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Abstract Recent developments in planet formation theory and measurements of low D/H in deep mantle
material support a solar nebula source for some of Earth’s hydrogen. Here we present a new model for the
origin of Earth’s water that considers both chondritic water and nebular ingassing of hydrogen. The largest
embryo that formed Earth likely had a magma ocean while the solar nebula persisted and could have
ingassed nebular gases. The model considers iron hydrogenation reactions during Earth’s core formation as
a mechanism for both sequestering hydrogen in the core and simultaneously fractionating hydrogen
isotopes. By parameterizing the isotopic fractionation factor and initial bulk D/H ratio of Earth’s chondritic
material, we explore the combined effects of elemental dissolution and isotopic fractionation of hydrogen
in iron. By fitting to the two key constraints (three oceans’ worth of water in Earth’s mantle and on its
surface; and D/H in the bulk silicate Earth close to 150 × 10�6), the model searches for best solutions among
~10,000 different combinations of chondritic and nebular contributions. We find that ingassing of a small
amount, typically>0–0.5 oceans of nebular hydrogen, is generally demanded, supplementing seven to eight
oceans from chondritic contributions. About 60% of the total hydrogen enters the core, and attendant
isotopic fractionation plausibly lowers the core’s D/H to ~130 × 10�6. Crystallized magma oceanmaterial may
have D/H ≈ 110 × 10�6. These modeling results readily explain the low D/H in core-mantle boundary material
and account for Earth’s inventory of solar neon and helium.

Plain Language Summary People have long had curiosity in the origin of Earth’s water
(equivalently hydrogen). Solar nebula has been given the least attention among existing theories,
although it was the predominating reservoir of hydrogen in our early solar system. Here we present a first
model for Earth’s water origin that quantifies contribution from the solar nebula in addition to that from
chondrites, the primary building blocks of Earth. The model considers dissolution of nebular hydrogen
into the early Earth’s magma oceans and reaction between hydrogen and iron droplets within the magma
ocean. Such processes not only delivered countless hydrogen atoms from the mantle to the core but also
generated an appreciable difference in hydrogen isotopic composition (2H/1H ratio) between the mantle
and core. Fitting the model to current knowledge about Earth’s hydrogen produces best combinations of
nebular and chondritic contributions to Earth’s water. We find that nearly one out of every 100 water
molecules on Earth came from the solar nebula. Our planet hides majority of its water inside, with roughly
two oceans in the mantle and four to five oceans in the core. These results suggest inevitable formation of
water on sufficiently large rocky planets in extrasolar systems.

1. Introduction

The origin of Earth’s water is an unsolved mystery (Drake, 2005; Elkins-Tanton, 2011; Genda, 2016; Marty &
Yokochi, 2006; Morbidelli et al., 2012; O’Brien et al., 2018; Robert, 2001). Understanding this longstanding
enigma is key to assessing the evolutionary history and modern structure of Earth and has implications for
how much water Mars and other planets in the solar system accreted. It also constrains the likelihood that
rocky exoplanets possess liquid water on their surfaces and are habitable. As water is one of the prerequisites
to life’s birth, the grand topic also bears fundamental importance to astrobiology.

A successful theory of how Earth acquired its water must explain both the amount and isotopic composition of
hydrogen on Earth’s surface and in its mantle. Because hydrogen is easily oxidized to form water, the origin of
Earth’s water is equivalent to the sources of Earth’s hydrogen. In addition to the one ocean (≅1.5 × 1021 kg)
of water on Earth’s surface, another several oceans’ worth of hydrogen as OH and H2O are believed to reside
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in Earth’s mantle including the transition zone (Bercovici & Karato, 2003; Genda, 2016; Hirschmann, 2006; Mottl
et al., 2007). The average D/H ratio of this water is approximately 150 × 10�6 (or � 37‰ in δD notation; Hallis,
2017). (Here following common usage, D refers to 2H and H to 1H; H2 is of unspecified isotopic composition.)

The current consensus is that Earth acquired most its water by accretion of carbonaceous chondrite material,
particularly CI-like chondrites, from beyond the snow line in the solar nebula (Alexander et al., 2012; Marty,
2012; Morbidelli et al., 2000; Sarafian et al., 2017). For example, Raymond et al. (2004) find it likely in their
simulations of planetary accretion that Earth could have accreted a single planetary embryo of mass
~0.1 ME and water content ~10 wt %, which would have provided Earth with many tens of oceans of water.
This consensus is bolstered by the observation that structurally bound water in carbonaceous chondrites, on
average, has bulk D/H ≈ (140 ± 10) × 10�6 (δD ≈ (�101 ± 60)‰; Robert, 2006), a reasonable match to the ter-
restrial value. Other sources are considered unlikely. Cometary water generally has higher D/H ratios, up to
300 × 10�6 (δD = +926‰; Altwegg et al., 2015; Hartogh et al., 2011; Robert, 2006), whereas solar nebula
gas has D/H ≈ 21 × 10�6 (δD ≈ �865‰; Geiss & Gloeckner, 1998).

This consensus view implicitly makes two assumptions, which may or may not be justified. First, with few
exceptions (Hirschmann et al., 2012; Ikoma & Genda, 2006; Sasaki, 1990; Sharp, 2017), most models discount
the contributions to Earth’s hydrogen from ingassing of nebular H2 and H2O. But in fact, it has long been
recognized from noble gas isotopic ratios that Earth’s interior contains some He and Ne contributed from
the solar nebula (Harper & Jacobsen, 1996; Marty, 2012; Pepin, 1992). More recently, Hallis et al. (2015)
reported D/H ≤ 122 × 10�6 (δD ≤�217‰) in Baffin Island rocks with high 3He/4He that sample the deepman-
tle. They advocated a solar nebula origin for this hydrogen by appealing to adsorption of nebular hydrogen
onto fractal grains during Earth’s accretion, which can be regarded as a variant of ingassing mechanism. New
developments in planet formation theories lend credence to the ingassing hypothesis.

Second, in noting the D/H match between chondrites and Earth, the consensus view presumes that the
hydrogen in Earth’s mantle and surface reflects the entirety of its hydrogen. In fact, Earth’s core must contain
a significant fraction (~7 wt %) of light elements such as silicon, oxygen, and sulfur (Hirose et al., 2013). This
inventory may include hydrogen, although first-principles molecular dynamics calculations yield opposing
and controversial conclusions about the amount of hydrogen that can match seismic data (Caracas, 2015;
Umemoto & Hirose, 2015). Wood et al. (2006) suggested its presence at the ~0.1 wt % level in the core based
on geochemical grounds, enough hydrogen to supply ~12 oceans’ worth of water. Likewise, McDonough
(2003) estimated ~0.06 wt %, and Zhang and Yin (2012) calculated ~0.02 wt % hydrogen in the core. In con-
trast, Clesi et al. (2018) recently argued for much lower hydrogen contents in the cores of terrestrial planets
based on the low hydrogen solubility that they measured in iron quenched from 5 to 20 GPa. However, their
samples appear to have contained 3 to 7 wt % carbon, and carbon is known to significantly lower solubility of
hydrogen in Fe3C and related iron carbides (Litasov et al., 2016; Terasaki et al., 2014). Since Earth’s core very
likely contains<1 wt % carbon (Wood et al., 2013), the solubility of hydrogen may not be as low as Clesi et al.
(2018) inferred (see section 5.1). We therefore think the other geochemical constraints to be reasonable and
consider it likely that several oceans’ worth of hydrogen, perhaps the majority of hydrogen, resides in the
core, sequestered there as hydrogen in the mantle partitioned into metal blebs that then sank to the core.
If this process were not accounted for, the total hydrogen content of Earth could be underestimated.

In contrast to the fact that various amounts of Earth’s hydrogen have been proposed to have dissolved in its
core (Genda, 2016, and references therein), little attention has been paid to any possible isotopic effect
accompanying this hydrogen dissolution. In fact, a nonrare outcome when H2 dissolves into various metals
is that it isotopically fractionates such that the light hydrogen enters the metal, raising the D/H ratio in the
surrounding medium (Andreev & Magomedbekov, 2001). To the extent that hydrogen is sequestered in
Earth’s core, the D/H ratio of the mantle may be higher than the bulk Earth, which would then demand that
Earth must have also accreted an isotopically light component, which could have been ingassed solar nebula
H2 or H2O. If this process were not accounted for, the isotopic composition of hydrogen in the bulk Earth
could be mistakenly equated with that of the hydrogen remaining in the mantle.

In recognition of the facts that ingassingmay bemore plausible than previously thought and that both ingas-
sing and storage of hydrogen in the core may alter the D/H ratio of Earth’s water, we propose a newmodel for
the origin of Earth’s water. In section 2 we outline the hypothesis on which the model is based, which is that
the planetary embryos comprising Earth brought chondritic water and that the largest of Earth’s embryos
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grew large enough within the lifetime of the solar nebula to ingas nebular H2 and H2O into its magma ocean.
We then provide details of the model in section 3. In section 4 we present our results. In section 5 we discuss
the implications of themodel on the low-D/H ratio measured in material from near the core-mantle boundary
and on Earth’s inventory of neon and helium of nebular origin.

2. Hypothesis
2.1. Overview

Before delving into the details of the model, we provide an overview, illustrated in Figure 1. We hypothesize
that Earth accreted from planetary embryos of various sizes, including smaller embryos of mass< 0.1 ME, to a
largest embryo with mass as large as 0.4 ME. These embryos, we assume, formed from materials that initially
had water contents characteristic of ordinary and enstatite chondrites, ~0.1 wt %, which would have pro-
vided Earth with roughly four oceans of H2O. The embryos may also have included carbonaceous chondrite
material with higher water content. These embryos are presumed to have formed quickly, perhaps via pebble
accretion, on timescales less than a fewmillion years, so that they formed within the lifetime of the solar neb-
ula and were exposed to gas.

