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The isotopic nature of the Earth’s accreting material

through time

Nicolas Dauphas'

The Earth formed by accretion of Moon- to Mars-size embryos
coming from various heliocentric distances. The isotopic nature
of these bodies is unknown. However, taking meteorites as a
guide, most models assume that the Earth must have formed from
a heterogeneous assortment of embryos with distinct isotopic
compositions' 3. High-precision measurements, however, show
that the Earth, the Moon and enstatite meteorites have almost
indistinguishable isotopic compositions*-1°. Models have been
proposed that reconcile the Earth-Moon similarity with the
inferred heterogeneous nature of Earth-forming material, but these
models either require specific geometries for the Moon-forming
impact'"12 or can explain only one aspect of the Earth-Moon
similarity (that is, 70)'~3. Here I show that elements with distinct
affinities for metal can be used to decipher the isotopic nature of
the Earth’s accreting material through time. I find that the mantle
signatures of lithophile O, Ca, Ti and Nd, moderately siderophile
Cr, Ni and Mo, and highly siderophile Ru record different stages of
the Earth’s accretion; yet all those elements point to material that
was isotopically most similar to enstatite meteorites. This isotopic
similarity indicates that the material accreted by the Earth always
comprised a large fraction of enstatite-type impactors (about half
were E-type in the first 60 per cent of the accretion and all of the
impactors were E-type after that). Accordingly, the giant impactor
that formed the Moon probably had an isotopic composition
similar to that of the Earth, hence relaxing the constraints on
models of lunar formation. Enstatite meteorites and the Earth were
formed from the same isotopic reservoir but they diverged in their
chemical evolution owing to subsequent fractionation by nebular
and planetary processes'>.

Except for elements affected by nuclear transmutations, the isotopic
compositions of most elements in terrestrial specimens are related by
the chemical law of mass-dependent fractionation. Measurements of
meteorites originating from Mars, Vesta and other unspecified aster-
oids have revealed that extraterrestrial matter was characterized by the
presence of isotopic anomalies (that is, departure from mass-dependent
fractionation) arising from the heterogeneous distribution of presolar
matter at the planetary scale, or unusual photochemical processes'®.
Those anomalies have proved extremely valuable in establishing genetic
ties between planetary bodies and evaluating possible building blocks
to the terrestrial planets.

The picture that is emerging from numerous studies over the past
several years is that the terrestrial mantle is isotopically identical or
very similar to a group of highly reduced meteorites known as ensta-
tite meteorites that comprise EH and EL chondrites, and aubrites®1°
(Extended Data Fig. 1). It is still unclear whether this similarity means
that the Earth accreted from a homogeneous isotopic reservoir very
similar to enstatite meteorites, or whether it means that the Earth
accreted from diverse embryos whose mixture coincidentally matched
the composition of enstatite meteorites.

This is a difficult question to tackle observationally because melting
and differentiation in the Earth have erased most records of its accre-
tion. I show here that isotopic anomalies in A0, e*3Ca, 3T, £>*Cr,

£%Ni, e”*Mo, £!1%Ruy, and p'*2Nd can provide insight into the nature of
the Earth’s accreting material through time. This follows from the con-
sideration that all elements present in the Earth’s mantle today were not
all delivered at the same time, depending on their affinity with metal
versus silicate during core formation. To illustrate this concept, I focus
on two endmembers: lithophile and highly siderophile elements. On
the one hand, lithophile elements that have little affinity for metal in
natural settings, such as O, Ca, Ti and Nd, stayed in the mantle when
they were delivered by impacts. Their isotopic compositions therefore
reflect the average of all materials accreted by the Earth throughout
its history. On the other hand, highly siderophile elements such as Ru
were efficiently scavenged into the core as the Earth was growing. A
large fraction of the mantle inventory of Ru was delivered in the last
0.5% of the Earth’s accretion, after core formation had ceased'*!”. The
isotopic compositions of O, Ca, Ti and Nd versus Ru therefore shed
light on very different stages of the Earths accretion, corresponding to
the whole or only the last 0.5% of its mass growth history, respectively.

For moderately siderophile elements such as Cr, Ni and Mo, which
display isotopic anomalies, the analysis is more involved because
these elements were neither completely retained in the Earth’s mantle
nor completely partitioned into the Earth’s core. Atoms delivered
early in the mantle were partially scavenged into the core and
replaced by atoms delivered by subsequent impacts, so moderately
siderophile elements provide a record of the Earth’s accretion that
is biased towards late impacts. To quantify precisely what stage of
the Earth’s accretion is recorded by these elements, it is useful to
introduce the concept of the probability density function (PDF) for
the delivery of elements in the Earth’s mantle. This PDF gives the
proportion of atoms in the mantle that were delivered at different
stages of the Earth’s growth.

