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Earth shaped by primordial H, atmospheres
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Earth’s water, intrinsic oxidation state and metal core density are fundamental
chemical features of our planet. Studies of exoplanets provide a useful context for
elucidating the source of these chemical traits. Planet formation and evolution

models demonstrate that rocky exoplanets commonly formed with hydrogen-rich
envelopes that were lost over time'. These findings suggest that Earth may also have
formed from bodies with hydrogen-rich primary atmospheres. Here we use a self-
consistent thermodynamic model to show that Earth’s water, core density and overall
oxidation state can all be sourced to equilibrium between hydrogen-rich primary
atmospheres and underlying magma oceans inits progenitor planetary embryos.
Water is produced from dry starting materials resembling enstatite chondrites as
oxygen from magma oceans reacts with hydrogen. Hydrogen derived from the
atmosphere enters the magma ocean and eventually the metal core at equilibrium,
causing metal density deficits matching that of Earth. Oxidation of the silicate rocks
from solar-like to Earth-like oxygen fugacities also ensues as silicon, along with
hydrogen and oxygen, alloys withironin the cores. Reaction with hydrogen
atmospheres and metal-silicate equilibrium thus provides a simple explanation for
fundamental features of Earth’s geochemistry thatis consistent with rocky planet
formation across the Galaxy.

Models for the accretion of the Earth date back decades®. Modern
versions often focus on matching Earth’s chemical features by ascribing
different chemical characteristics to possible planetary embryos and
planetesimalsin N-body simulations of the accretion process. To match
Earth’s chemistry, gradients in parameters such as water availability
and oxygen fugacity across the protoplanetary disk are invoked along
with prescriptions for partial equilibration during discrete collision
events®. These models by necessity involve a large number of adjustable
parameters, thus permitting reasonable fits. The models are logically
sound, but their veracity is less clear. Here we present an alternative
approachthataccountsfor recentinsights gained fromrocky exoplanet
formation and theimportant role of primary atmospheres, and use this
tore-examine Earth’s formation.

Two properties of the inner Solar System would seemto have worked
against the formation of awater-rich, oxidized (relative to asolar gas)
planetlike the Earth: (1) the material in the vicinity of 1 Aufrom our star
was probably dry*, and (2) this material was relatively reduced (that
is, not oxidized)®. These conclusions are based on the emerging view
that the best samplings of inner Solar System rocks, apart from Earth
itself, are enstatite chondrites (E chondrites) and theirigneous equiva-
lents (aubrites)®. E chondrites closely resemble the Earth in at least 15
isotopic systems” and, unlike other meteorite groups, have sufficient
metal to explain the mass fraction of Earth’s core®. Furthermore, the
inner Solar System is bound, spatially, by E-chondrite-like material.
The inner edge is demarcated by Mercury, which is compositionally
similar to E chondrites and aubrites®. The outer edge is marked by
the inner-most asteroid belt, where E-type asteroids are most abun-
dant; E-type and some M-type asteroids are likely sources for E-clan
meteorites'®™. This further suggests that the inner Solar System was

mainly, although notentirely?, dry and reducing much like E-clan mete-
orites. Enstatite chondrites themselves may represent olivine-poor
vestiges of Earth’s building blocks®.

Recent exoplanet observations have revealed that the most com-
mon planets in our Galaxy discovered so far are larger than Earth and
smaller than Neptune®, and comprise two distinct groups. One group
is composed of rocky planets with hydrogen (H,)-rich envelopes that
make up afew per cent of their total mass, the so-called sub-Neptunes.
The other includes rocky planets absent in H,-rich atmospheres, the
so-called super-Earths™. These two populations are divided by a‘radius
valley’in planet size near 1.5 R t0 2.0 R, (ref. ™). Planet formation and
evolution models to explain the radius valley have demonstrated that
therocky super-Earths we observe today probably formed with H,-rich
envelopes that were lost over time' (in about 10® yr to 10° yr) by either
photo-evaporation and/or core-powered massloss, suggesting that the
super-Earths and sub-Neptunes originally formed as one population
with H, atmospheres™*. Through the studies of these exoplanets, we
have gained a greater appreciation for the ubiquity of H,-rich atmos-
pheres accreted from protoplanetary disks during the first several
millionyears of planetary growth®. Our calculations illustrate how this
process may have shaped Earth’s chemistry and that Earth’s formation
canbesuccessfully placed into the context of rocky exoplanet forma-
tion within our Galaxy.

Although decay of the short-lived radionuclide **Al dominated the
thermal structure of small planetesimals formed early in the Solar
System, the thermal histories of more massive bodies (greater than
about 0.05 My) were controlled by the conversion of gravitational
potential energy into heat during accretion. As aresult, planetary
embryosinthe early Solar System were initially molten. Upon cooling
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Fig.1|Summary of thermodynamic calculations. The calculations show
that Earth’s core density deficit, mass fraction of water and oxygen fugacity
canbeexplainedinaself-consistent way with a global equilibrium model that
includesanH,-rich primary atmosphere, asilicate magma ocean and ametal
core. Theresults are shown for 0.5-Mz embryos as a function of metal-silicate
equilibration temperature (T, e_mante) and the initial mass fraction of primary
H,-richatmospheres. Ineach panel, parameters for embryos that would fit the
Earthat T mante = 3,000 K (see text) are shown by a circle witha cross symbol.
Thetarget values for Earth are shownin the white regionsin the contour plots.
a, Density deficitsin metal cores with a target value of about 8% by weight (see
text). b, H,O mass fraction for the embryos where T, e mante = 3,000 K showing

tobelow the threshold surface temperature for thermal escape of gas
molecules, the embryos are expected to have accreted gas from the
surrounding protoplanetary disk, thus acquiring H,-rich primary
atmospheres. Once an optically thick envelope has been accreted,
subsequent cooling of the embryo-atmosphere system occurs through
thetop of the atmosphere at the radiative-convective boundary®. The
coolingis slowed relative to radiation from the surface of the magma
oceanbythe factor(T‘e‘/r)/T;‘, where T, isthe equilibrium temperature,
tis the Rosseland mean optical depth at the radiative-convective
boundary and T, is the surface temperature of the magma ocean®. For
the relevant optical depths at the radiative-convective boundary of
atmospheres considered here (for example, 7=100) and equilibrium
temperatures similar to Earth’s, cooling is slower by a factor of about
10° relative to the no-atmosphere case, resulting in magma oceans
below the atmospheres that persist for tens of millions of years.