Due to radiogenic heating from 26Al decay, these embryos quickly underwent metal-silicate differentiation.
Small embryos of Ceres-like sizes may have lost part of their water content during and after differentiation.
Nevertheless, such loss would probably have been only a small fraction of the total water content within
all of Earth’s accretion material. One reason for this possibility is that accretion of these Earth-forming
embryos after their formation was rapid (Rubie et al., 2015), so that there was insufficient time for much water
to have escaped from these small differentiated embryos. In addition, water would not have been necessarily
lost from small differentiated bodies if they were beyond the snow line (Morbidelli et al., 2012).

As a result of differentiation within these embryos’ mantles, H2O reacted with Fe metal blebs to form iron
hydrides that are expected to be stable above 4 GPa and 700 K (Fukai, 1984); when these blebs sank to the
embryos’ cores, this hydrogenwas retained and sequestered owing to elevated conditions. We presume that this
process fractionated hydrogen isotopes, putting relatively light hydrogen in the core and raising the D/H value
of the mantle, an assumption consistent with the observation that the range of available D/H values of eucrite
meteorites (Sarafian et al., 2014) is generally above that of carbonaceous chondrites (Alexander et al., 2012).

Assuming the largest planetary embryo reached ~0.3–0.4 ME in mass during the lifetime of the solar nebula,
we hypothesize that it accreted a protoatmosphere of H2/He gas from the solar nebula, with surface pressure
~1–10 bar (Stökl et al., 2015). This protoatmosphere would have helped blanket the planet and sustain a
magma ocean. We assume additional hydrogen, in the form of H2 and H2O, equivalent to a few tenths of
an ocean, dissolved into the magma ocean, lowering its D/H ratio. Noble gases, especially He and Ne, also
dissolved into the magma ocean during this stage.

After the solar nebula dissipated and the low-D/H magma ocean cooled and solidified, it presumably crystal-
lized fractionally, creating late-solidifying cumulates that were denser than the average of the rocky mantle.
The densest material would have sunk to the core-mantle boundary, whereas cumulates with intermediate
density would have mixed with unmelted underlyingmantle (Elkins-Tanton, 2011). This densest, Fe-enriched,
very low D/H material, even if melted, is unlikely to have participated in mantle convection except as wisps.
Therefore, during the following sequential collisions that progressively added mass to the largest embryo to
form the final Earth, this material is expected to have survived multiple magma ocean events, even the
possible whole-mantle remelting caused by the final, Moon-forming giant impact. As a result, it may reside
today at the core-mantle boundary, perhaps associated with ULVZs (ultralow velocity zones) or LLSVPs (large
low-shear-velocity provinces) (Brown et al., 2014).

Finally, Earth today would contain the following: a core sequestering over half of Earth’s hydrogen, with rela-
tively low D/H ≈ 130 × 10�6 (δD ≈ �165‰; see below); a mantle with most of the remaining approximately
two oceans of hydrogen, with D/H ≈ 147 × 10�6 (δD ≈ �56‰; Clog et al., 2013); and a surface hydrosphere
with one ocean of water and D/H = 156 × 10�6 (δD = +1.5‰; Lécuyer et al., 1998). In other words, between
the mantle and surface there are approximately three oceans of water with average D/H = 150 × 10�6. If the
mixing of crystallized magma ocean material were incomplete, the unmixed crystallized magma ocean
material with very low D/H ≈ 109 × 10�6 (δD ≈ �300‰) would now reside at the core-mantle boundary.
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Mantle plumes originating at the core-mantle boundary could sample crystallized magma ocean material or
mantle material that has isotopically exchanged with the core; in either scenario, this material could have
D/H ≈ 100–130 × 10�6 (δD ≈ �358 to �165‰), consistent with the measurement of Hallis et al. (2015).

In the following sections we examine the model in greater detail.

2.2. Growth of Planetary Embryos

Until recently, the dominant paradigm for planet formation was hierarchical growth, in which kilometer-sized
planetesimals collided and accreted over several million years to form Moon- to Mars-sized planetary

Figure 1. Overview of our model for how Earth acquired its water. (a) Earth accreted from embryos with chondritic levels of
water concentrations and D/H ratios. (b) These embryos differentiated and stored relatively light hydrogen in their cores,
raising the D/H of hydrogen in their mantles. (c) The largest embryo accreted a protoatmosphere and sustained a magma
ocean into which nebular hydrogen diffused. (d) The largest embryo’s magma ocean crystallized and overturned, mixing
light hydrogen into the mantle, but incompletely. (e) As smaller embryos were accreted, their mantles joined the proto-
Earth’s mantle, and their cores merged with the proto-Earth’s core. (f) Earth’s mantle today contains approximately three
oceans of water in its mantle and surface, with average D/H ≈ 150 × 10�6, and ~4.8 oceans’ worth of hydrogen in its core,
with D/H ≈ 130 × 10�6. Mantle plumes can sample low-D/H material from the core-mantle boundary. ULVZ = ultralow
velocity zone; LLSVP = large low-shear-velocity province.
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oligarchs or embryos, which subsequently collided with each other over the next 10–100 Myr to form the ter-
restrial planets (Morbidelli et al., 2012; Weidenschilling, 2000). Challenges for this class of models include the
difficulty to explain coagulation of small particles past meter sizes to form planetesimals (Brauer et al., 2008)
and the observation that asteroids and Kuiper belt objects have preferred diameters of 50–100 km (Bottke
et al., 2010; Schlichting et al., 2009). This paradigm is now superseded by the discovery of two growth
mechanisms: streaming instability, which can lead to rapid growth of ~100-km planetesimals from meter-
sized particles or aggregates in ≪1 Myr (Johansen et al., 2007; Youdin & Goodman, 2005); and pebble accre-
tion, by which very large planetesimals can accrete submeter particles and grow to embryo masses in<1Myr
(Ormel & Klahr, 2010; Lambrechts & Johansen, 2012; Levison et al., 2015, 2017).

These newly discovered mechanisms make plausible the idea that planetary embryos can grow very rapidly,
just as radiometric dating and isotopic analyses of meteorites also strongly implicate rapid planet formation
(Scherstén et al., 2006). Based on Mo and W isotopic anomalies, the solar nebula appears to have been
divided into two isotopic reservoirs by the formation of Jupiter’s > 20-ME core at <1 Myr after formation
of calcium-rich, aluminum-rich inclusions (Kruijer et al., 2017). The formation of Mars has been dated to
~1.9 Myr after formation of calcium-rich, aluminum-rich inclusions, using both Hf-W dating (Dauphas &
Pourmand, 2011) and the 60Fe-60Ni chronometer (Tang & Dauphas, 2014).

Not just small (0.1 ME) but also larger (0.3–0.4 ME) embryos appear capable of forming rapidly in the terrestrial
planet-forming region. Previous N-body simulations showed growth to 0.4-ME sizes at 1 AU by 2 Myr
(Raymond et al., 2006, Figure 4). Recent simulations of pebble accretion indicate that in just 2 Myr the largest
embryo at the locale near 1 AU, or the proto-Earth, was 0.3 ME in mass, embedded in a distribution of smaller
embryos, most with mass ~0.1 ME (Levison et al. 2017, Figure 2).

The water content of these planetary embryos depends on whether they most strongly resembled enstatite
chondrites, which are essentially water-free (Marty & Yokochi, 2006); ordinary chondrites, with typical (struc-
turally bound) water fractions ~0.1 wt % (Alexander et al., 1989); or carbonaceous chondrites, with water con-
tents ranging from ~1 wt% in CO and CV chondrites (Krot et al., 2015) to ~13 wt % in CI chondrites (Alexander
et al., 2013). If Jupiter did divide the solar nebula into two reservoirs by opening the gap and restricting the
flow of pebbles (Kruijer et al., 2017), then the embryos at 1 AU would have accreted material most strongly
resembling ordinary and enstatite chondrites. Given that water fractions are much higher in carbonaceous
chondrites than in enstatite and ordinary chondrites, Earth may nonetheless have accreted most of its water
from carbonaceous chondrite material, a possibility suggested by Morbidelli et al. (2000) and others (Drake &
Righter, 2002; O’Brien et al., 2006; Raymond et al., 2007; Sarafian et al., 2017).

Fits to Earth’s elemental and isotopic compositions strongly suggest that it is indeed composed mostly of
enstatite and ordinary chondrites (Alexander et al., 2012; Marty, 2012). For example, Dauphas et al. (2014)
inferred that Earth’s elemental abundances most strongly resemble a mix of 90.8 wt % enstatite chondrites,
6.8 wt % ordinary chondrites, 2.3 wt % CO and CV chondrites, and 0.2 wt % CI chondrites. We can reasonably
assume that enstatite chondrites delivered essentially no water, ordinary chondrites were 0.1 wt % water and
would have delivered about 0.3 oceans, CO and CV chondrites were 1 wt % water and would have delivered
about 0.9 oceans, and CI chondrites were 13 wt % water and would have delivered 1.0 oceans. Using these
numbers, carbonaceous chondrites contributed at least 86% of Earth’s water, and perhaps more: There is evi-
dence that the CO and CV chondrite parent bodies accreted even more water but subsequently dehydrated
(Krot et al., 2015). Indeed, such a scenario is compellingly supported by mixing calculations based on elemen-
tal and isotopic measurements from angrite materials (Sarafian et al., 2017). Accretion of material elementally
and isotopically similar to these carbonaceous chondrites (Robert, 2003), but with say 5 wt % water, or accre-
tion of just 1% CI chondrite material, could have provided Earth >10 oceans of water, with ordinary chon-
drites contributing only a small fraction of that.