The PDF for the accretion of elements in the Earth’s mantle can be
calculated analytically if one considers that the metal-silicate distri-
bution coefficient D did not change with time, the degree of equili-
bration of the impactor core with the proto-Earth mantle k;c remained
constant, the core mass fraction f remained constant, and the Earth’s
accretion proceeded by impacts of infinitely small impactors. As
discussed below, these assumptions can be relaxed without greatly
changing the results. Under these prescriptions, the PDF takes the
form (see the ‘Supplementary Equations’ section of the Supplementary
Information for details)

PDF(x)=(1+ k)x" (1)

where x is the fraction of the Earth’s final mass and x = Dfk;./(1 — f).
The corresponding cumulative distribution function (CDF) is:

CDF(x) =x""! (2)

I also calculate the mass fraction over which the last 95% of a given
element at present in the mantle was delivered, which gives a measure
of what stage of the Earth’s accretion this element records:
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Figure 1 | Model PDFs of O, Ca, Ti, Nd (lithophile elements), Cr, Ni, Mo
(moderately siderophile elements), and Ru (highly siderophile element)
for the accretion of elements in the Earth’s mantle. These curves give, for
each element, the proportion of atoms that were delivered to the Earth’s
mantle at different stages of its accretion. For instance, the fraction of

atoms at present in the Earth’s mantle that were delivered when the Earth
X2

grew from fractions of x; to x; of its present mass is given by f PDF(u)du-

Mass fraction accreted

X1

The extent to which impactor cores were equilibrated with tar-
get mantles (ki) is estimated using the '82Hf-'82W decay system
(lithophile '82Hf decays into moderately siderophile '¥*W with a half-
life of 8.9 million years) to be between 0.3 and 0.8 (refs 16 and 17;
avalue of 0.4 is adopted here). For metal-silicate distribution coeffi-
cients, effective D values corresponding to bulk partitioning between
the terrestrial mantle and core were adopted from ref. 18 (that s, 3 for
Cr, 26 for Ni, and 120 for Mo). The corresponding PDFs and CDFs are
plotted in Fig. 1 and Extended Data Fig. 2, respectively. As expected,
for lithophile elements, D = 0 corresponds to a uniform PDF, meaning
that O, Ca, Ti, and Nd record the full accretion history of the Earth
(x0.05=0.95; indicating that 95% of lithophile elements in the modern
mantle were delivered in the last 95% of the Earth’s accretion).
Chromium records the full accretion history, but this is biased towards
later events (xg.95 = 0.85). Nickel records the last 39% or so of the
Earth’s accretion (xg.95 = 0.39). Molybdenum records the last 12% or
S0 (X995 =0.12).

The analytical model yields a simple formula (equation (1)) that
shows the dependence of the PDF on impactor core equilibration,
metal-silicate partition behaviour, and core mass fraction. To evaluate
the robustness of the conclusions drawn from this simple model,
I examine two previously published models that avoid some of the
assumptions made in deriving equation (1) (for example, that D is
constant)'>!°,

Badro et al.' (see Supplementary Equations) consider accretion
of small planetesimals that fully equilibrate with the target mantle
upon impact. The mantle redox conditions remain near constant
(Extended Data Fig. 3) or evolve from an oxidized state to the present
values.

Rubie et al.'® (see Supplementary Equations) use the output of
N-body simulations to calculate the mantle concentrations of sidero-
phile elements. The impactors comprise large embryos and small
planetesimals whose compositions and redox states depend on their
distance to the Sun. In this model, metal-silicate equilibration between
the impactor core and the Earth’s mantle is incomplete.

Both models allow D values to vary as a function of pressure P,
temperature T, composition and the redox condition. The PDFs pre-
dicted from these more realistic models (Extended Data Figs 4 and 5;
see Supplementary Equations) are very similar to those calcu-
lated based on equation (1). The conclusion of this comparison is
that the accretion age of elements in the mantle is a robust feature
that does not depend on the model considered or the assumptions
that are made.

