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ABSTRACT

Handling Editor: Alexander Krot

The Moon is thought to have formed after a planetary embryo, known as Theia, collided with the proto-Earth 4.5
billion years ago. This so-called Giant Impact was the last major event during Earth’s accretion, and its effects on
the composition of the Earth and the newly forming Moon would be measureable today. Recent work on lunar
samples has revealed that the Moon’s water was not lost as a result of this giant impact. Instead, the Moon
appears to contain multiple hydrogen reservoirs with diverse deuterium-to-hydrogen (D/H) ratios. For the first
time, we incorporate hydrogen isotopic measurements of lunar samples to help constrain the composition of
Theia. We show that the Moon incorporated very low-D/H (δD ≈ -750‰) materials that only could have derived
from solar nebula H2 ingassed into the magma ocean of a large (∼0.4 ME) planetary embryo that was largely
devoid of chondritic water. We infer Theia was a very large body comparable in size to the proto-Earth, and was
composed almost entirely of enstatite chondrite-like material. These conclusions limit the type of impact to a
“merger” model of similarly-sized bodies, or possibly a “hit-and-run” model, and they rule out models that mix
isotopes too effectively.
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1. Introduction
Two outstanding mysteries of planet formation are the origins of
Earth’s volatiles—especially water—and the origin of the Moon. They
seem increasingly linked. The Moon is widely accepted to have formed
when a planetary embryo at least as massive as Mars (∼0.1 M⊕) collided with the proto-Earth (Hartmann and Davis, 1975; Cameron and
Ward, 1976; Cameron and Benz, 1991; Canup and Asphaug, 2001). The
size and composition of the impactor, widely known as Theia, continue
to be widely debated. It may have been much larger, ∼0.3 M⊕ (Reufer
et al., 2012), even ∼0.4-0.45 M⊕ (Canup, 2012).
The leading hypothesis for the origin of Earth’s water is that it was
acquired during primary accretion. Morbidelli et al. (2000) suggested
the Earth acquired its water by accretion of a planetary embryo with
water content 1–10 wt. %, like carbonaceous chondrite material. It has
even been suggested that perhaps Theia was the planetary embryo that
delivered most of Earth’s water (O’Neill, 1991; Reufer et al., 2012;
Budde et al., 2019; Fischer and Nimmo, 2019). Another outstanding
question in planetary science is whether Theia more closely resembled
high-water content carbonaceous chondrites, in which case it would
have delivered most of Earth’s water; or other, low-water chondrites
such as the enstatite chondrites, in which case it could not have
⁎

delivered most of Earth’s water.
It is unlikely that proto-Earth or Theia accreted from chondrites per
se. Both probably formed from the accretion of one or more planetary
embryos. Planetary embryos, objects at least Moon- to Mars-sized,
likely grew directly from small particles in the solar nebula, are predicted to form in < 2 Myr (Levison et al., 2015), and it is known from
Hf-W (Dauphas and Pourmand, 2011) and 60Fe-60Ni (Tang and
Dauphas, 2014) dating of martian meteorites that Mars (thought to be a
planetary embryo) largely formed between 1 and 3 Myr into solar
system evolution, dated from the time of formation of calcium-rich,
aluminum-rich inclusions (CAIs). Chondrites, however, formed 2 to 4
Myr after CAIs (see compilation by Desch et al., 2018). Thus chondrites
formed after the embryos, and cannot be the building blocks of planets.
Nevertheless, they probably sampled the same materials as the embryos, and it is reasonable to ask whether or not Theia could have
formed from largely carbonaceous chondrite-like material.
Resolving the composition of Theia bears on many questions about
planet formation. Recently a dichotomy of materials in the solar system
has been recognized: those from the carbonaceous chondrite (CC) reservoir, including carbonaceous chondrites themselves, and several iron
and achondritic meteorites; and those from the non-carbonaceous
chondrite (NC) reservoir, including ordinary chondrites (OC) and
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enstatite chondrites (EC) (Trinquier et al., 2009; Warren, 2011; Kruijer
et al., 2017). In the models of Kruijer et al. (2017) and Desch et al.
(2018), Jupiter separated these two reservoirs (allowing them to evolve
separately) by opening a gap in the protoplanetary disk, and CC materials originate from beyond Jupiter. If Theia had a significant contribution from CC material, it could be inferred to have formed beyond
Jupiter, which would have consequences for the dynamics of bodies in
the early solar system. Carbonaceous chondrites are also generally volatile-rich, containing up to ∼13 wt. % water (Alexander et al., 2013)
vs. ∼0.1-1 wt. % water content in OCs (Alexander et al., 2013)
and < 0.1 wt. % water content in ECs (Javoy, 1997). If Theia was largely CC material, it likely delivered the majority of Earth’s water. If
most of Earth’s water was delivered by such a stochastic accretion of a
single volatile-rich embryo, then it is possible that other terrestrial
planets could have accreted two such embryos and ended up much
more volatile-rich than Earth is; or accreted no such embryos, and
ended up drier than Earth. This has implications for the volatile inventories of Venus and rocky exoplanets.
Another implication of Theia containing CC material is that it would
be isotopically distinct from the proto-Earth, which would strongly
constrain the type of collision that led to the formation of the Moon.
Unlike enstatite chondrites, which strongly resemble the Earth isotopically (Javoy, 1995; Trinquier et al., 2007; Javoy et al., 2010;
Herwartz et al., 2014), carbonaceous chondrite material is quite distinct
from non-carbonaceous chondrite material and the Earth in terms of
Δ17O, ε50Ti and ε54Cr, among other stable isotope ratios. The Moon is
indistinguishable from the Earth in many of these isotopes. In canonical
Moon-forming collisions (e.g., Canup and Asphaug, 2001), the Moon
contains a much higher proportion of Theia material than the Earth,
and would be isotopically distinct from the Earth, if Theia were different from Earth. The Theia contribution to the Moon, and the isotopic
differences between Earth and Moon, are minimized if the collision is of
high angular momentum and/or if Theia and Earth have similar masses
(Meier et al., 2014). If Theia contained significant CC material, only
such scenarios involving high angular momentum and a massive Theia
(e.g., Canup, 2012; Lock et al., 2018) could be made compatible with
the isotopic constraints (Meier et al., 2014).
Here we assess the composition of Theia, and we constrain the type
of collision that led to the formation of the Moon. For the first time, we
bring D/H data of lunar samples (Robinson et al., 2016) to bear on these
questions. We show that the Moon incorporated very low-D/H (δD ≈
−750‰) materials that only could have derived from solar nebula H2
ingassed into the magma ocean of a large (∼0.4 M⊕) planetary embryo
that was largely devoid of chondritic water. We infer that Theia was a
very large body more comparable in size to the proto-Earth than in
canonical models, and was composed of material resembling EL chondrites. We discuss the implications for its formation location and the
Moon-forming impact.

Dauphas, 2014). In most models of the Moon-forming impact, the Moon
acquires a higher fraction of its material from Theia than the protoEarth, which would imply that Theia must have been more FeO-rich
than the proto-Earth. However, enstatite chondrite material is extremely reduced and FeO-poor, with the molar ratio FeO /
(FeO + MgO) ∼0.05% in silicates (Wasson and Kallemeyn, 1988), and
FeO∼0 wt. %. For the likely case that the Moon preferentially sampled
Theia, it is difficult to reconcile a high FeO Moon with an enstatite
chondrite-like impactor.
Using the constraints above, Wade and Wood (2016) developed a
model to match the chemistry of the Earth and Moon, matching mantle
abundances of Ni, Co, W, Mo, Nb, V, and Cr, as well as FeO content of
the mantle, and many isotopic abundances. They favored scenarios in
which the proto-Earth had an oxidized mantle (10.7 wt. % FeO) and
was struck by a reduced (0.3 wt.% FeO), Mercury-like impactor of mass
∼0.1 – 0.2 M⊕. This satisfies the isotopic constraints, FeO contents, Nb/
Ta and Hf/W ratios of Earth and Moon, and favors a non-carbonaceous
chondrite composition for Theia. However, it requires almost all of the
Moon to derive from proto-Earth.
Besides FeO contents, each chondrite class has different ratios of key
isotopes that can be used to constrain their contributions to Earth.
Trinquier et al. (2009) and Warren (2011) noted strong correlations in
chondrites between abundances of 50Ti and 54Cr, and Δ17O. One group
is associated with carbonaceous chondrites and the “CC” isotopic reservoir, from the outer solar system. The other group is associated with
the non-carbonaceous chondrite or “NC” isotopic reservoir and inner
solar system objects, including OCs, ECs, Earth, Moon, Mars, most
achondrites, etc. Kruijer et al. (2017) showed that these same bimodalities extended to abundances of the isotopes 94Mo, 95Mo, 182W and
183
W, and they were able to assign many iron meteorites to either the
NC or CC reservoirs.
Dauphas (2017) tried to match the isotopic composition of the Earth
by accreting from these different reservoirs. He let different combinations of chondrites be accreted in each stage, and considered sequestration of different elements into Earth’s core as it formed in each stage,
accounting for each element’s siderophile tendencies and how strongly
it would partition into the core. He kept track of ε48Ca, ε50Ti, ε54Cr,
ε61Ni, ε92Mo, ε100Ru, and μ142Nd, as well as Δ17O. Dauphas (2017)
found a best match if Earth were 71% EC and 24% OC (i.e., 95% from
NC reservoir) and 5% CC. Not only was Earth constrained to be mostly
enstatite chondrite material, but so was Theia; carbonaceous chondrite
material was constrained to have accreted only during the early stages
before the giant impact. This isotopic study suggests Theia was enstatite
chondrite-like.
In contrast, Budde et al. (2019) found Theia had a strong contribution, perhaps as much as 10–20%, from CC material. Using ε94Mo
and ε95Mo, Budde et al. (2019) found that Earth’s Mo is ∼46% from the
CC reservoir and ∼54% from the NC reservoir. Bulk silicate Earth
(∼0.68 M⊕) contains about 50 ppb Mo (McDonough and Sun, 1995),
almost all of it attributable to a later delivery of material. Carbonaceous
chondrite-like materials would have delivered ∼23 ppb of Mo, or
1.6 × 10−8 M⊕ of Mo. Concentrations of Mo in carbonaceous chondrites range from 900 to 1600 ppb, implying delivery of 0.010 – 0.018
Earth masses of CC material after core formation. According to Dauphas
(2017), because Mo sequesters so efficiently into the core, all of the Mo
in Earth’s mantle is from the last ∼12% of material that was accreted. If
Theia were ∼0.1 M⊕ and among the last material to strike the Earth,
then it would have been the late-accreting, Mo-bearing material.
In a similar vein, Schönbächler et al. (2010) showed the
107
Ag/109Ag ratios in the Earth resemble the ratio in carbonaceous
chondrites, and argued that the last 13% of material accreted by the
Earth was carbonaceous chondrite-rich. This would suggest strongly
that Theia was CC-rich. This is consistent with more traditional views
(e.g., O’Neill, 1991) that the Moon-forming impact delivered CC-like
material to the Earth.
More recently, however, Akram and Schönbächler (2016) argued on

