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Understanding the nature and origin of the precursor material to terrestrial
planetsis key to deciphering the mechanisms and timescales of planet formation’.
Nucleosynthetic variability among rocky Solar System bodies can trace the
composition of planetary building blocks?. Here we report the nucleosynthetic

composition of silicon (p*°Si), the most abundant refractory planet-building element,
in primitive and differentiated meteorites to identify terrestrial planet precursors.
Inner Solar System differentiated bodies, including Mars, record p*°Si deficits of

-11.0 £ 3.2 parts per million to -5.8 + 3.0 parts per million whereas non-carbonaceous
and carbonaceous chondrites show p*°Si excesses from 7.4 + 4.3 parts per million to
32.8 +2.0 parts per million relative to Earth. This establishes that chondritic bodies
arenot planetary building blocks. Rather, material akin to early-formed differentiated
asteroids must represent amajor planetary constituent. The p*°Si values of asteroidal
bodies correlate with their accretion ages, reflecting progressive admixing of a
13%Si-rich outer Solar System material to an initially p*°Si-poor inner disk. Mars’
formation before chondrite parent bodies is necessary to avoid incorporation of
13°Si-rich material. In contrast, Earth’s p*°Si composition necessitates admixing of
26 =9 per cent of 1>°Si-rich outer Solar System material to its precursors. The p*°Si
compositions of Mars and proto-Earth are consistent with their rapid formation by
collisional growth and pebble accretion less than three million years after Solar
System formation. Finally, Earth’s nucleosynthetic composition for s-process sensitive
(molybdenum and zirconium) and siderophile (nickel) tracers are consistent with
pebble accretion when volatility-driven processes during accretion and the Moon-
forming impact are carefully evaluated.

The classical theory for terrestrial planet formation involves a phase
of giant impacts between embryos over timescales of 50-100 Myr
(ref. 6). This long-standing paradigm has recently been challenged by
astrophysical observations’ and isotopic evidence for rapid planetary
accretion®. Although the hafnium-tungsten age of Earth hasbeen used
toargue forits protracted accretion >30 Myr after Solar System forma-
tion, the tungstenisotope composition of Earth’s mantle is consistent
with rapid accretion of proto-Earth provided that the Moon-forming
giantimpact occurred late’. Thus, the mechanisms of terrestrial planet
formation are still debated and theories such as pebble accretion allow-
ing rapid formation timescales have emerged™. In this model, streaming
instabilities facilitate the rapid formation of 100-km-sized bodies that
grow toformtheterrestrial planets by the accretion of millimetre-sized
pebbles within the 3-5-Myr protoplanetary disk lifetime™.

The Solar System’s nucleosynthetic isotopic variability can provide
insights into the nature of the material precursor to terrestrial planets
and, hence, their formation pathways. However, care must be takenin
interpreting nucleosynthetic dataas some tracersrecord only aminor
fraction of abody’s accretion history. Highly siderophile elements such

asmolybdenum (Mo) and ruthenium (Ru) essentially reside in planetary
cores such that their depleted abundance in the silicate portion of
rocky bodies documents only the final stage of a planet’s accretion®.
Moreover, siderophile elements are strongly affected by metal-silicate
equilibration associated with the Moon-forming impact®. In contrast,
non-volatile lithophile elements are not affected by metal-silicate
segregation and can track the entire accretion history of planets. The
bulk of existing nucleosynthetic data for lithophile elementsis based on
nuclides that are not major planet-forming elements (that s, zirconium
(Zr), strontium (Sr), titanium (Ti), neodymium (Nd), barium (Ba) and
chromium (Cr)). Thus, a major step forward towards understanding
the nature of the precursor material to terrestrial planets is develop-
ing anucleosynthetic tracer that is a major planetary building block.

Silicon as anovel nucleosynthetic tracer

We present a high-precision nucleosyntheticisotope analysis of silicon
(Si), themost abundant refractory Solar System element. Type Il super-
novae arethe principal nucleosynthetic source of all Siisotopes viastellar
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Table 1| Mass-independent p3°Si data for bulk meteorites

u3osi 2s.e. n
Terrestrial planets
Earth 1.2 1.5 10
Mars -5.8 3.0 5
Differentiated meteorites
Angrites -10.0 24 6
Vesta -9.5 4.0 5
Ureilites -9.5 2.8 2
Main-group pallasites -8.8 3.2 8
Pyroxene pallasites -11.0 3.2 2
Mesosiderites -8.0 37 1
Non-carbonaceous chondrites
L 74 4.3 1
LL 76 3.0 3
EH 1.8 2.8 3
EL 13.5 3.4 3
R 11 3.1 1
Carbonaceous chondrites
CR 104 3.6 2
cv 13.6 37 3
CM 16.3 3.0 3
CO 191 31 2
CK 21.4 4.0 2
TL 27.0 74 1
Cl 328 2.0 10

A summary of the p*°Si compositions for asteroidal and planetary bodies. The number of
individual analyses comprising distinct samples or repeat analyses of the same sample is
denoted by n.

burning processes, with minor contributions from type la supernovae
and asymptotic giant branch (AGB) stars (Methods)™. Thus, the bulk of
Siinthe Galaxyis synthesized by aubiquitous stellar process as opposed
torare astrophysical environments such as type la or electron-capture
supernovae. Although nucleosynthetic effectsinSiisotopes were identi-
fiedinrefractoryinclusions over three decades ago™, potential variations
are small and require previously unattained analytical precision.

Improving the analytical precision by an order of magnitude over
earlier studies, we analysed meteorites from Mars and Vesta as well as
angrites, ureilites, pallasites and amesosiderite, representing all major
classesofinner Solar Systemachondrites. The primitive meteorites stud-
iedhereincludeallmaingroups of carbonaceous and non-carbonaceous
chondrites (Table 1 and Fig. 1a). The mass-independent silicon iso-
tope data are reported as mass bias-corrected deviations from the
NBS-28 standard in parts per million, using the p-notation as follows:
WOSi = [(OSi/>ST) gample/ C°Si/**Si)nps2s — 11 x 10°. Samples of differentiated
planetesimals record identical *°Si deficits relative to Earth’s mantle
(13°Si=-8.9 +1.4 ppm, 2 s.e.,n =29). By contrast, allnon-carbonaceous
chondrites apart from R chondrites are characterized by p>°Si excesses
ranging from +7.4 + 4.3 ppm to +13.5 + 3.4 ppm. Carbonaceous chon-
drites are the most p1*°Si-enriched materials, with i>°Si excesses from
+10.4 £ 3.6 ppmto +32.8 + 2.0 ppm. Mars has a Siisotope composition
distinct from Earth with a p*°Si signature akin to differentiated plan-
etesimals (p3°Si=-5.8 £ 3.0 ppm).

As the p*°Si variability is relatively small, it may be an artefact of
inappropriate correction for natural mass-dependent fractionation.
Isotopic fractionation of Si under nebula conditions occurs as oxi-
dized silicon oxide (SiO) or reduced silicon sulfide (SiS)™. Alterna-
tively, Si may be fractionated in elemental form by its partitioning
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Fig.1|Mass-independent p°Si data for bulk meteorites and acomparison
withtheiraccretionages. a, Bulk meteorite p*°Si compositions. Error bars
represent 2 s.e.m.of multiple analyses or2s.e. of the sample analyses. The
vertical dashed line represents the mean terrestrial value derived from ten
individual measurements of terrestrial basalt standards. The symbols M, Eand
Vrepresent the composition of Mars, Earthand Vesta, respectively. b, p*°Si
compositions versus theiraccretion ages. Meteorites are grouped into non-
chondritic (NC), non-carbonaceous chondrites (NCC) and carbonaceous
chondrites (CC). Error barsrepresent2s.e.m. The dashed lineisalinear least-
squaresregression through all data points. Accretion ages in million years after
calcium-aluminium-richinclusion (CAI) formationand are taken fromref. 27.