If material and chemical exchange is efficient, chemical equilibrium
between the magma oceans and the atmospheres will occur®. Convec-
tive velocities in the magma ocean are the limiting factor for the rate
of exchange. Scaling laws based on experiments indicate that convec-
tioninmagma oceans the size of the embryos leads to linear velocities
of the order of 1 m s™ for surface temperatures above the solidus**.
Theeffect of the optically thick atmosphereis to decrease the radiative
flux and thus slow the convective velocity by the factor
(T¥1)/THY3=100. The resulting convective turnover times of the
order of 10* years are still more than sufficient to allow equilibrium
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that the model satisfying Earth’s core density deficit (a) resultsin one terrestrial
oceanworth of H,O (circle with across). Here the pressures at the base of the
atmosphere after equilibration are shown on the upper abscissa, with the best
fitfor Earth’s antecedent embryos correspondingto pressures at the surface
ofthe magma ocean of about 0.014 GPa (140 bar). ¢, The intrinsic O, fugacities
(foz) relative to theiron-wiistite reference, illustrating that the same model
thatmatches Earth’s core density yields Earth’sintrinsic fozofabout AIW-2.1.
d, The weight per cent of O in metal as predicted by thismodel. The arrow in
apointstothedirection of models that satisfy Earth’s core density deficit but
whereHisscarce or absent. Thissame trajectory isillustrated inb-d.

between the magma oceans and the overlying atmospheres over the
approximately 107-year cooling timescales of the magma ocean-
atmosphere system.

Ingress of protoplanetary disk gas (solar gas) into Earth’s building
blocksis evidenced by noble gasisotope ratios from mantle rocks* .
Conversely, itappears that Mars has no vestiges of solar gasinitsinte-
rior®®%, As gasis soluble in molten rock but not solid rock, the lack of
solar gasintheinterior of Marsis to be expected. Isotopic constraints
as well as the similarity of its mass to the so-called isolation mass
for a minimum-mass solar nebula suggest that Mars is a planetary
embryo that grew within about 2 Myr to 4 Myr and probably had a
magma ocean’’. However, Mars was insufficiently massive to retain
anH,-richatmosphere at surface temperatures consistent with molten
rock, thus precluding exchange between the atmosphere and the inte-
rior (Methods). Comparing the gravitational binding energy to the
thermal energy of H,gas moleculesimplies thatabody the mass of Mars,
0.1 Mg, canonlyaccrete aprimary H-dominated atmosphere from the
disk after its surface cooled to <700 K, well below the solidus for rock
(Extended Data Fig. 1)*°. Therefore, one would expect that a magma
oceanwould not have been exposed to the primary atmosphereinthe
case of Mars, consistent with isotopic constraints.

Not all planetary embryos that grew in the presence of the proto-
planetary disk need have been the mass of Mars, however. Surface
densities greater than that of the minimum-mass solar nebula, radial
drift of disk material®, radial migration of embryos themselves and/or
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rapid growth facilitated by pebble accretion® would have resulted in
growth of embryos to several tenths of Earth masses. These bodies
would have retained substantial primary atmospheres of H, with surface
temperatures above 2,000 K, well above the solidus®. The threshold
mass for accretion of aH,-richatmosphere with surface temperatures
above thesilicate solidus of about 1,500 Kis about 0.2 M. As discussed
above, once an embryo has accreted an optically thick H, envelope,
these temperatures can persist for aslongas an optically thick atmos-
phereis present.

We explored the consequences of chemical exchange between H,
atmospheres and magma oceans for the chemical evolution of plan-
etary embryos that formed the Earth. The model is composed of 25
phase components, including enstatite (MgSiO,), magnesium oxide
(MgO), silicon dioxide (Si0,), ferrosilite (FeSiO;), iron oxide (FeO),
sodium metasilicate (Na,SiO;), sodium oxide (Na,0), H,, water (H,0),
carbon monoxide (CO) and carbon dioxide (CO,) species in silicate
melts, iron (Fe), silicon (Si), oxygen (O) and H in metal melts, and H,,
CO, CO,, methane (CH,), 0,,H,0, Fe, magnesium (Mg), sodium (Na) and
siliconmonoxide (SiO) in the atmospheres. This system spans areaction
space of 18 linearly independent reactions that account for specia-
tion in the magma ocean, exchange between the atmosphere and the
magmaocean, and exchange between silicate and metal inthe magma
ocean. Foreach ofthe18 independent reactions, we solved the condi-
tions for thermodynamic equilibrium together with the mass-balance
constraints for the atmosphere, silicate melt and metal melt, as well as
the pressure at the base of the atmosphere as prescribed by the mean
molecular weight of the atmosphere and gravitational acceleration
(Methods). Solutions were obtained by a combination of simulated
annealing and Markov chain Monte Carlo (MCMC) sampling (Methods),
as described previously by ref. *°. This chemical system is meant to be
simpleenough tointerpret but sufficiently complex to account for the
salient features of atmosphere-magma ocean exchange.

Although we assumed ideal mixing for the atmosphere and silicate
melt (Methods), precise concentrations of light elementsin the metal
are afocus of our study, so in this case we used the non-ideal mixing
model for the alloying species O, Siand Fe given by ref. . The thermo-
dynamic mixing behaviour of Hin Fe metalis not as well characterized.
However, ideal mixing as afirst approximationis suggested by the small
size of Hatoms forming interstitial alloys with Fe. Recent results** show-
ing that Hbonds mainly with Fe in metal with no preference for bonding
with O lend support for this approximation. The effects of non-ideal
mixing of Hin the metal alloy are described in Methods.

We used a fiducial embryo mass of 0.5 M, for illustration, although
our results are not critically dependent on the precise masses of the
embryos aslongas they exceed about 0.2 M. The initial composition of
thebodyis composed of an Fe metal fraction of 34.4%, resulting in afinal
metal alloy mass fraction of 32.5% in our models, consistent with Earth’s
corefraction. Theinitial silicateis consistent with estimates for the bulk
silicate Earth projected into the model composition space composed
of Mg, Si, Fe, Na and O (that is, excluding calcium (Ca) and aluminium
(Al)). We assumed the initial concentration of total oxidized Fe, where
allFeinthesilicateis castas FeO for reporting purposes, to be 0.07 wt%
to simulate the reduced nature of the inner Solar System as evidenced
by E chondrites and Mercury (AIW = -5 compared with AIW = -2 for
Earthwhere IW refers to the iron-wiistite oxygen buffer; see below).

