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DEVELOPING THE RARE EARTH ELEMENT CONSTRAINT FOR SCENARIOS OF LUNAR ORIGIN.
K. Pahlevan. Dept. of Geology & Geophysics, Yale University, New Haven, CT 06520 (kaveh.pahlevan@yale.edu)

Introduction: In the “standard” giant impact hy-
pothesis, the Moon forms from debris ejected into orbit
by the impact of a Mars-sized body onto the proto-
Earth towards the very end of planetary accretion [1].
Such an impact is capable of explaining the lunar
mass, iron deficit, and the system angular momentum,
but does not explain why the impact of two isotopical-
ly distinct bodies should result in a high level of iso-
topic homogeneity between Earth and Moon [2,3], a
problem that is exacerbated by simulations of the im-
pact that derive the proto-lunar disk primarily from the
impacting planet [4,5]

To reconcile the standard impact scenario with the
high level of isotopic homogeneity observed in the
silicate Earth-Moon system, it has been suggested that
the system undergoes turbulent mixing in the ~10°
years after the impact but before lunar accretion while
the system exists in a fluid state [6]. This scenario can
potentially provide an explanation for a high level of
oxygen and tungsten isotopic homogeneity in the
Earth-Moon system and predicts a concomitance be-
tween chemical and mass-dependent isotopic differ-
ences between silicate Earth and Moon (e.g. for Si
isotopes [7]), but requires that lunar accretion lasts for
a time period of order ~10° years [8].

Recently, impact models have been re-evaluated in
order to investigate the role that the mechanics of the
impact itself may play in generating the lunar isotopic
characteristics. In particular, the evection resonance
has been recognized as a mechanism that can transfer
angular momentum from the lunar orbit to the system’s
heliocentric motion [5,9,10] making possible reduction
of the system angular momentum. Although the mag-
nitude of the reduction is not known, potential relaxa-
tion of the angular momentum constraint renders a
wide range of Moon-forming impacts possible, ranging
from a high-velocity 0.05 Earth mass body colliding
with a rapidly rotating Earth [10] to nearly symmetric
impacts between 0.4-0.6 Earth mass bodies [11], both
of which can generate proto-lunar disks that are
sourced mostly from Earth even before disk evolution.
Interestingly, both sets of new impacts generate proto-
lunar disks that are predominantly composed of vapor,
rather than liquid, potentially resulting in distinct pre-
dictions for lunar observables from the “standard” gi-
ant impact and its aftermath.

It would clearly be advantageous to develop new
constraints that can discriminate between the proposed
models, perhaps by incorporating data that have not
been previous included in the models. In this regard,
chemical and isotopic constraints, interpreted in the

context of physical scenarios of evolution, may serve
an important purpose. Here, I discuss the development
of one such chemical signature and what the require-
ments are for articulating the constraints that this sig-
nature poses for scenarios of lunar origin.

Liquid-Vapor Fractionation: Any scenario of lu-
nar origin that attempts to make a connection between
the formation process and the lunar chemical composi-
tion must describe the physical conditions under which
the proto-lunar liquids and vapors evolve. At present,
such modeling has only been done for one major ele-
ment ratio (FeO/MgO) and in one of the settings poten-
tially relevant to lunar composition: the silicate vapor
atmosphere of the post-impact Earth [7]. The fact that
the major-element lunar bulk composition is known —
within certain limits — to be similar to Earth’s mantle
[12] places constraints on the conditions and amount of
liquid-vapor separation accompanying lunar origin [7].
Here, the approach is to use the constraints on liquid-
vapor fractionation derived from the general major-
element similarity of Earth mantle and bulk Moon, and
to ask how the rare earth elements (REE) would be-
have under the range the conditions permitted by this
similarity. The question that is addressed is: how sen-
sitive is the development of volatility-related REE
anomalies to liquid-vapor separation at the conditions
prevailing after the Moon-forming giant impact?

Rare Earth Elements: The abundance patterns
observed in lunar samples are the product of two sets
of processes: (1) crystal-liquid equilibria, which have
operated on the lunar material during its silicate differ-
entiation, and (2) liquid/vapor equilibria, which acted
on the lunar material during the processes of origin.
Because the silicate Moon has undergone a series of
igneous differentiation events, all accessible samples
carry the imprint of petrologic processes. For this rea-
son, in order to study liquid-vapor fractionation rele-
vant to lunar formation, it is necessary to select chemi-
cal tracers whose behavior during the formation pro-
cess is distinctly different from that during subsequent
igneous differentiation. The relative abundances of the
rare earth elements are one such tracer.