into the core during planetary differentiation”. We show in Extended
Data Fig. 1 samples measured here plotted in three isotope p*°Si-
8%°Si space (67Si = [(*°Si/**S1) sampie/ C*Si/**Si)nps.2s — 11 x 10°) alongside
mass-fractionation lines calculated using fractionation laws for gase-
ous SiO, and SiS, as well as atomic Si. No natural fractionation law
can account for the p*°Si variability across Solar System materials. In
principle, the difference between the p*°Si composition of Earth and
EH chondrites may reflect partitioning of Siinto Earth’s core. However,
the magnitude of fractionation needed to explain the p*°Si disparity
(A*Sipgp.ey = 0.46, where BSE is bulk silicate Earth) requires a Si con-
centration in Earth’s core of >50 wt% (ref. 16) exceeding current esti-
mates (about 6% (ref.15)). Cosmogenic effects could also impart p*°Si
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Fig.2|Multi-elementisotope plot of n*°Siand p**Ca values for bulk Solar
System objects. Meteorites are grouped into non-chondritic (NC), non-
carbonaceous chondrites (NCC) and carbonaceous chondrites (CC).
Uncertainties for both *°Siand p**Caare 2 s.e.m. The dashed lineis alinear
least-squares regression throughinner-disk bodies and Cl chondrites. The
p*Cadataandsourcesareavailable in Supplementary Table 2.

variability. However, based on the indistinguishable p*°Si compositions
of ureilites and pallasites, which have contrasting average exposure
ages of 17 + 15 million years ago (Ma) and 104 + 36 Ma, respectively”s,
we conclude that cosmogenic effects are negligible. Presolar SiC grains
are animportant Sireservoir and, given their highly anomalous com-
positions (p3°Si = -2,700 (ref. 19 and Methods)), heterogeneous dis-
tribution of silicon carbide (SiC) grains could impart p*°Si variability.
However, mass-balance calculationsrequire anincreasein the SiC con-
centration in the source of achondrites about 75-times higher than
Clchondrites, which we consider exceedingly unlikely given that such
variability is not observed across chondrites®.

Enstatite chondrites, and allchondrites apart fromR chondrites, show
13°Si excesses relative to Mars and Earth. Thisis in stark disagreement
with the notion that Mars and Earth were formed by collisional mergers
between amixture of asteroidal bodies from which chondritic meteor-
ites are derived. Instead, Mars and Earth require a contribution from
material with a i*°Si-depleted signature recorded only by differentiated
planetesimals. Although the Siisotopic composition of R chondrites
matches that of Earth, different oxygen isotope signatures?, as well
as magnesium (Mg)/Si and aluminium (Al)/Siratios?, do not permitR
chondrite-like material as the sole precursor material to Earth. Thus,
asignificant implication of this work is that material akin to that of
differentiated planetesimals constitutes major building blocks of
terrestrial planets.

The p*°Si achondrite-chondrite dichotomy

Several studies have shown that meteorites exhibit a fundamental
isotopic dichotomy between non-carbonaceous and carbonaceous
groups?>. For example, non-carbonaceous achondrite and chondrite
parent bodies record deficits in the nucleosynthetic composition of
neutron-rich nuclides such as *Cr, *®Ca and *°Ti whereas carbonaceous
parent bodies record excesses, relative to Earth. This compositional
dichotomy isinterpreted as reflecting the spatial isolation of the inner
and outer Solar System reservoirs by the rapid formation of Jupiter®.
This dichotomy is not apparent in Siisotopes, which shows overlapin

the p*°Si values of non-carbonaceous and carbonaceous chondrites.
The major division observedin Siisotopesis between the parent bodies
of non-carbonaceous differentiated meteorites and that of chondrite
meteorites, indicating the existence of anachondrite-chondrite dichot-
omy asopposed to anon-carbonaceous and carbonaceous dichotomy.

The parent bodies of differentiated meteorites studied here accreted
in the inner disk?* (<3 AU) <1 Myr after Solar System formation®,
Chondriticbodies accreted later, with model ages of 1.8 + 0.1 Myr and
2.1+ 0.1 Myr for enstatite and ordinary chondrites, and 2.6 + 0.2 Myr
to 3.6 + 0.5 Myr for carbonaceous chondrites?. In contrast to non-
carbonaceous meteorites, water-rich carbonaceous chondrites®
accretedinthe outer disk, possibly associated with dust enrichmentin
apressure trap beyond Jupiter’s orbit** or with a primordial ice line situ-
ated several astronomical units from the Sun®., Figure 1b shows a clear
relationship between the accretion age of these bodies and their p*°Si
composition. The composition of the young (<1 Myr), inner protoplan-
etary disk recorded by differentiated planetesimalsis characterized by a
uniformdepletionin p*°Si. We observe a shiftin the p*°Sivalues between
differentiated meteorites and non-carbonaceous chondrites that both
accreted in the inner disk but at different times. As such, our results
establish that the p3°Si composition of the inner disk evolved within
about 2 Myr of Solar System formation. This compositional change is
consistent with progressive admixing of a high-p>°Si Cl-like outer Solar
System dust component to the inner disk*. Thus, we interpret the p*°Si
achondrite-chondrite dichotomy as atemporal feature, alleviating the
need for spatial isolation of inner and outer disk reservoirs®.

We compare in Fig. 2 the i*°Si values of inner-disk bodies with their
pu**Ca compositions, a nuclide also synthesized by stellar burning
processes™. In detail, **Ca as well as **Ca and **Ca that are utilized for
internal normalization are predominantly formed by oxygen and Si
burning in massive stars (Methods). Although **Cais produced by the
decay of the short-lived *Ti nuclide, it may be considered a product
of oxygen and Si burning as *Ti is synthesized this way before rap-
idly decaying to **Ca (half-life (¢,,) = 60 yr). The p*°Si-p**Ca values
are strongly correlated (Fig. 2), a feature that is consistent with their
predicted similar nucleosynthesis. Moreover, this observation sug-
gests that the Solar System’s Si and **Ca variability broadly reflects the
unmixing of two nucleosynthetic components. This is in agreement
with therecent proposal that the Solar System’s nucleosynthetic vari-
ability can be accounted for by destruction of interstellar dust in the
inner disk resulting in the enrichment of slow-neutron-capture-process
(s-process)-dominated stardust®. The ubiquitous p*°Si depletions
recorded by early-formed bodies, including Mars, represent the Siiso-
tope composition of theinitial, thermally processed reservoir enriched
instardust. Progressive admixing of outer Solar System material to the
inner disk by inwards drift resultsin areplenishment of theinterstellar
dust component, such that later-accreted inner-disk bodies such as
ordinary and enstatite chondrites will record higher p*°Si compositions.

Planetary accretion and isotope diversity

Marsisbelieved to represent astranded planetary embryo formed by
accretional collisions between planetesimals within the 3-5-Myr disk
lifetime®. Current models predict that Mars’ precursor material con-
sisted of amixture of ordinary, enstatite and carbonaceous chondrites*
withminor contribution from material akin to angrites®. However, the
13°Si value of Mars (-5.8 + 3.0 ppm) cannot be produced by mixing
any combination of chondritic components. Instead, the similar pi*°Si
values of Mars and early-formed differentiated planetesimalsindicate
its formation by collisional mergers between these types of bodies.
This is an outcome of differentiated planetesimals being available
building blocks in the inner disk for a significantly greater fraction of
Mars’ accretion period than chondrite parent bodies. Thus, Mars must
have completed its growth within about 2 Myr to avoid incorporation
of enstatite or ordinary chondrite-like material.

