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Abstract: Highly siderophile elements (HSEs) are strongly depleted in the bulk silicate Earth
(BSE) but are present in near-chondritic relative abundances. The conventional explanation is
that the HSEs were stripped from the mantle by the segregation of metal during core formation
but were added back in near-chondritic proportions by late accretion, after core formation had
ceased. Here we show that metal-silicate equilibration and segregation during Earth’s core
formation actually increased HSE mantle concentrations because HSE partition coefficients are
relatively low at the high pressures of core formation within Earth. The pervasive exsolution and
segregation of iron sulfide liquid from silicate liquid (the “Hadean matte”) stripped magma
oceans of HSEs during cooling and crystallization, before late accretion, and resulted in slightly
suprachondritic palladium/iridium and ruthenium/iridium ratios.

The formation of Earth’s metallic core resulted from the segregation of liquid iron from silicates
during accretion. This process partially removed siderophile (metal-loving) elements from the
mantle by transporting them into the core. Moderately siderophile elements (MSEs), such as Ni,
Co, W, and Mo, are variably depleted in the bulk silicate Earth (BSE) as a consequence of metal-
silicate equilibration, because of their differing metal-silicate partition coefficients (I, 2). In
contrast, the highly-siderophile elements (HSEs; Re, Os, Ir, Ru, Rh, Pt, Pd and Au) are present in
near-chondritic relative abundances even though their metal-silicate partition coefficients
(measured over the pressure range 0-18 GPa) vary by orders of magnitude (3). This has led to the
widely-accepted hypothesis that the HSEs were stripped from the mantle by metal-silicate
segregation and that the present concentrations were added by the late accretion of chondritic
material after core formation had ceased (4, 5, 6). The mass of late-accreted material, as

estimated from HSE concentrations, has also been used to determine the age of the Moon (6).

Unlike simple geochemical models of core formation, which unrealistically treat core-mantle

equilibration as a single event (7), we modeled core formation as a multistage process because



metal was delivered to Earth by accreting bodies throughout its accretion history. We followed
the approach of Rubie et al. (8) in which evolving MSE abundances in Earth’s mantle and core
were modeled by integrating the dynamics of planetary accretion with the chemistry of core-
mantle differentiation. In this approach, Earth’s growth history comes from state-of-the-art N-
body accretion simulations based on the “Grand Tack™ scenario (9—12), which start with a
protoplanetary disk consisting of 80 to 220 roughly Mars-sized embryos and several thousand
smaller planetesimals distributed initially over heliocentric distances of 0.7 to 10 astronomical
units (AU). For the HSE modeling presented here, the results are not dependent on the choice of
the Grand Tack scenario because planets grow through embryo-embryo and embryo-
planetesimal collisions in all accretion scenarios. Each collision is an accretion event, which
delivers mass and energy to the growing planets, resulting in melting, magma ocean formation
and an episode of core formation. Embryos and most planetesimals are assumed to have
undergone early core-mantle differentiation. Unlike previous core formation models, the metal of
projectile cores equilibrates with only a fraction of the target’s mantle which is determined from
a hydrodynamic model (/2, /3). The compositions of metal and silicate produced in each core
formation event are determined by a mass balance and element partitioning approach (8, 74).
Five parameters are fit by least squares minimization so that the composition of the model
Earth’s mantle matches that of the BSE (8). Metal-silicate equilibration pressures are fit
assuming that they are a constant fraction (~0.7 refined by least squares) of the target’s core-
mantle boundary pressure at the time of each impact, which on average is consistent with
calculations of impact-induced melting during Earth’s accretion (/5). A heliocentric oxidation
gradient model defines the bulk compositions of all starting bodies and is defined by four of the
five fitting parameters (&) (Fig. S1A).