On average, the bulk isotopic composition of carbonaceous chondrites is D/H ≈ (140 ± 10) × 10�6 (Robert,
2006), and Earth might be assumed to start with this isotopic composition if carbonaceous chondrites domi-
nated its water. More precisely, different chondrites vary in their bulk D/H ratios: ~170 × 10�6 (δD ~ + 91‰) in
CI chondrites, ~150 × 10�6 in CO chondrites, ~160 × 10�6 (δD ~ + 27‰) in CV chondrites, and ~400 × 10�6

(δD ~ + 1568‰) in ordinary chondrites (Alexander et al., 2012). The mix of carbonaceous chondrites advo-
cated by Dauphas et al. (2014) has an average ratio D/H ≈ 150–160 × 10�6. Contributions from ordinary chon-
drites could raise the average D/H ratio of Earth.
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We assume that Earth accreted from a variety of planetary embryos ranging inmass from<0.1 ME, to a largest
embryo 0.3–0.4 ME. These embryos all formed by ~2 Myr, while nebula gas was present. Most of the embryos
were relatively dry, with perhaps<0.1 wt % H2O, equivalent to nomore than four oceans, and probably much
less. Accretion of a few percent carbonaceous chondrite material (Albarede et al., 2013; Alexander, 2017;
Alexander et al., 2012; Dauphas, 2017; Dauphas et al., 2014; Marty, 2012; Warren, 2011) could have delivered
an additional few to tens of oceans of water. We consider cases in which Earth ultimately inherited a mass
Mchond ≈ 5–25 oceans of chondritic water, dominated by contributions from carbonaceous chondrites. For
this range of chondritic water inventory, generally no more than a few percent of it is believed to have been
supplied by the late veneer; otherwise, the expected Earth-Moon isotopic match in oxygen isotopes would
have been disrupted by accretion of excessive water to Earth after the Moon-forming giant impact
(Greenwood et al., 2018). Furthermore, we consider this chondritic water to have D/H ratio between
130 × 10�6 and 170 × 10�6, with D/H ≈ 140 × 10�6 most likely.

2.3. Core Formation and Hydrogen Sequestration

Largely because of heating from radioactive decay, the planetary embryos experienced core-mantle differen-
tiation caused by metal-silicate segregation that started as early as a few 0.1 Myr (Scherstén et al., 2006).
Radiometric dating shows the parent bodies of iron meteorites underwent differentiation in <1 Myr (Kleine
et al., 2002; Yoshino et al., 2003). Before temperatures adequate for differentiation were reached, the embryo
interiors were sufficiently hot to release H2O bound in hydrated minerals and phyllosilicates and also hydro-
gen in organic compounds (Mason, 1963; McNaughton et al., 1981). As H2O reacted with Fe metal, it created
FeO and, as an intermediate step, H2. At high pressures and temperatures characteristic of the interiors of
Mercury-sized bodies that have >0.05-ME masses, the chemical affinity between iron and hydrogen is signifi-
cantly enhanced (Fukai, 2005), which drove the dissolution of H2 in the liquid iron droplets and formation of
iron hydrides, FeHx (Fukai, 1984; Hirschmann, 2012; Ohtani et al., 2005). Metal-silicate differentiation and sink-
ing of iron droplets therefore provided a seemingly efficient mechanism for delivering hydrogen to the core.

We assume the dissolution of H2 into FeNi blebs at all times reflected local chemical equilibrium, as the metal
blebs in enstatite and ordinary chondrites are commonly small with an average size below 1mm (Kuebler et al.,
1999; Schneider et al., 2003), which is small enough for rapid chemical reaction and isotopic exchange. These
blebs continued to interact and equilibrate with the mantle until they sank to the core and were incorporated
there. The amount of hydrogen sequestered in the core therefore reflects metal-silicate equilibrium at the
temperatures and pressures relevant to the core-mantle boundary of each embryo: ~2500 K and ~20 GPa
for 0.1-ME embryos, ranging up to ~3500 K and ~60 GPa for embryos as large as 0.4 ME (Schaefer et al., 2017).

We estimate the solubility of hydrogen into FeNi metal droplets at these pressures and temperatures, as fol-
lows. H2O dissolved in the silicate mantle would have reacted with the metal to form iron hydrides. Based on
experimental data, at temperatures above ~1100 K and pressures above ~8.9 GPa the relevant reaction is

x=2þ 1ð Þ·Feþ x=2ð Þ·H2O→ x=2ð Þ·FeOþ FeHx

(Ohtani et al., 2005), which can be decomposed into

x=2ð Þ·Feþ x=2ð Þ·H2O→ x=2ð Þ·FeOþ x=2ð Þ·H2

and

Feþ x=2ð Þ·H2→FeHx

(Fukai, 1984). The governing step is the second reaction, in which dissolved H2 with an effective pressure PH2

dissolves in the iron.

For PH2 < 10 MPa, Sieverts’ law for gas solubility in metals applies, and the equilibrium molar concentration
of H atoms in the metal is

cH ¼ PH2=P0ð Þ1=2· exp �ΔH° þ T ·ΔS°
� �

= R·Tð Þ� �
:

Here ΔH° and ΔS° are the enthalpy and entropy, respectively, for dissolution of hydrogen into iron at refer-
ence pressure P0 = 1 bar and Kelvin temperature T, and R = 8.314 J·mol�1·K�1 is the universal gas constant.
We use ΔH° = +31.8 kJ/mol and ΔS° = �38.1 J·mol�1·K�1, appropriate for dissolution of H atoms into liquid
iron (Fromm & Hörz, 1980).
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As a typical example, if the concentration of H2Owere 1,000 ppm (a plausible value, equivalent to about three
oceans of water dissolved in Earth’s mantle), we estimate PH2 ≈ 6.4 MPa and cH ≈ 0.031 in iron droplets at the
core-mantle boundary in a 0.4-ME embryo, or PH2 ≈ 4.0 MPa and cH ≈ 0.014 for a 0.1-ME embryo (arbitrarily
assuming a lower mantle density of 3500 kg/m3 for both). These estimates correspond to mass fractions of
hydrogen in the core of 0.055 wt % for a 0.4-ME embryo and 0.025 wt % for a 0.1-ME embryo. These values
compare favorably to other estimates for the equilibrium hydrogen mass fraction in Earth’s core or
~0.06 wt % (McDonough, 2003) and ~0.02 wt %, respectively (Zhang & Yin, 2012), but at least 1 order of mag-
nitude lower than the range of hydrogen content that was summarized by Genda (2016).

Earth’s core has a ~10 wt % density deficit (Birch, 1952). With mass fractions ~0.025–0.055 wt %, hydrogen
would be a minor species compared to other alloying elements such as oxygen, silicon, or sulfur (Badro
et al., 2014; Hirose et al., 2013). Nevertheless, Earth’s core, with mass ~0.32 ME, would contain sufficient hydro-
gen to form three to six oceans. Even the well-known inhibitor of hydrogen dissolution in iron, that is, carbon,
could also have entered the core, its expected low concentration (<1 wt %) in the core would have played a
restrained role in depressing the hydrogen content therein. We conclude that a significant fraction, perhaps
more than half, of Earth’s hydrogen resides in its core.

The dissolution of hydrogen into metal droplets would have been isotopically selective, fractionating the
hydrogen isotopes. Owing to the instability of iron hydrides at the low pressures at which mass spectrometry
is possible, no measurements of this fractionation have been successful (Iizuka-Oku et al., 2017). However,
based on hydrogen dissolution into proxies at low pressures, we expect the light isotopes of hydrogen to
have been selectively taken up by the metal.

The key parameter quantifying this effect is the isotopic fractionation factor, α, by which hydrogen partitions
between iron melt and surrounding silicate mantle:

α ¼ D=Hð Þiron= D=Hð Þmantle

¼ D=Hð Þiron= D=Hð ÞH2

h i
� D=Hð ÞH2

= D=Hð ÞH2O

h i
� D=Hð ÞH2O= D=Hð Þmantle

h i
:

The H2-H2O fractionation factor can be extrapolated from calculated results of Richet et al. (1977),
which yields ln[(D/H) H2O /(D/H) H2 ] = 2.22 × 105/T2, and likewise the H2O-mantle fractionation factor
obtained by fitting experimental data of Dalou et al. (2015), which yields a linear trend line ln[(D/H)H2O

/(D/H)mantle] = 1.56 × 105/T2. Accordingly, we argue the product of the second two factors, [(D/H)H2 ]/
(D/H)H2O]·[(D/H)H2O/(D/H)melt], is close to unity, that is, ~0.99. We identify α solely with the first fractiona-
tion factor, between what is effectively H2 dissolved in the silicate and hydrogen in the metal.