Nature | Vol 619 | 20 July 2023 | 541



Article

a 1.0
0.8
Cl (ref. 51) Cl (ref. 52)
0.6 ‘ *
04 Ur
2 ”
L
8, 02 /Ma, /',4'0((\«\6(\
SN
o -\
ok Ea Th .- s
— Model + Earth Mo
0.2+ ® Model Earth Mars Mo
Model Mars + Cl Mo
_04F . Model Theia + Ur Mo
- L L L )
-0.5 0 0.5 1.0 1.5
%Mo

Fig.3|Moisotope evolution of a planet experiencing thermal envelope
processing during pebble accretion. a, The dotted bluelineindicates the
addition of CImaterial to astarting material akin to ureilites, and the dotted
redlineindicates the enrichment of SiC by loss of non-SiC-hosted Mo (that is,
sulfide), which have acomposition complementary to SiC that when combined
yields the Cl****Mo value. The crosses indicate two measurements of Cl
chondrites®*?, Earth (Ea), Mars (Ma) and ureilite (Ur) (ref. 3). The black line
shows the model evolution of (¢°*Mo, £**Mo), with the masses of Mars, Theia
(Th) and Earthindicated as full circles. The survival of SiC grains leads to an
enhancementof SiCin the planet thatagrees with the s-process excess of Mars
and Earthin Mo. b, Contours of 0.15 e-unit radial distance AMo between model

The uniform depleted p*°Si signal recorded by inner Solar System
differentiated planetesimals suggests that this composition represents
that of the disk material available to fuel the growth of proto-Earth.
The p*°Si value of Earth is intermediate between non-carbonaceous
achondrite and chondrite meteorites. Thus, the proto-Earth could
have formed by collisional accretion of amixture of non-carbonaceous
achondrite and chondrite parent bodies after disk dissipation, requir-
ing a chondritic contribution ranging from 28% to 73% of Earth’s
current mass (calculated by admixing chondrite-type endmember
compositions to reproduce the terrestrial value assuming invariant
Si concentrations). This high chondrite fraction is inconsistent with
Earth’svolatile element budget, including its noble gas* and nitrogen®
inventory. Although volatile loss can occur viaimpacting bodies, this
mechanism is not efficient enough to remove the required amounts
of volatiles®. Moreover, the terrestrial noble gas inventory does not
supportimpact-driven erosion of Earth’s primordial atmosphere®.

The observed secular change in the p*°Si value of inner-disk
material is in line with previous suggestions that terrestrial planets
accreted a mixture of inner-disk material akin to ureilites and pristine
inwards-drifting CI chondrite-like outer Solar System pebbles*5™.,
We explore in Methods whether the p*°Si composition of Mars and
proto-Earth can be reproduced if their growth occurred by a com-
bination of collisions and pebble accretion during the disk lifetime.
Irrespective of the model parameters, our results require that Mars
andthe proto-Earth completed their growth within the 5-Myr disk life-
time (Extended DataFig.2). The fraction of Cl-like pebbles accreted by
proto-Earthand Mars correspondsto 26 + 9% and 10 + 12%, respectively
(calculated by admixing Cl-like pebbles to an achondrite composition
toreproduce the p*°Si values of Earth and Mars assuming invariant Si
concentrations). In contrast to collisional accretion, where the volatile
inventory ofimpacting material is delivered to the growing body, peb-
bles are thermally processed and devolatilized while falling towards the
protoplanet’s surface. Conditions for the thermal processing of infall-
ing material are self-sustained by the rapid accretion of pebbles, leading
to high-accretion luminosities that support a growing gas envelope
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and Nd. Itis noted that the loss fraction of Mars rises rapidly as the mineral
sublimation temperature approaches 1,000 K, the approximate maximum
temperature of Mars during accretion.

around the planetary core®*., This mechanism can decouple the refrac-
tory and volatile element budget of the accreting material and, thus,
the high fraction of Cl-like material in Earth’s precursor inferred here
does not violate the volatile element inventory of Earth.

Thermal processing of pebblesin the hot planetary gaseous envelope
(>1,000 K (ref. 40)) surrounding an accreting protoplanet can further
impart nucleosynthetic variability by selective destruction of volatile
carriers, inasimilar fashion as proposed for thermal processing of dust
intheinner protoplanetary disk>*?. Envelope processing is modelled to
occur when aprotoplanet reaches about 0.02 M, (ref. 11) and, as such,
this mechanismis only relevant for Earth and Mars. The nucleosynthetic
composition of achondrite and chondrite parent bodies, which owe
their growth to the streaming instability, is not affected by envelope
processing. Thus, these bodies cannot be used to trace the precursor
material to Earth and Mars, especially for nucleosynthetic tracers sensi-
tiveto envelope processing. Earthis enriched in s-process matter rela-
tive tomost inner Solar Systembodies, afeature used to argue that an
important planetary building blockis unsampled, s-process-enriched
inner Solar System material>*%. This conclusionis not supported by the
Siisotope data presented here. Thus, we explore the role of envelope
processinginmodifying the Mo isotope composition of Earth and Mars
asthiselementis widely used toinfer their accretion history. We adopt
the model of ref. 32, where the Solar System’s s-process variability rep-
resents variable unmixing of two dustreservoirs, namely, homogenized
interstellar dust and an s-process-dominated stardust component that,
when combined, reflect the solar composition. Sulfides (FeS, MgS and
CaS) are an important reservoir for Mo (ref. 43) as well as other trace
elements such as Zr and Nd in reduced chondrites****. Importantly,
astronomical observations suggest that >90% of the sulfur budget
in young disks is hosted in refractory sulfides, indicating that these
minerals are ubiquitousin protoplanetary disks*. Sulfide destruction
by envelope processing at expected temperatures 2700 K will progres-
sively enrich the accreted material in the s-process-dominated stardust
component. Figure 3 simulates the Mo isotope evolution of a planet
experiencing sublimation of acomponent carrying the complementary
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Fig.4|Monte Carlo simulations of Fe-Niisotope evolution of the
terrestrial mantle during concurrentaccretionand core formationin
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refs.8,53-55. The grey lines represent the evolution of the proto-Earth mantle
during pebbleaccretion. The coloured lines represent various outcomes of the
Moon-forming giantimpact dependingonthe fraction of the Theia’s core that
equilibrated with Earth’s mantle duringimpact. The equilibration degree is
shown by the colour scale and circles highlight 10% and 30% of equilibration
with Theia’s core.

isotopic composition of the s-process-dominated stardust during peb-
ble accretion. We find that the s-process excess of Mars and Earth can
be reproduced if about 10% of Mo residing in the homogenized inter-
stellar dust componentis lost during planetary envelope processing,
alleviating the need for a missing inner Solar System reservoir. The
loss fraction refers to the instantaneous fraction of Mo lost when the
envelope temperature is above the sublimation temperature of sulfides.
Anadditional contribution of planetesimals (not affected by envelope
processing) to Earth willincrease the necessary loss fraction from peb-
bles by a factor 1/f,..,, where f,., is the pebble contribution fraction
(25% planetesimal contribution thus gives 13% loss fraction of Mo).
Usingthe constraints from Fig. 3, we show in Extended Data Fig. 3 that
this enrichment of s-process-dominated stardust during envelope
processing canreproduce the terrestrial s-process excessin Zrand Nd
relative toinner-disk bodies. After correction for envelope processing
effects, Earth’s composition lies between that of non-carbonaceous
achondrites and CI chondrites (Extended Data Fig. 3), consistent
with the Si isotope data. Thus, Earth’s s-process excess relative to
achondrite and chondrite parent bodies is a hallmark of its different
accretion history, namely, pebble accretion as opposed to streaming
instability.

Extended Data Fig. 4 shows the p°Si values of various meteorite
parent bodies plotted against their >*Cr, *Ca and *°Ti compositions.
In contrast to the p*°Si-p**Ca Solar System correlation line, more
scatter exists, possibly reflecting the presence of multiple carriers of
anomalous neutron-rich isotopes. For example, “Ca and *°Ti are sen-
sitive to nugget effects from refractory inclusions, whereas *Cr-rich
supernovae-derived spinels* may induce additional **Cr variability.
Moreover, **Cr-poor and *°Ti-poor compositions have been identi-
fiedinthe aqueous alteration phases of primitive carbonaceous chon-
drites®*8, implying the existence of yet another carrier of anomalous

Crand Ti. In contrast to Earth and Mars, which owe a significant part
of their growth to pebble accretion, chondrite and achondrite parent
bodies are understood to have formed by streaming instability at the
ice line®. Thus, the different accretion mechanism of Earth and Mars,
and in particular the presence of hot planetary gaseous envelopes
during their accretion, may result in heterogeneous incorporation
of anomalous neutron-rich isotope carriers and, hence, decoupling
between the *°Si and *Cr-*8Ca—""Tivalues.

