on the
type of particle studied, permit deter-
mination of such quantities as the time
since a rock now lying on the surface
was ejected from a nearby crater, the
rate of turnover of the lunar soil to a
given depth (“gardening”), and the time
since a sample of lunar material, once
on the surface, was buried. A complete
review of the experimental data ob-
tained by these techniques, and their
theoretical basis, is beyond the scope
of this article. However, there is room
to outline the principal discoveries
that have been made.

It has been determined that the
energy spectrum and intensity of
solar flare particles has been essen-
tially constant over the last several mil-
lion years, and some rocks have been
within ~ 1 centimeter of the lunar sur-
face for times of the order of 10 million
years (28). Rocks and soil have been
within ~ 1 meter of the lunar surface
for times of approximately 450 million
years (29). The rate at which rocks are
eroded by micrometeorite bombard-
ment has been found to be very low
(10—7 to 10—8 centimeter per year)
(30) and the solar flare bombardment
record of a lunar surface rock is more
likely to be terminated by burial with
ejecta from nearby craters, or by total
destruction by bombardment by meteor-
itic bodies of the order of 1/40 the
dimension of the rock itself (37), rather
than by micrometeorite erosion.

Both the experimental and the theo-
retical problems associated with ob-
taining and interpreting these data are
complex, and it will probably be some
time before many of the details are
understood. Howg:ver, progress to date
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is encouraging. One very interesting
example of the potential application of
data obtained by these techniques is
that reported by Eberhardt et al. (29)
in which they were able to resolve the
high and low Rb group of Apollo 11
basalts on the basis of their galactic
cosmic-ray bombardment ages. These
results are shown in Fig. 7 and indi-
cate that all but one of the low Rb
group rocks were exposed for 100 mil-
lion years, while the high Rb group
rocks were exposed for either a shorter
or longer period of time. One possible
interpretation of the data on the high
Rb group is that some of these rocks
were formed sufficiently near the sur-
face to allow “prebombardment” prior
to their more recent ejection to very
near the surface.

Cratering Chronology

Prior to the availability of lunar ma-
terials, lunar chronology was entirely
based on photogeology, first making
use of earth-based telescopic photo-
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graphs, and later, those obtained from
Ranger and Orbiter spacecraft. Photo-
geology provided chronological data
based on the principle of superposition
and also by counting the density of
craters as a function of diameter in
various regions of the moon. On the
basis of these techniques, a relative
lunar stratigraphy was established. The
oldest lunar terranes were in the densely
cratered highland regions, which in part
have been .covered with ejecta blankets
from the circular maria. These ejecta
blankets are considerably more densely
cratered than the material filling the
maria, and hence are significantly
older. The relatively lightly cratered
mare regions are in turn older than the
mare craters, such as Copernicus, and
also older than some highlands craters
such as Tycho. In addition, some
younger volcanic regions, such as the
Marius Hills, have been distinguished.

Attempts were made to place this
cratering chronology on an absolute
basis, using observed values for the
flux of the crater-forming impacting
bodies. A rather complete account of

this work has been given by Gault
(32). The principal conclusions were
that the youngest craters were about
107 years old, the mare regions about
108 years old, and the mare ejecta
blankets about 10° years old, whereas
the heavily cratered highlands required
an increased flux early in lunar history
to account for their crater density. An
important consideration in this work is
the concept of saturation and equilib-
rium. The crater density on an initially
crater-free surface will at first increase
in proportion to the integrated flux of
impacting bodies. However, this linear
increase cannot continue indefinitely,
even if one ignores the effects of mate-
rial ejected from the craters; after a
time the surface will become saturated
for purely geometrical reasons; new
craters will overlap and obscure older
ones. Experimental work by Gault (32)
has shown that before this condition
of geometrical saturation is reached, an
equilibrium, or steady-state condition
is reached, whereby older small craters
are filled by the ejecta of later craters.
The experimental data shows that this
effect limits the crater density to about
5 to 10 percent of the saturation value
for craters of a given size. Cumulative
crater count data as a function of crater
diameter (Fig. 8) exhibit a characteristic
break in the cumulative crater density,
below which diameter the steady-state
condition exists.