2. Background on Theia’s composition and the Moon-forming
impact
2.1. Constraints on Theia’s composition
There are conflicting views of the composition of Theia. The studies
of Wade and Wood (2016); Dauphas (2017); Akram and Schönbächler
(2016), and Meier et al. (2014) favor a mostly enstatite chondrite
composition, but Budde et al. (2019); Schönbächler et al. (2010) and
Fischer and Nimmo (2019) have argued for a significant carbonaceous
chondrite component in Theia.
A primary objection to an enstatite chondrite-like Theia (see Meier
et al., 2014) is that the Moon appears to be more oxidized than the bulk
silicate Earth. The FeO content of the bulk silicate Earth is constrained
to be 8.05 wt. % (Wade and Wood, 2016 and references therein) or
7.67 wt. % (Warren and Dauphas, 2014), while the Moon is estimated
to be 9 to 13 wt. % (Wade and Wood, 2016), or 10.6 wt. % (Warren and
2
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the basis of Zr isotopes that volatile-rich material was delivered to the
Earth in two stages: 1) before the giant impact, and 2) after the accretion of significant amounts of volatile-depleted material. They argued that Theia could not have delivered significant volatiles to the
Earth, that Theia most closely resembled proto-Earth and enstatite
chondrites in isotopic composition, and that the inner solar system was
likely characterized uniformly by this common composition.
The nearly identical 182W excesses in the Earth and Moon are an
independent constraint on any Moon-forming model, with implications
for the oxidation state of Theia. The Earth and Moon have the same
182
W excess: the Moon’s ε182W = 0 ± 0.15 (Touboul et al., 2007),
implying that core formation on Theia and the proto-Earth (or their
predecessor embryos) proceeded with similar timing, or somewhat
faster accretion for Theia (Dauphas et al., 2014). Fischer and Nimmo
(2019) assessed the probability that this would happen, considering the
composition and oxygen fugacity of Theia and proto-Earth, and degree
of equilibration (k) during mergers of their cores. They found that the
difference in ε182W between Earth and Moon is minimized if the partition coefficient Dmet−sil
for W going into Theia’s core was lower,
W
which would imply that Theia was more oxidized and CC-like. In either
case, the probability of an exact match between Earth and Moon is
small, only ∼5% (Fischer and Nimmo, 2019). Kruijer and Kleine (2017)
likewise argued it is improbable that Earth and Moon would have
matching ε182W. Current models model for Theia’s composition do not
explain this similarity, although Meier et al. (2014) make the case that
the difference may not be as difficult to explain as thought.

0.10 M⊕) Theia adds angular momentum that leads to spin-off of some
material, eventually forming the Moon after some degree of homogenization. An extreme case is the synestia model (Lock et al., 2018), in
which the proto-Earth and impactor merge and largely vaporize and
spin off materials to form the Moon; isotopes are mostly homogenized,
except perhaps in Earth’s lower mantle. The impact-fission models yield
δfT ≈ −4% to −20%. The synestia model of Lock et al. (2018) would
likely yield values similar to the impact-fission model, |δfT| < 20%.
Yet another model for the Moon-forming impact is the hit-and-run
model, in which half of a larger (∼0.2−0.3 M⊕) Theia is accreted to
Earth and half escapes. These models are associated with δfT ≈ −55%
to −25% (Reufer et al., 2012).
In the merger, impact-fission, and synestia models, the Earth-Moon
system must lose significant angular momentum by tidal effects after
the impact. In all of the impact-fission models, the Moon is not as
proportionally enriched from Theia as in the merger models. Currently
it is unclear what type of collision led to the formation of the Moon, but
if Theia were determined to have a significant amount of carbonaceous
chondrite material, then only the high angular momentum models
(Canup, 2012; Cúk and Stewart, 2012; Lock et al., 2018) would be
marginally compatible with the isotopic similarity between the Earth
and Moon. In contrast, a larger diversity of models is allowed if Theia is
composed mostly of enstatite chondrite-like material.
3. D/H ratios as a probe of formation
3.1. The D/H ratio of Earth

2.2. Constraints on the Moon-forming impact

We adopt a different approach to constraining the composition of
Theia, using D/H ratios. In planetary mantles, hydrogen is essentially
synonymous with water, as hydrogen in any form can be oxidized to
form H2O. D/H ratios are often used to discriminate between possible
sources of Earth’s water. These ratios are often expressed as δD = [(D/
H)planet / (D/H)SMOW - 1] × 1000‰. There is substantial variation of
D/H ratios throughout the solar system, which allows different reservoirs to be identified (e.g, Alexander, 2017).
Fig. 1 shows the range of D/H for solar system materials: Earth
(mantle), Moon (interior), Mars (interior), chondrites, howardite-eucrite-diogenite (HED) meteorites from Vesta, Jupiter-family comets,
and outer Oort cloud comets. The D/H ratio of cometary water varies
but approaches 300 × 10−6 (Altwegg et al., 2015; Hartogh et al., 2011;
Robert, 2006), the D/H ratio of H2 gas in the protosolar nebula was
21 × 10−6 (Geiss and Gloecker, 1998), but that of carbonaceous
chondrites is 140 ± 10 × 10−6 (Robert, 2006). It has been inferred
that H2O in the chondrite-forming region had D/H = 88 × 10−6, or
δD = -440‰ (Deloule et al., 1998).
All of these include at least some samples consistent with an isotopic
ratio similar to the Earth’s, i.e., δD ≈ -100 to 0‰ (D/H ≈ 140 to
156 × 10−6), except for Oort cloud comets, which have δD > +700‰
(D/H > 270 × 10−6). These comets likely formed in the outermost
protoplanetary disk and include more interstellar medium (ISM) material with enhanced D/H due to ionization-driven chemistry at cold
temperatures, ≈10 K (Charnley and Rodgers, 2008). To some extent the
range of solar system D/H ratios can be understood as mixtures of H2O
and organics from reservoirs in the inner solar system, with D-enriched
ISM material. Uniquely among all of these samples, the Moon includes
materials with very low D/H < 78 × 10−6, δD < -500‰. This points
to a distinct origin for at least some of the Moon’s hydrogen.
The Earth’s D/H ratio can inform models of the Moon’s accretion
history. A chondritic source is strongly favored for the origin for Earth’s
water (e.g., Lécuyer et al., 1998; Marty, 2012), and cometary or nebular
sources are considered subdominant. The D/H molar ratio of Standard
Mean Ocean Water (SMOW) is 155.76 × 10−6, and the D/H ratio of all
the water in Earth’s mantle (as dissolved H2O and structurally bound
OH) and hydrosphere is estimated to be 150 × 10−6 (Lécuyer et al.,
1998; Michael, 1988; Clog et al., 2013; Hallis, 2017). Beyond accretion

The isotopic similarities between the Moon and Earth require some
degree of mixing between proto-Earth and Theia. This mixing can be
quantified using the parameter δfT = (fTM/fTE -1) x 100%, where fTM is
the fraction of the Moon that is proto-Earth material, and fTE is the
fraction of the Earth that is proto-Earth material (Reufer et al. (2012). If
the Moon contained no material from proto-Earth, then δfT would be
-100%. If the Moon contained only material from proto-Earth, then δfT
would be positive by tens of percent. If the Moon-forming impact led to
Earth and Moon having identical proportions of Theia and proto-Earth,
then δfT would be 0%. If Theia is composed of enstatite chondrites,
typically |δfT| < 40% is demanded to match most isotopes; if Theia is
composed of carbonaceous chondrites, typically |δfT| < 10% is demanded.
Meier et al. (2014) compiled typical δfT values in successful simulations of the Moon’s formation. The canonical lunar models, where
Theia is ∼0.1 M⊕ (Hartmann and Davis, 1975; Cameron and Ward,
1976), are associated with of δfT ≈ −90% to −70%, and yield a Moon
dominated by material from Theia. Unless Theia formed at the same
heliocentric distance as proto-Earth, it would likely be isotopically
distinct from Earth; later equilibration between the Earth and protolunar disk (e.g., Pahlevan and Stevenson, 2007) would be required to
produce the measured isotopic similarities between Earth and the
Moon.
To minimize the isotopic difference between the Earth and Moon, a
variety of models with high angular momentum have been considered,
which allow a greater range of impactor masses and velocities. Canup
(2012) presented a suite of “merger” simulations like the giant impact,
but with higher impactor masses, and therefore more equal masses of
proto-Earth and Theia. Typically, proto-Earth has a mass of 0.55 or 0.60
M⊕, and Theia roughly 0.45 or 0.40 M⊕. By symmetry alone, the closer
in mass the proto-Earth and Theia are, the more compositionally
identical the Earth and Moon will be. The Canup (2012) merger models
span a large range of δfT, from −35% to +37%, but with some successful cases as low as |δfT| ≈ 0 to 10%.
Another model for the Moon-forming impact is the “impact-fission”
model. In “impact-fission” models (Cúk and Stewart, 2012), Earth is
initially spinning very rapidly, and the impact of a smaller (∼0.03 –
3
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estimates of the solubility of hydrogen in iron, Wu et al. (2018) predict
that roughly 5 oceans’ worth of H would be sequestered in the cores of
the embryos, with 3 oceans remaining in their mantles and surfaces.
From proxy materials (e.g., γ-Fe: Heumann and Primas, 1966) it is
likely that metal would preferentially dissolve light hydrogen, raising
the D/H ratio of each embryo’s mantle. If water were evenly distributed
throughout the embryos comprising the Earth, then each embryo would
rapidly (< 3 Myr) have a core with D/H ≈ 125–135 × 10−6
(δD ≈ −200‰
to
−135‰)
and
a
mantle
with
D/
H ≈ 150–160 × 10−6 (δD ≈ -40‰ to +25‰).
If the Earth accreted from at least one embryo with mass > 0.3 M⊕,
additional hydrogen could have been directly ingassed from the solar
nebula. N-body simulations have shown that embryos with masses up to
0.4 M⊕ can form at 1 AU by 2 Myr (Raymond et al., 2006). Recent
simulations including growth by pebble accretion show that in just 2
Myr the largest embryo at 1 AU, i.e., the proto-Earth, was likely 0.3-0.4
M⊕ in mass, embedded in a distribution of smaller embryos, most with
mass ∼0.1 M⊕ (Levison et al., 2015). Ingassing can occur when an
embryo accretes a thick atmosphere of H2 from the solar nebula, while
maintaining a magma ocean into which the hydrogen can dissolve.
Embryos with masses 0.3 M⊕ to 0.4 M⊕ could have attracted atmospheres with pressures up to PH2 ∼ 102 bar (Stökl et al., 2015). A hydrogen atmosphere with this pressure over a magma ocean would cause
hydrogen to dissolve into the silicate magma, mostly as H2O. The solubility of H2O far exceeds the solubility of H2 (Hirschmann et al.,
2012), so the mass fraction of hydrogen in the mantle is controlled by
the speciation of hydrogen in the atmosphere. The H2O/H2 ratio depends on the oxygen fugacity of the magma ocean; for an oxygen fugacity ΔIW ≈ -2 (similar to Earth’s during core formation: e.g., Righter
et al., 2016), hydrogen speciates with a molar ratio H2O/H2 = 0.1, and
the concentration of water in the magma ocean of a planetary embryo
with a PH2 = 1 bar atmosphere would be 300 ppm. This is equivalent to
dissolving 0.12 oceans’ worth of hydrogen into a 0.1- M⊕ magma ocean
that could arise from melting 1/3 of the mantle of a 0.4-M⊕ embryo.
Addition of this much isotopically light hydrogen from the solar
nebula significantly changes the D/H ratio of the magma into which the
hydrogen dissolves. The concentration of chondritic water with D/
H = 155 × 10−6 (after isotopic fractionation following core formation)
might start off at ∼1000 ppm, equivalent to 3 oceans of water dissolved
into a 0.68-M⊕ mantle. Addition of 300 ppm water derived from solar
nebula hydrogen (D/H = 21 × 10−6) would change the concentration
to 1300 ppm, and decrease D/H to 124 × 10−6. This low-D/H layer
would be Fe-rich at the end of magma crystallization, and would
overturn and end up at the embryo’s core-mantle boundary, later to
reside at the Earth’s core-mantle boundary after accretion of other
embryos (Elkins-Tanton et al., 2003; see also Wu et al., 2018). These
characteristics are consistent with the low D/H = 122 × 10−6 (δD ≈ 218‰.) measured in melt inclusions sampled from a deep-mantle
plume (Hallis et al., 2015). The remainder of the water would be closer
to D/H = 155 × 10−6, consistent with the mantle and hydrosphere of
Earth (Hallis, 2017 and references therein). Wu et al. (2018) further
showed that the amounts of solar nebula He and Ne ingassed into
embryos along with the ingassing of 0.12 oceans’ worth of solar nebula
H2 match the amounts in Earth’s mantle inferred from 3He and 22Ne
measurements of terrestrial samples. These matches of the model to
different terrestrial reservoirs suggest the Earth did ingas some solar
nebula hydrogen, but this did not produce reservoirs with δD lower
than ≈ −218‰.
Earth probably acquired almost all of its water from the chondritic
material that made up its planetary embryos, with addition of about
0.12 oceans’ worth of hydrogen (about 1.5% of the total hydrogen)
from ingassed solar nebula H2 (Wu et al., 2018). The distribution of
water in the embryos is not constrained. Wu et al. (2018) assumed for
simplicity that they had equal water abundance of 0.2 wt. %, but the
model would work equally well if the 80% of the embryos were EC-like
with < 0.01 wt. % water content and 20% were OC-like with 1 wt. %