We performed calculations over a range of metal-silicate equili-
bration temperatures and corresponding potential temperatures at
the top of the magma ocean (Fig. 1). A metal-silicate equilibration
temperature of 3,000 K was adopted as our fiducial model as thisis the
temperature indicated by element partitioning between Earth’s silicate
and metal at pressures of about 40 GPafor single-stage and multi-stage
equilibrationmodelsinvolving progressively increasing oxygen fugaci-
ties®. This allows for either inheritance of metal-silicate elemental
partitioning from Earth’s progenitor planetary embryos or subsequent
re-equilibration following, for example, the giantimpact that formed
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the Moon, as suggested by the hafnium-tungsten isotopic system™.
On the basis of a Vinet equation of state (EOS) for the molten metal
core’®*¢38and athird-order Birch-Murnaghan EOS for the silicate®, the
pressure at the core-mantle boundary of a fully differentiated 0.5 Mg,
body with Earth-like fractions of metal is about 60 GPa (Methods),
suggesting the possibility of equilibration at depths shallower than
the core-mantle boundary in these models (as in the case of Earth
itself). Embryo masses of 0.3 Mg result in a core-mantle boundary
pressure of 40 GPa. For our fiducial case, the potential temperature
of the magma ocean of 2,350 K is used for the surface of the magma
ocean, reflecting the thermal insulating effect of the dense, optically
thick H,atmospheres. Theinitial pressure of the primary atmosphere
inour favoured solutionis 0.13 GPa (1,338 bar), correspondingto atotal
H mass fraction of about 0.2%, which is within the range of predicted
Hmass fractions from atmospheric accretion models™. The potential
temperature varies by approximately 100 K depending on whether the
3,000 K equilibration occurs above the final core-mantle boundary at
40 GPaor at thefinal core-mantle boundary at 60 GPa. Our results are
not sensitive to this uncertainty in pressure.

Theresults show that the overall effect of reaction between magma
oceans and H,-rich primary atmospheres is transfer of large masses of
H,tothe metal phase, oxidation of the atmosphere and production of
significant quantities of H,0 (Fig.1). The production of H,0 by reactions
between H, atmospheres and the underlying planet has been pointed
out previously*#°, Here we find that the conditions for production of
H,0 by the coupled equilibria are accompanied by incorporation ofH
into the metal phase. Light elements in the metal cores and total H,0
are positively correlated, illustrating that H,O is a by-product of the
redox reactions that drive H into the metal. H,O is also a product of
oxidation of the atmosphere by evaporation of oxides comprising the
silicate melt?®. H,0 produced in the interiors of the embryos and in the
atmosphere partitions according to the solubility of H,0 in the magma
ocean. Partitioning between melt and atmosphere is sensitive to the
activity-composition relationship for H,0 in the melt (for example,
dissolution of H,0 as OH shifts more water to the meltin Fig. 1b).

BothSiand O arealsoincorporated into metal as the embryos equili-
brate in these calculations, contributing to the density deficits in the
metalrelative to pure Fe. Earth is known to have a density deficit relative
to pure Fe (+nickel (Ni)) of about 10%*. The Birch-Murnaghan EOS for
Fe-H alloy determined by ref. * shows that the density deficit caused
byHat 3,000 Kand 40 GPaincreases by up to 25% when compressed to
136 GPaattemperatures >4,000 K, the conditions for Earth’s outermost
core. Therefore, a deficit in metal density of 8% relative to pure Fe in
theembryosasaresult of reactions with H,-rich primary atmospheres
could produce a10% deficit in Earth’s core upon compression. An 8%
density deficitis obtained in our fiducial model for atotal H concentra-
tion of 0.2% by mass (Fig. 1a). In this case, the calculated metal cores
are composed of 94.9% by mass Fe, 3.8% Si, 0.8% O and 0.5% H. Because
adensity deficit relative to pure Fe of 8.7% results for each weight per
centof HinFe alloys, whereas the values for O and Siare1.2% and 0.8%,
respectively®, three-quarters of the density deficit in the cores is attrib-
utable to H. For comparison, a10% density deficit in embryo metal is
obtained from a body composed of 0.3% by mass H (Fig. 1a). At this
total H content, the calculated metal cores are composed of 94.6% by
mass Fe, 3.8% Si, 0.9% O and 0.7% H.

The H mass fraction of about 0.2% that corresponds to an embryo
metal density deficit of 8% also produces a mass fraction of H,0 cor-
responding to approximately one terrestrial ocean (Fig.1b). Foratotal
H mass fraction of 0.3%, corresponding to a10% density deficitin the
embryo cores, the fractional amount of H,0 produced is about 2 to 3
ocean equivalents. These results are similar to that of an earlier study
on production of H,0 by oxidation of atmospheric H, (ref. *). Even if
therocksintheinner Solar System were entirely dry, reactions between
H, atmospheres and magma oceans would generate copious amounts
of H,0. Other sources of H,0 are possible, but not required.
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Fig.2| Comparison of oxygen fugacities in the Solar System. The model for
equilibration between magma oceans and H,-richatmospheres (vertical black
line) resultsinanincreasein oxygen fugacity from values similar to Mercury
and E chondrites, representing theinner Solar System, to the value for Earth.
This figure compares the model oxygen fugacity forembryos matching Earth
with values from the Solar System, including those for asolar gas, E chondrites,
carbonaceous chondrites, Mercury, Earthand Mars. All values are intrinsic
oxygen fugacities based onbulksilicate FeO concentrations** and are reported
aslog f02 relative to the iron-wiistite buffer. The value for Mercury isactually a
range fromabout -4 to-6, depending onthe study. Theimages of Mercury,
Earthand Mars are from NASA.

Earth’sintrinsic oxidation state asrecorded by theamount of FeOin
thebulksilicate Earth derived from our calculationsis consistent with
the observed value. Thisis a measure of self-consistency between the
oxidation state of the planet and the composition of the metal core
afforded by this model. The oxidation state of silicates in planetary
bodiesis usually reported in terms of oxygen fugacity, or the non-ideal
partial pressure of oxygen that would be defined by equilibrium with
thesilicate if O, were exchanged between a vapour phase and the melt.
By convention, oxygen fugacities are reported relative to the reac-
tionbetween pure Fe and pure FeO (wiistite) according tothe reaction
Fe +1/20,=FeO as AIW = 2l0g(X;.o/Xr.), Where X0 is the mole fraction
of FeO (as total Fe) in the silicate and x;. is the mole fraction of Fe in
metal, assuming ideal mixing (again, by convention). On this scale,
E chondrites and aubrites have AIW values of about 4.5 to —6.5, simi-
lar to an H,-rich solar gas, and Earth has a value of about -2.2 (ref. **;
Fig. 2). We used an E chondrite value of —5.8 as our initial condition.
Equilibration of the system yields an Earth-like AIW of about -2.1as a
result of oxidation of Fe displaced from the core by Si, a process that
can be written as Si*" + 2Fe® = Si° + 2Fe?', which has been suggested
previously as a mechanism for oxidizing the mantle>*, Although this
process can occur in the absence of H, our calculations show that the
Earth’sintrinsic oxidation state is consistent with its core density that
isin turn attributable to equilibration with an H, atmosphere. This
need not have been the case.

The two adjustable parameters in our calculations, core-mantle
temperature of equilibration and the initial mass fraction of H,, are
degenerate with respect to the density of the core. However, to fit
the core density with higher temperatures and substantially less H,
the density deficit must come from more and more Siand O inthe core

(arrow in Fig. 1a). More Si (>6 wt%; Extended Data Fig. 2) in the core
resultsin ahigher intrinsic oxygen fugacity by several tenths of log units
(arrowinFig.1c), reaching values greater than estimates for the Earth.
In addition, little to no H,O is formed in the absence of a significant
primary H, atmosphere (arrows in Fig. 1b), requiring in this case that
Earth’s H,0 must be entirely exogenous.