Thenucleosyntheticisotope composition of Earth’s mantle is Cl-like
for the siderophile elementiron, whichisinterpreted asreflecting rapid
differentiation of the proto-Earth during the disk lifetime®. However,
the composition of Earth’s mantle is not Cl-like for the siderophile
element nickel (Ni), which conflicts with this model. The final mass
of Earth includes a contribution from Theia, which collided with the
proto-Earth to form the Earth-Moon system. Thus, partial equilibration
of Theia’s core with the proto-Earth can modify the final composition
ofthe terrestrial mantle. Niis very siderophile under the low-pressure
conditions associated with accretion of proto-Earth by pebble accretion
but becomes increasingly lithophile at the high-pressure conditions
expected during the Moon-forming impact®. Figure 4 shows Monte
Carlosimulations that model the iron (Fe) and Niisotope evolution of
Earth’s mantle during pebble accretion and, subsequently, following
the giant impact for different degrees of equilibration with Theia’s
core. Accepting a mass of 0.6 M; and 0.4 M, for the proto-Earth and
Theia, respectively, the Fe and Ni isotopic composition of Earth’s
mantle canbe reproduced under arelatively low level of equilibration
with Theia’s core (<20%). We note that the Ni isotope composition of
Earth’s mantle is not on a mixing relationship between achondrites
(thatis, group llIABiron meteorites) and Cl chondrites on a p**Ni-p®*Ni
diagram. Earth’s and Theia’s mantles at the end of pebble accretion
at about 2.5 Myr are inferred to have Cl-like Ni isotopes and a Fe/Ni
ratio of about 193 from the model described in Fig. 4 (Methods). This
superchondritic Fe/Ni ratio will resultin modest radiogenicingrowth
of ®*Ni from the short-lived ®°Fe nuclide (¢,,, = 2.6 Myr) such that the
Niisotope composition of the combined mantles of Earth and Theia
before partial equilibration with Theia’s core aligns on a mixing rela-
tionship with Earth’s modern mantle and group IlIAB iron meteorites
(Extended Data Fig. 4d). Thus, the Niisotope composition of the ter-
restrial mantle and, in particular the presence of radiogenic ®°Ni, is
consistent with rapid formation of the proto-Earth by pebble accretion
within the disk lifetime.

Conclusions

The cosmochemistry of Si, a major planetary component, provides
anovel perspective on the accretion history of terrestrial planets,
emphasizing the role of early-formed, inner Solar System differenti-
ated asteroids as major planetary building blocks. Importantly, the
Si nucleosynthetic composition of asteroidal and planetary bodies is
impervious to admixing of refractory presolar SiC grains in contrast
to minor planetary components such as Mo and Zr. Planet formation
by pebble accretion predicts significant thermal processing of the
accreted material, as opposed to planetesimal accretion and planet
formation by the streaming instability and collisional growth, respec-
tively. Thus, the primary composition of tracers suchas Mo and Zr can
be modified by secondary, volatility-driven processes during planetary
growth by pebble accretion. Similarly, the nucleosynthetic composi-
tion of Earth’s mantle for siderophile elements can be modified by
equilibrationwith Theia’s core during the Moon-forming impact. A final
implication of this work is that comparison of various nucleosynthetic
tracers without careful consideration of their geochemical behaviour,
the nature of their carrier phases (that is, volatile versus refractory)
and, lastly, their nucleosynthetic origin may not provide meaning-
ful information on the nature of material precursor to terrestrial
planets.
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Methods

Sample preparation and isotope analysis

Sample digestion was performed using an alkali fusion technique®®.
Approximately 5-7 mg of powdered sample from an initial mass of
about 1 g for chondrites and 15-30 mg for achondrites was mixed
with sodium hydroxide (NaOH) pellets (>99.98% purity) in silver cru-
cibles (99.99% purity) witha NaOH/sample ratio of about 30. The silver
crucibles were then heated in a furnace at 720 °C for 13 min, produc-
ing a hyperalkaline liquid in which the silicate portion of the sample
breaks down. The alkaline sample solution was then cooled at room
temperature to form a metastable silicate complex. After cooling,
5mlof18.2 MQ cm™ water was added to the crucibles before 15-min
ultrasonic treatment. The sample solution was then transferred to a
Savillex Teflon beaker. This step was repeated three times until a final
solution of 15 ml was made to ensure complete transfer of the sample.
The solutions were acidified using 7 M nitric acid (HNO,) to digest any
metals that are unaffected by NaOH fusion. We note that some labo-
ratories favour the use of hydrochloric acid (HCI) to avoid additional
“N'*Q* polyatomic interference on>°Si. We found that sample-standard
mismatches in HCl molarity induce a greater matrix effect than HNO,
when performing isotope analyses on our instrument (8°°Si offset
of 0.1%o requires an approximately 0.02-M mismatch for HCl and an
approximately 0.32-M mismatch for HNO;). Therefore, we use HNO,
as acid in our procedures given that the final solutions are not evap-
orated to dryness before isotopic analysis, which prevents us from
matching the molarity of the sample and standard by conventional
means. After acidification, the samples were ultrasonicated for 20 min
and shaken vigorously halfway. A further 25 ml 0of 18.2 MQ cm™ water
was added to the samples to produce a final volume of about 40 ml.
Such large volume dissolutions aid in preventing precipitation of Fe
hydroxides, which have been shown to preferentially adsorb light Si
isotopes®’. Finally, the pH of the solutions was adjusted to 2-3 before
cation exchange chromatography as monosilicic acid (H,SiO,) is most
stable from polymerization at this pH range’®.

Following dissolution of the samples, purification of Siwas achieved
by cation exchange chromatography*®. Columns were filled with 3 ml
BioRad DOWEX 50W-X12 (200-400 mesh) cationexchangeresinin H"
form. The resin was precleaned by rinsing several times, alternating
between 6 MHCI,7 MHNO;and 18.2 MQ cm™ water. The resin was then
preconditioned to aneutral pH using about 20 ml18.2 MQ cm™ water
before sample loading. The totalamount of Siloaded onto the columns
was about150 pgforsamplesand about 300 pg for quartz-sand stand-
ard NBS-28. Silicon was eluted with 6 ml 0of18.2 MQ cm ™ water (pH neu-
tral), while all cationic species are retained by the resin. In preparation
for mass spectrometry, the eluted sample and standard solutions were
adjusted to a final molarity of 0.5 M HNO,. Following the approach of
ref. 59, the solutions were also doped with a sulfate solution to a fixed
S/Siratio of about 5. Sulfur doping was found to be critical in minimiz-
ing matrix effects between sample and standard solutions imparted by
SO,* ions that are not retained by the cation exchange resin.

Siliconisotope measurements were performed using a Thermo Sci-
entific Neptune Plus multi-collectorinductively coupled plasma mass
spectrometer (ICP-MS) at the Centre for Star and Planet Formation, Uni-
versity of Copenhagen. Samples of about 4-ppm Si were aspirated into
the plasmasourcein 0.5 MHNO, using an Apex-Q (Elemental Scientific)
with an ACM Nafion fluoropolymer membrane desolvation module
and and approximately 100 pl min™SeaSpray nebulizer. Instrumental
sensitivity at this uptake rate was typically 30 V ppm™in high-resolution
mode. The high tolerance of the SeaSpray nebulizer to total dissolved
solids mitigates against blockages in the nebulizer by precipitation of
silica. The dry plasma conditions generated by this set-up reduce the
isobaric effects of interfering molecular species. Samples were meas-
ured against the quartz sand standard NBS-28 (NIST RM8546) using
standard sample bracketingto correct for instrumental mass bias drift.