Fig. 1. D/H ratios (expressed as δD = [(D/H)planet / (D/H)SMOW - 1] × 1000‰)
observed in various planetary materials: the Earth, Moon, Mars, chondrites,
HED meteorites from Vesta, Jupiter-family comets (JFCs), and Oort cloud comets (OCCs). The Moon alone includes very low-D/H materials. Data from:
Eberhardt et al., 1995; Bockelée-Morvan et al., 1998; Meier et al., 1998; Geiss
and Gloecker, 1998; Hutsemékers et al., 2008; Villanueva et al., 2009; Hartogh
et al., 2011; Alexander et al., 2012; Hallis et al., 2012, 2015; Tartèse et al.,
2013; Barnes et al., 2014; Sarafian et al., 2014; Altwegg et al., 2015; Barrett
et al., 2016; Robinson et al., 2016; Alexander, 2017; Hallis, 2017.

of chondritic water, there are two main processes beyond accretion that
can affect D/H ratios on a planetary scale: nebular ingassing and core
formation.
Nebular ingassing into planetary magma oceans is recognized as a
process that might have occurred (Sasaki, 1990; Ikoma and Genda,
2006; Hirschmann et al., 2012; Sharp, 2017), but usually is not included in models. In part this is because of the subdominant role nebular ingassing apparently played on Earth. Also it has only been recognized recently that planet-sized objects existed during the lifetime of
the solar nebula (e.g., Dauphas and Pourmand, 2011). Nebular ingassing would reduce the D/H ratio of the mantle of the largest embryos
making up the Earth, and could lead to especially low-D/H reservoirs in
the Earth, perhaps explaining the Baffin Island samples with δD < 200‰ measured by Hallis et al. (2015).
Wu et al. (2018) recently advanced a detailed model of D/H ratios
in the Earth that accounts for how nebular ingassing and hydrogen
partitioning into Fe during core formation affect the D/H ratio of a
planet. Hydrogen can dissolve into Fe droplets during core formation,
(sequestering hydrogen in the core), which would raise the D/H of the
Earth’s mantle. D-poor solar nebula H2 or H2O ingassed into the magma
oceans of the planetary embryos accreted to the Earth, which may have
lowered their planetary D/H.
Wu et al. (2018) proposed that the planetary embryos that formed
the Earth together contained roughly 8 oceans’ worth of hydrogen (one
ocean = 1.5 × 1021 kg of H2O) from a carbonaceous chondrite-like
source. Each of these planetary embryos formed rapidly, within ∼3
Myr, in analogy to Mars, which is radiometrically dated to have formed
1–3 Myr after CAIs (Dauphas and Pourmand, 2011; Tang and Dauphas,
2014). These planetary embryos would have differentiated and formed
cores equally rapidly (e.g., Bhatia and Sahijpal, 2016). As metal sank
through the mantle to the core, it is expected that hydrogen would
speciate from H2O into H, and then dissolve into the Fe blebs, forming
FeHx iron hydrides (Hirschmann et al., 2012). From reasonable
4
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water content; or, all of the embryos could be EC-like, except for a
single 0.2 M⊕ embryo that could be 1 wt. % water. Based on D/H alone,
the Wu et al. (2018) model does not discriminate between these scenarios or constrain the composition of Theia. But their model does
highlight the power of D/H measurements to constrain the accretion
history of Earth, and potentially other planets.

crystallized deeper than the uppermost few meters of the lunar regolith
exposed to solar wind. The Apollo 15 QMDs measured by Robinson
et al. (2016) were originally part of a large impact melt boulder (sample
15405) that has only been exposed to cosmogenic radiation for ∼ 11
Myr (Drozd et al., 1976). Even if apatite had been directly exposed to
solar wind on the lunar surface, rather than within a lithic clast, H
diffusion at ambient lunar temperatures is too slow for any solar wind H
to penetrate > 1 nm into the grain (Robinson et al., 2016, using diffusion coefficients from Cherniak, 2010). Some solar wind hydrogen may
have been incorporated into the impact melt surrounding the QMD
fragments in 15405 and its derived samples 15403/15404, but so little
regolith is actually incorporated into the impact melt that only
∼0.6 ppm solar wind-derived H could end up in the apatite (Robinson
et al., 2016). As a result, Robinson et al. (2016) concluded that the
ultralow D/H values in Apollo 15 QMD samples are indigenous to the
Moon, and that this signature is likely to represent a contribution of
primitive hydrogen to the lunar interior.
Other explanations for the low D/H are unlikely. Isotopic fractionation by loss during magmatic degassing favors loss of the light H
isotope and increases D/H in the magma (e.g., Tartèse and Anand,
2013). There is no evidence the ultralow-D/H lunar samples were
exogenous to the Moon (e.g., Ryder, 1976). The range of δD in Apollo
15 QMD apatite extends lower than any other solar system materials
measured thus far (Fig. 1), which makes it unlikely to be a meteoritic
contribution. Interestingly, enstatite chondrites may also contain very
low-D hydrogen Hydrogen data for ECs are scarce, but Javoy (1997),
citing Yang and Epstein (1983), reported that water contents in enstatite chondrites range from 400 to 1500 ppm, with δD = -600‰ to
-100‰, with average values of 450 ppm and δD = -460‰ (D/
H = 84 × 10−6). These have exceptionally low D/H, but still are not as
low as the Apollo 15 QMDs. Instead, the ultralow-D/H (δD = -750‰)
examples of the Apollo 15 QMDs appear most similar to solar nebula
hydrogen, with δD ≈ -860‰. This strongly suggests the ultra-low reservoir contains a significant ingassed component derived either from
proto-Earth or Theia.

3.2. D/H ratios in the Moon
The distinctively low D/H signature in some lunar samples may help
constrain the composition of Theia. In part, this is because in many
models the Moon preferentially samples Theia. The Moon is also more
likely than the Earth to have preserved these contributions through
geological history, as it has not undergone the constant mixing between
crust and mantle seen on Earth due to plate tectonics.
Hydrous materials are rare in lunar samples. Some water is preserved in pyroclastic glasses (Saal et al., 2008), melt inclusions trapped
within olivine grains (Hauri et al., 2011; Saal et al., 2013) and within
the common lunar accessory mineral apatite, Ca5(PO4)3(OH,F,Cl) (e.g.,
McCubbin et al., 2010; Boyce et al., 2010). While pyroclastic glass and
melt inclusions provide the most straightforward way of determining
the water content of lunar magmas, they are only found in a few lunar
samples. Apatite cannot be used to estimate pre-eruptive water content
of its parental magmas, due to the complexities of partitioning between
F, Cl, and OH into the mineral’s structure (Boyce et al., 2014). However,
apatite does seem to preserve information about the D/H of water in
lunar magmas (Greenwood et al., 2011; Barnes et al., 2013, 2014;
Tartèse et al., 2013, 2014; Robinson and Taylor, 2014; Robinson et al.,
2016, 2019). The ubiquity of apatite in lunar samples makes it particularly attractive for evaluating the D/H of water in the Moon’s interior.
Based on measurements of D/H in lunar apatite and glasses,
Robinson et al. (2016) showed that water is heterogeneously distributed in the lunar interior, both in terms of water content and D/H
ratios. Measurements of residual glass in a KREEP basalt (basalts enriched in potassium, rare earth elements, and phosphorus, a chemical
signature related to the very final fractionates of the lunar magma
ocean) indicate that the mantle source of that magma had as little as
one tenth the water content of the Apollo 17 pyroclastic glasses (Saal
et al., 2008; Robinson et al., 2016). There are at least two reservoirs in
the lunar interior based on water content: one “high” and one “low”.
Measurements of H isotopes in lunar apatite also indicate that the
Moon has multiple H reservoirs in its interior. Fig. 2, based on Robinson
et al. (2016), shows δD (after correction for spallation by cosmic-ray
exposure: Saal et al., 2013) versus H2O content for apatite in major
lunar rock types. Apatite in mare basalts, for example, tends to contain
more water and has higher δD than apatite in KREEP-rich, evolved
rocks such as the quartz monzodiorites (QMDs). The mare basalts, for
example, likely started with δD similar to chondritic values (-100‰),
and were then fractionated towards higher D/H during magmatic degassing to reach their elevated measured δD values (Fig. 2; Tartèse and
Anand, 2013; Tartèse et al., 2013). Robinson et al. (2016) determined
that a set of Apollo 15 samples has ultralow D/H. Apatite in Apollo 15
QMDs (samples 15403, 15404) has δD as low as ≈ −750‰ (Fig. 2).
Such an extreme depletion in D has only been observed in lunar glass
agglutinates affected by solar wind implantation (Liu et al., 2012).
Unlike the lunar glass agglutinates, the Apollo 15 QMDs have had a
unique petrologic history that prevented them from incorporating solar
wind H (Robinson et al., 2016). First, the Apollo 15 QMDs likely formed
through extensive fractional crystallization of a KREEP-basaltic parent
magma in an intrusion within the lunar crust (e.g., Ryder, 1976). The
Apollo 15 QMDs have been recognized as intrusive samples for many
years (Ryder, 1976; Ryder and Martinez, 1991; Marvin et al., 1991).
While there is some evidence that the Apollo 15 QMDs may have
formed very deep in the lunar crust (Robinson et al., 2019), even if they
formed in a shallow intrusion (e.g., Ryder and Martinez, 1991), they