Our prediction that the primary light element in Earth’s core that
is responsible for the density deficit relative to pure Fe and Niis H has
implications for the seismic velocities (V;) in the outer core. The outer
core hasahigher V,relative to pure Fe by several per cent*®. Both Hand
Siincrease V,in molten Fe alloys, with the small concentrations of Oin
our models having negligible effects. The largest effect is expected for
H (refs. ¥*8), A previous study*® showed that for Fe-H alloys similar in
composition tothosein ourmodels, V, increases by about1.8% relative
to pure Fe-Ni alloys, and yields values for V;, consistent with the value
for the outermost core*. The outer-core densities and seismic velocities
implied by our model core composition are within about 2% of measured
values based on the published EOSs**?, which we consider areasonable
fitgiven differences between models based on different EOSs.

Figure 3 summarizes our proposed model for the evolution of Earth’s
progenitor embryos with masses on the order of a few tenths of M.
Our fiducial calculation should be regarded as a surrogate for the
average of what may be several embryos that eventually combined
to form Earth. Equilibration between metal and silicate in planetary
embryos provides a natural explanation for the relatively low pressures
of about 40 GPa attending element partitioning for Earth compared
with Earth’s core-mantle boundary pressure of 136 GPa as this lower
pressure corresponds to those near the core-mantle boundaries of
embryos. The precise masses of Earth’s progenitor embryos are not
crucial to our conclusions. For example, our modelling results are virtu-
ally identical using the smaller embryo mass of 0.3 Mg where 3,000 K
and 40 GParepresent the core-mantle boundary. Inthis case, the poten-
tialtemperatureis 2,535 K, but nonetheless the core composition, H,0
fractions, oxygen fugacity and other model results are unchanged
(Supplementary Information).

If this is the explanation for the low pressures of equilibration,
core-mantle partitioning was inherited from the embryos from which
Earth wasbuilt,and many of these chemical signatures survived subse-
quent collisions among embryos, including the Moon-forming giant
impact. The alternative is that melting during giant impacts reset
core-mantle equilibrium at similar conditions®. Collisions between
embryos after the protoplanetary gas disk has dissipated would effi-
ciently remove any residual H,-dominated atmospheres. However,
the H,0O-rich atmospheres left behind by equilibrium between the H,
primary atmospheres and magma oceans will be largely retained®. As
aresult, most of the water produced in the embryo stage will remain
once the disk dissipates®. To test the effects of colliding two embryos
with residual H,0 atmospheres to produce Earth, we applied our model
to aninitial condition of a 1-Mg body with mantle, core and H,O-rich
atmosphere compositions corresponding to our final embryo equi-
librium state. The results verify that the chemical signature of H, on
embryos survives subsequent impact-generated re-equilibration at
similar temperatures.

Inthe context of our model for Earth formationinvolving a primary
atmosphere of H,, both Mars and Mercury are planetary embryos that
never reached sufficient mass to allow primary atmospheres of H, at
magma ocean surface temperatures. The identities of the light ele-
mentsin the core of Mars are not known with certainty, but are generally
believed to be dominated by sulfur (S)*. The effect of S on the density
deficit of metal alloys is similar to that of Si, and tens of per cent by
mass of S are required to account for the density of the core. Also in
the context of this model, the relatively high intrinsic oxidation state
of Mars (high FeOinsilicate, but see also ref. **) may be attributable to
alarge fraction of its mass being derived from beyond 2 Au where the
more oxidized and H,0-rich carbonaceous chondrites could serve as
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Fig.3|Proposed model for the evolution of Earth’s progenitor embryos.
Thesequence of events leading to formation of H,0, light elements in metal
andincreasesin oxygen fugacity for Earth’s progenitor embryosin this work.
Stagelistheembryowheresurface temperaturesaretoo hightoretain
primary atmospheres of H,. Stage 2 is the initial condition for our calculations
inwhichthe moltenembryos accrete and retain primary atmospheres of H,.

sources™. In the case of Mercury, if one assumes that the large metal
fraction of Mercury is due to stripping of its mantle, and that the
original mass fraction of its metal core was similar to that of Earth
(0.32), then the mass of the original body was between 0.09 M, and
0.13 Mg, for arange of estimated present-day core fractions of 55% to
75% by mass®>*¢, Like Mars, this is not sufficiently massive toretainaH,
atmosphere at super-solidus temperatures. The light element in the
Mercurian core is thought to be mainly Si, with lesser concentrations
of Sand no clear evidence for H. Therefore, the chemical distinction
between Earth and these stranded embryos may in part be that Earth
was built from embryos that reached sufficient mass to retain H,-rich
atmospheres at super-solidus surface temperatures.

Our model does notinclude S and we do not exclude the possibility
that the details of the model might change if Swere included. Similarly,
we do notinclude carbon or nitrogen as potential interstitial alloying
elementsinthe core. Omission of Niisnot expected to have asignificant
effect. Although details of our conclusions may change, the essential
point thatreactions with H,-rich atmospheres are effective in produc-
ing both H,0 and density deficits in metal cores remains robust, as
doestheresult that the silicate mantles of progenitor embryos resem-
bling E chondrites and Mercury in having low total FeO, should have
‘self-oxidized’ to Earth-like oxidation states given sufficient time to
approach equilibrium*. We provide a discussion of the isotopic con-
sequences of our results in Methods.

This study makes use of what we have learned from rocky exoplanets
about the potential importance of primary H,-rich atmospheres
to terrestrial planet formation in general. The result is a unified,
self-consistent explanation for a number of important features of

310 | Nature | Vol 616 | 13 April 2023

Surface T

fo2 =I1W-2.06
p deficit metal = 8%

Stage 3

Surface T
<3,000 K

p deficit = 10%

Metal-silicate differentiation may have already begun at this stage. Stage 3 is
theresult of chemical equilibration of the silicate and metal melts with the
evolved atmospheres. Annotations show the changes in oxygen fugacity and
metal density deficits. Reactions shown are simplifications of the full set, for
illustration purposes. Two or more such embryos combine to form the final
Earth. Theimage of Earthis from NASA.