We investigated the evolution of mantle Ir, Pt, Pd and Ru concentrations during Earth’s accretion
and differentiation using our accretion and core formation model (8). Metal-silicate partition
coefficients for the HSEs decrease with increasing P and 7 (3). In addition, Laurenz et al. have
shown experimentally that increasing the sulfur content of the metal has a similar effect (12, 16).
It is therefore essential to include sulfur in the initial bulk compositions of accreting bodies.
Sulfur is a volatile element with a low 50% condensation temperature of 655 K at 10 bar (/7).
We therefore assumed that concentrations of S increased systematically with decreasing

temperature and increasing heliocentric distance (/8). We assumed that, before giant planet



migration, fully-oxidized bodies that formed beyond Jupiter and Saturn (>6AU) contain the full
complement of S (corresponding to 5.35 wt% in a CI composition) with concentrations
decreasing along a linear gradient towards the Sun (Fig. S1B). We adjusted the heliocentric
distance at which the S concentration becomes zero to 0.8 AU in order to obtain the Earth’s bulk
sulfur content (0.64 wt%). Although there are potential problems with this simple concentration-
distance model, our main results do not depend on it (/2). We used a partitioning model to
determine the distribution of S between metallic and silicate liquids during each metal-silicate
equilibration event (/2, 19). Our ultimate objective was to obtain 1.7 to 2.0 wt.% S in Earth’s
core (20) and 200 to 250 ppm in the mantle (27) at the end of accretion.

Using high-pressure metal-silicate partition coefficients (3, 76), we considered the effects of
metal-silicate equilibration and segregation on the evolution of Pt, Ru, Pd and Ir concentrations
by including the modeled S abundances in the metallic liquid (Table S1). The final HSE
concentrations were high and variably fractionated because of differing partition coefficients (3,
16), with the result that relative abundances in the mantle were strongly non-chondritic (Fig.
1A). Pd and Pt concentrations start to become especially high after the model Earth accreted
~60% of its mass and increased to strongly exceed BSE values by the end of accretion. Contrary
to the conclusions of previous studies, accreted metal in these growth models actually added
HSEs to Earth’s mantle rather than removing them. In the case of differentiated planetesimals
that underwent early (e.g. <3 My) core-mantle differentiation as a result of heating caused by the
rapid decay of %Al (22), HSE partition coefficients were extremely high (10°-10'") (3) at the low
P-T conditions of planetesimal differentiation (<0.3 GPa and <1900 K). This means that the
HSEs partitioned almost entirely into the metallic cores of planetesimals, and to a lesser extent
into embryo cores, during differentiation. In contrast, at the high P-7 conditions of metal-silicate
equilibration after Earth had accreted ~60% of its mass, HSE partition coefficients are lower, by
two to five orders of magnitude than under the conditions of planetesimal differentiation (3).
This resulted in HSEs in impactor cores being transferred to Earth’s mantle by metal-silicate
equilibration so that mantle concentrations increase to exceed BSE values (Fig. 1A). High HSE
abundances also resulted from the accretion of fully-oxidized bodies and from the oxidation of
accreted metal (delivered as small planetesimal cores and as dispersed metal in undifferentiated

bodies) by water in the magma ocean (8, 712).



The results of Fig. 1A are based on the assumption that 100% of accreted metal equilibrates with
silicate liquid. If only a limited fraction of metal equilibrates because of incomplete
emulsification (23), concentrations of all four HSEs become even higher (Fig. S2A); this is
because higher equilibration pressures are then required to reproduce MSE concentrations of

Earth’s mantle which cause further reductions of the HSE metal-silicate partition coefficients.

The final calculated mantle sulfur content exceeds the BSE concentration by a factor of ~30 (Fig.
1B) and, in addition, the S content of the core is very low (0.36 wt%). The high mantle
concentrations that developed were not removed by metal-silicate equilibration and segregation
(Fig. 1B) (/2). In order to achieve a low BSE concentration (<200 ppm prior to late accretion)
and a core concentration of 1.7 to 2.0 wt%, exsolution and segregation of FeS liquid to the core

is required — an event that has been termed the “Hadean matte” (24, 25).