Metals for which α< 1 are said to exhibit a negative isotope effect. For γ-Fe metal, α = 0.972, apparently inde-
pendent of temperature (Heumann & Primas, 1966). For Ni, which shares many properties with Fe,
α = 0.926·exp(�25.6 K/T) for temperatures 673–973 K and PH2 = 0.1 MPa (Hawkins, 1953). Extrapolating
beyond this range, we estimate α = 0.917 at 2500 K. For Pd, α = 0.805·exp(372 K/T) or about 0.934 at
2500 K (Lacher, 1937). Thus, it is reasonable to assume that α < 1, possibly α ≈ 0.90, for H2 dissolving into
FeNi liquid droplets at 2500–3500 K and low pressure. Considering that the pressure effect is generally small
for isotopic fractionation, we expect that these numbers would be only slightly different at high pressure rele-
vant to mantle conditions. In our calculations we consider a wide range of values, 0.75 < α < 0.95.

A value of α ≈ 0.90 or lower would lead to significant isotopic changes during hydrogen sequestration.
Assuming half of Earth’s hydrogen remained in themantle and half were sequestered in its core (and neglect-
ing changes in the isotopic reservoirs during core formation), we estimate that the D/H ratio in the mantle
would be raised by a factor of 2/1.90, from 140 × 10�6 to 147 × 10�6, whereas the D/H ratio in the core would
be 0.90 times that of the mantle, or D/H = 133 × 10�6 (δD = �146‰).

2.4. Ingassing of Hydrogen Into a Magma Ocean

In addition to core formation, a planetary embryo’s inventory of hydrogen and its isotopic composition can
be affected by ingassing of nebular H2 if the embryo’s magma ocean was exposed to a protoatmosphere
accreted from the solar nebula while nebular gas was still present. The frequency of stars with protoplanetary
disks appears to fall off with stellar age, with a half-life of about 3 Myr (Haisch et al., 2001; Ribas et al., 2015).
The ages of chondrules, which formed in the presence of nebular gas, suggest that gas was present in the
terrestrial planet-forming region for at least 3 Myr (Villeneuve et al., 2009). Embryos that formed within the
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first 3 Myr or so of disk evolution could have accreted nebular gas. The formation of Mars (~0.1 ME) is radio-
metrically dated to have taken<2 Myr (Dauphas & Pourmand, 2011; Tang & Dauphas, 2014), meaning that it,
and likely other planetary embryos, formed while nebular gas was present.

Exoplanets provide further, strong evidence that embryos grow large during the presence of nebular gas.
Observations of rocky exoplanets convincingly suggest that those with masses above 5 Earth masses
(>1.5 Earth radii) have H2/He atmospheres that are a few percent or more of the planet’s mass (Rogers,
2015; Weiss & Marcy, 2014).

Calculations indicate that smaller, planetary embryos would have possessed at least transient protoatmo-
spheres of surface pressures ~1–10 bar (Stökl et al., 2015). These atmospheres would not necessarily have
persisted after the disk was gone. While a 0.4-ME embryo could have accreted a ~10-bar protoatmosphere
and retained it against escape for ~10 Myr after the disk dissipated, 0.1-ME embryos are predicted to have
accreted much less substantial atmospheres and could not have retained them for more than 1–10 years
after dissipation of the nebula (Stökl et al., 2015). During the >3-Myr lifetime of the solar nebula, though,
these protoatmospheres would have been present around planetary embryos. If the embryos also possessed
magma oceans—an outcome enabled by the blanketing effects of a protoatmosphere—then H2, He, Ne, etc.
would have ingassed from the solar nebula into the magma ocean.

Magma oceans of varying dimensions likely occurred multiple times either on the surface or within the inter-
ior of planetary embryos, depending on the location of heat release and frequency of large impacts. In rela-
tively small embryos ~0.1 ME, radiogenic heat plus potential energy of sinking metal could have melted their
interiors, forming internal magma oceans. As they grew, heat from accretional impacts may have increased
sufficiently to melt their exteriors.

In larger embryos, ~0.4 ME, impacts could have created large surface magma oceans. For example, a collision
between a 0.1-ME embryo and a 0.5-ME proto-Earth is estimated to create a surface magma ocean of >700-
km depth for a typical impacting speed (Tonks & Melosh, 1993). Alternatively, the accretion of ~103 Ceres-
sized bodies in a short time presumably would have generated a similar mass of magma ocean. Such impacts
may have taken place during the first ~2 Myr of the evolution of the solar nebula (e.g., Raymond et al., 2006).
Depending on the sizes of the target embryo and impactors, a surface magma ocean could have been local,
hemispheric, or global. This predicted coexistence of a surface magma ocean and nebula-originated proto-
atmosphere strongly implies ingassing, the dissolution of nebular gases into the underlying magma ocean,
a scenario also recently investigated by Sharp (2017).

Assuming the persistence of magma oceans, we assess the amount of hydrogen that could be ingassed as fol-
lows. First, a ~10-bar H2 atmosphere around a 0.4-ME embryo has mass ~1021 kg, equivalent to approximately
six oceans’worth of H2O if the hydrogen could be oxidized. Only a fraction of this hydrogen could be ingassed,
as the solubility of H2 is limited. The equilibriummass fraction of H2 dissolved into a silicate melt is xH2 = 1·(PH2/
10 bar) ppm under the typical redox conditions of an early magma ocean (Hirschmann, 2012). A 0.4-ME

embryo with a ~0.1-ME magma ocean would ingas a negligible amount of H2, the equivalent of<0.004 oceans
of water. On the other hand, the solubility of H2O inmagma ismuch higher than that of H2. The redox state of a
magma oceanwas such that PH2O/PH2 in the protoatmosphere was likely between ~0.01 and 0.1, equivalent to a
redox state 4 to 2 log units below the iron-wüstite (IW) buffer, or IW-4 to IW-2, at magmatic temperatures
(Hirschmann, 2012). Here we assume that the equilibrium speciation in the protoatmosphere was PH2O/PH2

= 0.1. The mass fraction of the mantle that could be ingassed H2O is x H2O = 1300·(P H2O /1 bar)1/2 ppm
(Fricker & Reynolds, 1968), equivalent to 0.5 oceans of water. The actual amount that was ingassed would
depend on the kinetics of how fast gas dissolved into the magma ocean, the mixing of material within the
magma ocean, and the kinetics of replenishment of the protoatmosphere from the solar nebula.

We estimate that a few tenths of an ocean of H2O would have ingassed into the magma ocean of the largest
(~0.4 ME) embryo. This ingassing of H2O must have been a net effect after summation of the following pro-
cesses involving dissolution, oxidation, outgassing, and ingassing:

H2
protoatmosphere gð Þ→H2

magma gð Þ

H2
magma gð Þ þ Omagma lð Þ→H2O

magma lð Þ
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H2O
magma lð Þ→H2O

protoatmosphere gð Þ

H2Oprotoatmosphere gð Þ→H2Omagma lð Þ

Associated with the summed reaction is also isotopic fractionation of hydrogen, whose equilibrium constant
is expected to be very close to 1 at typical surface temperatures of a magma ocean (Richet et al., 1977).
Consequently, within the lifetime of magma oceans (<10 Myr), this ingassed water would reflect an isotopic
composition close to that of the hydrogen-rich protoatmosphere, that is, D/H = 21 × 10�6. This material
would have mixed thoroughly in the convecting magma ocean. Mixing of 0.5 oceans, for example, of H2O
with D/H = 21 × 10�6 into a ~0.1-ME magma ocean with water mass fraction 1,000 ppm and
D/H = 140 × 10�6 would have yielded a higher mass fraction of water, ~2,250 ppm, and lower
D/H ≈ 74 × 10�6 (δD ≈ �525‰). This material would not necessarily have mixed into the underlying mantle
before the magma ocean crystallized.

2.5. Crystallization and Overturn of a Magma Ocean

The cumulate mantle that resulted from solidification of a magma ocean is likely to have been gravitationally
unstable, that is, likely to have involved denser material overlying less dense material. Three processes could
have produced an unstable density gradient: enrichment of the magma ocean liquids in heavy elements as
fractional solidification progressed, increased density of materials near the surface because they contracted
due to the colder temperatures there, and increased Fe/(Fe +Mg) inmaficmaterials near the end of solidification.
The likelihood of an unstable density gradient in solidified magma oceans has been discussed by Schnetzler
and Philpotts (1971), Hess and Parmentier (1995), Solomatov (2000), and Elkins-Tanton (2012), among others.

The relatively low viscosity of the warm, new cumulate pile would have allowed overturn in embryos up to
the size of Mars, yielding gravitational stability in hundreds of thousands to just a few millions of years,
depending upon the bulk composition and size of the planet (Scheinberg et al., 2014; Zaranek &
Parmentier, 2004). The most compositionally dense material would remain at the bottom of the mantle,
against the core, permanently resistant to thermal convection (Brown et al., 2014; Ohtani & Maeda, 2001),
providing an opportunity to preserve isotopically light material from the crystallized magma ocean, poten-
tially with D/H as low as ~109 × 10�6, at the core-mantle boundary.

2.6. Subsequent Accretion of Embryos

The planetary embryos comprising Earth would have accreted and undergone metal-silicate differentiation,
and the largest embryo would have ingassed nebular hydrogen before the solar nebula dissipated after
~3 Myr. Crystallization and overturn of the magma ocean are presumed to have been complete within a
~10-Myr timescale. Their atmospheres would have dissipated around this time. Even the largest (~0.4 ME)
embryos we consider here would have lost their atmospheres on ~10-Myr timescales (Stökl et al., 2015),
but perhaps longer (Hamano et al., 2013). On ~10- to 100-Myr timescales the other embryos are expected
to have collided with the largest embryo, which was the proto-Earth (e.g., Raymond et al., 2006). Hf-W dating
of the Moon-forming impact shows the last ~0.1-ME embryo was accreted by Earth by about 50–100 Myr
(Kleine et al., 2009; Touboul et al., 2007). During each impact, the cores and mantles of the embryos and
the proto-Earth would have mixed and merged.