The curve in Fig. 8 labeled “3.5
X 109 and the three other solid curves
nearly parallel to it are calculated
cumulative crater frequency distribu-
tion curves representing integral fluxes
which differ by a factor of 10. Prior
to the dating of lunar samples, the
curve marked “3.5 X 109” was called
“108 years,” based on the assumed
present-day flux. We now know that
the time of filling of Mare Tranquilli-
tatis was more like 3.5 X 109 years ago,
so this curve which approximately fits
the Mare Tranquillitatis crater counts
can be relabeled to represent 3.5 X 109
years. A uniform flux of bombarding
particles would imply that the next
curve should be labeled “3.5 x 1010
years,” older than the age of the moon,
the solar system, and even the universe.
The cratering data for the ejecta blanket
for Mare Orientale fall to the right of
even this curve. Clearly, it is not pos-
sible to assume a uniform rate of bom-
bardment prior to 3.5 X 109 years ago.
In actuality, the southern highlands
points must represent no more than
4.6 X 10° years of integrated flux, and
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the flux must have dropped by about
three orders of magnitude during the
the first billion years of lunar history.

There remains the problem of rec-
onciling the presently observed flux at
the earth with that required by lunar
crater counting, the observed flux being
a factor of about 35 higher than the
mean lunar flux over the last 3.5 X 10°
years. At the velocity of these impact-
ing bodies, the differences in the gravi-
tational fields and heliocentric veloci-
ties of the earth and moon will have
a negligible effect. It has been suggested
that the flux of meteoritic bodies on the
earth and moon has gone through a
minimum and has now increased to the
present value. This seems unlikely,
based on our present knowledge of the
orbits and sources of these bodies,
which appear to be primarily associated
with remnants of short-period comets
(33), and there is no known reason why
the rate at which comets are captured
by Jupiter into short-period orbits
should be increasing at the present time.
This discrepancy remains an unsolved
problem; it appears worthwhile to criti-
cally examine the evidence for the
present flux of objects over 10¢ kilo-
grams in mass.

Future Problems

Surprisingly much has been learned
about lunar history from the Apollo 11
and Apollo 12 samples. In addition,
some heretofore unknown problems
have come to attention, and hypotheses
have been made regarding the solution
to these problems.

The principal need in future work
will be to provide samples from a suf-
ficiently wide variety of lunar terranes
to avoid misconceptions arising from
limited sampling, and to understand the
relationship of the processes occurring
in these other regions of the moon to
one another and to the mare regions
already sampled. The number of re-
gions which may be studied is severely
constrained by the small number of
remaining Apollo missions; the original
number of planned Apollo landings
would have permitted a far more ade-
quate study, and any further curtail-
ment in the Apollo program would rep-
resent a lost opportunity which would
be increasingly regretted as its conse-
quences became generally realized.

Hopefully, future missions will ex-
tend our time scale so as to include the
time (or times) at which igneous rocks
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were formed in the lunar highlands, the
relationship of this age to the age of
rocks underlying the mare basalts, the
time of mare formation, and the extent
to which lunar volcanism has persisted
since the time of mare filling dated by
the samples from Apollo 11 and
Apollo 12.

The answers to geochronological
questions have major implications with
regard to many other lunar problems.
For example, the association of mas-
cons with circular maria (34) indicates
that the origin of the mascons must be
in some way, perhaps indirectly, asso-
ciated with the impacts which produced
the maria. These impacts are generally
thought to have occurred very early in
lunar history (~ 4.5 X 10% years ago),
and future geochronological work may
confirm this inference. Some theories
for the origin of mascons have invoked
filling of the mare basins with volcanic
rocks at some later time, but an objec-
tion has been that subsequent mare
volcanism would not be consistent with
the preservation of the departures from
isostatic equilibrium indicated by the
mascons. While this may be hard to
understand, the geochronological data
clearly indicate that relatively late mare
volcanism did in fact occur, and the
invocation of such volcanism cannot be
considered a fault of any lunar theory.

One of the central problems is that
of the thermal history of the moon. We
now know that lunar igneous activity
was not confined to a single epoch in
lunar history, such as might be asso-
ciated with a close approach to the
earth at the time of capture. An ade-
quate thermal history must explain the
presence of an internal regime sufficient