Sulfide liquid exsolves from a magma ocean when a solubility saturation level, termed the sulfur
concentration at sulfide saturation (SCSS), has been exceeded (26). We have experimentally
determined the SCSS for peridotite liquid experimentally at 7 to 21 GPa and 2373to 2673 K (/6)
thus enabling concentrations in S-saturated magma oceans to be estimated by extrapolation

using:

In(SCSS) =14.2(x1.18) - (1)

11032(x3119) 379(+82)P
T T
where SCSS is in ppm, 7T is in K and P is in GPa. Average values along magma ocean adiabats
are much higher than the concentrations shown in Fig. 1B (Fig. 2). However, SCSS decreases
strongly with decreasing temperature and becomes much lower close to the peridotite melting
curve (Fig. 2). Thus droplets of immiscible FeS liquid exsolve from the silicate melt structure in
a deep S-bearing magma ocean as it cools towards crystallization temperatures. This effect will
be enhanced as the melt fraction is reduced by crystallization; because of its high density, the

exsolved FeS segregates by sinking to the core (72).

We consider two end-member scenarios when modeling sulfide segregation, depending on
magma oceans being either short-lived (27) or long-lived (28): (i) Sulfide segregation took place
in multiple stages and occurred after each giant impact, provided SCSS was exceeded close to the

peridotite melting curve, and (ii) FeS segregation took place in a single stage and occured only



after the final giant impact and before late accretion. The final results of these two scenarios are

almost identical, although the evolutionary paths are different.

The strong P-T and depth dependences of SCSS in a deep magma ocean (Fig. 2) require a simple
modeling approach because of the challenges in determining the amount of FeS liquid that
exsolves and equilibrates chemically in a deep convecting magma ocean (29). We thus defined
empirically an effective pressure P,,.s that describes the SCSS (using Eq. 1) and equilibration
pressure for the entire magma ocean, assuming that the corresponding temperature lies between

the liquidus and solidus of peridotite (8):
Peg.s = ks X Pcws. (2)

Here Pcyp is the core-mantle boundary pressure at the time of each FeS exsolution/segregation
event and ks is a constant so that P,,.s increases as Earth accretes. The amount of FeS that

exsolves is the excess that is present above the SCSS value calculated using Egs. 1 and 2.

Because HSEs dissolve in S-bearing silicate melts as HSE-S species, they will be fractionated
into sulfide liquid that exsolves from a magma ocean (30). We modeled the effect of segregating
FeS liquid on mantle HSE concentrations, using our experimental data on the partitioning of Pt,
Pd, Ru and Ir between FeS and peridotite liquids obtained at 7 to 21 GPa and 2373 to 2673K (16,
Table S2). We assumed that equilibration between sulfide and silicate liquid occurs
simultaneously with sulfide exsolution, at pressure P.,.s (Eq. 2). Because of high convection
velocities (several meters per second) combined with a time scale of at least 1000 years to cool
to crystallization temperatures (27, 29), sulfur should be well mixed in the magma ocean before
exsolution starts. We therefore assumed that droplets of FeS liquid exsolve pervasively and
equilibrate with the entire mantle at pressure P..s, in contrast to the metallic liquid that
segregated earlier, which equilibrates with only a limited fraction of the mantle at the base of the

magma ocean (8).

The value of the adjustable parameter ks (Eq. 2) determines the final mantle S and HSE
concentrations before late accretion (Fig. 3). Optimal results are obtained with ks = 0.44. This fit
requires the accretion of a late veneer to increase HSE concentrations to BSE values (/2). Late
accretion is modelled by terminating the segregation of sulfide liquid, which ends as a result of
magma ocean solidification, because FeS liquid cannot percolate efficiently through crystalline

mantle (12, 31).