Earth related by a single overarching process of oxidation and reduc-
tion (redox) chemistry triggered by reactions between H,and magma
oceans. Althoughitis possible that Earth formedinavery different way
from the majority of rocky exoplanets, our work shows that this need
not be the case and that we can place the formation of Earth into the
context of rocky planet formation across the Galaxy.
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Methods

Chemical thermodynamics

Thelinearly independent reactions spanning our reaction space, and
strategies for solving the coupled thermodynamic and mass-balance
equations, have been described previously in ref. > and are described
here briefly. The reactions comprising our model include speciation
reactions in the magma ocean:

Na,SiO; = Na,0 + SiO,, Q)

1/25i0, + Fe pera = FEO +1/2Si 1 e0ars )

MgSiO; = MgO +SiO,, 3)
Opetal T 1/2Simeta = 1/2Si0,, (4)
2Hmeral = Hysiticates 5
FeSiO, = FeO + Si0,, 6)

ZHZOSiliCate + Simetal = SiOZ + 2H2,silicate' (7)

reactions that take place in the atmosphere:
as + 1/202,gas = coz,gas' (8)
CHy gos +1/20; g, = 2H, + CO, 9)
HZ,gas + 1/202,gas = HZOgas' (10)

and reactions that describe exchange between the atmosphere and
the magma ocean:

FeO = Fegys +1/20, gy, (11)
MgO = Mg gas+1/202,g2,5, 12)
Si0, = SiOgys +1/20, 546, (13)

Na,0 = 2Nag,, +1/20, 4, (14)
Hj, gas = Ha silicate- 15)
H,04,5 = H,0 ijicate 16)
CO4as = COyicare 17)
€O, gas = €Oy giicare- @18)

For eachofthe 18 reactions (rxns) amongthe 25 phase components
described above, there is an equation for the condition for equilibrium.
These equations are of the form

A0

AC
,Z vin x,.{ o % vgln(P/P")} =0

(19)

Here we have used H= AG +RTlIn(x;) for the chemical potential of
speciesicorrected forcomposmon where AG isthemolar Gibbs free

energy of formation of i at a standard state of the pure species at tem-
perature and 1-bar pressure, x;is the mole fraction for species iin the
host phase, v;is the stoichiometric coefficient for iin the reaction, Tis
thetemperature and Ris the gas constant. The sumoverindex grefers
togas speciesin thereactionandindexirefers toall species, including
the gases. We separated the compositional and pressure effects for the
gas species, replacing partial pressure (ideal fugacity), for species g,
by the product x,P, where Pis the total gas pressure and P°is the pres-
sure at standard state (chosen as 1 bar here).

Following ref.**, we replaced mole fractions for Siand O in equa-
tion (19) with activities a,where a; = yx;to account for non-ideal com-
petition between O and Si in the metal phase. The activity coefficient
for Si, ys;, is given by

1, 873 1, 873

Iny,;= In(1-xg;)
+3 1'8r73xo [1 * ln(lx;xc’) “a —lei)] (20)
-3 1'5;73’(5’(5‘ [1_1x5i " l—lxo * 2(1)—%;@92 _1]'
and the activity coefficient for O, y,, is obtained using
Iny,=4.29- 16';5_00 + 16';00 In(1-xg)
+ 51,2;73 Xsi[l + % “d -IXO)J (21)
_ 51,8T73 X2 xo[l _lxo N 1—1x51 + 2(1’_“)’( S 1].

The activity coefficient for Fe in metal using this approach is near
unity (for example, 0.8 (ref.*’)). We assume y;, = 1 given the uncertain-
ties in mixing parameters involving H in metal. The mixing behaviour
of Hin liquid Fe metal at high pressures is not as well characterized.
We therefore adopt ideal mixing for H in Fe metal. Recent results in
ref. > suggest that H pairs mainly with Fe in metal with no preference
for bonding with O, consistent with composition-independent, ideal
mixing.

Ideal mixing is assumed for silicate melt species. Ideal mixing as
applied here has been validated using the MAGMA code®®*° where spe-
ciation of simple oxides such as FeO and MgO to silicate species such
asFeSiO;and MgSiO; accounts for first-order activity and composition
effects®®. Further discussion of the effects of non-ideal mixing on our
results is presented below.

To these equations, we add an additional seven equations that
account for the summing constraints for each of the seven elements
making up the body:

ng= % 1, X iNe=0 22)

where n, is the moles of element s in the planet, 1, ; . is the number of
moles of element sincomponentiof phase k, x; . is the mole fraction of
componentiin phase k, and N, is the moles of phase k (metal, silicate
oratmosphere). The moles of the phases are treated as variables along
with the mole fractions for the species, resulting in 28 variables in the
system of equations. The mole fractions for each phase must sum to
unity, so our new equations include

1= Xugo ~ Xsio, ~ XMgsio; ~ Xreo ~ Xesio; ~ XNay0 23)
silicate silicate _ ,.silicate _ . silicate _
T XNaysio3 “XH, ~XH,0 ~—Xco Xco, =0



for the silicate phase,

1- xmetal xggetal_xgnetal_xll?etalzo (24)
for the metal phase, and
gas _ ..gas gas _ ..gas gas _ ..gas gas _ ..gas _ ..gas _ ..gas _
1-X¢o ~Xco,~ X3, ~XCH,~ XK, ~XH,0 Xfe ~XMg ~Xsi0 " XNa =0 (25)

for the atmosphere.

The atmospheric pressure at the surface of the magmaocean, Py, ¢ce
is an additional variable that depends on the mean molecular weight
of the atmosphere, and thus must be included in the solutions. This is
accomplished by adding the equation

2/3
(Psurfacej =12 x 106%(%} /
1bar ’ M, (Mg
to the system of equations to be solved, where the mass of the atmos-
phere, M,..,, is obtained from the molecular weight and the moles of
the atmosphere, N,

The 29 nonlinear equations in 29 variables were solved using simu-
lated annealing followed by MCMC sampling. We used the Python
implementation of simulated annealing® and the MIT Python imple-
mentation of ensemble MCMC®*¢*, The combination of simulated
annealing followed by MCMC sampling avoids becoming stranded in
local minima. We used the thermodynamic data, including the treat-
ment of H, solubility, described in detail in ref. 2°, with the exception
that we replaced the free energy of reaction for reaction (2) with that
givenbyref.%. The use of free energies for the reactions permits appli-
cation of self-consistent free energies of formation for the various
speciesinourreaction network, and supplants distribution coefficients
for partitioning of elements between phases that are not necessarily
internally consistent.

(26)

Embryo primary atmospheres

Extended DataFig.1shows therelationship between the mass of plan-
etary embryos, their surface temperatures, and the potential coex-
istence of a surface magma ocean and H,-rich primary atmospheres
following ref.. The boundary between solid and liquid silicate at the
condensed surface is taken to be 1,500 K in the figure. Mars is shown
to be sufficiently massive to have had a primary atmosphere, but not
massive enough to have this atmosphere in coexistence with asurface
magma ocean. The crossing of the two blue lines in the figure defines
the minimum mass for an embryo to have simultaneously a primary
H,-rich atmosphere and a surface magma ocean.