The Faraday cup collecting the **Si beam was equipped with a10"°-Q
amplifier, whereas ?Si and *°Si were collected in cups connected to
10"-Q amplifiers. This configuration allowed for measurement of Si
atsignalintensities of atleast 100 V. Signal intensities of the sample and
standard were matched to within 5%. The instrument was operated in
high-resolution mode with aminimum mass resolving power of about
11,000 (m/Am as defined by the peak edge width from 5-95% full peak
height) to effectively resolve isobaric interferences on the measured
isotopes of Si. A new high-resolution slit (27 pum) was installed before
each measurement session, which typically showed signs of degrada-
tion after one week. Mass resolving power was monitored carefully
on a24-h basis to ensure the resolution of the source slit remained
suitably high for analysis. A typical Si isotope session consisted of 2
or3samples, each measured either 5 times for 100 cycles witha16.6-s
integration time or 10 times for 100 cycles with an 8.39-s integration
time, corresponding to approximately 15 ml of solution for a fullsample
analysis. The NBS-28 standard was also measured in same fashion as
the samples before and after each sample measurement. Between each
measurement, a blank acid solution identical to that used for sample
dilution was measured for 25 cycles of 8.39 s. On-peak background
intensity was typically <0.1% of the total signal and did not vary sig-
nificantly between sessions. A peak centre was performed at the start
of each session, with no peak centres during the session as peak drift
was negligible.

As with other elements in this range of the mass spectrum, there
are a host of potential molecular interferences on the isotopes of Si,
suchas>C'*0*and N, on?Si, Si'H" on 2°Si, and *N*0* on *°Si. As the
interferences are slightly heavier than the respective isotope of inter-
est, measurement on the left side of the Si peak shoulder allows the
measurementof aninterference-free analyte beam. The high-resolution
mode (m/Am >11,000) utilized in this study provided sufficient mass
resolving power to eliminate isobaric interferences on the Si beams.
For example, resolving the most problematic interferences **Si'H*
(28.984762 AMU) on *Si (28.97649 AMU) and *N"0" (29.99799 AMU)
on>°Si(29.97377 AMU) requires amass resolving power of m/Am = 3,500
and m/Am =1,240, respectively. To determine the optimal mass posi-
tion for isotopic analysis, shoulder tests were performed whereby we
measured *Si/?8Siand *°Si/*Si ratios at a range of mass positions on the
low-mass side of the Si peak to calculate §*°Si and p*°Si. This procedure
was performed before each analytical session to ensure measurement
ofaninterference-free beam. An example of n*°Sivalues independently
calculated for a range of axial masses (Extended Data Fig. 5) shows a
mass range of about four millimass units free of interfering species.
The typical mass position selected for analysis was 28.960 as the effects
fromisobaricinterferences were insignificant at this mass. In particular,
measurement at this mass position ensures that dataacquisitionis not
affected by the Si'H" interference, appearing 0.008 AMU after initiation
ofthe Sipeak. Alldatareduction was conducted offline using the lolite
data reduction software®. Background intensities were interpolated
using aweighted linear spline, and changes in mass bias with time were
interpolated using a smoothed cubic spline.

During separation of Si by cation exchange chromatography, several
additional anionic species may pass through the column. Consequently,
distinct chemical differences in the Si separates between meteorite
groups may cause mass bias between the different objects analysed.
Matrix effectsimparted by SO,> ions that are not retained by the cation
exchangeresinare suppressed by doping samples and standards with
a sulfur solution; however, other species such as PO,” may be prob-
lematic. To this effect, we determined the concentration of residual
impuritiesin the Sifraction using aniCAP ICP-MS located at the Centre
for Star and Planet Formation, using multi-element calibrated refer-
ence solutions. We determined the concentration ofimpurities for four
samples representing the different sample matrices investigated in
our study, namely, the BCR-2 terrestrial standard, the Orgueil carbona-
ceous chondrite, the QUE 97014 eucrite and the Krasnojarsk pallasite.
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Noimpurities above percentlevel relative to Si were detected, with Na,
P, Cr and Mo being the only impurities present above 0.1% (Extended
Data Table1). To assess the effect of these impurities on our measure-
ments, NBS-28 standard solutions doped with 2% Na, P, Cr and Mo (rela-
tive to Si) were measured using the same analytical approach employed
for all samples. This level of contaminants is 3-10 times greater than
observed in our samples. No measurable effects were detected on
the 8%Si or p*°Si values within the uncertainty of our measurements
(Extended Data Table 2) and, thus, we conclude that the level of impuri-
ties presentin our sample is negligible.

To assess the long-term reproducibility of our measurements, the
deviation of individual p*°Si measurements from the mean p*°Si value
ofthe sample (asreported in Supplementary Table 1) is calculated for all
terrestrial standard and Orgueil measurements, following an approach
similar to that utilized by ref. 61. The included samples were measured
overal9-month period and are therefore expected to give an accurate
prediction of long-term external reproducibility. Extended Data Fig. 6
shows a histogram plot of p*°Si deviations from the sample mean for
10 terrestrial standard and 10 Orgueil analyses, which corresponds
to a total of 148 individual analyses. The histogram does not include
statistical rejection of measurements, but only manual rejection owing
to non-statistical reasons such as abrupt changesin sample uptake or
samples running out of solution towards the end of an analysis. The p*°Si
deviations show a normal distribution with a 2 s.d. external precision
of 17.5 ppm, which corresponds to a 2 s.e. of 6.4 ppm given that each
sample was analysed on average 7.4 times (20 samples for a total of 148
individual analyses). The precision of individual samples is reported
as 2s.e. of the sample mean in Supplementary Tables1and 2 and s.e.
of the group meanin Table 1. The errors reported in Table 1linclude
distinct samples or repeat measurements of the same sample. The
average 2 s.e.of allsamples measured in this study is 5.4 ppm (n=72).
Hence, the internal and external reproducibility of sample measure-
ments are comparable to within 1 ppm. In addition, the sample set
used in the above calculation of external precision includes multiple
digestions of the same sample as well as samples with significantly
different matrices. As the 2 s.e. external precision of our dataset is
comparabletothe precision of individual sample analyses, we conclude
thatnoadditional source of uncertainty isintroduced through sample
dissolution or chemical separation of Si.

Mass-dependent Siisotope composition of meteorites

Bulk-rock mass-dependent Siisotope data are reported as §>°Si values
for all measured meteorites in Supplementary Table 1and Extended
DataFig. 7. The long-term reproducibility of our measurements was
evaluated using mass-dependent isotopic compositions of three ter-
restrial basalt standards: BHVO-2, BIR-1 and BCR-2. Isotopic analysis
of these terrestrial rock standards includes multiple dissolutions
of the same rock powder, as well as chemical purification of Si per-
formed in several independent sessions over a19-month period. The
standards were measured under the same analytical conditions as the
meteorites and repeated over many sessions. Repeat measurements
of BHVO-2 returned an average 5°°Si of —-0.26 + 0.02 (2s.e.,n=6), in
good agreement with previously reported values. Similarly, basalts
BIR-1(6°°Si=-0.29 +0.03,2s.e.,n=1) and BCR-2 (6°°Si =—0.22 + 0.02,
2s.e.,n=23)alsoreturned an average value within the range of values
determined by other laboratories.

Comparison with published Siisotope data

Theonly previous study of mass-independent Siisotope datawas unable
toresolve p*°Sivariability from the terrestrial composition for all bulk
meteorites apart from angrites®. The lack of variability in their study
isattributed toinsufficient analytical precision (about 30 ppm, 2 s.e.).
Thereportedisotopic composition for angrites of p*°Si=-36 + 20 ppm,
however, is in agreement with the value of p*°Si =-10.0 +2.2 ppm
reportedin thisstudy. Given that there are no precise mass-independent

Siisotope data for meteorites, mass-dependentisotope values provide
the best means for inter-laboratory comparison. Our 6>°Si values for
arange of well studied samples are in excellent agreement with those
in the literature'®®*”!, demonstrating the robustness of the analytical
techniques used in this study (Extended Data Fig. 8).