3.3. A unified model of Earth and Moon
There is no process known that could produce materials in the Moon
with δD = -750‰, other than ingassing of solar nebula H2 or the incorporation of D-poor solar wind (Liu et al., 2012). The lowest bulk D/
H values in chondrites are carbonaceous chondrites with δD ≈ -227‰
(Alexander et al., 2012). We have argued above (§3.2) that the lunar
samples with the lowest δD originated in intrusions in the lunar crust,
and were protected from contaminated by solar wind. Therefore, these
rocks must have incorporated hydrogen derived from solar nebula H2
ingassed into either the Moon’s magma ocean, or that of the Earth or its
embryos, or that of Theia.
The Moon-forming impact occurred far too late for H2 to ingas into
the lunar magma ocean. It is thought to have occurred 60 Myr after
CAIs (Touboul et al., 2007; Barboni et al., 2017), whereas the lifetime of
the solar nebula is typically taken as < 10 Myr. Gas appears to be depleted from the inner regions of most protoplanetary disks by 2–3 Myr
(Williams and Cieza, 2011). The solar nebula in particular appears to
have lost gas at 1 AU by 3 Myr (Desch et al., 2018). The accreting Moon
could not have directly ingassed nebular H.
In contrast, ingassing of solar nebula H2 into the embryos that made
up proto-Earth is likely. Wu et al. (2018) suggest this process yielded
mantle components with low D/H. Even these components, however,
are far too D-rich to match the ultralow δD lunar samples. This could
only be achieved by ingassing substantially more solar nebula H2, or
incorporating significantly less chondritic hydrogen in the mantle, or
some combination of the two.
Ingassing into the magma ocean of a planetary embryo is generally
inefficient if the mass of the embryo is less than about 0.3 M⊕. Stökl
et al. (2015) demonstrated that the pressure increases by an order of
5
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Fig. 2. Measured D/H ratios (expressed as δD), after correction for spallation, Saal et al., 2013) and water content (mass fraction, in ppm) in lunar apatite. Data from:
Greenwood et al., 2011; Barnes et al., 2013, 2014; Tartèse et al., 2013, 2014; Robinson et al., 2016; Wang et al., 2019. Shaded boxes represent the δD range of bulk
silicate Earth (Lécuyer et al., 1998) and the δD range of solar nebular H (Geiss and Gloecker, 1998). The Apollo 15 quartz monzodiorites (blue triangles) contain
apatite with D/H as low as 40 × 10−6 (δD = -750‰). These may reflect the incorporation of solar nebula hydrogen ingassed into the magma ocean of proto-Earth or
Theia. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

magnitude as the planet mass is increased by only a factor of two. In the
model of Wu et al. (2018), even if the largest planetary embryo comprising the Earth has mass ≈ 0.3 to 0.4 M⊕, ingassed solar nebula
hydrogen makes up only 2% of the final hydrogen budget of the Earth.
Smaller planetary embryos cannot ingas any significant solar nebula H2.
It is not impossible that the largest embryo that made up the protoEarth in fact had a hydrogen-poor magma ocean and/or ingassed more
H2 than favored by Wu et al. (2018), thereby producing an extremely
D/H-poor reservoir that could reside at the core-mantle boundary. But
we disfavor this scenario. First, there is no direct evidence in the Earth
that such a reservoir exists. At the time of the Moon-forming impact, the
proto-Earth's mantle probably fully achieved overturn after magma
ocean crystallization (Elkins-Tanton et al., 2003) and could be expected
to be isotopically well-mixed. The only site where such a low-D/H reservoir could exist is at the proto-Earth’s core-mantle boundary. However, although Hallis et al. (2015) interpreted their samples as mixing
with an end-member reservoir with δD = -870‰ and H2O concentration 9400 ppm, the lowest D/H they directly measured had δD = 218‰ (D/H = 122 × 10−6), in samples with ≈ 2000 ppm H2O.
Second, given the close match between this reservoir and the predicted
properties of this reservoir assuming ingassing into a water-rich embryo, we favor the scenario of Wu et al. (2018), that the largest embryo
making up proto-Earth did in fact have ∼1000 ppm chondritic water. If
so, a lower-D/H reservoir could not exist because it would be diluted by
chondritic water with higher D/H. Third, even supposing such a reservoir at proto-Earth's core-mantle boundary, this material might have
difficulty being ejected from such depths. Therefore, despite the likelihood of ingassing into the proto-Earth’s largest embryo, we do not

favor this as the source of the low-D/H lunar samples.
Instead, we favor an alternative scenario: the H reservoir sampled
by the Apollo 15 QMDs derived from solar nebula H2 ingassed into the
magma ocean of Theia. If this reservoir does contain nebular hydrogen,
it immediately has two important implications: 1) Theia was a planetary embryo large enough to ingas solar nebula H2 into a magma ocean;
2) this solar nebula H2 did not dilute with chondritic water, so Theia
was very enstatite chondrite-like and reduced in composition.
The water content of carbonaceous chondrites is > 1 wt. %, and
even ordinary chondrites are typically > 0.1 wt. % or 1000 ppm
(Hutchison et al., 1987; Alexander et al., 1989). The D/H ratio of Theia
cannot be lowered significantly by ingassing unless the mass fractions
of carbonaceous chondrite-like or even ordinary chondrite-like materials in Theia were < < 10%. Theia thus had to be almost entirely EC
material. Even then, to produce materials with D/H = 40 × 10−6
(δD = -750‰), the initial water content in Theia would have to be
comparable to or less than ∼500 ppm, even if it had a very low D/H,
and the ingassed component would have to be significant. At any rate,
Theia would certainly be very chemically reduced.
Enstatite chondrites represent some of the most reduced material in
the solar system. They equilibrated between ΔIW = -8 and ΔIW = -4,
based on Si in kamacite (Fogel et al., 1989; Watters and Prinz, 1979;
Casanova et al., 1993) and Cr speciation (McKeown et al., 2014). For
comparison, the oxygen fugacity of Mercury’s mantle is modeled as
ΔIW ≈ -5.8 to -5.0 (Namur et al., 2016). If Theia’s mantle were composed primarily of enstatite chondrite-like material, it could have
equilibrated at ΔIW as low as -8 and as high as -3, but we consider it
more likely to have equilibrated at a value higher than Mercury’s
6
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H = 39 × 10−6, consistent with the Apollo 15 QMDs.
Another consequence of the reduced nature of the magma ocean is
that it is less likely that Theia’s magma ocean would overturn and sequester the ingassed component at Theia’s core-mantle boundary, as it
was in proto-Earth’s largest embryo. Mantle overturn requires a density
inversion, usually initiated by the last silicates to crystallize in the
magma ocean being FeO-rich (Elkins-Tanton et al., 2003). However, in
reduced magma oceans like Mercury’s, bulk FeO contents can be <
2–3 wt. % (Nittler et al., 2017), and overturn may be inhibited (Brown
and Elkins-Tanton, 2009; Riner et al., 2009). As we discuss below
(§4.1) it is possible that interactions between the core and mantle could
lead to higher FeO in the mantle; but this FeO would not be concentrated in a surface layer. The inhibition of mantle overturn in
Theia’s mantle makes it more likely that the ingassed component was
near the surface when Theia impacted the proto-Earth, and more likely
that it could contribute to the Moon.
Contributions from Theia to Earth’s final water budget were likely
small. If Theia contributed ∼0.3 M⊕ of mantle material that contained
80 ppm H2O overall, it could have contributed about 0.2 oceans’ worth
of hydrogen to the Earth, small compared to the ∼8 oceans of water
accreted from chondritic sources into proto-Earth (Wu et al., 2018). The
effect on Earth’s D/H ratio would be similarly small. Before the impact,
proto-Earth’s mantle might have mass ∼0.41 M⊕, water concentration
1800 ppm (equivalent to 3 oceans remaining in the mantle after 5
oceans’ worth of hydrogen was removed to the core) and might plausibly have D/H = 160 × 10−6 (Wu et al., 2018). Theia’s mantle might
have mass ∼0.27 M⊕, average water concentration 180 ppm (after
ingassing from the solar nebula into the magma ocean part of the
mantle) and D/H = 60 × 10−6. Assuming Earth’s mantle is 60% protoEarth mantle and 40% Theia’s mantle yields a final water concentration
1150 ppm and D/H = 154 × 10−6 (δD = -10‰). For completeness, if
the Moon’s mantle is 40% from proto-Earth and 60% from Theia, then
the Moon’s average water concentration would be 830 ppm, with D/
H = 147 × 10−6 (δD = -60‰). Later accretion after the Moon-forming
impact could have contributed additional water to both the Earth and
Moon (e.g, Dauphas et al., 2000; Barnes et al., 2016).
In summary, if Theia were a planetary embryo with mass ∼0.4 M⊕,
it would accrete a proto-atmosphere from the solar nebula with PH2 ∼
20 bar, allowing ingassing of low-D/H hydrogen into its magma ocean.
If the redox state of Theia’s magma ocean was comparable to ΔIW ≈ -5,
like enstatite chondrite material and Mercury, it would ingas enough
hydrogen to yield a concentration equivalent to ∼400 ppm H2O, with
D/H ≈ 21 × 10−6. If Theia were as reduced and dry as enstatite
chondrite material, this ingassed hydrogen would be diluted by chondritic water with concentration ∼ 80 ppm, and D/H that is poorly
constrained but likely close to 136 × 10−6 (δD = -130‰) after some
hydrogen is sequestered in Theia’s core. The mixture of these components could yield a reservoir with concentration ∼ 390 ppm and D/H
∼ 39 × 10−6 (δD = -740‰). Because mantle overturn may be inhibited on such a reduced body, it is likely that a large portion of the
upper mantle of Theia was represented by this reservoir. The Apollo 15
QMDs very plausibly sample H from this reservoir.
We consider the scenario above to be a unified model for the hydrogen in the Earth and Moon, and we next explore some consequences.