Siliconin metal

Extended Data Fig. 2 shows our results for the weight per cent of Si
in metal as a function of core-mantle equilibration temperature and
initial mass fraction of the H,-rich primary atmosphere. This figure is
comparable to the panels showninFig. 1.

Sensitivity tests
We examined the effects of the assumption of ideal mixing between
H,O and silicate and between H, and silicate on our results. We also
evaluated the effects of non-ideal mixing of H in the Fe metal alloy
phase. Our fiducial model recalculated to include all of these potential
non-ideal mixing behavioursis showninSupplementary Table 4 and can
be compared directly with the results given in Supplementary Table 1.
Details of the non-ideal mixing models are provided in this section.
A previous study®* reported complete miscibility between H,0 and
MgSiO; at temperaturesdown to 4,500 K at40 GPa, and at higher tem-
peratures at higher pressures. Extrapolation to the approximately
100-bar surface pressures in our models suggests a consolute tem-
perature, T, of about 4,000 K by analogy with supercritical silicate

liquid and vapour®. Assuming a symmetrical (regular) mixing model
based on this observation, an activity coefficient for H,0 in melt
can be obtained from lnys'"gate (1-x;{'6")*W/(RT), where the inter-
action parameter Wis givenby W= 2RT and T_is the temperature at
the crest of the silicate-H, solvus. The interaction parameter W for
T.=4,000Kis 66,512 ) mol™.

The activity-composition relationship for H, in silicate melt is not
well characterized. However, we can speculate that non-ideal mixing
could be evidenced by complete miscibility between H, vapour and
silicate melt at sufficiently high temperatures. This speculationis sup-
ported by as-yet-unpublished ab initio calculations at University of
California, Los Angeles. On the basis of these preliminary calculations,
we consider avalue for the consolute temperature of 4,500 K for pres-
sures of interest, leading to W= 74,829 ) mol™.

For Hin the liquid Fe alloy we used € interaction parameters. The €
notation for interaction parameters iscommonly used for alloys, rep-
resenting a Taylor series expansion for the log of the activity coefficient
of interest. In the case of a dilute solute i interaction with speciesjwe
canrelate e,-j to binary interaction parameters W using e,-j: -2W/(RT).
Aprevious study® found values for €} in liquid Fe of 3.5 (a ternary inter-
action parameter) and ref.” reports that e is similar to €. We therefore
applied a pseudo-ternary mixing model for H in molten Fe alloy, fol-
lowing ref. 8, such that

; In(1-xg;) 1
Iny, = —efixg| 1+ ———F - ——
" s Xsi 1-Xxy
1 1 @n
i X
+edix2x, + + H _+1],
RS “[(1—xH) 1-x§) 21-x)°

where x,, is the mole fraction of H in the metal alloy and xg;is the sum
of the mole fractions of Siand O in the metal.

The overall effect of the three non-ideal mixing solution models
described here for H,and H,O in silicate and H in Fe metal alloy is a
change in the H,0/H, ratio in the silicate melt and a doubling of the
mass fraction of the atmosphere with no significant change inthe H,0
concentration in the atmosphere (Supplementary Table 4). The den-
sity deficitin the metal core changes from 8.0% to 8.2%, a change that
would be easily accommodated in our models by slight adjustments
to the initial mass fraction of the primary atmosphere. The oxygen
fugacity of the mantle is essentially unchanged. We find, therefore,
that the effect of inclusion of non-ideal mixing of H,0 and H, in silicate
melt, and non-ideal mixing of H in Fe alloy, is to increase the efficacy
of water production with little change to the other salient features of
ourresults. The reason for the robust nature of our solutionis that the
concentrations of H,0 and H, in the silicate are able to compensate for
the changes in thermodynamic activities by virtue of the lever-rule
effect; most H exists in the metal phase with the remainder partitioned
between the atmosphere, as H,0, and the silicate melt. The changes
insilicate H,0 and H, concentrations are due primarily to the activity
coefficients for these species, with non-ideal mixing of H in the metal
having negligible impact on the results.

Asanadditional sensitivity test, we considered the effects of altering
the precise values for H partitioning between silicate and metal. We do
this because although the free energies of formation of H, in silicate
and H in metal were derived in a self-consistent manner, as described
below, these values are associated with unknown uncertainties. For
this purpose, wereran our calculations with the logarithm of the equi-
librium constant for reaction (5), InKq gs= —AGA:’XHIRS/(RT), multiplied
by factors of 1.5and 0.5, respectively.

The standard -state free energy of reaction (5)*° us?d ?ere isobtained
from AGp, rs=AGy, S _2AGy™, where AGy " at Tand 1 bar

was obtained from the free energy of the reaction H, ;. = H, .o after
ref. %, and AGH for gas from the National Institute of Standards and
Technology (NlST) The AGH for metal was obtained fromthereaction
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Fe + H,0,,,. =FeO +2H by regressxon of InK,, versus 1/T reported by
ref 7% (Okuchi97), yielding Aern Okuchio7? = 143 589.7-69.1T (Jmol™),

AGHZO forsilicate melt using the solubility data of ref.” for the reaction
H,Ogus = HyOpei: (ref.?%), and the standard-state free energies of forma-

tion for H,O gas, hqu1d FeO and Fe from NIST. From these values,
AGH™ " =1/2(8G 0 ovuctior = BGreot AGre+ AGro ).

Our results with these changes in the logarlthm of the equilibrium
constant describing partitioning of H between silicate and metal are
negligible, with the largest change being a decrease in the mass of
the atmosphere in the case of increasing AGA?X"’R5 by 1.5.In the latter
case, theresultin Supplementary Table 4 is modified by lowering the
pressure of the atmosphere at the magma ocean surface from about
300 bar toabout 200 bar with no change in the H,0-rich composition
of the atmosphere and no change in the density deficit of the metal
core. In the case of decreasing Aern rs Dy a factor of two, the results
were virtually unchanged. These results canalso be understood as the
manifestation of the lever rule in which the large amount of Hin the
metal phaserelative to the total mass of Hin the other reservoirs dom-
inates the behaviour. To see this, we can describe the activity of Hin
metal, a,;, as a product of the equilibrium constants for reactions (5)
and (15), arriving at the expression a, = /Kequsl(eqlmsﬁIZ where sz is
the fugacity of H, in the atmosphere. In the case of the embryos, the
activity of Hin the metal alloy exerts influence over the partial pressure
(fugacity) of H,in the atmosphere due to the high mass of H, relative to
thatin the atmosphere.

Pressure versus radius for embryos

The pressure versus radius relationships described in the text are
presented in Extended Data Fig. 3. The pressure-radius relations are
obtained by solving for the mass, m(r), contained within a given radius,
r(ref.3®)

dm(r) 2
= 28
dr 41tr’p(r) (28)
together with the requirement for hydrostatic equilibrium
dpP(r) __ Gm(r)p(r) ’ 29)
dr r?
where
P(r)=f(p(r), T(r)), (30)

andfrepresents theappropriate EOS. P(r), p(r) and T(r) are the radially
dependent pressure, density and temperature of the body, respectively,
and Gis the gravitational constant.