Mass-independent **Caisotope composition of meteorites

We compare the nucleosynthetic variability of *°Si and **Ca to assess
the consistency of our model. This comparisonis justified by their
productionin similar nucleosynthetic environments and, thus, some
co-variance is to be expected. The p**Ca values for a range of Solar
System materials are available in Supplementary Table 2. Some of
these dataare published values’”® and are indicated in Supplementary
Table 2. Additional p**Ca data were obtained following the same analyti-
cal protocol as described in previous work’7”>, The *Caisotope dataare
corrected for mass bias assuming kinetic fractionation and are reported
as u*3Ca values, denoting mass-independent isotopic deviations of a
sample relative to the SRM 915b standard: p**Ca = [(**Ca/**Ca),mpie/
(**Ca/**Ca)sgporsp — 11 X 10°.

Nucleosynthesis of Si and Caisotopes
The main Si isotope ?Si is significantly more abundant than ?°Si and
%0Sj by virtue of Si being the most abundant product of the oxygen
burning process in massive stars. The other two stable isotopes, Si
and>°Si, exist primarily owing to hydrostatic oxygen and neon burning
processes in massive stars and by explosive burning in the terminal
stages of their evolution as type Il supernovae'*.. In the case of low- to
intermediate-mass stars, Siisotopes are produced in the AGB phase.
In this thermally pulsing AGB phase, Si-bearing molecules condense
in the outflows of the star to form grains (for example, SiC) that will
preserve the Si isotopic ratios at the time of their formation. On the
basis of the observation that ?°Si/*°Si isotope ratios in presolar SiC
grains closely mimic the galactic chemical evolution line for Siisotopes,
the AGB phase does not appear to significantly modify the galactically
inherited Siisotope ratios™. Similarly, the production of Siisotopesin
type lasupernovae is negligible relative to their principal production
during hydrostatic and explosive burning processes in massive stars',
Inthe analysis of our data, we compare the *°Si and p**Ca composi-
tions of meteorites owing to the similar nucleosynthetic heritage of *Si,
“Caand theisotopes involved in normalization for their respective p
values (*Si and ?°Si for p°Si, “*Ca and **Ca for u**Ca). As for all three
isotopes of Si, *Caand **Caare primarily produced by both hydrostatic
and explosive oxygen burning in massive stars with some contribution
from neutron capturein the stars’ mantle®. The **Caisotopeis adecay
product of the extremely short-lived radionuclide *Ti (¢,,, = 60 yr) that
isalso produced during oxygen and Si burning processes. Hence, the
co-production of Si and the mentioned Ca isotopes by comparable
nucleosynthetic processes can account for their strong co-variance
over, forexample, the more anomalous **Ca, whichis producedinrare
type la supernovae explosions or electron-capture supernovae®”.

Calculation of mass-independent values of SiC grains

The average mass-independent pi*°Si, £*#**Mo and £*°Zr isotope com-
positions of presolar SiC grains are calculated using data from the
presolar grain database® and £"*°*Nd compositions were calculated
using data fromref. 76. First, the raw isotope ratios for mainstream,
X, Y and Z SiC grains are calculated from their mass-dependent
values. Mass-dependent effects are then corrected for using true
28i/*Si = 0.05080, **Mo/**Mo =1.45711, *°Zr/**Zr =2.96030 and
146Nd/"™*Nd = 0.7219 ratios for internal normalization, assuming an
exponential law. The p*°Si, £°**Mo, £°°Zr and £"*Nd compositions of
eachSiCgrainisthenthe deviation of the mass-fractionation corrected
ratios from the solar ratios. The average mass-independent values of
allSiCgrains combined is then calculated by assigning weights of 90%
to mainstream grains, 2% to X grains, and 4% to both Y and Z grains,



based on their relative abundances in meteorites”. Using this method,
we derive the average SiC compositions reported in Extended Data
Table 3. Given the anomalous Si isotopic compositions of SiC grains
(1*°Si = -2,700), we explore whether their heterogenous distribution
in the disk could explain the observed p*°Si variability. To generate
the most depleted p*°Si compositions as recorded by pyroxene pal-
lasites (u*°Si =-11.0) from a solar composition approximated by CI
chondrites (11 wt% Si, p*°Si = 32.8), requires a SiC concentration (70 wt%
Si, p*°Si =-2,700) 0f 2,550 ppm, which exceeds meteoriticabundances
by afactor of about 75.

Pebble accretion numerical simulations

We use numerical simulations to explore whether the p*°Si composition
of Mars and proto-Earth can be reproduced if their growth occurred
by a combination of collisions and pebble accretion during the disk
lifetime. Our terrestrial planet formation simulations are builton a
model that has been described earlier’®”°, The simulations consider
the growth of a single planetary body within a protoplanetary disk.
The protoplanetary disk is modelled as a standard, time-dependent
alphadisk, where the mass accretion rate onto the star drops froman
initial 10° M, yr' to 10° M, yr ' over 5 Myr of evolution. The viscosity
coefficient is set to @ =1072. The planets grow by accreting pebbles
and planetesimals. Pebble sizes are fixed at 1 mm, in agreement with
observational constraints from protoplanetary disks®® as well as domi-
nantsizes of chondrules found in chondritic meteorites. The diffusion
coefficient of the gas sets the scale height of the pebbles and hence the
transition fromthe initial three-dimensional accretion to more efficient
two-dimensional pebble accretion. The diffusion coefficient is taken
as §=3x107*, which is significantly lower than the global a viscosity.
This reflects that the mid-plane of the protoplanetary disk probably
has only weak coupling between gas and magnetic fields, lowering the
strength of the turbulence there. The radial pebble flux is calculated
as afraction £times the instantaneous flux of gas through the proto-
planetary disk (with { decreasing with time owing to pebble drift; see
caption of Extended Data Fig. 2 for details). We include a planetesimal
belt centred around 1.6 AU; we showed inref. 11 that such a planetesimal
belt yields agood match to the architecture of the terrestrial planets.
The planets accrete a large fraction of planetesimals while inside this
belt, but pebble accretion dominates for planetary masses above 0.1 M
that migrate out of the belt. In this picture, Mars is a planetary embryo
that did not migrate out of its birth region, whereas Venus, Earth and
Theia experienced significant inwards migration™.

In these models, a first generation of planetesimals forms by the
streaming instability followed by a mixture of collisional accretion of
these planetesimals and pebble accretion to grow Mars-sized bodies.
Atransition to agrowth mode dominated by pebble accretion occurs
from this point, which is a natural consequence of increased gravita-
tional focusing of pebbles onto a protoplanet relative to planetesimals
when Mars mass is achieved". We use the p*°Si composition defined by
non-carbonaceous achondrite parent bodies as the starting composi-
tion of the first-generation planetesimals and fit a power law through
the data of Fig. 1b for the Si composition as a function of time. The fit
follows £ = C(1®°Si — 13°Si,)?, where 1S, is the value of p*°Siat t= 0, 8
is the power-law parameter and Cis a fitted constant. The constants
Cand p*°Si, are fully determined by requiring the function to fit the
composition ofthe achondrites and the chondrites at their respective
accretion times. In Extended Data Fig. 2, we present results for =1
(linear fit) and = 0.5 (representing a more abrupt transition in the
composition of theinner disk). The linear modelyields anaccretion age
of 2 Myr, whereas the abrupter admixing of pristine dust to the inner
Solar Systemyields anaccretion age of approximately 3 Myr. The final
mass of Earth includes a contribution from an additional terrestrial
planet, Theia, that collided with the proto-Earth to form the Earth-
Moon system at a later time. This early termination of Mars’ growth is
anatural consequence of stirring of its orbit by other protoplanets in

the competition for pebbles. Critically, the inferred formation time-
scales of the terrestrial planets cannot be extended by any reasonable
parameter adjustments.