Aside from pervasive Eu anomalies, which are the
result of crystal/liquid equilibria [13], there are no REE
anomalies reported from measurements of lunar sam-
ples. As has been pointed out [14], this observation is
potentially surprising for a body whose material was
once molten and vaporized because, in contrast to their
behavior during crystal-liquid equilibria, the REEs do
not display a monotonic behavior with atomic number
during condensate-vapor equilibria as observed in, e.g.
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the abundance patterns of some CAls [15,16]. Here, I
will explore the conditions under which such anoma-
lies would evolve, and whether their observed absence
in lunar samples can be used to rule out any of the pro-
posed scenarios for lunar origin.

Model: The evaporation-condensation equilibrium
of REE oxides is intrinsically sensitive to the oxygen
partial pressure of the environment because (with a
few exceptions) the REEs exist in the +3 valence in
silicate liquids but in a different valence in co-existing
vapor [17]. I consider two cases for illustration: lan-
thanum and cerium. If, as in the case of the solar
nebula, the dominant La-bearing species in the vapor is
the monoxide, LaO [18], the evaporation reaction can
be written:

La,05 (1) => 2 LaO(g) + /2 02 (g) (Eq. 1]
such that increases in the oxygen partial pressure of the
environment cause the equilibrium to shift to the left,
i.e. for lanthanum to become more refractory. If, by
contrast, the dioxide species dominates the gas-phase
speciation, as in the case of cerium in the solar nebula,
the evaporiation reaction reads:

Ce 05 (1) + %2 0,(g) =>2CeOy(g) [Eq. 2]
such that increases in the oxygen partial pressure of the
environment cause the equilibrium to shift towards the
vapor, i.e. for the element to become more volatile. In
this way, if the Moon-forming liquid separates from its
co-existing vapor while cerium is partially vaporized,
Ce anomalies may be expected to arise. In this regard,
it is important to note that oxygen fugacity in the post-
giant-impact environment is 10-20 orders of magnitude
higher than that in the solar nebula (Figure 1).
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Figure 1 — The oxygen fugacity prevailing in the sili-
cate vapor atmosphere of the Earth (specific entropy =
10 kg/atom) and the solar nebula (H,O/H, = 5 x 10'4).

As a result, differential redox-sensitivity can change
the relative volatilities (and hence relative abundances)
of REEs in the post-giant-impact environment. Such a
signal is of interest because, like certain isotopic signa-
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tures, REE abundances in planetary reservoirs may be
derived by analysis of individual samples without the
proceeses of igneous fractionation overprinting signa-
tures of earlier energetic events.

While thermodynamic data exist for rare earth ele-
ment condensates and vapor species [e.g. 18], the mix-
ing properties (i.e. activity coefficients) of these com-
ponents in high-temperature silicate liquids are not
known, but can be parameterized. I will present calcu-
lations for how much liquid-vapor fractionation can be
tolerated without generating REE anomalies (e.g. in
the Ce abundance) in the lunar material. The activity
coefficients of REE oxides in high-temperature silicate
liquids may be determined experimentally or computa-
tionally. In this way, it may soon become possible to
convert this decades-old qualitative observation into a
quantitative constraint on scenarios of lunar origin.

Conclusions: We do not yet have a predictive the-
ory of the events that occurred between the giant im-
pact and lunar accretion. Chemical and isotopic signa-
tures are capable of informing us of the processes op-
erating during this earliest period of Earth-Moon histo-
ry. That there are no volatility-related rare earth ele-
ment anomalies observed in the lunar material con-
strains the chemical conditions and degree of liquid-
vapor separation accompanying lunar origin in all of
the settings potentially relevant to the lunar composi-
tion, a list that includes the silicate vapor atmosphere
of Earth and the melt-vapor proto-lunar disk. Whether
it is possible for REEs to have measurable isotopic
fractionation [19] without measurable elemental frac-
tionation will be a topic of future research.
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