The models that include both sulfide segregation and late accretion predict Ir, Pt and S
concentrations that are close to BSE values, irrespective of whether FeS segregation occurred in
a single stage or multiple stages (Figs. 4 and S3). Furthermore, we reproduced suprachondritic
Pd/Ir and Ru/Ir ratios for the BSE (4, 32) (Fig. 4D). Sulfide segregation is very efficient at
depleting the mantle in Pt and Ir, but it is less efficient at depleting Pd and Ru because these
elements are less chalcophile than Pt and Ir at high P-T (16). This contrasts with metal-silicate
partitioning behavior, in which Pd and Pt are the least siderophile (3). However, a number of
other explanations have been proposed for suprachondritic Pd/Ir and Ru/Ir ratios (4, 33) that

cannot readily be dismissed, especially considering the uncertainties on our results (Fig. 4D).

Accretion of a late veneer depends on the mantle being largely crystalline, because otherwise
sulfide segregation in a magma ocean would simply continue, and HSE concentrations would
never increase to BSE levels (/2). The mixing of HSEs into convecting crystalline mantle is
expected to have been a slow process, perhaps consistent with a previously estimated mixing
time of ~1.5 Gy (34), and also may not have been complete (35). The age of the Moon has
recently been determined using correlations between the time of the final giant impact and the
mass of late-accreted material, derived from a large number of accretion simulations (6). Our
results indicate that this correlation provides only a lower limit on the age of the Moon because it

actually dates Earth’s final magma ocean crystallization.

It has been argued that Earth accreted from the same reservoir before and after core formation
because of correlated isotopic signatures of Mo and Ru; this argument is based on the
assumption that Mo was added to the mantle mainly before late accretion, whereas Ru was added
only with the late veneer (36). Here we show that this assumption is not valid because Ru
concentrations increase in the mantle at an early stage of Earth accretion and long before

addition of the late veneer, especially in the case of single-stage sulfide segregation (Fig. 4B, C).

We conclude that the addition of sulfur to Earth occurred over the entire history of accretion
(Fig. 4A), refuting the assumption that all sulfur was added during late accretion (37). Although
our results are based on assumptions about the distribution of S in the early solar system (/2), it
is unlikely that a plausible distribution could be found that would change our conclusion. The
addition of S throughout accretion affects core formation models that use the elements W and

Mo because S strongly influences their partitioning behavior (38). Last, we speculate that a



possible low-density layer at the top of Earth’s liquid outer core (39) could be the result of late

FeS enrichment due to sulfide segregation.

A 50 4
-0—-0D®—0—O—0 - 1.0
= ‘—0— Mass accreted ‘ 7300
Q i
240 IO - O OO0
@ 08
S <
g 7 0.6 %/
c .
8 o
5 8
8 20 04 ©
7] o2
©
T =
Q2
= 104 0.2
= BSE
04 0.0

T T T T g T T T
0 50 100 150 200

Time (My)
B 101
000-0—00W—0—©®—0 1.0
/

C,@ 0.8 4 @I — GO GO 000D
= | - ——————— ¥
K] =
-*5 0.6 - — I — ke
£ o6 3
E | o
s) [$}
S ®
8 0.4 * |—=— Mantle S concentration 104 o
» B ]
Q@ 1 =
€ 0.2
o2 :

BSE 400

0.0 T T T T T T T T
0 50 100 150 200
Time (My)

Fig. 1. Evolution of HSEs and sulfur concentrations in the mantle during Earth’s accretion
based on metal-silicate equilibration and segregation. Shown are mantle concentrations of (A)
HSEs and (B) sulfur over time. Each symbol represents an impact, and “mass accreted” is the
accumulated mass after each impact, normalized to Earth’s current mass (M,). The final giant
impact, at 113 My, increases Earth’s mass from 0.872M. to 0.997 M.. BSE abundances (27) are
shown by dashed lines in (A) and the gray bar in (B). Error bars, based on the propagation of
uncertainties in the partitioning parameters, are shown for the final Pt and Pd concentrations (A);