Sequential collisions between the proto-Earth and other embryos over tens of million years would have mixed
their mantle materials well, although perhaps not completely. Collisions of embryos with the proto-Earth
would have produced magma oceans in which turbulent entrainment and violent convection of silicate
magmawere rapid during and after the collisions. At early stages, the collision-generatedmagma oceans could
have been only local or hemispherical, but as the growing proto-Earth approached its final mass, creation of a
massive magma ocean on a global scale through a giant impact like the Moon-forming event is conceivable.

The cores of the embryos, by virtue of their high density, would have merged with the proto-Earth’s core.
Classical models of core formation assume chemical equilibration between iron-rich metal and surrounding
silicate magma ocean (Wade & Wood, 2005), which is probably true for collisions where the target body was
relatively small or the impactor was undifferentiated. However, for a proto-Earth with mass> 0.6 ME that col-
lided with an embryo of mass> 0.06 ME, the merged body likely experienced incomplete emulsification and
chemical equilibration of the embryo’s core, so that much of it merged directly with that of the proto-Earth
without equilibration (Rubie et al., 2011). In fact, the extent of metal equilibration for the cores of large
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impactors remains unclear (Dahl & Stevenson, 2010; Rubie et al., 2015). We consider both end-member sce-
narios of perfect mergers of cores and complete equilibration of embryo cores with the proto-Earth’s mantle.

Even if complete melting of the proto-Earth’s mantle occurred, there would not have been significant mixing
with the surroundingmantle of any low-D/Hmaterial at the core-mantle boundary, which resulted from over-
turn of crystallized magma ocean material that experienced ingassing. Because of its higher density, this
material would be expected to remain stagnant at the core-mantle boundary.

Earth’s accretion may have extended into a late veneer period after the large impacts between these ~0.1 ME

and bigger embryos. A recent numerical simulation showed that pollution by the core disruption of a differ-
entiated, Moon-sized impactor could have been responsible for the excessive HSE (highly siderophile ele-
ments) signatures in the current Earth’s mantle (Genda et al., 2017). According to their results, most
postcollision iron fragments of the impactor’s core would have been temporarily ejected into space as
~10-m-sized blobs and then reaccreted to Earth’s silicate mantle, suspending there for adequate chemical
reactions to have supplied chondritic HSE inherited from the impactor. The proposed mechanism, even if
having operated for HSE, is unlikely to have worked for hydrogen in our case.

As described in section 2.3, dissolution of hydrogen in iron is highly pressure sensitive, which is in contrast to
strong affinity of HSE to iron at all pressure ranges within a planetary body. At the core conditions of a Moon-
sized embryo, the iron would have held only a hydrogen abundance below 0.05 wt %, corresponding to a
molar concentration cH ≈ 0.01 and translating into a rather small amount of hydrogen for the core of a
0.01-ME embryo. Nevertheless, a more important reason for essentially no hydrogen pollution would have
been rapid pressure release from several gigapascals to below 0.1 MPa due to core disruption.
Immediately after the impactor’s core was fragmented into ~10-m blobs, most of hydrogen dissolved in them
would have quickly escaped so that cH reduced to the order of 10�4 or even lower. Therefore, the residual
trace hydrogen inherited from the impactor’s core would have had only a negligible influence on the hydro-
gen signature of Earth’s mantle.

3. Model

We calculate the masses and isotopic compositions of different reservoirs of water within the growing Earth,
as follows.

We initialize the problem by considering one embryo having amass 0.4 ME, the other embryos havingmasses
Mp ~ 0.1 ME. Each is given an identical concentration of water cH2O = Mchond/ME, where Mchond ranges from 5
to 25 oceans, with its D/H ratio, (D/H)chond, ranging from 130 × 10�6 to 170 × 10�6. In each embryo, we con-
sider iron to melt and sink to form a core. We grow the core in Nsteps steps, increasing its mass byMcore/Nsteps

at each step. Each core ultimately has a mass Mcore ≈ 0.33 Mp, by assumption.

As the core grows, we keep track of the concentration and D/H ratio of hydrogen both in the mantle and in
the core, by keeping track of the numbers of H and D atoms in both reservoirs. We start with zero H and D
atoms in the core. In the mantle of each embryo with mass Mp, the initial numbers of H and D atoms are
NH = Mchond·(Mp/ME)/[(mH + mO/2) + (D/H)chond·(mD + mO/2)] and ND = (D/H)chond·NH. At each step we
calculate the concentration of hydrogen in the iron blebs sinking at that time, using the solubility equation
cH = (PH2 /P0)

1/2·exp[(�ΔH° + T·ΔS°)/(R·T)], and using the values appropriate for (low-pressure) dissolution of
hydrogen into liquid iron (Fromm & Hörz, 1980) and the D/H ratio of hydrogen in the blebs from our assump-
tion about α. We calculate the instantaneous value of PH2 = (1/2)·(NH + ND)·(ρ/Mmantle)·k·T, where NH and ND

are the numbers of H and D atoms in the mantle, ρ is the magma density (assumed to be 3,450 kg/m3),
Mmantle is the mass of the mantle, and k is the Boltzmann constant. We calculate the number of H and D
atoms in the iron blebs as

dNH ¼ cH· dM=mFeð Þ= 1þ D=Hð Þbleb
� �

;

and

dND ¼ dNH· D=Hð Þbleb;

where mFe is the mass of an Fe atom and (D/H)bleb = α·(D/H)mantle. As these H and D atoms are delivered to
the core, they are added to the core’s inventory and are subtracted from the mantle, changing the
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concentration of hydrogen (and PH2), as well as (D/H)mantle. We numerically integrate the concentrations and
D/H ratios in the core and mantle. We find that Nsteps > 105 is needed for numerical convergence.

Next, in the largest embryo, we add a mass of hydrogen sufficient to produce a mass Mingas of water which
has D/H = 21 × 10�6 and is assumed to mix with the mantle.

We then consider the accretion of the smaller embryos to the largest one. During each accretion, we assume
that the mantles are immediately well mixed, leading to a new mantle with averaged hydrogen concentra-
tion and D/H ratio. We assume a fraction 1-q of the accreted core mixes immediately with the target core
and the rest, q, mixes with the mantle. This metal fraction equilibrates with the mantle before sinking to
the growing core. The sequestration of hydrogen is calculated in the same manner as before. We particularly
consider the two end-members: q = 0 (perfect mergers of all cores) and q = 1 (perfect equilibration with man-
tle before core merger).

We consider 15 combinations of (D/H)chond (130, 140, 150, 160, and 170 × 10�6) and α (0.75, 0.85, 0.95); for
each we test 201 × 51 combinations ofMchond from 5 to 25 oceans, andMingas from zero to one ocean, using
a 0.1-ocean and 0.02-ocean incremental step for Mchond and Mingas, respectively. After each numerical inte-
gration, we calculate the number of oceans of water remaining in themantle, Nmantle, as well as the D/H ratios
in the core and mantle. We seek solutions that are the closest fit to our presumed inventory of Nmantle = 3
oceans of water in Earth’s mantle (one ocean of which presumably is outgassed to the surface), with average
D/H ≈ 150 × 10�6. We assign an uncertainty of one ocean to the target amount of water in the mantle and an
uncertainty of 2 × 10�6 to the D/H ratios of the mantle and surface and define a goodness-of-fit parameter

χ2 ¼ Nmantle � 3ð Þ2=12 þ D=Hð Þmantle � 150�10�6
� �2

= 2�10�6
� �2

:

For each value of (D/H)chond and α we seek the values of Mchond and Mingas that minimize χ2. Combinations
that yield χ2 < 1 are considered solutions.

4. Results

We first consider the scenario of perfect merger between the cores of the proto-Earth and embryos. Under
this condition, the fitting results for (D/H)chond = 140 × 10�6 (the most likely value for chondritic material)
and each α value are made into contour plots (Figure 2, left column). In these cases only a limited range of
Mchond and Mingas satisfies χ

2 < 1. The shapes of the solution areas in the plots indicate that Mingas is more
tightly constrained than Mchond. This outcome is consistent with the fact that D/H of ingassed hydrogen dif-
fers from the observed mantle value much more significantly than chondritic hydrogen. Also evident is the
dependence ofMingas on α, which can be understood qualitatively in terms of the Rayleigh equation. The clo-
ser α is to 1, the less nebular ingassing is required to satisfy the fitting constraints. In comparison, Mchond of
the solutions are relatively insensitive to the choices of α value and at least 1 order of magnitude greater than
Mingas. The right column in Figure 2 presents the similar contour plots when (D/H)chond equals the highest
assumed value, namely, 170 × 10�6. It is clear by comparison that, for the same value of α, the higher the
value of (D/H)chond is, the more hydrogen must be ingassed to satisfy the isotopic constraints.

Table 1 lists the values of Mchond, Mingas, Mcore, (D/H)core, Mmantle, and (D/H)mantle, as well as the goodness of
fit, χ2, in the best solutions for all combinations of (D/H)chond and α that are considered. For example, for (D/H)

chond = 140 × 10�6 and α = 0.85, Mchond = 7.90 oceans and Mingas = 0.14 oceans. For this case, Mcore = 4.83
oceans, meaning that the hydrogen in the core, if oxidized, could create 4.83 oceans’ worth of water. The iso-
topic ratio of hydrogen in the core is then (D/H)core = 130 × 10�6. The amount and isotopic ratio of average
water in the mantle and surface are Mmantle = 3.18 oceans and (D/H)mantle = 150 × 10�6, matching the con-
straints with a minimum goodness-of-fit parameter χ2 = 0.04.