The mantle isotopic composition at present can be calculated from
the PDF as follows:

1
Emantle = PDF(x)E(x)dx (4)
0
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The curves were calculated using equation (1) (see Supplementary
Equations for details) assuming a constant metal-silicate distribution
through time, accretion of infinitely small impactors, and equilibration of
40% of the impactor cores with the target mantle (the remaining 60% of
the impactor cores merges with the target core without silicate
equilibration). The red arrow on the x-axis marks the position of xg 95
(see equation (3)), corresponding to the fraction of the Earth’s mass after
which 95% of an element at present in the mantle was delivered.

where (x) is the isotopic composition of the accreted material when
the Earth has reached a fraction x of its present size. Some models con-
sider that the last stages of the Earth’s accretion involved volatile-rich
oxidized material?®*!. To constrain the nature of the Earth’s accreting
material through time, I consider a simple three-stage accretion model
(Supplementary Equations). The first stage (I) comprises the first 60%
of the Earth’s accretion because Rubie ef al.! suggested that material
accreted after that could have been more oxidized. The second stage (II)
comprises 60%-99.5% of the Earth’s accretion. The third stage (III)
corresponds to the late veneer and comprises the last 0.5% or so of
the Earth’s accretion. The model considers four components that have
isotopic compositions similar to enstatite meteorites (E), ordinary
chondrites (O), CI and CO/CV carbonaceous chondrites. These
meteorite groups are representative of E-, S- and C-type asteroids,
and cover much of the diversity in isotopic compositions recorded in
meteorites™'’. The contributions of E, O, CI, and CO/CV are adjusted
through a x*-minimization to reproduce the O, Ca, Ti, Cr, Ni, Mo, and
Ru isotopic compositions of the Earth’s mantle (Fig. 2). The case of
142Nd is treated separately (Extended Data Fig. 6) because its variations
can be due to both a-decay of short-lived 5Sm (half-life #,/, =68 or
103 million years)* and incomplete mixing of the products of stellar
nucleosynthesis®.

The nature of the late veneer (stage III; 99.5%-100%) is primarily
constrained from Ru, which calls for 100% E. Stage II (60%-99.5%)
is also mostly made of E. This is a robust feature that stems from
the fact that Ni and Mo were delivered to the Earth’s mantle during
that stage. The e?Mo value of the Earth’s mantle lies at one end of
the meteoritic range. Only E approximately matches the mantle
composition and no meteoritic mixture can conceivably reproduce
this composition. In detail, enstatite chondrites may display small
positive e?Mo anomalies of about +0.38 (ref. 24), which would call
for the contribution of material not yet sampled from known chon-
drites. The E component also has the same £%*Ni value as terrestrial
mantle rocks while CI, CO/CV and O all display measurable e**Ni
anomalies.

The nature of the Earth’s accreting material during stage I depends
on whether ;1142Nd is used as a constraint in the y?-minimization.
If p'*?Nd is not included, stage I (0%-60%) comprises 51% E + 40%
0+ 9% COCV (x?=11). The main reason for the 40% O + 9% COCV
contribution is to reproduce the £**Ca and e*°Ti values of the Earth’s
mantle, which differ slightly from the E component. If p'**Nd is
included, stage I (0-60%) comprises 100% E (x?=53). The reason
is that the 1!**Nd value of the Earth’s mantle lies at one end of the
meteoritic range, close to E, so any contribution of O, CI or CO/CV
degrades the fit. Enstatite chondrites, however, display a small negative
p!4*Nd anomaly of —7 4 3 relative to mantle rocks, suggesting that
either the mantle has a slightly super-chondritic Sm/Nd ratio (that is,
the difference is due to 1*°Sm decay) or a component not sampled by

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



1
I m
(100% E)
‘E L
5
2 | I
o
e | |
e}
[&]
W 0.5
5 ]
c i ]
o 1
© i H
E '
ot :
0 1 1 1 1 1 : 1 1 1
0 0.5 1

Mass fraction accreted

Figure 2 | Proportions of the enstatite (E) component in a three-

stage accretion model of the Earth. See Supplementary Equations for
details. Note that j1}42Nd variations were not taken into account in the
minimization because they can also arise from *°Sm decay*>** (Extended
Data Fig. 6 shows the result of a minimization including p'*?Nd). Stages

I, II and III comprise 0-60%, 60-99.5% and 99.5-100% of the Earth’s
accretion, respectively. The reason for the 60% divide is that previous
models have suggested that the material accreted by the Earth could have
changed in nature, from more reduced to more oxidized, at 60%-80%
accretion?!. The third stage corresponds to the addition of a late veneer
after the completion of core formation'. The accreted material is assumed
to be mixtures of four components with the isotopic compositions of
enstatite (E), ordinary (O), and carbonaceous chondrites (CI and CO/CV).
The five free parameters of the model are the fractions of E in stages I,