Weintegrate equations (28) and (29) from the embryo’s centre, using
the inner boundary condition m(0) = 0 and P(0) = P,.,.... The outer
boundary conditionis given by P(R,) = 0. We switch from one EOS to the
other while maintaining continuity in pressure across the core-mantle
boundary. The embryo mass, M, and radius, R,, are uniquely deter-
mined by P(0) = P.qre and P(R,) = O for the Earth-like mass fractions
for the metal core used in our models.

Extrapolation of the data of ref. ® yields an uncompressed density for
liquid Fe metal, p,, 0f 7.2 + 0.1 g cm™. We used this uncompressed den-
sity for liquid Fe with a Vinet EOS***, For the silicate we use the enstatite
(MgSiO,) third-order Birch-Murnaghan EOS of ref. > described by
ref. * as a proxy for silicate melt.

Adiabatic temperature gradients for the embryo mantles were

calculated using
dr) _agl
(dr]s_ Cp (31)

where a is the expansivity for MgSiO;, ¢, is the isobaric specific heat
for the melt and gis the gravitational acceleration. We used a = 2.69 x
1075 +2.13 x 1078 (T - 300) fromref. > with a pressure correction factor
of1.04 for the mantle as a whole. Temperature-dependent c,for liquid
MgSiO; was obtained from the NIST thermodynamic database.
Numerical integrations with ryield a general relationship between
potential temperature and core-mantle temperature such that
TO/Tcore—mantle =0.78.

Isotope fractionation

We investigated the implications of our model for Fe, Si and H stable
isotoperatios, as these ratios are often used to constrain the differen-
tiation history of Earth™” and the origin of Earth’s water’,

We find that the embryo partitioning model explains the offset in
Fe/**Fe (expressed as 6% Fe in per mil (%o) between chondrites of all
varieties and the bulksilicate Earth. Recent estimates suggest that bulk
silicate Earth hasa§*Fe = 0.05 + 0.01value relative to chondrites”. This
offset between Earthand its presumed starting materials is reproduced
by our model shift in bulk silicate §’Fe of 0.057%o relative to the bulk
starting material (Extended Data Fig. 4).

We used the prescription for ¥Fe/**Fe fractionation as a function of
temperature and pressure determined experimentally by ref. 8. The
reduced partition function ratio, B, for the silicate is given by

_428L 4(4.65P(GPa) +150. 4)

1()e’ln(ﬁFe srllcate Tz (32)
The value for FeH alloy is taken to be
O3In(,BF ) _428L 4(2.597P(GPa) +119. 017) (33)

72

The fractionation factor, expressed as 10°IN(0gicate_ren) = 8° F€giicate =

5% Fepy is then
10°In(@gijicate-rer) = 10°IN(Be,_giicare) = 10°IN(Bey)- (34)

We used the FeH alloy for the entire metal as the mole fractions of H
inour Fe metal phases are high (about 0.27), and the effect of different
Fe/Hratios on the fractionation factors are not yet understood.

To evaluate the Si isotope effects, we used the 3°Si/*Si fractiona-
tion determined both by experiments and by analysis of equilibrated
aubrites”, yielding

7.64 x10°

- (35)

3 —
10 ln(asi[icate—meta[) -

Similar to the Feisotope effects described in the main text, our model
predicts that the °Si/*®Si ratio of the bulk silicates (expressed as §°°Si)
should be greater than the source material by 0.06%.. This offset is
smaller than the observed difference between Earth and many chon-
drites of about 0.2%o (ref. ”®) and is much smaller than the difference
between Earth and E chondrites®®, despite the similarity between Earth
and E chondrites in virtually every other isotope system. Our results
do not alleviate some of the vexing aspects of Si isotope variability in
the Solar System. In general, the apparently anomalous Si isotopic
composition of E chondrites may be related to the apparent excess in
Siin these rocks (about 20% atomic) compared with solar refractory
metal abundances.

The deuterium/hydrogen (D/H) of the Sun (D/H =2.0 x107%), and
thus the protosolar gas, expressed as 6D relative to ocean water
(D/H=1.558 x107*), is about —865%. (ref. %"). Recent estimates for the
bulk D/H ratio of Earth’s H yield a value for 6D relative to ocean water
of —218%. (ref. 7). It is conventional to ascribe the origin of Earth’s
water to late addition of small bodies, asteroids or comets, because



virtually all sources of D/H in the Solar System other than protosolar
gas, including comets®®, chondrite meteorites® and water inicy
moons®, have 8D > 0, and often much greater than O (Extended Data
Fig.5). Calculations based on mixing of asteroids and/or comets with
asolar gas based on D/H ratios suggest that there may be a solar-gas
component comprising roughly 25% to 40% of Hdeep within the Earth,
depending on whether the non-solar component is chondrite-like or
comet-like. For comparison, 2°Ne/?Ne data suggest Earth acquired
about two-thirds of its neon from the solar gas and the remaining
one-third from E chondrite-like material®®.

Ingeneral, any reactions between H, and H,0, either at equilibrium or
kinetically controlled through reactive intermediates, resultin D/H of
H,O being greater than that of H,, so the use of D/H as atracer involves
numerous degeneracies. At room temperature and below, the kinetic
or equilibrium preferential transfer of D to H,0O from solar-like H, will
result in D/H in H,O comparable to or greater than those observed in
Solar System H,0. Therefore, it is likely that a variety of different pro-
cesses were at work to cause the generally high D/H of H,0 in the Solar
System.

Motivated by the model presented here, we consider the possibility
that the high D/H of Earth’s H,0 and deep interior could be the residual
effect of low-temperature exchange of D and H between H,0 and H,
in embryo atmospheres, and the sequestration of large fractions of
H in the metallic cores. The convecting silicate magma oceans would
serve as the conveyor linking the atmospheres and metal cores in this
context. Hydrogenisotope exchange between radical derivatives of H,
gasand water at temperatures similar to the equilibrium temperature
at the top of an embryo atmosphere at about 1 AU (255 K present day,
237 K accounting for a fainter Sun 4.6 Gyr before present®®) will resultin
high D/Hin the atmosphere¥ if thereis abalancing sink for the low-D/H
complement of H.In the model of ref.®, higher D/H in atmospheric H,0
isbalanced by slow (over billion-year timescales) hydrodynamic escape
of isotopically light H%. Another study? also advanced the idea that the
high D/H of Earth’s H,0 was due to hydrodynamic escape, in this case as
H rather than H,. In our model, the requisite low-D/H sinks for H that
balance the high D/H of terrestrial water are the metal cores; Hisotope
equilibrationbetween embryo metal cores, silicate mantles and atmos-
pheresresultsin a high-D/H atmospheres and low-D/H metal cores.