In general, in a best solutionMcore/Mmantle ≈ 1.5, a ratio fixed by our assumed hydrogen solubility. As a result,
Mchond ≈ 7–8 oceans in order to match the presumed amount of water in the mantle and surface, which then
determines the amount of hydrogen that must be ingassed,Mingas, to match the isotopic constraints. It is lar-
ger for larger (D/H)chond and for smaller values of α. Across the considered inputs,Mingas ranges from 0 to 0.46
oceans, with larger amounts corresponding to smaller α. For example, for (D/H)chond = 140 × 10�6, a nonzero
contribution from nebular hydrogen requires α < 0.92, unless there exists an alternative mechanism for
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addition of nebula-like hydrogen to the early Earth or a different process for isotopic fractionation of
hydrogen inside the early Earth. There is one combination for which we cannot find a satisfactory solution:
α = 0.95 and (D/H)chond = 130 × 10�6.

Only negligible differences exist between the cases of perfect core mergers and those where the cores per-
fectly equilibrate with the growing proto-Earth’s mantle before they are incorporated into its core (cf. Tables 1
and 2). Using Δ to denote the absolute difference in each of the best fits between the two scenarios, we find
ΔMchond ≤ 0.7 oceans, ΔMingas ≤ 0.02 oceans, ΔMcore ≤ 0.27 oceans, and Δ(D/H)core ≤ 1.1 × 10�6. The largest

Figure 2. Goodness of fit, χ2, as a function of Mchond and Mingas, for the case (D/H)chond = 140 × 10�6 (left column) and
(D/H)chond = 170 × 10�6 (right column). For each case three choices of α, that is, 0.75 (top row), 0.85 (middle row), and 0.95
(bottom row) are used to create the contour plots. Areas with relatively light colors correspond to fitting results with
relatively small χ2, and only those results within the contour line χ2 = 1 are considered possible solutions, as highlighted in
the white-colored, strip-shaped area near the bottom left corner of each panel. A favored result (Mchond = 7 oceans,
Mingas = 0.06 oceans) that is based on the most likely input parameters, that is, (D/H)chond = 140 × 10�6 and α = 0.9, is
indicated by a red cross in the panel at the left bottom.
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differences occur when α = 0.95. We also test an intermediate condition where metal-silicate equilibration
between embryo cores and proto-Earth mantle ceases when the mass of the latter reaches 60% of its final
value (i.e., q = 0.6), as proposed by Rubie et al. (2011), and obtain results falling between those of the end-
member scenarios.

Based on the discussion above, we favor an intermediate case with (D/H)chond ≈ 140 × 10�6 and α ≈ 0.9. In this
case, Earth would have accreted about seven oceans’ worth of hydrogen from chondritic materials and
ingassed ~0.06 oceans, a result that agrees well with the outcome of mixingmodeling as a different approach
(Sarafian et al., 2017). In this favored case, the core would contain about 4.5 oceans’ worth of hydrogen, with
D/H ≈ 135 × 10�6 (δD ≈ �133‰), and the mantle and surface combined would contain about 2.6 oceans of
hydrogen, with D/H ≈ 150 × 10�6.

5. Discussion

The amount and D/H ratio of hydrogen in Earth’s mantle are well matched by models that involve most of
Earth’s hydrogen deriving from about seven to eight oceans of chondritic water with (D/H)chond ≈ 130–
170 × 10�6, with up to 0.5 oceans from ingassed solar nebula hydrogen with D/H = 21 × 10�6. The most likely
input parameters are (D/H)chond = 140 × 10�6 and α ≈ 0.9, which yield solutions with Mchond ≈ 7 oceans and

Table 1
Best Fit Solutions for All Combinations of α and (D/H)chond, for the Case of Perfect Core Mergers

(D/H)chond α = 0.75 α = 0.85 α = 0.95

130 × 10�6 Mchond = 7.20 Mchond = 8.00 Mchond = n/a
Mingas = 0.20 Mingas = 0.08 Mingas = n/a
Mcore = 4.62 Mcore = 4.90 Mcore = n/a

(D/H)core = 114 (D/H)core = 121 (D/H)core = n/a
Mmantle = 2.88 Mmantle = 3.18 Mmantle = n/a

(D/H)mantle = 150 (D/H)mantle = 149 (D/H)mantle = n/a
χ2 = 0.03 χ2 = 0.39 χ2 = 7.50

140 × 10�6 Mchond = 7.60 Mchond = 7.90 Mchond = 8.40
Mingas = 0.28 Mingas = 0.14 Mingas = 0.00
Mcore = 4.75 Mcore = 4.83 Mcore = 5.06

(D/H)core = 123 (D/H)core = 130 (D/H)core = 137
Mmantle = 3.13 Mmantle = 3.18 Mmantle = 3.34

(D/H)mantle = 150 (D/H)mantle = 150 (D/H)mantle = 151
χ2 = 0.02 χ2 = 0.04 χ2 = 0.25

150 × 10�6 Mchond = 7.40 Mchond = 7.80 Mchond = 7.70
Mingas = 0.34 Mingas = 0.20 Mingas = 0.06
Mcore = 4.67 Mcore = 4.83 Mcore = 4.79

(D/H)core = 132 (D/H)core = 140 (D/H)core = 147
Mmantle = 3.07 Mmantle = 3.17 Mmantle = 2.79

(D/H)mantle = 150 (D/H)mantle = 150 (D/H)mantle = 150
χ2 = 0.01 χ2 = 0.03 χ2 = 0.00

160 × 10�6 Mchond = 7.30 Mchond = 7.30 Mchond = 7.90
Mingas = 0.40 Mingas = 0.24 Mingas = 0.12
Mcore = 4.62 Mcore = 4.62 Mcore = 4.86

(D/H)core = 141 (D/H)core = 149 (D/H)core = 157
Mmantle = 3.08 Mmantle = 2.92 Mmantle = 3.16

(D/H)mantle = 150 (D/H)mantle = 150 (D/H)mantle = 150
χ2 = 0.01 χ2 = 0.01 χ2 = 0.03

170 × 10�6 Mchond = 7.00 Mchond = 7.40 Mchond = 7.50
Mingas = 0.44 Mingas = 0.30 Mingas = 0.16
Mcore = 4.50 Mcore = 4.67 Mcore = 4.71

(D/H)core = 150 (D/H)core = 159 (D/H)core = 166
Mmantle = 2.94 Mmantle = 3.03 Mmantle = 2.95

(D/H)mantle = 150 (D/H)mantle = 150 (D/H)mantle = 150
χ2 = 0.06 χ2 = 0.03 χ2 = 0.01

Note. Values ofMchond andMingas that best matchMmantle = 3 oceans and (D/H)mantle = 150 × 10�6 are listed for each
combination. Masses are expressed in equivalent oceans of hydrogen and D/H ratios in units of 10�6. Likely results for
the most plausible combination of α and (D/H)chond are highlighted in bold. n/a indicates no solution.
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Mingas ≈ 0.06 oceans, for which about 4.5 oceans’ worth of hydrogen with (D/H) = 135 × 10�6 would be
sequestered in the core. If seven to eight oceans of water were accreted from chondrites, it is likely that
the majority of this water was from carbonaceous chondrites, as ordinary chondrites would likely supply
only about 0.3 oceans of water. This distribution justifies the range of (D/H)chond we have considered,
which are appropriate for carbonaceous chondrites but not ordinary chondrites.

The amount and D/H of hydrogen that we predict is stored in Earth’s core is based on our estimates of hydro-
gen solubility at high pressures and its isotope fractionation into iron using low-pressure proxies. The model
would benefit greatly from direct measurement of these parameters. Even though our results carry uncertain-
ties with no doubt, the current model offers better constraints than previous studies (e.g., Genda, 2016, and
references therein) on both elemental abundances and isotopic compositions of hydrogen in Earth’s
major reservoirs.

Although we find that most (~60%) of Earth’s hydrogen resides in its core, the effect of that hydrogen on the
core density is small. With four to five oceans of hydrogen dissolved, the core has a hydrogen mass concen-
tration ranging between 0.034 and 0.043 wt %, equivalent to a molar ratio Fe:H ≈ 1:0.02, which would reduce
the core density by possibly 0.27%, only a small fraction of the observed total deficit.