IT and II1, and the proportions of CI and CO/CV in the non-enstatite
component. These parameters are estimated using a y>-minimization

to reproduce the isotopic composition of the Earth’s mantle for A0,
e8Ca +¢°Ti, £>*Cr, e%Ni, £?*Mo, and £!%Ru (six independent constraints).
The influence of composition uncertainties on the best-fitting parameters
was assessed using a Monte Carlo simulation (grey bands indicate

95% confidence for the fraction of E). The best-fitting model (red line)
corresponds to 51% E + 9% COCV +40% O during stage I and about 100%
E during stages II and III. The calculated isotopic anomalies in the Earth’s
mantle are close to the terrestrial values (which, by definition, represent no
anomaly, meaning a value of 0); A'70 = +0.02+0.11, *¥Ca=+0.01+0.17,
eTi=+0.01+£0.18,>*Cr=0.00£0.03, e**Ni=+0.01 +:0.19,

e”Mo = +0.344-0.37 and e'Ru=—0.1140.08 (x*=11).

meteorites contributed to making the Earth (see Extended Data Fig. 6
legend for details).

The large fraction of E in the Earth’s building blocks at all stages of
its accretion contrasts with the small proportion of E-type asteroids
in the present-day main belt. This may stem in part from the fact that
chondrites (and presumably many of the asteroids found in the main
belt) were formed approximately 2 million years after the birth of the
Solar System, while embryos (for example, Mars) and other planetes-
imals (for example, those sampled by iron meteorites) were formed
much earlier’>?®. The isotopic composition of the solar nebula may
have changed during this timespan of 2 million years, and the build-
ing blocks of the terrestrial planets may have been more uniform in
their isotopic compositions than is suggested by the compositions of
chondrites and asteroids. The small A'7O excess measured in Martian
meteorites relative to the Earth requires a greater proportion of O ver-
sus E in Mars (for example, 45% E +55% O)*® compared to the Earth
(71% E +24% O+ 5% COCV). The chemical composition of Mercury
is consistent with an enstatite chondrite origin®’, supporting the view
that the inner protoplanetary disk was dominated by E-type material.

Enstatite chondrites are a group of meteorites that are characterized
by much lower Mg/Si ratios and §*Si values than terrestrial mantle
rocks (note that unlike other isotope systems discussed in this con-
tribution, 8°Si denotes mass-dependent fractionation of Si isotopes),
which makes them unlikely to have been building blocks of the Earth®:,
The high §*°Si value of the Earth’s mantle relative to chondrites of all
types may be due to formation of the Earth from precursor materials
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enriched through nebular processes in forsterite condensate, which
presumably had high Mg/Si and high 6*Si (ref. 13). Enstatite chondrites
may be the forsterite-poor complementary reservoir to the material
that made the Earth, possibly explaining why the Earth and enstatite
chondrites share similar isotopic compositions for O, Ca, Ti, Cr, Mo
and Ru but have different chemical compositions.

Thus, given that the material accreted by the Earth in the last 40%
or so of its growth was isotopically similar to enstatite meteorites, it
seems probable that the giant impactor that struck the Earth to form
the Moon had a very similar isotopic composition to that of the proto-
Earth. In particular, Mo in the Earth’s mantle records the last 12% or
so of the Earth’s accretion, which corresponds to the Moon-forming
impact in canonical models of lunar formation (that is, a Mars-size
impactor colliding with the Earth just above the escape velocity at a
45° impact angle)®. Its isotopic composition excludes a large contri-
bution of non-E material during that stage. It is well documented that
lunar rocks have identical A'70, e*¥Ca and £°°Ti compositions, and
similar e>*Cr isotopic compositions to those of terrestrial mantle rocks
(Supplementary Table 1)*. Such a match is problematic in canonical
models of lunar formation if one assumes that the impactor had distinct
isotopic composition from the proto-Earth!, because most of the Moon
should come from the impactor®.