propagated uncertainties for Ru and Ir are +0.6 and +1.7 ppb, respectively. Results obtained
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when only 50% of each batch of accreted metal equilibrates with silicate as a result of
incomplete emulsification of impacting cores (23), are presented in Fig. S2. Although the oblique
lines connecting the symbols show the general trends of mass and composition with time, they
do not accurately represent the evolution paths, which in reality always involve a series of

vertical steps.
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Fig. 2. Sulfur concentrations at sulfide saturation (SCSS) in peridotite liquid, as a function
of pressure. Equation 1, from Laurenz et al. (/6), has been used to calculate concentrations at
temperatures about midway between the peridotite liquidus and solidus (8) and along adiabatic

temperature profiles for magma oceans with basal pressures of 20 GPa and 80 GPa.



2500 Pre-late accretion

Multi-stage FeS segregation

2000
Peq-s = ks xPcmB
1500 +

1000

500

Mantle S concentration (ppm) >

~—
___________ LR_-___—___-
——————————————— '--\i-\--.--BSE
—n
0 T T T T T T
0.1 0.2 0.3 0.4 0.5
kS

o

Mantle HSE concentration (ppb)

Pre-late accretion
Multi-stage FeS segregation

Peq-s = ks xPcmB

Fig. 3. Final mantle concentrations after multi-stage sulfide segregation but before late
accretion. Shown are the final concentrations of (A) sulfur (with the BSE concentration shown
by the horizontal dashed-outline bar) and (B) HSEs that result from multistage sulfide
segregation, without late accretion, as a function of k&, (Eq. 2). When late accretion is also
modeled, BSE abundances are best reproduced with &, ~ 0.44 [vertical dashed outline bar in (B)]
(Fig. 4). The concentrations of Pd and Ru are elevated because these elements are the least

chalcophile at high P-T. A similar result is obtained for single-stage sulfide segregation.
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Fig. 4. Final results based on metal-silicate segregation, sulfide segregation, and late
accretion. The evolution of (A) sulfur and (B and C) HSE concentrations with time are shown
with k&, = 0.44 (Eq. 2). The accretion history is shown in (A) to (C). Results are shown for
multistage FeS segregation (m-s FeS seg.) and late single-stage segregation (s-s FeS seg.) at 118
My. Mass accreted is as in Fig. 1. The vertical dashed lines in (A) to (C) show the time of the
final giant impact (GI) at 113 My and the start of late veneer accretion (LV) at 119 My.
Horizontal bars show BSE concentrations. Error bars, based on the propagation of uncertainties
in the partitioning parameters, are shown in (B) and (C) for the final Pd and Ru concentrations;
propagated uncertainties for Pt and Ir are £0.3 and +0.6 ppb respectively. As in Fig. 1, the
oblique lines connecting the symbols show the general trends of mass and composition with
time, but they do not accurately represent the evolution paths. (D) Final calculated HSE values

for multistage FeS segregation, normalized to Ir and CI chondrite composition, compared with
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BSE values (32). The error bars on the calculated values are based on propagating the

partitioning parameter uncertainties (Tables S1 and S2).
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1. Supplementary Text

Late veneer and late accretion

These terms have been used with slightly different meanings by different authors —
e.g. Walker et al. (4) and Jacobson et al. (6). Here we use “late veneer” to mean all
material that was accreted to Earth after the end of core formation and sulfide
segregation. We use the term “late accretion” to describe the physical process by which
the late veneer was added.

Accretion/core formation model

The accretion/core formation model is identical to one of six published models (&) but
with the addition of two volatile elements (Na and S) and four highly-siderophile
elements (HSEs: Pt, Ru, Pd and Ir).

