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Introduction: It has become clear over the last
few years that the widely accepted model for the origin
of the Earth-Moon system as the result of a Mars-sized
giant impactor colliding with proto-Earth is incon-
sistent with a variety of new isotopic data. Generally, it
is thought that the Earth and the Mars-sized Moon-
forming impactor were isotopically different (for mass
independent isotopic variations). Therefore, according
to the canonical Moon forming SPH simulations, the
Earth and the Moon should end up isotopically differ-
ent from each other and that is inconsistent with obser-
vations. In contrast, isotopic studies have demonstrated
that the Earth and Moon are remarkably similar in their
isotopic compositions for many elements (notably
mass independent isotopic compositions of O, Ti, Cr
and W, and mass dependent isotope compositions of
Mg and Si). This similarity between the Earth and
Moon is unique in our Solar System when compared to
other planetary bodies. This unexpected similarity has
been called an isotopic crisis for the giant impact
origin of the Moon [1]. It provides a fundamental con-
straint on the theory of the origin of the Moon; any
successful model must properly explain such similarity
between the Earth and Moon. Thus, a model for the
Earth-Moon isotopic equilibration subsequent to the
giant impact was developed [2], but such a model re-
quire rather special conditions to be valid. Therefore,
recently [3] and [4] discussed new and different SPH
simulations that predicted ways of making the Earth
and Moon into almost isotopic twins. In the new giant-
impact models [5,6] lunar material is derived either
from a range of depths in the proto-Earth’s mantle or
equally from the entire mantles of two colliding half-
Earths. These scenarios are more likely to produce a
Moon with the same or very similar isotopic finger-
print as the Earth.

Here we explore the case of the "*Hf-"**W evolu-
tion as many previous studies have argued that the
B2W/"3W  isotopic compositions of the Earth and
Moon are essentially the same. We show that this radi-
ogenic isotope system is not very likely to lead to iden-
tical W isotope compositions of the Earth and Moon.

The W isotope composition of lunar samples:
Measurements of the W isotope compositions of lunar
samples potentially provide constraints on both (i) the
age of the Moon and its earliest differentiation and (ii)
the bulk W isotope composition of the Moon and
whether or not it is identical to the Earth’s mantle. The
measured W isotopic composition of metals from lunar

High-Ti, Low-Ti mare basalts and KREEP-rich sam-
ples [7], which contain only trace amounts of Ta and
consequently require negligible correction for cosmo-
genic 82W from '*!Ta, reveal that ey of these metals
(0.09 +0.10) are indistinguishable from each other and
from the terrestrial samples. A measurement on ferroan
anorthosite 60025 by [8] yields ey = -0.03 £0.30 and
also supports identical W isotope signatures of the
Earth’s mantle and the Moon. Recent very high preci-
sion measurements argue that the "W/'*W of the
Moon is only 10 to 15 ppm higher than the bulk sili-
cate Earth [9].
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Figure 1. (a) Hf/W ratios (as ") in Earth’s upper and
lower mantles as a function of the mass fraction of the
growing Earth. (b) Evolution of the W isotopic compo-
sition (as &w) in the Earth’s upper and lower mantles
over time (Myr), assuming no mixing between these
Teservoirs.

The "*W/'"*W evolution of the Earth and the
origin of the Moon: Depletion of siderophile ele-
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ments in the terrestrial mantle has been suggested to be
consistent with a core formation model in an interme-
diate deep magma ocean of a thickness corresponding
to 31-35% of the depth of the Earth’s mantle [10-12].
If this is correct, then the “deep magma ocean” core
formation model can also be applied to the Hf-W sys-
tem in the early Earth. Consequently, the early Earth
should also have a two-mantle-reservoir structure with
different Hf/W ratios and W isotopic compositions as
shown in Figure 1. However, so far, all young terres-
trial basalts show no detectable heterogeneity in
23/ W, although small W isotope heterogeneity has
been reported in the rocks of 2.8 and 3.8 Ga [13-15].
The isotope composition of the bulk silicate Earth ap-
pears to be ewcnur) = 1.9£0.2 [13], with only 15 ppm
higher values in some of the oldest terrestrial rocks
[14-15]. As shown in Figure 1, the expected W isotope
compositions of terrestrial mantles produced by the
“deep magma ocean” core formation processes are
much larger. This point to a process that erased this
early signature. The mechanism to erase or reduce the
predicted W isotope heterogeneity in Earth’s mantles
derived from the “deep magma ocean” core formation
model could be either (i) a complete melting caused by
a Moon-forming giant impact or (ii) the 4.5 Ga-long
active mantle convection in the Earth. The former is
hard to test now while the latter is testable. It has been
shown by [16] that the present Earth mantle heteroge-
neities in the long-lived isotopic systems (*’Rb-*’Sr
and "Sm-'"*Nd) can be reproduced by a 500 Myr
mantle stirring rate and 30-100 km sampling size of
basalts. [17] tested the latter hypothesis using the prin-
cipals from [16] and concluded that a mantle stirring
rate of 500 Myr would be able to reduce the bimodal
W isotopic compositions in Earth mantles predicted by
the “deep magma ocean” core formation model to a W
isotopic heterogeneity scale of only ~84 m in the
Earth’s mantle today. Given a 100 km sampling size of
terrestrial basalts that is much larger than 84 m, a ho-
mogeneous well-mixed W isotopic composition is ex-
pected for all modern terrestrial basalts. Thus, while
4.5 Ga of mantle upper and lower mantle mixing pre-
dicts the observed W isotope composition of the sili-
cate Earth, it makes it relatively unlikely that the Moon
has the identical W composition to the Earth and is a
problem for the giant impact model. The requirement
is, the unlikely situation, that the Moon is made of the
same mixture of upper and lower terrestrial mantle
material and impactor material as the Earth.

Hf/W ratios in the Earth and Moon and conden-
sation of Hf and W in the lunar disk: The difference
in Hf/W ratios of the Earth and Moon estimated by [7]
has been questioned by [18]. This difference is also
inconsistent with the indistinguishable Ba/W ratios of
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terrestrial and lunar rocks [19]. The Hf/W ratio of the
bulk mantle of the Earth and Moon cannot be meas-
ured directly, but can be inferred by comparing the W
concentrations with another element (such as Ba, Th or
U) with partitioning similar to W during silicate melt-
ing. The Hf/W ratio of a bulk planetary mantle (m) can
thus be estimated by: (Hf/'W),, = (Ele/W),(Hf/Ele)cuur
(Ele = Ba, Th or U), where CHUR denotes the chon-
dritic value. The indistinguishable Ba/W ratios of ter-
restrial and lunar rocks reported by [19] imply that the
bulk silicate Earth and Moon likely have the same
Hf/W ratios, in contrast to the estimates used by [7]. A
more convincing way to estimate Hf/W in the bulk
silicate Moon is to compare a set of precise Ba, Th, U
and W concentrations in various lunar rocks as is now
available for terrestrial samples [20-21]. We are con-
ducting further Hf-W concentration measurements of
lunar samples in an attempt to resolve this problem. If
the Hf/W ratio and the W isotope composition of the
Moon and Earth’s mantle-crust system are the same,
then the Hf-W chronometer provides no chronological
constraint on the time of formation of the Moon. How-
ever, if they are different it suggests late formation of
the Moon (based on W isotopic measurements of [7].
Modeling of Hf/W ratios in the lunar disk will also
provide important constraints on understanding how to
use this isotopic system to test the giant impact origin
of the Moon.
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