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Introduction: The first analyses of lunar samples re-
vealed that the Moon is highly depleted in volatile el-
ements [1-2] compared to estimates of the solar photo-
sphere, primitive meteorites, and Earth. Recognition of
this depletion of volatile elements, combined with the
orbital mechanics of the Moon and geochemical evi-
dence that it differentiated from a mostly molten state,
led to the now widely accepted “Giant Impact” hy-
pothesis, in which the Moon accreted from a volatile
element-depleted debris disk produced by an impact
between a Mars-sized body (Theia) and the proto-Earth
[3]. The formation of the Moon in such a giant impact
scenario raises questions about the composition of the
proto-Earth and Theia, their respective contributions to
the makeup and subsequent evolution of the Earth-
Moon system, and the timing of the giant impact. Of
particular interest is how and when the Moon and
Earth obtained their present allotments of volatile
components, including, and most importantly, water.
Below, the Rb-Sr isotopic systematics of lunar samples
is used to provide time constraints on the history and
distribution of volatile elements in the Earth-Moon
system, as well as the characteristics of the giant im-
pact.

Rb-Sr Isotopic Systematics: The 8"Rb-8¢Sr isotopic
system is an ideal tool to constrain the history of mod-
erately volatile elements in a geologic system because
Rb has a 50% condensation temperature (Ts0%) of 800
K and is much less refractory than Sr (Ts% = 1455 K;
[4]). Thus, the 8Rb/%Sr ratio of an igneous system,
serves as a general proxy for the relative abundances of
volatile elements in that system. Furthermore, the rela-
tionship between the measured &Rb/%Sr and water
content measured in primitive meteorites that serve as
the building blocks of planetary bodies demonstrates
that 8’Rb/®Sr may also serve as a proxy for highly
volatile element species in these bodies (Fig. 1).

To constrain the evolution of volatile elements in
the Earth-Moon system using the Rb-Sr isotopic sys-
tem, lunar rocks that represent the 8 Sr/%Sr of the bulk
Moon at a known time must be identified. Young
rocks, such as lunar basalts, are inappropriate because
in order to use them to calculate the 8Sr/®Sr of the
bulk Moon, their measured initial 8'Sr/®Sr isotopic
compositions must be corrected for growth of Sr in
their source regions from the time the reservoir formed
until the time the basalt was erupted onto the lunar
surface requiring a good understanding of the 8Rb/®Sr
ratio and age of the basalt reservoir. In contrast, an-
cient highland rocks, which formed at or very near the
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Figure 1. Plot of Rb/®Sr versus H20 contents of un-
processed primitive meteorites that serve as building
blocks to terrestrial planetary bodies. Dark circle E
represents enstatite chondrites. The correlation demon-
strates that 8Rb/®5Sr may serve as a good proxy for the
abundance of highly volatile elements. Data from [5].

time of LMO solidification, are preferred because they
did not experience significant Rb-Sr isotopic evolution
after the Moon solidified. The most reliable highland
samples for this work are those that yield undisturbed
Rb-Sr ages identified by concordance with ages deter-
mined by other chronometers such as *’Sm-'#Nd in
the same rocks (Fig. 2). The initial &Sr/%Sr of several
Mg-suite rocks, as well as the initial 87Sr/2®Sr of fer-
roan anorthosite suite samples, calculated from the Rb-
Sr systematics of plagioclase mineral separates using
well defined Sm-Nd ages, are used to estimate the
87Sr/88Sr of the Moon at 4.36 Ga to be 0.69905 (Fig. 2).

Rb-Sr Evolution of the Moon: The #Sr/%Sr of the
bulk Moon at 4.36 Ga is modeled in 4 stages: (1) pro-
toplanetary disk stage, (2) precursor bodies stage, (3)
undifferentiated Moon stage, and (4) lunar magma
ocean (LMO) cumulates stage (Fig. 2). The first stage
occurred in the protoplanetary disk before the for-
mation of planetary bodies. This reservoir inherited the
initial Solar System 87Sr/®Sr value of 0.69898 at 4.567
Ga and evolved for 1-2 million years (Ma) [6-8] with a
solar (or chondritic) 8’Rb/®Sr ratio represented by
primitive Cl-type chondritic meteorites. The second
stage of growth occurred in proto-Earth and Theia after
they accreted from the protoplanetary disk as planetary
bodies. These reservoirs existed until the giant impact
when proto-Earth and Theia were mixed and combined
to form the Moon and Earth. The timing of the giant
impact is estimated to range from 4.42 Ga to 4.52 Ga
[9-12], however, the exact age of the impact, as well as
the ®Rb/®Sr ratios of Theia and the proto-Earth are
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Fig. 2. Figure illustrating 4 stages of Sr growth on
Moon. Sample 60025 provides best current estimate for
bulk &Sr/®Sr of Moon at 4.36 Ga.

unknown, and hence objectives of this investigation.
The third stage of Rb-Sr isotopic evolution occurred
after the giant impact in the lunar accretion disk and in
the accreted, but yet undifferentiated, Moon. Previous
studies have determined the average 8Rb/®Sr of the
bulk Moon to be 0.019 £ 0.006, and this value is used
in our calculations [13]. The final stage of evolution
occurred within the cumulate rocks of the LMO. This
final stage of Rb-Sr evolution did not contribute, or
contributed negligibly, to the overall Rb-Sr systematics
of the highland samples because the FAS and Mg-suite
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Fig. 3. Set of model solutions for variable 87Rb/®®Sr of
the proto-Earth and Theia, age in giant impact, and
proportions of Theia and proto-Earth that comprise the
Moon. Model solutions that do not require a substan-
tial amount of accretion to the Earth after the giant
impact are defined when the proto-Earth and Earth
have similar 8’Rb/%Sr (blue field).

samples have ages between 4.30 Ga and 4.36 Ga and
are approximately the same age as the LMO.

Figure 2 depicts 87Sr/%Sr evolution of the Moon
when Theia and proto-Earth are assumed to have solar
and terrestrial ®Rb/®®Sr ratios respectively, the giant
impact occurred at 4.45 Ga, and materials from Theia
and proto-Earth are mixed equally to form the Moon.
Obviously, these conditions do not reproduce the
87Sr/85Sr of the bulk Moon at 4.36 Ga. In fact, in order
to reproduce the estimated 87Sr/®Sr of the bulk Moon,
Theia must have 8Rb/%Sr ratios significantly lower
than the solar value, the Moon must be derived mostly
from Theia, and the giant impact must occur relatively
late in Solar System history.

There are numerous solutions to the model calcula-
tions because there are several free parameters (Fig. 3).
An additional constraint on the models is that unless
the Earth accreted significant amounts of material after
the giant impact, the proto-Earth probably had about
the same & Rb/8®Sr as the present Earth. In this case,
successful models must fall in the space on Fig. 3 de-
fined by the modern Earth (blue field). Thus, Theia
must have 8Rb/8®Sr = ~0.05, the Moon must be de-
rived from ~90% Theia, and the giant impact must
have occurred after ~4.45 Ga.

There are several ramifications of these observa-
tions and models including: (1) the giant impact was
relatively late in solar system history, (2) the Moon
was not depleted in volatile elements by the giant im-
pact, (3) both the proto-Earth and Moon were derived
from volatile element depleted materials in the inner
Solar System. This is consistent with their similar sta-
ble isotope compositions [e.g., 14]. Additionally, the
correlation between water content and ®Rb/®Sr im-
plies that the Earth and Moon could have formed with
roughly their current allotments of water.
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