This explanation relies on a faster rate of isotope exchange high in
the atmosphere where temperatures are low (<300 K) than exchange
athightemperatures near the surface of the magma ocean. A detailed
atmospheric model is beyond the scope of the present study, but we
note that D/H exchangeis expected to be orders of magnitude fasterin
the upper atmosphere where kinetics mediated by radicals result from
low densities and photochemistry compared with exchange between
H,0 and H, molecules at high temperatures and densities. For exam-
ple, the forward rate constant for the reaction HD + OH > HDO + H
at a temperature of 237 K (representing the 1-Au equilibrium tem-
perature for the stratosphere of an embryo 4.5 Gyr before present) is
1.9 x107% cm?®s™ (ref. ). This reaction represents transfer of D from H
to OH, and ultimately H,O, inembryo stratospheres. The rate constant
forthereactionH,+HDO - HD + H,0is1.4 x 102 cm?®s™at1,973 K, the
latter temperature being an altitude-averaged temperature for the
adiabatic tropospheres of atmospheres implied by our models. This
represents returnof D fromH,0 toHin the tropospheres. Although the
details rely on a number of uncertain parameters, including ratios of
e-folding times for exchange and residence timesin the various reser-
voirs, itisunlikely that this disparity in rate constants can be overcome
by the relative masses of H,0 and H, in the embryo stratospheres and
tropospheres (for reference, Earth’s ratio of moles in the stratosphere
to moles in the troposphere is 0.1)°°. Vigorous mixing of H,0 and H
between the stratosphere and troposphere should therefore result
in D/H isotope fractionation dominated by the lower temperatures.
The turnover time for Earth’s stratosphere is about 2.5 years due to
transfer back and forth between the stratosphere and troposphere®.

We speculate thatitis likely that H,and the underlying magma oceans
could havereached isotopic equilibrium during the earliest phases of
dissolving molecular hydrogen into the melts®.

As a plausibility exercise based on the reasoning described above,
we calculated therelative abundances of the deuterated speciesin the
stratospheres and tropospheres from the surface densities (column
densities) of an adiabatic troposphere at the surface of the magma
ocean and the surface density of the stratosphere as measured at the
tropopause using a simplified atmosphere?. The mixing ratio of H,0
was taken to be 0.8 with the remainder of the atmosphere being H,.
The temperature at the base of the troposphere was taken to be the
potential temperature of the magma oceans in our model (2,350 K),
the height of the tropopause was assumed to be where the temperature
reaches the equilibrium temperature and the stratosphere was taken
to be isothermal, extending five surface-scale heights. From this, we
obtain a ratio of moles of HD in the stratosphere to moles of HDO in
the troposphere, Nyp/Nyipo, 0f 3 X 107, Converting the rate constants for
the two reactions described above to k(mol™ yr™) using k(cm*s™)L/V,
where L is Avogadro’s number and Vare the similar volumes of each of
the two reservoirs, one obtains rate constants of 4.3 x 10 mol ™ yr™ for
HD + OH - HDO + H at a temperature of 237 Kand 1.1 x 10 mol ' yr™
for H,+ HDO > HD + H,0 at 1,973 K. From these values, one obtains a
time constant for D/H exchange in the stratosphere of 5 x 107 yr for
an OH/H,0 ratio of about 10™* and a time constant for D/H exchange
in the troposphere of 1 x 10~* yr. Smaller concentrations of OH result
inproportionally larger time constants in the stratosphere; equal time
constants for exchange in the stratosphere and troposphere would
require OH/H,0 ratios of about 107".

We take the shorter time constant for D/H exchange in the strato-
sphere relative to the troposphere to mean that a low-temperature
for H,0-H, D/H exchange in the atmosphere on average is plausible.
Equilibrium D/H exchange between H,0O and H, has been inferred
for the Martian atmosphere at similar temperatures of about 200 K
(ref. ®?). We note for comparison that various terrestrial analogues
exist for isotopic anomalies formed in the stratosphere to persist
in the troposphere, including in the cases of oxygen and nitrogen
isotopologues™?*,

Here we adopted a low temperature of exchange between atmos-
phericH,0 and H, and calculated the equilibrium 8D values associated
with our model relative to the primordial hydrogen atmospheres of
embryos. Our calculations assume H isotopic equilibrium between
atmospheres, magma oceans and molten metal cores. We obtained
6D values for atmospheric H,, atmospheric H,0, Hin silicate melt and
Hinmetal atequilibrium by solving the Hisotope mass-balance equa-
tion 6D(bulk) = Y :x,,; 6D;, where x,,; refers to the H fraction for each
phasei, together with the equilibrium differences between reservoirs
iand,j of the form 8D; - 8D;=10In(a,_) for the high-T fractionations,
and 8Dy o ~ @y, 0-1,8Dy, =10%(atyy o-yy,~1) for the lower-T, and thus
muchlarger, atmospheric H,0 and H, fractionation. We thus have four
equations for four unknown &D values given three known fractionation
factors, a, and an assigned value for 6D (system) (taken to be O for
reference). The equations to be solved, in matrix form, are

XuH, XuH,0 Xsil Xdmewat]| |ODp,
0 0 1 -1 | |8Dy,
—p,o-n, 1 0 0 8Dy,
-1 0 1 0 8Dmetal
(36)
6Dsystem=0

l03ln(asli(:altefmetal)
~10%(ay,0-1,~ D)

103ln(asilicate-Hz)
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We used fractionation factors described previously by ref. . The
fractionation factors for D/H, expressed as per mil differences in 5D
values, or 10° In(a), include the value for silicate and metal (that is,
8Dgiicate = ODrmetal)

4.5x108

losln(aslicate—metal) = ’ (37)

Tgore—mantle
the value for H,0 and H,:

215.8x10°
T

atmosphere

10°In(ay,0-) = (38)

and the value between silicate and H, gas based on the difference
between 10° In(®icace-merar) aNd the fractionation between H, and
metal”™:

45x10° 3.261x10°

2 2
Tsurface Tsurface

losln(asilicatesz) = (39)

Eachequilibriumisspecified to occur at the core-mantle boundary,
intheatmosphere or at the atmosphere-magma oceaninterface at the
specified temperatures of 3,000 K, 237 Kand 2,350 K, respectively. The
resultsare shownin Extended DataFig. 5. If the structure of the atmos-
pheres of the embryos was such that D/H exchange in the atmosphere
was dominated by lower temperatures, the D/H of terrestrial H,0 is
explained by our model. The implied D/H of the primordial atmos-
pheresourceissimilar to that for Uranus and Neptune and greater than
thesolar value (Extended DataFig. 5), allowing for some late additions
of H,0 to Earth by high-D/H bolides. We emphasize that this model is
possible because of the metal cores serving as low-D/H reservoirs.
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Example model results are available as Supplementary tables.
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