to provide igneous differentiation over
a period of time at least as long as
1.3 X 109 years. This heat source can-
not be entirely surficial, since seismic
data (35) indicates that the mare basalts
extend to a depth of at least 20 kilo-
meters. The great enrichment of these
basalts in certain elements (U and Th)
implies a much deeper chemically dif-
ferentiated region, extending to a
depth of several hundred kilometers,
which would include about half of the
volume of the moon. Measurements of
remanent magnetism of lunar rocks in-
dicate that they crystallized in a mag-
netic field of about one tenth the
strength of the present field of the
earth (36). Again, the geochronological
data precludes an explanation in terms
of a close approach to the earth, and
these data may therefore imply that the
moon has a small core and, therefore,
extensive chemical differentiation. This
evidence for deep chemical differentia-
tion must be reconciled with measure-
ments of the moon’s electrical conduc-
tivity and present internal temperature
as a function of depth reported by
Sonett et al. (37), and shown in Fig. 9.
The present internal temperature is far
below the melting point of iron or
basaltic rocks, and the deeper regions
of the moon should not have cooled
this much in the time available, if they
had melted. Severe constraints are being
placed on the thermal history of the
moon, and further geochronological
data, particularly on young igneous
rocks, will further limit the range of
possibilities.

It may be expected that future geo-
chronological work will rely heavily
on small rock fragments, separated
from the lunar soil, which have been
ejected from distant craters, as only in
this way will it be possible to sample
the many areas of the moon which can-
not be landing sites. Measurements of
these fragments should permit an un-
derstanding of the continuity or episo-
dicity of lunar igneous activity, the
extent to which it has diminished with
time, and the changes in chemical and
mineralogical composition of lunar
rocks as a function of time. In addi-
tion to the usual quantity of rocks of
about 1 kilogram mass and soil parti-
cles of less than 1 millimeter which are
returned from the moon, it would be
very valuable to return a similar mass
of I-millimeter to 2-centimeter frag-
ments obtained by sieving, on the
moon, the lunar soil. In this way,
many thousands of samples, sufficiently
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large for considerable geochronological
work, as well as other studies, would
be available.

Future geochronological work may
also emphasize measurements of the
products of extinct natural radioactiv-
ities, such as 1291, and 244Pu. In contrast
to the importance of these radioisotopes
in studies of meteorites, they have not
yet played a major role in lunar work.
If, as anticipated, rocks approaching
the age of the moon are found in the
highlands and in the mare ejecta, the
high inherent resolution of these tech-
niques may prove useful in interpreting
the history of these very ancient rocks.

Summary

Considerable information concerning
lunar chronology has been obtained by
the study of rocks and soil returned by
the Apollo 11 and Apollo 12 missions.
It has been shown that at the time
the moon, earth, and solar system were
formed, ~ 4.6 X 10° years ago, a severe
chemical fractionation took place, re-
sulting in depletion of relatively volatile
elements such as Rb and Pb from the
sources of the lunar rocks studied. It
is very likely that much of this material
was lost to interplanetary space, al-
though some of the loss may be asso-
ciated with internal chemical differenti-
ation of the moon.

It has also been shown that igneous
processes have enriched some regions
of the moon in lithophile elements such
as Rb, U, and Ba, very early in lunar
history, within 100 million years of its
formation. Subsequent igneous and
metamorphic activity occurred over a
long period of time; mare volcanism
of the Apollo 11 and Apollo 12 sites
occurred at distinctly different times,
3.6 X 10° and 3.3 X 10° years ago, re-
spectively. Consequently, lunar mag-
matism and remanent magnetism can-
not be explained in terms of a unique
event, such as a close approach to the
earth at a time of lunar capture. It is
likely that these phenomena will re-
quire explanation in terms of internal
lunar processes, operative to a consid-
erable depth in the moon, over a long
period of time. These data, together
with the low present internal tempera-
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tures of the moon, inferred from mea-
surements of lunar electrical conductiv-
ity, impose severe constraints on
acceptable thermal histories of the
moon.

Progress is being made toward un-
derstanding lunar surface properties by
use of the effects of particle bombard-
ment of the lunar surface (solar wind,
solar flare particles, galactic cosmic
rays). It has been shown that the rate
of micrometeorite erosion is very low
(angstroms per year) and that lunar
rocks and soil have been within ap-
proximately a meter of the lunar sur-
face for hundreds of millions of years.

Future work will require sampling
distinctly different regions of the moon
in order to provide data concerning
other important lunar events, such as
the time of formation of the highland
regions and of the mare basins, and of
the extent to which lunar volcanism has
persisted subsequent to the first third of
lunar history. This work will require a
sufficient number of Apollo landings,
and any further cancellation of Apollo
missions will jeopardize this unique op-
portunity to study the development of
a planetary body from its beginning.
Such a study is fundamental to our
understanding of the earth and other
planets.
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