Thermal processing in the planetary envelope

The gravity of the protoplanet attracts a hydrothermal envelope of
hydrogen and helium that connects continuously to the pressure and
temperature conditionsin the protoplanetary disk at the Hill radius®?®'.
The sublimation of minerals within the accreted pebbles s calculated
using an equilibrium model for the planetary envelope structure (that
is, pressure and temperature as a function of height over the surface).
We set the luminosity of the planetas L = GM,J,a/\}Ip,a/Rpla where Gisthe
gravitational constant, M,,,is the planet’smass, R, is the planet’sradius,
and M,,is the mass accretion rate set as exponential mass growth on
timescale T= 0.7 Myr (following ref. 41). Here R, marks the surface of
the protoplanet, which s initially solid but later melts from the accre-
tionenergy to form amagmaocean. We use analytical structure expres-
sions that assume hydrostatic equilibrium and the minimum of the
radiative and convective temperature gradient®. These expressions
utilize a realistic power-law dependence of the opacity on the tem-
perature (weset the opacity level at the disk temperature to 0.01 m?kg™).
Extended Data Fig. 9a shows the proportion of the accreted material
that has been processed at a continuous range of possible mineral
sublimation temperatures as a function of planetary mass. Significant
thermal processing begins ataround 0.04 M. For aMars-mass planet,
approximately 50% of the material has been processed at the FeS sub-
limation temperature of 690 K, while the processed fraction rises to
>90% for a protoplanet of 0.6 M.. Extended Data Fig. 9b shows the
structure of the envelope of proto-Earth, assuming a mass of 0.6 M.

The Bondi radius defined as Ry = GM/c.2 demarks the extent of the
gravitationally bound envelope, where c,is the sound speed of the gas.
For our proto-Earth model, R; = 5 x 10° km. The regions of the Hill
radius outside the Bondi radius are penetrated by recycling flows
from the protoplanetary disk®. We assume that the H,S molecules
that are released upon FeS sublimation, as well as a fraction of about
10% of the embedded trace elements (such as Mo and Ru), escape from
the Bondi radius with large-scale upwards-moving convective cells*.
Such low-abundance trace elements, once released from the FeS, will
either remain in atomic form or nucleate as tiny nanoscale clusters
that move easily with the gas flow. These clusters will not be able to
grow to pebble sizes owing to the scarcity of the elements in the gas
phase®. We can not a prioripredict the mass loss of refractory elements
released by FeS sublimation in the envelope. Our choice of loss frac-
tion is motivated by the simultaneous match to the Mo composition
of both Earth and Mars for a range of loss fractions between 7% and
10% (Fig. 3).

Thegasflows inthe Bondiradius have acharacteristic length scale of
Ry and acharacteristic speed of c,and hence carry a turbulent diffusion
coefficient of D = a,,,RsC,, Where a,,, is a factor of order unity in the
convective envelope*. We estimate the timescale to diffuse over the
Bondi radius as 4 = Rp*/(Aeon CsR5) = GM/ (Ao Cs2) = 0.046 yr (M/My)
(T/125K) *?a,,,. Thisis clearly a very rapid timescaleiin the convective
regionwherea,,,, is approximately unity for the high-pebble-accretion
luminosities®. For the radiative zone, even tiny amounts of turbulence
(@eony > 107) arising from of convective overshoot® or stirring from the
protoplanetary disk turbulence facilitates loss on atimescale of a mil-
lion years. We note that this escape mechanism would not apply to more
refractory minerals such as silicates, as silicate vaporization reduces
the dust opacity and leads to formation an additional radiative region
at a temperature of approximately 1,800 K that would prevent more
refractory species from escaping via convective cells*. The sublimation
of silicates also forms alayer richin SiO vapour, withamean molecular
weight that is much higher than the hydrogen and helium gas in the
envelope®*. This mean-molecular-weight gradient further prevents
convection from penetrating over the boundary between envelope
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and SiO layer. SiC grains will also sublimate in this silicate layer and
hence add their isotopic contents to the bulk planet.

Iron-nickelisotope evolution simulations

Each of the 100 Monte Carlo simulations plotted in Fig. 4 traces the
evolution of the terrestrial core and mantle during two steps of Earth
formation, namely accretion of outer Solar System pebbles and the
Moon-forming giantimpact. Group IlIABiron meteorites and Cl chon-
drites are used as isotopic proxies for inner and outer Solar System
planetesimals and pebbles (starting compositionin each simulation),
respectively.

Ureilite meteorites have been taken as a proxy for the inner-disk
compositioninearlier studies*. However, limited Niisotope data exist
for ureilites and these are plagued by large uncertainties®. Thus, we
use group IlIAB iron meteorites as a proxy for the composition of the
disk material at early times. This is a reasonable assumption as group
IIIAB iron meteorites are modelled to have accreted in the inner disk
within the first million years of Solar System evolution®. Fe and Ni
core-mantle partitioning was modelled with a constant core mass
fraction of 0.325 (ref. 87) and at a fixed oxidation state corresponding
t0 6.26% of Fe in the mantle*. Ni partitioning was modelled to be pres-
sure dependent, becoming significantly more siderophile under low
pressure®®®, At the start of the simulation during pebble accretion,
fullequilibration between accreted metal component and the mantle
before core segregation was assumed for each calculation step. During
the giantimpact, full equilibration between the proto-Earth and Theia
mantles was assumed but different degrees of equilibration with Theia’s
core were modelled as fractions of Theia core that equilibrated with
the mantle. It is noted that the proto-Earth core remains isotopically
isolated. An equilibration depth of 0.5 of the full mantle depth was
chosentoachieve afinal mantle equilibration pressure of about 55 GPa
inaccordance with previous work®. This results in a final Dy mecaysiticate) OF
about 26 (ref. 88). We assume masses of proto-Earth and Theia of 0.6 M,
and 0.4 M at the time of impact, following numerical simulations of
pebble accretion produced by ref. 11. Both protoplanets are assumed
to have the same bulk composition and accreted 26% of their masses
fromthe Clreservoir, based on the Siisotope data from our study. For
the Monte Carlo simulations, the compositions of group IIIAB iron
meteorites and Cl chondrites were varied according to a normal distri-
butionwithans.d. equaltothes.e.of the data. Otherinput parameters
were assumed to be invariant. All input parameters for these models
aredescribed in Extended Data Table 3.

We note that the Niisotope composition of Earth’s mantle is not on
amixing relationship between achondrites (that s, group IlIIAB iron
meteorites) and Cl chondrites on a p®°Ni-p®’Ni diagram. In detail, the
terrestrial mantle plots above the mixing line between IlIIAB and CI
chondrites. Therefore, we explore whether the terrestrial ®°Ni excess
canbe explained by the radioactive decay of the short-lived *°Fe nuclide
(t,,=2.6 Myr). From the model provided in Fig. 4, we calculate that
the Fe/Ni ratios of the mantles of proto-Earth and Theia after accre-
tion and differentiation are about 163 and about 273, respectively.
Accepting a mass of 0.6 M; and 0.4 M, for proto-Earth and Theia,
respectively", mass-balance arguments require that the combined
mantles of proto-Earth and Theia have an Fe/Niratio of about 193 before
equilibration with Theia’s core. We assume that the main differentia-
tion of proto-Earth and Theia occurred at 2.5 Myr after Solar System
formation, which represents the average of the two pebble accretion
simulations presented in Extended Data Fig. 2. Using an initial Solar
System ®°Fe/*Fe abundance of 1.15 + 0.26 x 1078 (ref. 85), we calculate an
excess pu°Niof 3.6 ppm for the composition of the combined mantles of
proto-Earthand Theiarelative to the Cl composition (representing the
composition of the combined mantles before decay of *°Fe). We show
in Extended Data Fig. 4d that once the contribution from radiogenic
°°Ni is accounted for, the Niisotope composition of the combined
mantles of Earth and Theia before partial equilibration with Theia’s

core aligns on a mixing relationship with Earth’s modern mantle and
group IIIABiron meteorites. Itis noted that the degree of equilibration
with Theia’s corerequired to account for the terrestrial compositionis
<20%, consistent with the Fe-Ni evolution model shown in Fig. 4. The
presence of radiogenic °°Ni in Earth’s mantle is not only consistent
with but also requires rapid formation of the proto-Earth by pebble
accretion during the lifetime of °°Fe. The Ni isotope compositions of
Clrepresent the average (+2 s.e.) value fromrefs. 85,90,91, whereas the
IIIAB compositionis fromrefs. 61,85. The terrestrial mantle composition
isan average of two mean values calculated fromrefs. 61,91.