From the inferred nature of the Earth’s building blocks (Fig. 2),
the difference in isotopic compositions between lunar and terrestrial
rocks can be calculated for a given scenario of lunar formation (see
Supplementary Equations). For the canonical model?’, the assumptions
are that the giant impactor represented 10% of the Earth’s final mass and
the Moon was made of 60% impactor (E-type) and 40% proto-Earth at
90% accretion (67% E+27% O+ 6% CO/CV). The predicted anom-
alies in lunar rocks are A0 = —0.0240.04, e*¥Ca=—0.22+0.11,
£%9Ti=—0.1140.09 and e>*Cr = +0.03 £ 0.02. These calculated com-
positions are consistent with the values measured in lunar rocks of
A0 =-0.001+0.005, £*¥Ca=—0.2440.24, >Ti= —0.03 +0.04
and £**Cr=+0.164-0.08 (refs 4-7; Supplementary Table 1), bearing in
mind that the lunar £**Cr value may be affected by cosmogenic effects.
The present analysis suggests that the similar O, Ca, Ti and Cr isotopic
compositions of the Moon and the Earth may have been inherited, in
part, from shared E-type precursors, which relaxes the constraints on
models of lunar formation 11229,

A difficulty remains, however, because the £'%*W values and Hf/fW
ratios of the terrestrial and lunar mantles are also very similar*®3!.
Unlike isotopic anomalies, '#2W is the decay product of 82Hf and it
would take special coincidences for the two bodies to end up with
matching compositions®. This similarity is also a potential problem
for alternative models of the formation of the Moon, involving Earth-
Moon equilibration!, collision of two half-Earth-size progenitors'? or
collision between a small hypervelocity impactor with a fast-spinning
proto-Earth!!; this is because the final e'82W value and Hf/W ratio in
the Earth’s mantle will depend on the extent and conditions of metal-
silicate equilibration in the lunar and terrestrial mantles, which may
require fine-tuning to explain the similar £'8*W values and Hf/W ratios.

Further measurements of elements with various lithophile-siderophile
affinities in the terrestrial mantle and characterization of the isotopic
composition of Venus will enable direct testing of the idea that the
inner Solar System accreted mostly from material of enstatite meteorite
isotopic composition. More extensive isotopic studies of elements in
Martian meteorites will similarly unravel the accretion history of Mars.

Online Content Methods, along with any additional Extended Data display items
and Source Data, are available in the online version of the paper; references
unique to these sections appear only in the online paper.

Data availability The author declares that data supporting the findings of this
study are available within the paper, its Supplementary Information files and
its Extended Data. All other data are available from the corresponding author
upon reasonable request.
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Extended Data Figure 1 | Isotopic anomalies for A0, *¥Ca, 3°Ti, compositions (yellow shading) that are identical or very similar to the
e%Cr, e%Ni, €”2Mo, £!°°Ru and p'**Nd in bulk meteorites and planetary  terrestrial mantle composition. Other meteorites and planetary materials
materials. See Supplementary Table 1. Enstatite meteorites (EH and display isotopic anomalies in one or several elements. The terrestrial

EL chondrites, aubrite achondrites) and lunar samples have isotopic mantle composition is, by definition, at 0 (blue horizontal lines).
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Extended Data Figure 2 | CDFs of lithophile O, Ca, Ti and Nd, line at CDF =0.05 gives the fraction of the Earth’s final mass after which
moderately siderophile Cr, Ni and Mo and siderophile Ru atoms 95% of an element at present in the mantle was delivered (the red triangles
in the present terrestrial mantle. See equation (2) and Fig. 1 for the mark xg 95 as given by equation (3)).

corresponding PDFs and details. For each element, the horizontal dashed
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Extended Data Figure 3 | Example of terrestrial accretion and core equilibration pressure of 60 GPa, a FeO mol% concentration in the magma
partitioning for a scenario from ref. 19 of near-constant mantle redox ocean that decreases linearly with the accreted fraction from 8% to 5.8%
evolution. The blue and red lines correspond to model outputs from (see the oxygen fugacity path 6 in figure 1 of ref. 19) and an equilibration
ref. 19 (updated from their supplementary figure 2) while the dashed black ~ temperature that follows the ‘hot liquidus’ of ref. 19. As shown, there is
lines are from a Mathematica code developed for this study (available excellent agreement between ref. 19 and the present study. ‘D Core/Mantle’
in the Supplementary Information) that makes the same assumptions refers to the ratio of the concentrations in the core and mantle.