Grand Tack accretion scenario

The Grand tack scenario is the first accretion model that couples the processes of
migration of the giant planets and formation of terrestrial planets. Originally proposed by
Walsh et al. (/7), this scenario is based on previous results of hydro-dynamical
simulations showing that a Jupiter-mass planet alone in the protoplanetary disk would
migrate inwards but the couple Jupiter-Saturn, once trapped in resonance, would migrate
outwards (40, 41, 42). The Grand Tack scenario thus postulates that Jupiter formed first,
at a distance of 3-4 AU from the Sun, and migrated inwards. Saturn, after reaching a
mass close to its present one, also started to migrate towards the Sun and caught Jupiter
in resonance. At this point, Jupiter and Saturn reversed the direction of migration and
started to move towards the outer disk. The reversal of migration is dubbed the “tack”,
hence the name of the model. The embryo and planetesimal populations in the region
(~3-6 AU) swept by the inwards-then-outwards migration of Jupiter are strongly depleted
(Fig. S1A). The Grand Tack scenario postulates that the tack occurred when Jupiter was
at about 1.5 AU from the Sun, so that the resulting depletion of mass outside of 1 AU can
explain the final small mass of Mars (43), which could not be reproduced by earlier
classical accretion models.

From the perspective of terrestrial planet formation, the Grand Tack model predicts a
wide mixing of embryos and planetesimals that originally accreted in different parts of
the disk. The local material, indigenous of the region ~1 AU, is mixed with material
originally from the 1-3 AU region and pushed inwards by the resonances with Jupiter
during the inward migration phase of the giant planet. This process of dynamical mixing
also boosts the initial accretion rate of the terrestrial planets relative to the classical
scenario (44), because it breaks the mutual dynamical isolation of the planetary embryos
resulting from their growth in oligarchic fashion (45, 46). Finally, when the outer giant
planets migrate outwards, multiple primitive and water-rich planetesimals from the giant
planet zone are scattered towards the terrestrial planet region, thus contributing
significantly to Earth’s water budget (9).

The Grand Tack scenario is also successful in explaining the orbital distribution of
the terrestrial planets (/0), such as their low angular momentum deficit (which is a
measure of the small deviations of the terrestrial planet orbits from perfect co-planar
circles). Provided some assumptions hold true on the mass ratio between embryos and




planetesimals, it also predicts that the growth of the Earth, although initially very rapid,
can be protracted for ~100 My; in this case the amount of material accreted after the last
giant impact is small (less than 1% of the Earth-mass), consistent with the amount of
“late veneer” inferred from mantle HSE abundances (5, 6, 33).

From the compositional point of view, given reasonable initial chemical gradients in
the disk, as outlined below, the Grand Tack scenario is consistent with the chemistry of
the major non-volatile lithophile and weakly-siderophile elements in the mantle and the
oxidation state of the Earth (§).

Structure and chemistry of the protoplanetary disk

The Grand Tack simulation selected for this study is 4:1-0.5-8 because it produced a
model Earth close to 1 AU with a final mass close to one Earth mass (M,). In addition,
the final giant impact occurs at 113 My and the mass of material accreted following this
impact is about 0.003Me. In the simulation number “4:1-0.5-8”, “4:1” indicates the ratio
of the total masses in the embryo and planetesimal populations respectively, and “0.5”
signifies that the initial embryo mass is 0.5 x mass of Mars. Based on these parameters,
ten simulations were run with very slight variations in the initial orbital characteristics of
the starting bodies: the last term (“8”) is the run number within the set of 10 simulations.
The protoplanetary disk consists of 87 embryos, distributed between 0.7-3.0 AU, and
2836 planetesimals, each of mass 3.9><10'4Me, initially distributed between 0.7-3.0 AU
and 6.0-9.5 AU (the region between 3.0 and 6.0 AU is cleared of planetesimals by the
accretion of Jupiter and Saturn).