mantle at -5. We favor values near ΔIW ≈ -5 to -4.
Assuming ingassing into enstatite chondrite-like material, the contributions from ingassed solar nebula H2 will likely be significant, although quantification is difficult because hydrogen isotope and abundance data for enstatite chondrites are extremely lacking. Robert et al.
(1987) suggest concentrations < 500 ppm and D/H = 136 × 10−6
(δD = -130‰). Javoy (1997), citing Yang and Epstein (1983), reported
H2O concentrations 450–1100 ppm and D/H ratios in the range
62–106 × 10−6 (δD = -600‰ to -320‰), with an average of
84 × 10−6 (δD = -460‰); however, the original measurements were
of residues from acid dissolution, which potentially could introduce
additional (terrestrial) H. These would be the starting compositions of
Theia before core formation. If sequestration of hydrogen into Theia’s
core proceeded as modeled for Earth (Wu et al., 2018), then an arbitrarily chosen bulk concentration 220 ppm with D/H = 84 × 10−6
(δD = -460‰) would yield a mantle concentration xH2O,Theia = 80 ppm
with D/H = 109 × 10−6 (δD = -300‰) after core formation. We adopt
these latter values for the state of Theia’s mantle after core formation.
In order to mix this reservoir in a magma ocean with solar nebula hydrogen, and end up with a D/H = 39 × 10−6, the concentration of
solar nebula H2 in the magma ocean must be 3.9 xH2O,Theia, i.e., about
310 ppm if xH2O,Theia ∼80 ppm. These concentrations require high
pressures of nebula gas in contact with Theia’s magma ocean, especially
considering its reduced nature.
As described above, the solubility of H2 in silicate magmas is poor
but the solubility of H2O is relatively high (Fricker and Reynolds, 1968;
Hirschmann et al., 2012). The dissolution of hydrogen depends sensitively on the H2O/H2 ratio in the atmosphere of the planetary embryo,
which in turn depends on the oxygen fugacity of the magma ocean with
which it is in chemical equilibrium. For a magma ocean at ΔIW = -6 to
-4, we take H2O/H2 ≈ 0.001 to 0.01 (Hirschmann et al., 2012). If
PH2 = 1 bar, we calculate the mass fraction of H2O to be 40 ppm for
ΔIW = -6 and 130 ppm for ΔIW = -4. If PH2 = 10 bar, we calculate the
mass fraction of H2O to be 130 ppm for ΔIW = -6 and 420 ppm for
ΔIW = -4. And if PH2 = 100 bar, we calculate the mass fraction of H2O
to be 450 ppm for ΔIW = -6 and 1350 ppm for ΔIW = -4. In all cases the
dissolution of atmospheric H2O (in equilibrium with the magma ocean
and H2 atmosphere) dominates the ingassed component, but less hydrogen is dissolved because of the reduced nature of the magma ocean.
Achieving the minimum concentrations of ingassed H2 (equivalent
to H2O ∼ 300 ppm) in Theia’s magma ocean needed to produce samples with D/H = 39 × 10−6 (δD = -750‰) requires a combination of
high partial pressure of H2 above the magma ocean, plus enstatite
chondrite-like material to have low water content. For example, assuming PH2 = 20 bar and ΔIW ≈ -5 yields a concentration of
∼310 ppm ingassed H2O with D/H = 21 × 10−6 characteristic of the
solar nebula, which could mix in Theia’s magma ocean with ∼80 ppm
of enstatite chondrite H2O with D/H ≈ 109 × 10−6, to yield 390 ppm
H2O with D/H = 39 × 10−6 (δD = -750‰), consistent with the A15
QMDs). Many combinations of PH2 and ΔIW and initial water content in
Theia could yield the same final D/H ratio; but we favor ΔIW = -5
because it is consistent with other constraints on Theia’s core formation
(§4.2). Higher oxygen fugacities would be associated with ordinary
chondrites that could incorporate an order of magnitude more chondritic water; but only implausibly large amounts of ingassed H2 could
then yield the low D/H values of the Apollo 15 QMDs.
The surface pressure around a 0.3 M⊕ embryo is PH2 ≈ 15 bar for a
nebular temperature T ≈ 200 K (Stökl et al., 2015), which is close to the
inferred temperature of formation of enstatite chondrites (Desch et al.,
2018), while for a 0.4 M⊕ embryo, we estimate a surface pressure
PH2 ≈ 20 bar. We favor this case of a 0.3-0.4 M⊕ embryo with surface
pressure ∼20 bar, above a magma ocean with oxygen fugacity ΔIW = 5. The concentration of H2O derived from ingassed hydrogen would
then be ∼300 ppm. If the concentration H2O with D/H = 109 × 10−6
were 80 ppm or 0.008 wt. %, the magma ocean portion of Theia’s
mantle would have a total concentration of water ∼390 ppm and D/

4. Implications of a massive, chemically reduced Theia
We conclude that the most plausible explanation for the very low-D/
H hydrogen sampled by the Apollo 15 QMDs is that it is due to solar
nebula H2 ingassed into the magma ocean of a massive (∼ 0.4 M⊕),
very chemically reduced (ΔIW ≈ -5), and dry (∼80 ppm H2O) Theia.
There are apparently no samples within the Earth or proto-Earth with
such low D/H ≈ 40 × 10−6, almost certainly because proto-Earth accreted from chondritic material with average H2O concentration
∼1000 ppm and D/H ≈ 140 × 10−6, and insufficient solar nebula H2
could be ingassed to lower D/H in any materials below about
7
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120 × 10−6. These materials mostly mixed within the Earth’s mantle,
but by virtue of being FeO-rich compared to the proto-Earth mantle,
some may now reside at the core-mantle boundary (Wu et al., 2018).
The low-D/H samples in the Moon therefore must derive from Theia,
rather than the proto-Earth. If Theia were not as dry as enstatite
chondrite material, solar nebula hydrogen would be similarly diluted. If
Theia were not at least ∼ 0.3-0.4 M⊕ in mass, too little solar nebula H2
could be ingassed to alter the isotopic composition. Only if Theia were
massive and composed of enstatite chondrite-like material can we explain the low-D/H lunar samples. This scenario has several profound
implications for the origins of Earth’s water and the nature of the Moonforming impact.

An alternative explanation for the high FeO content of the Moon,
pointed out by Meier et al. (2014), is that Theia might have had a very
high mantle FeO content, and proto-Earth a lower FeO content. It is
possible to match the FeO contents of Earth and Moon if Theia’s mantle
FeO content exceeded about 13 wt. % (Meier et al., 2014). For example,
if the FeO content of Theia’s mantle was 15 wt. % and it contributed
0.272 M⊕ of mantle material to the Earth-Moon system (equivalent to
the mantle comprising 68% of a 0.4 M⊕ body), a match to the Earth and
Moon is possible if proto-Earth’s FeO content were 3.0 wt. % and δfT = 40%. Matches are also possible if Theia contributed 0.204 M⊕ (68% of a
0.3 M⊕ body), if proto-Earth’s FeO content was 4.7 wt. % and δfT = 40%; and if Theia contributed 0.136 M⊕ (68% of a 0.2 M⊕ body), if
proto-Earth’s FeO content is 5.9 wt. % and δfT = -51%. This latter case
yields |δfT| higher than is possible in any successful run, suggesting that
cases with Theia having high mantle FeO also require Theia to contribute more than about 0.2 M⊕ of mantle material to the Earth-Moon
system. This is potentially consistent with both the hit-and-run (Reufer
et al., 2012) and merger (Canup, 2012) models.
Even slightly higher FeO contents of Theia’s mantle are not compatible with any impact models, though. If Theia’s mantle FeO content
were 18 wt. % and MTheia = (0.4 M⊕)×(0.68) = 0.272 M⊕, then
Mproto = 0.4190 M⊕, Xproto = 1.0 wt. %, MPE = 0.4142 M⊕,
MPM = 0.0048 M⊕, MTE = 0.2658 M⊕, and MTM = 0.0062 M⊕, and
δfT = 0.564/0.609–1 = -74%. These values of |δfT| are not compatible
with any of the impact models.
We favor high-FeO Theia cases because they are compatible with
negative δfT seen in successful impact models, in particular those in
which Theia contributes ∼0.3 M⊕ of mantle material with FeO content
∼15 wt. %, and proto-Earth has FeO content ∼5 wt. %, and δfT = 40%. Representative values for the masses transferred during the collision might be Mproto = 0.272 M⊕, Mproto = 0.4190 M⊕,
Xproto = 4.7 wt. %, MPE = 0.4150 M⊕, MPM = 0.0040 M⊕,
MTE = 0.2650 M⊕, and MTM = 0.0060 M⊕, and δfT = -40%. These
would yield FeO contents of 7.67 wt. % in Earth’s mantle, and 10.6 wt.
% in the Moon’s mantle, consistent with the results of Warren and
Dauphas (2014). However, a Theia composed of extremely reduced,
FeO-poor enstatite chondrite-like material, begs the question of how its
mantle reached the required ∼15 wt. %.

4.1. FeO contents of Earth and Moon
A massive, reduced Theia has a number of chemical consequences
for the Earth and Moon. Theia would have contributed relatively little
hydrogen to the Earth, probably ∼0.2 oceans’ worth, much of it ingassed from the solar nebula. In contrast, roughly ∼0.15 oceans’ worth
of hydrogen was ingassed into the magma ocean of the largest embryo
making up proto-Earth, diluted by ∼8 oceans’ worth of hydrogen accreted as chondritic material (Wu et al., 2018). Theia could have contributed significantly to noble gases in Earth’s mantle that might have
been ingassed along with the H2 from the solar nebula (Williams and
Mukhopadhyay, 2019). This scenario does not preclude volatiles being
accreted after the Moon-forming impact. It is in many ways consistent
with the conclusion of Akram and Schönbächler (2016), based on Zr
isotopes, that Earth accreted volatiles before and after the Moonforming impact, but not from Theia itself.
A chemically reduced, enstatite chondrite-like Theia would be expected to have low (∼ 0.05 wt. %) FeO content. This makes it difficult
to explain the high FeO content of the Moon relative to Earth. This
discrepancy could be resolved if the fraction of the Moon’s mass that
derived from Theia were significantly smaller than the fraction of the
Earth that derived from Theia, i.e., if δfT were strongly positive. If the
FeO content of Earth’s mantle (mass 0.68 M⊕) is XEarth ≈ 7.7 wt. %, and
the FeO content of the Moon’s mantle (mass 0.011 M⊕) is XMoon ≈
10.6 wt. %, then to match the FeO contents through simple mixing of
mantle materials, the mass of proto-Earth mantle in the mantle of the
final Earth must be

4.2. Si concentrations and isotopes

MPE = Mproto (XEarth – XTheia) / [(XEarth – XTheia) + (0.011/0.68) (XMoon
– XTheia)],
(1)

A consequence of Theia containing significant ingassed solar nebula
hydrogen that did not dilute with chondritic water is that it must have
been extremely reduced much like the FeO-poor enstatite chondrites.
And yet, paradoxically, the FeO contents of Earth and the Moon are
more easily explained in impact models if Theia was actually more FeOrich than proto-Earth. Both bodies must have appreciable FeO in their
mantles: ∼5 wt. % for proto-Earth, and ∼15 wt. % for Theia. These
FeO contents are higher than can be explained by oxidation by water, or
accretion of ordinary chondrite material. One proposed solution to this
problem is that the mantles of these bodies were oxidized by sequestration of Si in their cores (Javoy, 1995; Meier et al., 2014).
For sufficiently large pressures and reducing conditions, the reaction

where Mproto is the mass of the proto-Earth’s mantle, and XTheia is the
FeO content of Theia’s mantle. Also, the FeO content of proto-Earth’s
mantle must have been
Xproto = XTheia + (XEarth – XTheia)(0.68 M⊕) / MPE

(2)

to match the Earth’s and Moon’s FeO contents (Appendix A).
For the case where the FeO content of Theia is ≈ 0 to 1 wt. %,
solutions demand the FeO content of proto-Earth be ≈ 12 wt. %, and
δfT ≈ +40%, assuming Theia contributes ≈ 0.2 – 0.3 M⊕ of mantle
material to the Earth-Moon system. Theia would have to derive a higher
proportion of material from proto-Earth than the Earth did, i.e., have
large, positive δfT. The required value, δfT ≈ +40%, is only barely
achievable in successful runs of the merger model, which demands a
very large Theia.
However, we consider it unlikely that proto-Earth accreted from
materials as oxidized as 12 wt. % FeO. Even if the Earth were made
entirely of ordinary chondrites, its FeO content would not exceed about
9.4 wt. %, and considerable evidence suggests that the majority of Earth
derives from FeO-poor enstatite chondrite material (Javoy, 1995;
Dauphas et al., 2014; Dauphas, 2017). Water is unlikely to make up the
difference. For example, oxidizing the proto-Earth’s mantle by accreting
10 oceans of water would only raise mantle FeO by 2.1 wt. %.