Data availability

All data are available at EarthChem®2 Source data are provided with
this paper.
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includes both pebbleaccretion and planetesimal accretioninanevolving
protoplanetary disk. We grow Earth to 0.6 My and an additional planet, Theia,
to 0.4 M to complete Earth’sgrowthinagiantimpactbetween the two. The
planetesimalsare placed inanarrow beltaround 1.6 AU. The left panel shows a
model where pi*°Siincreases linearly with time (as in Fig. 1b) and the pebble flux
is1.0% times the gasaccretion rate onto the star after 1 Myr and then falls as t*
where p=-1.5.Here Mars forms within1.5Myr and proto-Earth within 2.5 Myr.
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Assuminginstead asmaller pebble flux (0.9% of the gas flux) and amore abrupt
admixing of Cl-like material into the inner regions of the protoplanetary disk
[t(u3°Si) = K*(u3°Si - u3°Siy)P with = 0.5and K adapted to yield p°Si=+10 at
t=2Myrwhentheordinary chondrite parentbodies form], the right panel
shows that Earth formation within 3 Myr matches the Siisotopic composition
of proto-Earth. Thismore abrupt transitionin the composition of theinner
protoplanetary disk yields afinal accretion of material with a Cl-like composition,
inagreementwith ironisotope measurements for Earth®. For each planet, the
contribution from pebble and planetesimal accretionare indicated. For
example, for Mars (0.1 Mg) pebble and planetesimal accretion contribute
equally (0.05M;) to the final mass of the planet.
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y=0.9432x+0.0463.B) The effect of 5-7% enrichment of SiC grains by thermal
processing on the £°°Ti-€"**Nd composition of Earth. C) The effect on the
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processingisingreenand Earthafter envelope processing (as measured) isin
blue. The arrows indicate the effect of envelope processing on the isotopic
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existdue toincorporation of **Cr-rich supernovae oxide grains. The Niisotope
diagram shows that the terrestrial mantle lies on amixingline between I11AB

and the combined mantles of proto-Earth and Theia (prior to equilibration with
Theia’s core) whenradiogenicingrowth of ®Niis accounted for (see Methods).
p*¥Cadatais fromrefs. 4 and 35.£%Crand £5°Ti datais from a compilation by

ref.3.and references therein. Datasources for the Niisotope diagram are
detailed in the Methods section (Iron-nickel isotope evolution simulations).
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Extended Data Table 1| Residual impurities in purified Si fractions for various meteorite samples and BCR-2

BCR2 Orgueil QUE97014 Krasnojarsk

Li n.d. n.d. n.d. n.d.
Na 0.059 0.015 0.205 0.067
Mg 0.034 0.025 0.056 0.008
Al 0.014 0.009 n.d. n.d.
P 0.602 0.689 0.223 0.340
K 0.019 n.d. 0.023 0.086
Ca 0.017 0.014 0.022 0.011
\% n.d. n.d. n.d. n.d.
Cr n.d. 0.482 0.003 n.d.
Mn n.d. 0.001 <0.000 <0.000
Fe n.d. 0.003 0.008 n.d.
Co <0.000 n.d. n.d. n.d.
Ni <0.000 <0.000 0.001 <0.000
Cu 0.001 0.001 0.001 <0.000
Zn 0.013 0.009 0.007 n.d.
Se n.d. <0.000 n.d. n.d.
Rb <0.000 <0.000 <0.000 <0.000
Sr <0.000 <0.000 <0.000 <0.000
Nb <0.000 n.d. n.d. 0.001
Mo 0.444 0.101 0.396 0.133
As <0.000 0.001 <0.000 n.d.
Ag 0.010 0.064 0.007 <0.000
Cs n.d. n.d. n.d. <0.000
Ba <0.000 n.d. <0.000 n.d.
La n.d. n.d. n.d. n.d.
Ce n.d. n.d. n.d. n.d.
Nd n.d. n.d. n.d. n.d.
Sm n.d. n.d. n.d. n.d.
Eu n.d. n.d. n.d. n.d.
Gd n.d. n.d. n.d. n.d.
Lu n.d. n.d. n.d. n.d.
Hf n.d. n.d. 0.004 n.d.
Pb <0.000 <0.000 <0.000 <0.000
Th n.d. n.d. n.d. <0.000
U n.d. n.d. n.d. n.d.

Reported as % of the 4 ppm Si content of the solutions. n.d. not detected.
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Extended Data Table 2 | 2°Si and p*°Si values of the NBS-28 standard solution doped with various contaminants

59Si (%) 2SE u30Si 2SE

2% Mo -0.045 0.030 -2.6 8.8
2% P -0.010 0.031 -0.8 6.6
2% Cr 0.029 0.074 -0.5 8.0
2% Na -0.012 0.081 5.1 4.7

The 2% doping level is approximately 3-10 times higher than that observed in our samples.



Extended Data Table 3 | Input parameters for modelling of envelope processing and the iron-nickel isotope evolution of

Earth

Input parameters for Fig. 3 and Extended Data Fig. 3

SiC Source CI Source
This
wOSi -2700 study ~ 32.8  This study
Si (wt %) 70 - 10.7 ref. 94
£”Mo -4127 ref. 19 0.71 (/) ref 51,52
£*Mo -6606 ref. 19 046 (/) ref 51,52
Mo (ppm) 33.0 ref. 51 0.96 ref. 94
e%7r -6890 ref. 19 0.34 ref. 3
Zr (ppm) 87.4 ref. 93 3.63 ref. 94
&'Ti -913 ref. 19 1.89 ref. 3
Ti (ppm) 1780 ref. 93 447 ref. 94
g'Nd -3844 ref. 76 0.02 ref. 3
Nd (ppm) 4 ref. 93 0.47 ref. 94
SiC concentration (ppm) 34 ref. 95
Input parameters for Fig. 4
End-member compositions
Fe 27.5 wt% (2) ref. 96
Ni 1.6 wt% (2) ref. 96
LNi(CT) 63+ 14(2) ref. 55
u>*Fe(CI) 2.0+£2.7(03) ref. 8
L>Ni(IITAB) -33+20(3) ref. 54
1>*Fe(I1IAB) 9.6+ 0.4 (3) ref. 8
Accretion parameters
Calculation step (pebble accretion) 0.001 Mg
Calculation step (re-equilibration) 0.1%
CI fraction 26% (4)
Differentiation parameters
Temperature Peridotite liquidus ref. 50
Oxidised Fe in mantle 6.26% ref. 50
Dre 14.97
. 3605 57-P
KoM logk}t = 0.098 + ——t+t—— ref. 88
Dni Dy; = 10(0gKp +10gDr,)
Core mass fraction 0.325 ref. 87
Equlibration depth 0.5(5

(1) Average of values from ref. 51 and ref. 52. (2) Identical for all accreting solids and bulk Proto-Earth, Theia and Earth. (3) Was modelled as a free parameter in Monte-Carlo simulations
according to a normal distribution with standard deviation equal to the standard error of the data. (4) Identical for Proto-Earth and Theia. (5) As a fraction of the total mantle depth.

Additional model parameters in the table not previously cited are from

93-96
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