The bulk chemistry of each of the embryos and planetesimals is specified prior to the
migration of Jupiter and Saturn by assuming Solar System bulk composition ratios (CI
chondritic) for all non-volatile elements (Mg, Si, Ni, Co, Cr and Pd) but with refractory
element concentrations (Ca, Al, Nb, Ta, Pt, Ru and Ir) that are enhanced by 22% (11%
for V) relative to CI (normalized to Mg), as justified previously (/4). Oxygen and water
contents are two critical compositional variables. The composition of a model Earth’s
mantle, calculated from our accretion/core formation model, is fit to that of the bulk
silicate Earth (BSE). The exploration of a broad parameter space results in the optimal
composition-distance model for primitive bodies shown in Fig. S1A (8§). Here
compositions close to the Sun (<1.1 AU) are highly reduced with 99.9% of Fe being
present as metal and with ~18% of total Si initially dissolved in the metal. At heliocentric
distances >1.1 AU, compositions become increasing oxidized and beyond 6.9 AU they
are fully oxidized and contain 20 wt% H,O. Four least-squares fitting parameters are
indicated in Fig. S1A as red arrows and consist of two compositional parameters and two
distance parameters. The distance d(3) was fixed to be 6.9 AU by requiring a final mantle
H,O content of ~1000 ppm.

Using a similar approach, we include the volatile element S (and also for comparison
the lithophile/volatile element Na) in the current model by imposing compositional
gradients on starting bodies (Fig. S1B). These gradients reflect high volatility at low
heliocentric distances because of high temperatures and an increased tendency to
condense as temperatures decrease with increasing heliocentric distance in the nebula
(18). The Na gradient is adjusted in order to obtain a final mantle (BSE) concentration of
2600 ppm (21) assuming that Na does not partition into the core. In the case of S, the aim
is to obtain the bulk Earth’s S content which results when bodies at <0.8 AU contain zero




S. The steeper gradient for S compared to Na is qualitatively consistent with the lower
50% condensation temperatures of S at 10 bar of 655 K compared to 953 K for Na. (17).

The sulfur gradient of Fig. S1B is likely to be an oversimplification of reality. For
example, it implies that highly reduced compositions from <1 AU should contain no S —
whereas enstatite chondrites, which are highly reduced, contain up to 5-6 wt% S. Such
discrepancies may possibly be a consequence of the evolution of protoplanetary disk
chemistry with time. We show below that provided there is sufficient S to provide Earth
with its bulk S content (0.64 wt%), our main conclusions are independent of its
distribution in the protoplanetary disk.

Core formation model

We modelled the evolution of some moderately siderophile non-volatile element
abundances in Earth’s mantle and core by integrating the dynamical process of planetary
accretion with the chemistry of core-mantle differentiation (&). Planets grow through
collisions with embryos and planetesimals which (apart from fully-oxidized C-type
bodies) are assumed to be differentiated into core and mantle prior to accretion. Each
impact delivers mass and energy to a growing planet, with the energy resulting in
melting, magma ocean formation and an episode of core formation. The initial bulk
compositions of all bodies are defined in terms of oxygen and H,O contents, as described
above. The final compositions of equilibrated metal and silicate at high pressure and
temperature are then determined by a mass balance/element partitioning approach (8, 74).
Water is delivered to the mantle by fully oxidized impactors, especially during the final
30-70% of accretion. The initial bulk compositions and metal-silicate equilibration
pressures are refined by fitting the calculated composition of the mantle of a model Earth
to that of Earth’s primitive mantle or bulk silicate Earth (BSE) (27). As described above,
best fits are obtained when bulk compositions of bodies that originated at <0.9-1.2 AU
are highly reduced, bodies originating between ~1 and ~2.5 AU become increasingly
oxidized with increasing heliocentric distance, and bodies from beyond 6-7 AU are fully
oxidized and contain 20 wt% H,O (Fig. S1A). Refined metal-silicate equilibration
pressures increase as accretion proceeds and are ~70% of the proto-Earth’s core-mantle
boundary pressure at the time of each impact. Equilibration temperatures are constrained
to lie between the peridotite liquidus and solidus at the corresponding equilibration
pressure. A list of all fitted parameters and their final values are reported below.