2Fe (metal) + SiO2 ↔ 2 FeO + Si (metal)
proceeds to the right, and the mantle is oxidized at the expense of
putting Si in the core (Javoy, 1995; Gessmann et al., 2001; Wood et al.,
2006; Meier et al., 2014). This reaction is strongly dependent on temperature and redox conditions. Experiments by Gessmann et al. (2001)
show that substantial amounts of Si will dissolve into Fe melt, leading
to ∼4 wt. % Si in the iron, for conditions such as P = 9 GPa,
T = 2000 °C, and redox state ΔIW = -4. At higher oxygen fugacities,
less Si is dissolved in the metal: the mass fraction of Si in the iron melt
decreases roughly 0.8 log units for every increase in oxygen fugacity of
8
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1 log unit, i.e., roughly as fO2−0.8. For these same conditions at ΔIW = 3, the mass fraction of Si in the core would be only 0.6 wt. %. Higher
temperatures also increase Si solubility into the metal; 200 °C increase
in temperature for the above P and fO2 will double the Si mass fraction
in the core. Pressure also increases Si solubility. Therefore substantial
amounts of Si can be sequestered in the cores of proto-Earth and Theia,
with the exact amounts depending on the P, T and fO2 conditions at
which metal-silicate equilibrium takes place in each body.
We can relate the amount of Si that must be sequestered in the core
of proto-Earth or Theia in order to raise the FeO content of their
mantles with the following equations, derived in Appendix B. The increase in FeO content is
XFeO = FSi,core × [0.2806 (Mg/Si) + 0.4185 + FSi,core]−1,

where FSi,core is the fraction of the planet’s bulk Si that is sequestered in
the core, and the constant B = 7.64 ± 0.47 (Ziegler et al., 2010). For
the parameters we assumed for proto-Earth—FSi,core = 3.1% and
T = 2800 K—we calculate Δ30Si = +0.030‰. For the parameters we
assumed for Theia—FSi,core = 11.6% and T = 1800 K—we find
Δ30Si = +0.274‰. These represent the shifts from their starting Si
isotopic compositions.
Dauphas et al. (2015) showed that the starting δ30Si values of planetary materials are correlated with their Mg/Si according to the following relation:
δ30Si = 0.85 (Mg/Si) – 1.32.

If Theia started with a Mg/Si ratio of 0.885 similar to EL chondrites,
it would also start with a similar isotopic value as them, δ30Si = -0.568.
Likewise, If proto-Earth formed from embryos with average initial
composition Mg/Si ≈ 1.2, we infer it would have started with δ30Si = 0.300. Therefore, for the compositions we have chosen, proto-Earth
would start at δ30Si = -0.300 before core formation, and then would see
δ30Si rise to -0.270 after sequestering 3.1% of the Si in the core.
Meanwhile, Theia would start at δ30Si = 0.568 like enstatite chondrites
(Dauphas, 2017), and then would see δ30Si rise to -0.294 after sequestering 11.6% of the Si into its core.
Our choices of temperatures at which Si equilibrates between metal
and silicates in proto-Earth (2800 K) and Theia (1800 K) were chosen to
match the necessary isotopic shifts, but are actually very consistent
with the more detailed modeling of Meier et al. (2014). They modeled
the partitioning of Si during core formation as both proto-Earth and
Theia grew over time, finding that the average temperature of equilibration was 2800 K in proto-Earth and 2200 K in the smaller Theia.
These temperatures compare favorably to those calculated in detailed
modeling of the thermal evolution of Mercury and Mars growing by
pebble accretion (Bhatia and Sahijpal, 2016, 2017). Our choice of
pressure of equilibration is somewhat arbitrary, as isotopic fractionation is not as strongly dependent on pressure, and were mostly chosen
because experimental data exist at these pressures (Gessmann et al.,
2001). Our rough estimates of the pressures of equilibration in protoEarth (∼25 GPa) and Theia (∼18 GPa) are consistent with the estimates of Meier et al. (2014) for the merger impact scenario, 22 GPa and
17 GPa, respectively.
In Table 1 we list physical parameters that may apply to proto-Earth
and Theia. We have not conducted an exhaustive search of parameter

(3)

where (Mg/Si) is the molar ratio of Mg to Si in the bulk planet, and
FSi,core is fraction of the planet’s bulk Si that is sequestered in the core.
The fraction of Si that is sequestered in the core is related to the mass
fraction of Si in the core, CSi,core, as:
FSi,core = [1 + (CSi,mantle / CSi,core) × (Mmantle / Mcore)]−1,

(4)

where CSi,mantle is the mass fraction of Si in the mantle, and Mcore and
Mmantle are the masses of the core and mantle.
We consider proto-Earth to have had core and mantle masses in the
same proportions as Earth, so that Mcore / Mmantle = 0.68 /
0.32 = 2.125, and the same composition as Earth, with
CSi,mantle = 20.6 wt. %, and we assume (Mg/Si) ≈ 1.22 before core
formation (McDonough and Sun, 1995). We consider a case with
CSi,core = 1.4 wt. % to be plausible. If metal and silicate equilibrated in
proto-Earth at pressures of 25 GPa, temperature T = 2800 K and oxygen
fugacity ΔIW = -2, the concentration of Si in the metal would be 1.4 wt.
% (Fig. 2 of Gessmann et al., 2001). This value of CSi,core would yield
FSi,core = 3.1% and an increase in the FeO content of proto-Earth’s
mantle of 3.9 wt. %. If proto-Earth additionally had accreted some
fraction of ordinary chondrite material, or water that oxidized its
mantle, then FeO contents in the range of 5–6 wt. % would appear
reasonable.
For Theia, we consider it to also have had a ratio Mcore /
Mmantle = 2.125, and a mantle Si content 18.6 wt. % with (Mg/
Si) = 0.885, similar to the EL chondrites (Wasson and Kallemeyn,
1988). We consider CSi,core = 5.2 wt. % to be plausible. If metal and
silicate equilibrated within Theia at pressure 18 GPa, temperature
T = 2473 K and oxygen fugacity ΔIW = -4, the concentration of Si in
the metal would be 12.5 wt. %. However, the data in Fig. 1 of Gessmann
et al. (2001) suggest an Arrhenius relationship like CSi ∼ exp(-20,000 K
/ T). Equilibration at a pressure of 18 GPa, temperature 1800 K, and
oxygen fugacity ΔIW = -5 would be consistent with CSi,core = 5.2 wt. %.
We favor these latter parameters, to match Si isotopes (below). This
value of CSi,core would yield FSi,core = 11.6% and an increase in the FeO
content of Theia’s mantle of 14.8 wt. %.
Our assumed contribution of 0.272 M⊕ of mantle material from
Theia requires Theia to be at least 0.4 M⊕ (for a mantle that is 68% of
the total mass, like Earth). Theia thus may have had a core of mass ∼
0.128 M⊕ with CSi = 5.2 wt. %. If this core then merged with protoEarth’s core, with mass ∼ 0.229 M⊕ and CSi = 1.4 wt. %, the resultant
core would be 0.32 M⊕ in mass, with Si mass fraction 3.1 wt. %. This is
broadly consistent with estimates of the mass fraction of Si in Earth’s
core (Hirose et al. 2013; Dauphas et al., 2015).
Sequestration of Si in the cores of proto-Earth and Theia will lead to
isotopic fractionation of mantle Si. The Earth and Moon are required to
have very similar isotopic compositions after core formation, with δ30Si
≈ -0.297 for Earth and δ30Si ≈ -0.292 for the Moon (Dauphas, 2017
and references therein), which places another constraint on our calculations. Therefore we choose parameters that yield similar values for
both proto-Earth and Theia. The shift in δ30Si, or Δ30Si, is defined as
Δ30Simantle-bulk = (106 B / T2) × FSi,core,

(6)

Table 1
One suggested set of parameters to describe proto-Earth and Theia before the
impact, constructed to be consistent with impact models that successfully
produce the Moon and match the constraints on FeO, δ30Si, other isotopes, and
D/H ratios in lunar samples. Relevant quantities for the post-impact Earth and
Moon are also listed. See text for details.

(5)
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Parameter

Proto-Earth

Theia

Earth

Moon

Mass (M⊕)
Core mass (M⊕)
Mantle mass (M⊕)
ΔIW
Starting Mg/Si
Starting δ30Si
Equilibration T
Equilibration P
CSi,core
FSi,core
Δ(δ30Si)
Final mantle Mg/Si
Final mantle δ30Si
Final mantle FeO
PH2 (largest embryo)
cH2O (ppm)
δD (avg mantle), (magma
ocean)

0.616
0.197
0.419
−2
1.20
−0.30
2800 K
∼25 GPa?
1.4 wt. %
3.1%
+0.03
1.26
−0.27
∼5 wt. %
30 bar
1800
≈ +25‰
≈ -220‰

0.40
0.128
0.272
−5
0.885
−0.57
1800 K
∼18 GPa?
5.2 wt. %
11.6%
+0.27
1.00
−0.29
15 wt. %
20 bar
180
−610‰
−740‰

1.000
0.32
0.68

0.012
0.0004
0.011

3.1 wt. %

5.2 wt. %?

∼1.16
−0.28
7.7 wt. %

∼1.10
−0.28
10.6 wt. %

1200
≈ -10‰

850
−60‰
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space to determine the range of allowable quantities, nor have we
modeled certain key quantities (e.g., equilibration pressures and temperatures). A failing of the model is that it might not match the Mg/Si
ratio of the final Earth. Therefore we do not argue that these are necessarily the parameters that applied to proto-Earth and Theia. Our
purpose in presenting them here is to illustrate that models in which
Theia is composed primarily of enstatite chondrite material can be
consistent with expectations for the Earth and Moon.

models (Meier et al., 2014). In particular, impact models with δfT = 35%, such as the case we favor, can explain the isotopic homogeneity of
ε182W if Theia has Hf/W within a very wide range (0 to > 40), and
ε182W within a wide range, roughly 0.1 to 0.6. In particular, ε182W
values consistent with early-formed embryos like Mars, as we model
Theia to be, are consistent with the similarity in ε182W between Earth
and Moon.
5. Summary and conclusions