5.1. Sensitivity of Results to Hydrogen Solubility in Metals

The amount of hydrogen that enters the core is proportional to the solubility of hydrogen in iron, according
to the model. That is, to say, a 10% difference in the solubility would translate into a 10% difference in the

Table 2
Same as Table 1 but for the Case of Perfect Equilibration of Cores With the Mantle During Mergers

(D/H)chond α = 0.75 α = 0.85 α = 0.95

130 × 10�6 Mchond = 7.50 Mchond = 7.90 Mchond = n/a
Mingas = 0.22 Mingas = 0.08 Mingas = n/a
Mcore = 4.71 Mcore = 4.86 Mcore = n/a

(D/H)core = 115 (D/H)core = 122 (D/H)core = n/a
Mmantle = 3.01 Mmantle = 3.12 Mmantle = n/a

(D/H)mantle = 150 (D/H)mantle = 149 (D/H)mantle = n/a
χ2 = 0.01 χ2 = 0.17 χ2 = 18.12

140 × 10�6 Mchond = 7.30 Mchond = 7.80 Mchond = 7.70
Mingas = 0.28 Mingas = 0.14 Mingas = 0.00
Mcore = 4.62 Mcore = 4.83 Mcore = 4.79

(D/H)core = 123 (D/H)core = 131 (D/H)core = 138
Mmantle = 2.96 Mmantle = 3.11 Mmantle = 2.91

(D/H)mantle = 150 (D/H)mantle = 150 (D/H)mantle = 150
χ2 = 0.03 χ2 = 0.01 χ2 = 0.02

150 × 10�6 Mchond = 7.50 Mchond = 7.70 Mchond = 7.20
Mingas = 0.36 Mingas = 0.20 Mingas = 0.06
Mcore = 4.71 Mcore = 4.79 Mcore = 4.98

(D/H)core = 131 (D/H)core = 140 (D/H)core = 147
Mmantle = 3.15 Mmantle = 3.11 Mmantle = 3.28

(D/H)mantle = 150 (D/H)mantle = 150 (D/H)mantle = 150
χ2 = 0.03 χ2 = 0.01 χ2 = 0.15

160 × 10�6 Mchond = 7.10 Mchond = 7.30 Mchond = 7.50
Mingas = 0.40 Mingas = 0.24 Mingas = 0.10
Mcore = 4.54 Mcore = 4.62 Mcore = 4.71

(D/H)core = 140 (D/H)core = 149 (D/H)core = 157
Mmantle = 2.96 Mmantle = 2.92 Mmantle = 2.89

(D/H)mantle = 150 (D/H)mantle = 150 (D/H)mantle = 150
χ2 = 0.01 χ2 = 0.04 χ2 = 0.01

170 × 10�6 Mchond = 7.10 Mchond = 7.30 Mchond = 7.70
Mingas = 0.46 Mingas = 0.30 Mingas = 0.16
Mcore = 4.54 Mcore = 4.62 Mcore = 4.79

(D/H)core = 149 (D/H)core = 158 (D/H)core = 166
Mmantle = 3.02 Mmantle = 2.98 Mmantle = 3.07

(D/H)mantle = 150 (D/H)mantle = 150 (D/H)mantle = 150
χ2 = 0.01 χ2 = 0.02 χ2 = 0.03
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hydrogen content in the core. Direct application of cH calculated above to Earth’s core may cause deviation
from the reality because of at least two reasons—(1) uncertainties of thermodynamic parameters used in the
model and (2) effect of carbon on hydrogen solubility.

Our results are predicated on the use of Sievert’s law to calculate the solubility of hydrogen in liquid iron at a
typical range of effective hydrogen pressures (PH2 ≈ 1–10 MPa) and two specific temperatures (T = 2500 and
3500 K), using ΔH° and ΔS° reported by Fromm and Hörz (1980). When assessing these uncertainties, we care
about the lower limit of cH2 more than the upper limit, because elevated cH2 would lead to increased Mcore

and thus even reinforce our conclusion. In this regard, variations of 10% in PH2, T, ΔH°, and ΔS° yield variations
in cH2 of ~5%, ~11%, ~10%, and ~37%, respectively. From these numbers we see that the largest uncertainty
would come from the thermodynamic measurements for hydrogen dissolution in liquid iron, which are prob-
ably the most constrained among these modeling inputs because they are from experimental measure-
ments. If we permute and combine the 10% variations of all these parameters, the propagated variation
would be <53%, use of which in the model would yield Mcore > 2.3 oceans and Mingas > 0.02 oceans for
the most plausible case. Such a factor-of-2 variation in Mcore would not refute our general conclusion that
a substantial amount of hydrogen comparable to the mantle content exists in the core and a nonzero com-
ponent of ingassed hydrogen is invoked to satisfy the isotopic constraints. Hence, the model is not altered by
~10% variations in these thermodynamic inputs.

Recent experiments by Clesi et al. (2018) indicate that the hydrogen solubility could be significantly lower
than our assumed values. They suggest partition coefficients of hydrogen into liquid iron, DH, lower than
what we assume by an order of magnitude, suggesting hydrogen concentrations in planetary cores are
<60 ppm. A similar result would be found if their DH are used in our model; however, we notice that the
goodness-of-fit parameter χ2 is always >3.5. In other words, the present model has no solutions unless the
real partition coefficients are significantly greater than theirs. In fact, seeing that their experiments allowed
substantial carbon in the iron melt, we believe that their results indicate a sensitivity of hydrogen solubility
to carbon content that can be accounted for.

Several factors suggest that carbon played a role in Clesi et al. (2018) measurements. Their experimental
design used (inner) graphite capsules and temperatures above 2000 K, providing an opportunity for iron in
their samples to be saturated with carbon. This situation is in contrast to previous experiments that used
no graphite and found higher solubilities (Okuchi, 1997; Shibazaki et al., 2009). In addition, Clesi et al.
(2018) inferred carbon concentrations of 3 to 7 wt %, a significant fraction of the saturation concentration
of carbon, 6.67 wt %, as in Fe3C. Actually, Clesi et al. (2018) did not measure carbon directly, instead calculat-
ing it as the balance after all other elements were accounted for, so it is possible that the carbon concentra-
tions were even closer to saturation than their estimates. Percent-level concentrations of carbon would likely
decrease DH appreciably, possibly owing to the limiting effect of carbon on hydrogen solubility in iron, which
has been experimentally confirmed both in Fe-C melts at 1865 K and 1 bar (Weinstein & Elliott, 1963) and in
carbon steels at 500–900 K and 0.1–7 bar (Gadgeel & Johnson, 1979).

If the low solubility of hydrogen in the experiments of Clesi et al. (2018) is attributable to the carbon content,
it is possible to account for this effect. Both theoretical and experimental analyses have demonstrated that
the logarithm of the partition coefficient, log10DH, is linearly proportional to the inverse of temperature,
and to the abundance of incompatible elements, in many geological solution systems (McIntire, 1963). The
partition coefficients reported by Clesi et al. (2018) for two iron specimens at ~20 GPa and ~2735 K with car-
bon concentrations of 7.50 and 5.44 wt % (whose average is close to the 6.67 wt % of Fe3C), can be taken as
an approximation of DH between carbon-saturated iron liquid and silicate melt. These numbers yield
DH ≈ 0.56. For the partition coefficient between carbon-free iron and silicate, we take the value that we cal-
culate using Sieverts’ law, deriving DH > 4.73, a result consistent with the experimental results of Okuchi
(1997) and Shibazaki et al. (2009). Interpolating between these extremes, we then obtain log10DH = 0.675–
0.925·(fC/6.67 wt %), where fC is the mass fraction of carbon in the iron. Earth’s core has fC < 1 wt % (Wood
et al., 2013), possibly<0.25 wt % (Dasgupta & Walker, 2008), suggesting that our partition coefficient assum-
ing carbon-free iron is overestimated by no more than 27%, perhaps only 8%.

Use of the approximations above yieldsDH> 3.44 at 20 GPa and 2735 K for fC< 1 wt %, and application of the
log10DH � 1/T relation (Okuchi, 1997) gives lower limits of DH at 20 GPa and different temperatures. Finally,
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input of appropriate DH values into our model produces results that take carbon effects into account and dif-
fer from those of corresponding carbon-free cases to limited extents. When α = 0.85, for example, (ΔMchond,
ΔMingas) = (�2.4 oceans, �0.08 oceans), (�1.4 oceans, �0.08 oceans), (�1.6 oceans, �0.04 oceans), (�1.2
oceans, +0.02 oceans), and (�1.2 oceans, +0.06 oceans) for (D/H)chond = 130 × 10�6, 140 × 10�6,
150 × 10�6, 160 × 10�6, and 170 × 10�6, respectively, in the case of q = 0.6. These Δ values would further
diminish when the actual DH is used and/or if a smaller carbon abundance than 1 wt % exists in the core.
The results here confirm that the effects of<1 wt % carbon in the core would be to reduce hydrogen content
by <30%. On the contrary, because of the positive effect of nickel on hydrogen solubility (Busch & Dodd,
1960), alloying of ~5 wt % nickel to iron in the core would probably increase the hydrogen content.

5.2. Low-D/H Material Near Earth’s Core-Mantle Boundary

Beyond the effects relevant to the core, our model predicts the presence of low-D/H material at the core-
mantle boundary. Picrite inclusions from Baffin Island and Icelandic lavas, associated with high 3He/4He ratios
and a reported mantle-plume origin, have D/H ≤ 122 × 10�6 and have been interpreted to come from a pri-
mitive, volatile-rich reservoir that originated from near the core-mantle boundary (Hallis et al., 2015). They
attributed this isotopically light hydrogen either to a source inherited directly from the solar nebula, such
as isotopically light H2O adsorbed directly onto dust grains (Drake, 2005), or to solar wind hydrogen that
may have been implanted into accreting materials. Hallis et al. (2015) also suggested that top-down crystal-
lization of a magma ocean would have trapped volatile elements in cumulates at the deepest mantle.

Our model explains the existence of a heterogeneous, low-D/H reservoir of hydrogen near the core-mantle
boundary as the result of ingassing. As soon as a magma ocean developed at the surface of proto-Earth, dis-
solution of a nebula-captured, hydrogen-rich protoatmosphere into the magma was inevitable. Once the
magma ocean started to crystallize, partitioning of volatiles including hydrogen occurred between solid
cumulates, evolving liquids, and a growing protoatmosphere (Elkins-Tanton, 2008). Overturn of the heavy
cumulates would have trapped the D-depleted hydrogen, likely owing to inefficient melt drainage out of
the freezing front of a crystallizing magma ocean (Hier-Majumder & Hirschmann, 2017), and transported it
to as deep as the core-mantle boundary. Some of these cumulates probably remixed with the mantle over
time, but the mixing was almost certainly incomplete.