as ref. 19 (see Supplementary Equations). The simulations use a final
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Extended Data Figure 4 | PDFs of Ca (lithophile), Cr, and Ni
(moderately siderophile) for the accretion of elements in the Earth’s
mantle in the model of ref. 19. See Supplementary Equations for details.
The blue and red curves correspond to two endmember accretion
scenarios that can reproduce geophysical and geochemical constraints
for the Earth’s core and mantle. The red curves correspond to a scenario
wherein the mantle FeO concentration evolves from about 34 mol% to
5.9 mol%; the blue curves correspond to a scenario wherein the mantle
FeO evolves from 8 mol% to 5.9 mol% (bottom right panel; FeO path
numbers 13 and 6 in ref. 19). The black dashed curves are the predictions
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from equation (1). The non-flat density of Ca is an artefact due to the

fact that the FeO concentration of the mantle is arbitrarily prescribed,

such that in the scenarios investigated, the CaO concentration of the
accreted material would need to increase as the FeO decreases. This model
assumes full impactor core-target mantle equilibration and considers small
impactors (1/1,000th the size of the present Earth). The metal-silicate
distribution coefficients evolve as a function of the evolving pressure-
temperature-composition-oxygen fugacity conditions. The values of x .95
for Cr and Ni in the near-constant FeO model of Badro et al.'® are 0.81 and
0.23, respectively (compared to 0.85 and 0.39 for equation (3)).
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Extended Data Figure 5 | PDFs of Ca (lithophile), Cr, Ni (moderately
siderophile), and Ru (highly siderophile) for the accretion of elements
in the Earth’s mantle in the model of ref. 15. The red curves are from
the model'’; see Supplementary Equations for details. The black dashed
curves are the predictions from equation (1). The model of ref. 15 uses a
dynamical simulation (Grand Tack 4:1-0.5-8) as input that gives the mass
and heliocentric distance of each embryo or planetesimal that is accreted
by the Earth as a function of time. Embryos and planetesimals closer to
the Sun are assumed to be more reduced while those further away are
assumed to be more oxidized. Following each impact, the impactor mantle
is assumed to merge with the target mantle without metal equilibration,
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a fraction of the impactor core merges with the target core without silicate
equilibration, and fractions of the impactor core and target mantle are
allowed to equilibrate before the equilibrated metal sinks to the Earth’s
core and the equilibrated silicate mixes with the rest of the Earth’s mantle.
The metal-silicate distribution coefficients evolve as a function of the
evolving pressure-temperature-composition-oxygen fugacity conditions.
The values of xj o5 for Cr and Ni in the model of Rubie et al.'® are 0.88

and 0.41, respectively (compared to 0.85 and 0.39 for equation (3)). Note
that according to this model, half of the Ru in the mantle could have been
delivered before the late veneer; x 95 =0.14.

o
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Extended Data Figure 6 | Proportions of the E component in a three- The calculated isotopic anomalies in the Earth’s mantle are those of

stage accretion model of the Earth. See Supplementary Equations and E-chondrites: A0 = —0.0140.06, e*¥*Ca= —0.3740.24,

Fig. 2 legend for details. Unlike in Fig. 2, p'**Nd variations were taken e0Ti=—0.194+0.27, >*Cr = +0.06 £ 0.04, e**Ni=+0.01 £ 0.19,

into account in the minimization. Stages I, I and IIT comprise 0%-60%, Mo = +0.3440.37,'Ru=—0.1140.08, and p!**Nd = -7 +3
60%-99.5%, and 99.5%-100% of the Earth’s accretion. The accreted (x*=53). These match approximately the terrestrial composition (that
material is assumed to be mixtures of four components with the isotopic is, no anomaly by definition). Note that the fit is much worse than when
compositions of enstatite (E), ordinary (O), and carbonaceous chondrites !*2Nd is not included (x? = 11), in part because all chondrite groups
(CIand CO/CV). The five free parameters of the model are the fractions (including E) display resolvable negative j1'**Nd anomalies. This can

of E in stages I, I and III, and the proportions of CI and CO/CV in be explained if a component not sampled in chondrites contributed to
the non-enstatite component. These parameters are estimated using a making the Earth?® or if the accessible Earth has a slightly superchondritic
X*-minimization to reproduce the isotopic composition of the Earth’s Sm/Nd ratio??. Existing data on p'*°Nd, ji'*¥Nd and p1**Nd yield a 4142Nd
mantle for A0, e*¥Ca +£°Tj, €>*Cr, ¢*Ni, £Mo, £!%°Ru and p'**Nd value corrected for the presence of nucleosynthetic anomalies of —5 £ 2,
(seven independent constraints). The best-fitting model corresponds to suggesting that the shift in p1**Nd between E-chondrites and the Earth’s
about 100% E during all three stages, with up to 6% of O during stage II. mantle of —7 %3 could be due in part to *Sm decay®.
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