4.3. Isotopic homogeneity

Determining the composition of Theia, the Moon-forming impactor,
is vital to understanding several fundamental properties of the EarthMoon system. In addition to restricting the types of models allowed for
the impact itself, Theia’s composition has a profound effect on the
chemistry of both the Earth and the Moon. Theia’s composition also
bears on its place of origin, constraining the dynamics in the early solar
system as well.
Isotopic similarities between the Earth, Moon, and chondrites provide constraints on Theia’s composition. As described in the sections
above, the similarity between the Earth, Moon, and enstatite chondrites
in particular has been noted in a number of isotopic systems, including
Δ17O (Clayton, 1993), δ30Si (Savage et al., 2010; Armytage et al., 2012;
Dauphas et al., 2015), ε48Ca (Dauphas et al., 2014), ε64Ni (Regelous
et al., 2008), and ε92Mo (Burkhardt et al., 2011). As a result, many
studies favor a Theia dominated by enstatite chondrite-like material
(Wade and Wood, 2016; Dauphas, 2017; Akram and Schönbächler,
2016, and Meier et al., 2014). However, Earth’s substantial water
content (O’Neill, 1991; Morbidelli et al., 2000; Reufer et al., 2012), FeO
content (Wade and Wood, 2016) and isotopic anomalies in ε94Mo,
ε95Mo, ε182W, and 107Ag/109Ag (Budde et al., 2019; Schönbächler et al.,
2010; Kruijer and Kleine, 2017; Fischer and Nimmo, 2019) have been
used to suggest Theia was more carbonaceous chondrite-like.
In this work, we have shown that H isotopes introduce a powerful
additional constraint on Theia’s composition. Deuterium-hydrogen ratios vary widely across solar system materials (Fig. 1). While bulk Earth
has δD ≈ -62‰ largely consistent with chondrites (Lécuyer et al.,
1998; Robert, 2006; Alexander et al., 2012), with reservoirs as low as
-218‰ (Hallis et al., 2015), the Moon contains a hydrogen reservoir
with δD as low as -750‰ (Robinson et al., 2016). This reservoir is much
more D-poor than any other planetary materials in the solar system
(Fig. 1). Assuming solar wind implantation can be excluded as a source,
ingassed solar nebula hydrogen, with δD = -863‰, (Geiss and
Gloecker, 1998), would be the only plausible source. Either the Moon
directly ingassed protosolar hydrogen, or it inherited ultralow-D/H
hydrogen from proto-Earth or Theia during the Giant Impact. However,
the Moon formed too late to ingas nebular hydrogen directly (Touboul
et al., 2007; Barboni et al., 2017). Earth itself could have ingassed
nebular H, but the nebular H would have only accounted for ∼1.3% of
Earth’s total water budget, and was only sufficient to lower δD in some
reservoirs to ≈-230‰ (§ 3.1; Wu et al., 2018). Nebular hydrogen ingassed into Theia is left as the most likely source of low-D/H hydrogen
in the lunar interior.
Lunar hydrogen isotopes therefore demand Theia was: (1) a planetary embryo large enough to ingas solar nebula H2 into a magma ocean;
(2) oxidized enough in composition that substantial nebular hydrogen
would ingas readily (as H2O); and (3) very dry in composition, so that
the nebular D/H would not be diluted by chondritic water with a higher
D/H. As we showed in §3.3, in order to ingas enough nebular H2 to
obtain a δD of -750‰, Theia must have been large enough (∼0.3-0.4
M⊕) to attract an atmosphere with PH2 ∼20 bar (Stökl et al., 2015).
Moreover, for ingassing to be efficient, Theia’s magma ocean would
have had to be somewhat oxidizing so that the hydrogen atmosphere
above it would speciate to H2O, which is much more readily dissolved
than H2. This constrains the mantle composition to be ΔIW ≥ -5. Finally, Theia must initially be dry enough that ∼300 ppm of ingassed
nebular hydrogen would only be slightly diluted by water with higher

Our favored case above assumes δfT = -40% (equivalent to the
Moon being ∼36% proto-Earth material and 64% Theia, and the Earth
being ∼60% proto-Earth material and 40% Theia). This is consistent
with successful Moon-forming simulations of the hit-and-run scenario
(Reufer et al., 2012), which invoke Theia masses of 0.2 – 0.3 M⊕. The
merger model of Canup (2012) also generates successful runs with
δfT = -40%, for Theia masses of at least 0.4 M⊕. Simultaneously satisfying the constraints of the FeO contents and Si isotopic shifts, and
the need to ingas sufficient nebular hydrogen to generate the lunar
samples, demands a very narrow range of oxygen fugacity around
ΔIW = -5, and the largest reasonable mass for Theia, ≈ 0.4 M⊕. For
these reasons we favor the merger model over the hit-and-run model,
although either probably could be made compatible with the data. The
merger model of Canup (2012) generated one run in particular with
MTheia = 0.4 M⊕, a moon with mass 1.07 MMoon, and δfT = -35%.
If Theia was composed of enstatite chondrite-like material, and the
impact was a merger-type model characterized by δfT = -35%, Meier
et al. (2014) have demonstrated that the compositional similarity between the Earth and Moon is explained for a variety of isotopes. The
isotopic similarity between Earth and enstatite chondrites has been
noted for a number of isotopic anomalies, including ε48Ca (Dauphas
et al., 2014), ε64Ni (Regelous et al., 2008), and ε92Mo (Burkhardt et al.,
2011).
The Earth and Moon are very similar in oxygen isotopes, being almost indistinguishable in Δ17O (Herwartz et al., 2014; Wiechert et al.,
2004; Franchi et al., 1999; Clayton and Mayeda, 1996, 1999; Clayton
et al., 1991), apparently differing only by 0.012 (Herwartz et al., 2014).
For |δfT| > 20%, the only composition of Theia that can explain the
homogeneity of Δ17O isotopes between Earth and Moon is enstatite
chondrite material; but Theia made of enstatite chondrite-like material
explains Δ17O.
To within uncertainties, Earth and Moon are identical in ε50Ti,
differing by 0.04 ± 0.04 (Zhang et al., 2012; Trinquier et al., 2009;
Leya et al., 2008). For |δfT| > 15%, only an enstatite chondrite composition for Theia can explain the isotopic similarity in ε50Ti, but for
δfT = -35%, the similarity in ε50Ti between Earth and Moon is explained if Theia is made of enstatite chondrite-like material.
Within uncertainties, Earth and Moon have identical ε54Cr (Qin
et al., 2010; Trinquier et al., 2007; Shukolyukov and Lugmair, 2006;
Yamakawa et al., 2010) and ε96Zr (Akram and Schönbächler, 2014,
2016). The similarity in ε54Cr and ε96Zr between Earth and Moon can
be explained if Theia is any number of planetary materials, but are
matched for δfT = -35% if Theia is made of enstatite chondrite-like
material.
As described above, the similarity of the Earth and Moon in δ30Si is
explained by the two bodies having different starting compositions, but
experiencing shifts in δ30Si due to sequestration of Si in their cores, such
that both bodies’ mantles end up with δ30Si ≈ -0.28.
The ε182W values of Earth and Moon are indistinguishable within
uncertainties (Touboul et al., 2007, 2009; Willbold et al., 2011; Kleine
et al., 2009; Kleine et al., 2014). The likely differences in Hf/W and
ε182W between different embryos cannot lead to isotopic similarity in
ε182W between Earth and Moon in canonical impact models in which
the proportions of proto-Earth in the Earth and Moon are very different;
but the isotopic similarity can be accommodated in other impact
10
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Fig. 3. Our proposed scenario for the formation of the Earth and Moon. Parameters are taken from the text and Table 1. Theia and proto-Earth form within the
lifetime of the solar nebula. Nebular hydrogen ingasses into the magma oceans of Theia and proto-Earth (or more accurately, the largest embryo comprising protoEarth). Core formation sequesters Si and raises FeO content and δ30Si of the mantles, and ingassing lowers D/H in the magma oceans. Theia and proto-Earth later
collide and their cores merge, resulting in Earth and Moon.

δD (§3.3), so the nebular signature can be preserved in the Moon. In
addition, FeO contents and Si isotopes argue strongly that Si was sequestered in the cores of proto-Earth and especially Theia. This in turn
requires very reduced mantles, with ΔIW ≤ -5. A narrow range of
oxygen fugacity around ΔIW ≈ -5 would seem to be argued for.
Enstatite chondrites are the only known planetary materials that
meet these compositional constraints. Enstatite chondrites are both
extremely reduced (Fogel et al., 1989; Watters and Prinz, 1979;
Casanova et al., 1993; McKeown et al., 2014) and essentially dry (e.g.,
Alexander, 2017). As noted above (§4.3), they are also isotopically similar to the Earth and Moon. The reduced nature of the enstatite
chondrites can also explain the difference in mantle FeO between the
Earth and Moon. At first this seems paradoxical, as the Moon has higher

mantle FeO than the Earth, meaning that it obtained more oxidized
(rather than reduced) material (Warren and Dauphas, 2014). However,
under reducing conditions, Si can partition into the planetary embryo’s
core at the expense of oxidizing the mantle (Meier et al., 2014; Javoy,
1995). At ΔIW = -5, Theia would have been able to sequester enough Si
into its core to raise its mantle FeO enough that the Moon’s higher
mantle FeO can be explained (Meier et al., 2014; Warren and Dauphas,
2014). This Si sequestration into the cores of both the proto-Earth and
Theia also can explain the similarity in δ30Si between the Earth, Moon,
and enstatite chondrites.
A massive Theia composed of enstatite chondrite-like material not
only allows for the preservation of nebular hydrogen and the isotopic
homogeneity between the Earth and Moon, it also has profound
11
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implications for the origins of Earth’s water and the nature of the Moonforming impact. Our calculations show the Moon must derive ∼36% of
its mass from the proto-Earth and ∼64% of its mass from Theia. While
successful Giant Impact models of both “hit and run” and “merger”
scenarios are capable of generating this composition, the “merger”
models (Canup, 2012) are more consistent with the higher inferred
mass ∼0.4 M⊕ for Theia, required to ingas enough nebular hydrogen to
explain the ultralow-D/H reservoir sampled by the Apollo 15 quartz
monzodiorites. With the contributions from proto-Earth’s and Theia’s
mantles, the bulk silicate Moon will contain ∼800 ppm H2O. This is
high compared with recent estimates of the Moon’s bulk water of ∼100
to ∼300 ppm (Hauri et al., 2015), but interestingly consistent with the
745 ppm estimated by Saal et al. (2008). Earth’s composition is also
affected by a contribution from Theia. We estimate Earth’s mantle derives from 60% proto-Earth mantle and 40% from Theia’s mantle. The
addition of Theia material decreases the water abundance of Earth’s
mantle to ∼1200 ppm, while raising its δD (Table 1). While exact
numbers are dependent on the poorly-known water content and H
isotopic composition of enstatite chondrites, they are relatively close to
previous estimates of the δD and H2O content of the bulk silicate Moon
and Earth’s mantle (e.g., Hauri et al., 2015; Saal et al., 2008; Jambon
and Zimmermann, 1990). Improved measurements of hydrogen content
and D/H ratios in enstatite chondrites and aubrites could greatly improve the modeling efforts undertaken here.
In Fig. 3 we summarize and illustrate the processes that led to the
formation of the Moon, with parameters taken from the text and
Table 1.
An enstatite chondrite-like composition for Theia, similar to the
Earth, might argue strongly for Theia forming close to Earth, or for an
inner disk uniform reservoir (IDUR) as proposed by Dauphas et al.
(2014), or both. We note that based on the required velocities, Jackson
et al. (2018) argued that Theia must have orbited very close to the
Earth: for reasonable inclinations, at a distance of 0.9 to 1.25 AU. We

argue that Earth accreted its water before the Moon-forming impact;
that is, the largest embryo making up Earth had accreted chondritic
water, but Theia largely did not. This suggests that these largest embryos stochastically accreted (or didn’t accrete) smaller, water-rich
embryos. Alternatively, in the context of pebble accretion models in
which the terrestrial planetary embryos grow by accreting material
drifting through the disk from greater radii (Lambrechts et al., 2019),
we suggest perhaps Theia formed inside Earth's orbit. The waterbearing 'pebbles' drifting inward from the outer disk were accreted by
proto-Earth, and therefore were not available for accretion by Theia. In
either scenario, we envision that Venus would have been as dry as Theia
(unless it luckily accreted a water-bearing embryo itself). If Venus were
composed of enstatite chondrite material, it might be considered to be
very dry (< 100 ppm H2O), but ingassing of solar nebula hydrogen into
the largest embryo making up Venus could have significantly increased
the water content of Venus (by several hundred ppm). Extrapolating to
exoplanets, we propose that planets are very dry if formed inside their
system’s snow line, and are drier the closer to the host star they are, but
that a floor in water content ∼0.3 oceans’ worth of H2O exists due to
nebular ingassing.
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Appendix A
We seek solutions that match the final FeO contents of the Earth and Moon. Let MPE be the mass of proto-Earth mantle that ends up in Earth’s
mantle, and MTE be the mass of Theia’s mantle that ends up in Earth’s mantle. Likewise let MPM and MTM be the masses of mantle materials that end
up in the Moon’s mantle. We assume that these represent all materials that end up in the Earth or Moon. In the hit-and-run models (Reufer et al.,
2012), a substantial fraction (∼1/2) of Theia’s mass actually leaves the system. This can be accommodated in the treatment below by remembering
that MTheia in the calculations below merely represents the mass of Theia’s mantle that is accreted. For simplicity we assume none of the proto-Earth
is lost. We will assume the final mantle mass of Earth is 0.68 M⊕ and the final mass of the Moon’s mantle is ≈98% the mass of the Moon, or 0.011
M⊕. Therefore
MPE + MTE = 0.68 M⊕,