It is possible that the above-mentioned deepest, densest material comprises some or most of the LLSVPs or
especially ULVZs. The latter are likely associated with Fe-rich silicates (Mao et al., 2006). Our calculations sug-
gest that if this material formed by crystallization of a surface (not basal) magma ocean with ingassed solar
nebula hydrogen, it could be as isotopically light as D/H ≈ 109 × 10�6. Alternatively, ULVZs may have formed
by reaction between the lower mantle and core, with attendant isotopic exchange of hydrogen between
them. In that case, materials in the lower mantle might have acquired a D/H ratio as low as 120 × 10�6

(δD = �230‰), albeit only for cases with low α and low (D/H)chond ≈ 130 × 10�6.

Tighter constraints on the D/H ratio in materials transported from the deep mantle by plumes may therefore
test the ingassing hypothesis and whether ULVZs formed by magma ocean overturn or by isotopic exchange
with the core.

5.3. Earth’s Inventory of Solar Neon and Helium

Our model also makes testable predictions about Earth’s inventory of noble gases. Subject to the assumed
value of α, a robust result of our model is that Earth likely ingassed ~0.1 ocean’s worth of hydrogen from a
protoatmosphere accreted from the solar nebula. Some of the noble gases in Earth, particularly 3He and
22Ne, are widely assumed to have derived from the solar nebula (Mizuno et al., 1980; Mottl et al., 2007). We
therefore examine whether the terrestrial inventories of these gases would have ingassed together with
the expected amount of hydrogen. We take 0.1 oceans’ worth of hydrogen, or 8.5 × 1021 moles of H2,
as typical.

We assume a hydrogen pressure PH2 ≈ 1 bar, an approximate value for a protoatmosphere around a 0.4-ME

embryo (Stökl et al., 2015, Figure 10). For hydrogen in contact with a magma ocean of the expected redox
condition, PH2O/PH2 in the protoatmosphere was between ~0.01 and 0.1. The water fraction in the atmosphere
increased with increasing oxidation: for example, at 1500 K and the IW buffer, PH2O/PH2 = 0.88 (Ikoma & Genda,
2006). The mass fraction of H2O dissolved in the magma ocean was xH2O = 300·(PH2O/0.1 bar)

1/2 ppm (Fricker &
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Reynolds, 1968; Moore et al., 1998), and the mass fraction of dissolved H2

was xH2 = 0.1·(PH2/1 bar) ppm (Hirschmann et al., 2012), so even though H2

would have been the dominant form of atmospheric hydrogen, it essen-
tially dissolved into the magma ocean only as H2O (more precisely, as
OH). Assuming a 1-bar atmosphere, if PH2O/PH2 = 0.1, then PH2O = 0.1 bar
and the mass fraction xH2O = 300 ppm is equivalent to dissolving 0.06
oceans of hydrogen into a 0.05-ME magma ocean. If PH2O/PH2 = 0.01, then
PH2O = 0.01 bar and the mass fraction xH2O = 94 ppm is equivalent to dissol-
ving 0.06 oceans of hydrogen into a 0.16-ME magma ocean. These magma
ocean masses are consistent with those produced during the energetic
embryo-embryo collisions that are thought necessary to create ~0.4-ME

planetary objects (Abe, 1997).

Earth’s atmosphere has 20Ne/22Ne = 9.8, implying a mixture of ~65% 22Ne
from accreted, chondritic neon with 20Ne/22Ne = 8.5, and ~35% 22Ne from
ingassed, solar nebula neon with 20Ne/22Ne = 13.5 (Jaupart et al., 2017;
Lodders, 2003). Based on the molar abundance ~1.82 × 10�5 of Ne in
Earth’s atmosphere, which has a mass of 5.15 × 1018 kg, this distribution
implies that 1.1 × 1014 moles of 22Ne were ingassed. Likewise, the inferred
abundance of 22Ne in the deep mantle is 1.9 × 10�14 mol/g (Yokochi &
Marty, 2004) which, if considered as an average primitive-mantle concen-

tration, yields 7.6 × 1013 moles of 22Ne. We infer that ~1014 moles of 22Ne must be ingassed. A similar amount
of 3He also must be ingassed. Unlike Ne, 3He was thermally lost from Earth’s atmosphere on approximately
million-year timescales, so its inventory must be constrained entirely from deep sources. Typical values of
3He/22Ne in the deep Earth, for example, in the Hawaii plume, are ~6 (Honda & McDougall, 1998), yielding
6 × 1014 moles of terrestrial 3He. A test of the ingassing hypothesis is whether this much 3He and 22Ne would
be ingassed alongside the predicted ingassed hydrogen.

In a protoatmosphere of solar composition with PH2 = 1 bar, the partial pressure of 22Ne would have been
1.2 × 10�5 bar (Lodders, 2003). The neon solubility into a basaltic melt is 25 × 10�5 cc/(g·bar) (Jambon et al.,
1986), fromwhich we derive a mass fraction of 22Ne in the magma ocean of 2.9 × 10�12, which in a 0.05–0.20-
MEmagma ocean yields 0.4–1.6 × 1014 moles of 22Ne. Likewise, the pre-D burning 3He/4He of the solar nebula
—inferred from the Jovian atmosphere—is 1.7 × 10�4 (Lodders, 2003), yielding a partial pressure for 3He of
3.2 × 10�5 bars in a 1-bar solar composition (H2-dominated) atmosphere. The solubility of He in basaltic melts
is 56 × 10�5 cc/(g·bar) (Jambon et al., 1986), from which we derive a magmatic 3He mass fraction of
2.4 × 10�12. In a 0.05- to 0.20-ME magma ocean this mass fraction yields 2.4–9.6 × 1014 moles of dissolved
3He. More 3He and 22Ne could have been ingassed if the protoatmosphere was more massive, the magma
ocean was larger, more chemically reduced, or a combination of these factors.

The terrestrial inventories of both 3He and 22Ne therefore can be explained by ingassing into a magma ocean
from the nebula-originated protoatmosphere. The effective solubility of hydrogen (as H2O rather than H2) is
consistent with ingassing of 0.1 oceans’worth of hydrogen from a 1-bar, solar composition protoatmosphere
into magma oceans of mass 0.20–0.05 ME, for atmospheric PH2O/PH2 = 0.01–0.1, consistent with redox condi-
tions between IW-4 and IW-2. The masses of 22Ne and 3He that would dissolve into the magma ocean under
these conditions are quantitatively consistent with the known terrestrial inventories of these gases (Figure 3).

6. Conclusions

Our comprehensive model for the origin of Earth’s water considers, for the first time, the effects of isotopic
fractionation as hydrogen dissolved into metal and was sequestered into the core. Based on the behaviors
of proxies, we consider it likely that the D/H ratio of the core is ~10% lighter than the mantle. We hypothesize
that Earth accreted a few to tens of oceans of water from chondrites, mostly carbonaceous chondrites.
Drawing on the latest theories of planet formation, which argue for rapid (<2 Myr) formation of planetary
embryos, we favor ingassing of a few tenths of an ocean of solar nebula hydrogen into the magma oceans
of the embryos that formed Earth.

Figure 3. The ingassed neon inventory as a function of the mass of equili-
brated magma ocean and pressure of nebula-originated protoatmosphere.
For protoatmospheric pressures and magma ocean masses characteristic of
planetary embryos, the modern terrestrial solar neon inventory could have
been ingassed via equilibrium dissolution. Similar considerations apply to
primordial 3He (see section 5.3).
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Based on modeling, we favor scenarios in which chondrites contributed seven to eight oceans of hydrogen,
and about 0.06 oceans of hydrogen was ingassed, unless Earth’s core contains a significant amount of carbon
(>1 wt %). Such models are consistent with about four to five oceans of hydrogen sequestered in the core,
with D/H possibly as low as 120 × 10�6, and approximately three oceans of hydrogen in the mantle and sur-
face, with D/H = 150 × 10�6.

The predicted existence of majority of Earth’s hydrogen in its core has only a minor contribution to the
observed density deficit of the core, a result consistent with the current knowledge of light elements in
the core. Our conclusions are not overly sensitive to reasonable uncertainties in thermodynamic quantities
governing hydrogen solubility in iron. We interpret the anomalously low solubilities measured by Clesi
et al. (2018) to reflect the effect of carbon. Accounting for this effect and assuming <1 wt % carbon in
Earth’s core, we find not large differences compared to the case presented here.

Both ingassing of isotopically light hydrogen and isotopic fractionation of hydrogen as it is sequestered into
the core provide an explanation for the low-D/H material sampled by Hallis et al. (2015). Either the measure-
ments are of solidified magma ocean material containing ingassed solar nebula hydrogen or they are of
lower mantle material that has isotopically exchanged with the core. Testing our model and distinguishing
between these scenarios will require the technically challenging measurements of the solubility of hydrogen
into iron, and the isotopic fractionation factor, α, at high pressures. Firmer constraints on the bulk D/H ratios
of various chondrites would also constrain the model.

Our model explains the reported solar compositions of hydrogen and noble gases in Earth’s mantle. In parti-
cular, nebular ingassing through equilibration dissolution appears to be a viable mechanism to supply ade-
quate amounts of 22Ne and 3He for their terrestrial inventories, provided that the mass of magma ocean was
no less than ~0.1 ME. Extension to other noble gases would further test the model.
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