(A1)

MPM + MTM = 0.011 M⊕,

(A2)

MPE + MPM = Mproto,

(A3)

and
MTE + MTM = MTheia,

(A4)

where Mproto is the mass of proto-Earth’s mantle and MTheia the mass of Theia’s mantle that is accreted.
We assume that the proto-Earth’s mantle had FeO content Xproto and Theia’s had FeO content XTheia, and that these can be mixed to yield the
Earth’s mantle with FeO content XEarth ≈ 8 wt. %, and the Moon’s mantle with FeO content XMoon ≈ 11 wt. %. This requires
Xproto MPE + XTheia MTE = XEarth (0.68 M⊕),

(A5)

and
Xproto MPM + XTheia MTM = XMoon (0.011 M⊕).

(A6)

In practice we fix XTheia and MTheia and use these six equations to solve for the six unknowns MPE, MTE, MPM, MTM, Mproto, and Xproto.
We first eliminate all masses except MPE from Eqs (A5) and (A6):
Xproto MPE + XTheia (0.68 M⊕ – MPE) = XEarth (0.68 M⊕),

(A7)

Xproto (0.691 M⊕ - MTheia - MPE) + XTheia (MTheia + MPE -0.68 M⊕) = XMoon (0.011 M⊕).
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Next we eliminate Xproto by cross multiplication:
XTheia [(0.68 M⊕) (0.691 M⊕) – (0.68 M⊕) (MTheia) – (0.691 M⊕) MPE] = XEarth (0.68 M⊕) [0.691 M⊕ - MTheia - MPE] - XMoon (0.011 M⊕) MPE.
(A9)
Then we solve for MPE:
MPE = (XEarth – XTheia) (0.68 M⊕) [(0.691 M⊕) – MTheia] / [(XEarth – XTheia)(0.68 M⊕) + (Xmoon – XTheia) (0.011 M⊕)].

(A10)

With this quantity calculated, we can easily solve for Xproto:
Xproto = XTheia + (XEarth - XTheia)(0.68 M⊕) / MPE.

(A11)

For the special case XTheia = 0 wt. %,
MPE = (XEarth) (0.68 M⊕) [(0.691 M⊕) – MTheia] / [(XEarth)(0.68 M⊕) + (Xmoon) (0.011 M⊕)] = 0.9781 Mproto,

(A12)

which equals 0.9781 Mproto for our adopted FeO contents of Earth and Moon, XEarth = 7.67 wt. %, Xmoon = 10.6 wt. %. The required FeO content of
proto-Earth if XTheia = 0 wt. % is then
Xproto = [(XEarth)(0.68 M⊕) + (Xmoon) (0.011 M⊕)] / [(0.691 M⊕) – MTheia],

(A13)

which equals XEarth × (0.68 M⊕) / MPE for this case.
As an example, if MTheia = (0.3 M⊕)×(0.68) = 0.204 M⊕, (perhaps Theia is 0.4 M⊕ but not all of it is accreted), then Mproto = 0.4870 M⊕,
Xproto = 11.0 wt. %, MPE = 0.4763 M⊕, MPM = 0.01067 M⊕, MTE = 0.2037 M⊕, and MTM = 0.00033 M⊕, and δfT = 0.970/0.700–1 = -39%. Smaller
values of MTheia are incompatible with the Moon’s mass. Larger values of MTheia require equally high δfT. For example, if MTheia = (0.4
M⊕)×(0.68) = 0.272 M⊕, then Mproto = 0.4190 M⊕, Xproto = 12.7 wt. %, MPE = 0.4098 M⊕, MPM = 0.00918 M⊕, MTE = 0.2702, and
MTM = 0.00182 M⊕, and δfT = 0.835/0.603–1 = -39%. These values are among the highest achieved in successful runs of both the hit-and-run and
merger models (Meier et al., 2014).
For increasing values of XTheia, δfT goes from being strongly negative to strongly positive. For XTheia = 1 wt. %, MTheia = (0.4
M⊕) × (0.68) = 0.272 M⊕, then Mproto = 0.4190 M⊕, Xproto = 12.1 wt. %, MPE = 0.4094 M⊕, MPM = 0.00955 M⊕, MTE = 0.2706 M⊕, and
MTM = 0.00145 M⊕, and δfT = 0.868/0.602–1 = +44%. If MTheia were even smaller, (0.3 M⊕) × (0.68) = 0.204 M⊕, then it would not be possible
to match the FeO contents of Earth and Moon with XTheia even as high as 1 wt. %.
As a final example, we consider as case where Theia has high FeO content: MTheia = (0.3 M⊕) × (0.68) = 0.204 M⊕, and XTheia = 15 wt. %. This
yields Mproto = 0.4870 M⊕, Xproto = 4.7 wt. %, MPE = 0.4823 M⊕, MPM = 0.00468 M⊕, MTE = 0.1977 M⊕, and MTM = 0.00632 M⊕, and
δfT = 0.425/0.709–1 = -40%. If Theia were more massive, MTheia = (0.4 M⊕) × (0.68) = 0.272 M⊕, and XTheia = 15 wt. %, then
Mproto = 0.4190 M⊕, Xproto = 3.0 wt. %, MPE = 0.4150 M⊕, MPM = 0.0040 M⊕, MTE = 0.2650 M⊕, and MTM = 0.0070 M⊕, and δfT = 0.364/
0.610–1 = -40%. That is, proto-Earth would have to be slightly less FeO-rich, but the proportions in each body are unchanged. Smaller values of
MTheia are not as compatible with the expected values of |δfT| < 40%. For MTheia = (0.2 M⊕) × (0.68) = 0.136 M⊕, and XTheia = 15 wt. %, this yields
Mproto = 0.5550 M⊕, Xproto = 5.9 wt. %, MPE = 0.5497 M⊕, MPM = 0.0053 M⊕, MTE = 0.1303 M⊕, and MTM = 0.0057 M⊕, and δfT = 0.482/
0.990–1 = -51%. Proto-Earth would have to be more FeO-rich, and a higher proportion of the Moon would have to derive from proto-Earth.
If Theia’s FeO content were 18 wt. % and MTheia = (0.4 M⊕) × (0.68) = 0.272 M⊕, then Mproto = 0.4190 M⊕, Xproto = 1.0 wt. %, MPE = 0.4142
M⊕, MPM = 0.0048 M⊕, MTE = 0.2658 M⊕, and MTM = 0.0062 M⊕, and δfT = 0.564/0.609–1 = -74%. Slightly higher values of Theia’s FeO content
demand higher values of |δfT| incompatible with the impact models.
Appendix B
An important question is how to translate FSi,core into a mantle FeO content. During this translation, the bulk abundances of Fe and Si are the key
factors. For simplicity, we imagine starting with a planet composed entirely of Fe, MgO, and SiO2, with bulk molar ratios (Fe/Mg) and (Si/Mg) fixed.
The number of moles of each is NFe, NMg, and NSi. NMg (# moles) = (Mplanet / g) × [55.8 (Fe/Mg) + 40.3 + 60.1 (Si/Mg)]−1,NFe (# moles) =
(Mplanet / g) × [55.8 (Fe/Mg) + 40.3 + 60.1 (Si/Mg)]−1 × (Fe/Mg)NSi (# moles) = (Mplanet / g) × [55.8 (Fe/Mg) + 40.3 + 60.1 (Si/Mg)]−1 ×
(Si/Mg).
We assume all the Fe is in the core and all the MgO and SiO2 is in the mantle. We then allow a number of moles ΔNSi = FSi,core NSi to be
sequestered in the core, producing 2 ΔNSi moles of FeO in the mantle via SiO2 + 2 Fe → Si + 2 FeO. The new mantle mass is thenMmantle = (40.3 g/
mole) × (Mplanet /g) × [55.8 (Fe/Mg) + 40.3 + 60.1 (Si/Mg)]−1 + (60.1 g/mole) × (Mplanet /g) × [55.8 (Fe/Mg) + 40.3 + 60.1 (Si/Mg)]−1)×
(Si/Mg)+ (71.8 g/mole) × [2 FSi,core] × (Mplanet /g) × [55.8 (Fe/Mg) + 40.3 + 60.1 (Si/Mg)]−1 × (Si/Mg), or Mmantle = (1 g/mole) × (Mplanet
/g) × [55.8 (Fe/Mg) + 40.3 + 60.1 (Si/Mg)]−1 × [40.3 + 60.1 (Si/Mg) + 71.8 (2 FSi,core) (Si/Mg)].
The mass fraction of FeO in the mantle is XFeO = (71.8) (2 FSi,core) × (Si/Mg) / [40.3 + 60.1 (Si/Mg) + 71.8 (2 FSi,core) (Si/Mg)],or XFeO =
FSi,core × [0.2806 (Mg/Si) + 0.4185 + FSi,core]−1.
Thus we see that even if FSi,core were the same, XFeO could be different if the planet had a different bulk (Mg/Si) ratio. Suppose FSi,core = 10%.
Then XFeO = 0.1 / [0.5185 + 0.2806 (Mg/Si)]. If (Mg/Si) = 1, then XFeO = 12.5 wt. %. But if (Mg/Si) = 0.5, then XFeO = 15.2 wt. %. And if (Mg/
Si) = 2, then XFeO = 9.3 wt. %. Plausible variations in the bulk (Mg/Si) ratio change XFeO by about 3 wt. %, for fixed FSi,core.
From Wasson and Kallemeyn (1988), CI chondrites have (Si/Mg) = 0.93; EH chondrites have (Si/Mg) = 1.35, EL have (Si/Mg) = 1.13; H
chondrites have (Si/Mg) = 1.03; and CV chondrites have (Si/Mg) = 0.92. If Theia were to be made more of EH chondrite material, and proto-Earth
more of material like H, CV or EL chondrites, then the same fraction of Si sequestered in the core could lead to a larger FeO mass fraction in the
mantle of Theia, but only by about 1 or 2 wt. %.
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