Fraction of silicate mantle that equilibrates with accreted metal: An important feature of
the accretion/core formation model is that the metallic core of each impacting body sinks
in a magma ocean as a mixed high-density metal-silicate plume that continuously entrains
increasing amounts of silicate liquid (/3). Metal and silicate in the plume are well mixed
so that the metal equilibrates chemically with the entrained silicate liquid and there is no
mixing of the metal with the rest of the mantle. The equilibrated silicate liquid constitutes
only a small fraction (X,us.) of the planet’s total mantle (this contrasts strongly with the
usual assumption when modelling core formation that accreted metal equilibrates
chemically with the entire silicate mantle (47). The value of the fraction Xune is
determined for each impacting body from a hydrodynamic model (/3) and, depending on
the size of the impactor’s core and magma ocean depth, ranges from 0.0009 to 0.008 for
planetesimal impacts and 0.025 to 0.10 for giant impacts (8). These values are



approximately consistent with the results of hydrocode calculations that also include
oblique impacts (48). On the other hand, it has been proposed recently that planetesimal
cores vaporize during high-velocity impacts, thus distributing dispersed iron over the
surface of the growing Earth and enhancing the fraction of mantle that equilibrates with
metal (49). However, to be effective, this process requires extremely high impact
velocities. For example at a velocity of 17 km/s there is no vaporization and at 30-40
km/s only ~50% of the iron vaporizes (49). In the N-body simulation of this study,
impact velocities rarely exceed 20 km/s.

Fraction of accreted metal that equilibrates with silicate liquid: For the metallic cores of
impacting bodies to fully equilibrate with silicate liquid entrained in the metal-silicate
plume described in the previous paragraph, emulsification into 1 cm size droplets is
necessary (29). This is considered to likely occur for small planetesimal cores but it is
uncertain if embryo cores fully emulsify during giant impacts (23, 50, 51, 52). Based on
the Earth’s mantle tungsten isotope anomaly, it has been estimated that 30-80% of
accreted metal has equilibrated with the mantle (52, 53). In the combined accretion/core
formation model of Rubie et al., the best least square fits to BSE composition were
obtained when 80-100% of metal equilibrates with silicate (8). The results presented in
Figs. 1, 3 and 4 are based on 100% of accreted metal equilibrating with silicate; the effect
on the results of Fig. 1 when only 50% equilibrates is shown below in Fig. S2.

Compositions of equilibrated metal and silicate liquids and the effect of accreted water:
The compositions of metallic and silicate liquids at high P-T conditions are determined
by mass balance combined with the partitioning of major elements (Si, Fe, Ni and O)
whereas trace element concentrations are based on partitioning alone (8, /4). Water,
when delivered by oxidized CI bodies, is mixed into the mantle after each accretional
event. HO contained in the limited volume of equilibrating silicate melt oxidizes the
metal through the loss of hydrogen (8). After each equilibration event, the metal is
transferred to the core and the equilibrated silicate liquid is mixed with the rest of the
mantle.

Highly siderophile elements: We have extended our published accretion/core formation
model (8) in order to include the evolution of mantle Ir, Pt, Pd and Ru concentrations
during Earth’s accretion and differentiation. These elements include the most and the
least siderophile HSEs (Ir and Pd respectively) and two elements (Pd and Ru) which are
likely present in the mantle in slightly suprachondritic abundances (32, 33). We present
results from the Grand Tack accretion simulation 4:1-0.5-8, in which a model Earth
experiences a final giant impact at 113 million years (My) that increases its mass from
0.872M. to 0.997M. (8), consistent with Earth’s Moon-forming impact (M, is Earth’s
current mass). The mass of material accreted after this event is 0.3% of Earth’s mass
(0.003M,).

Refinement of model parameters: The refinement of parameters in the accretion/core
formation model is based primarily on fitting the calculated composition of the mantle of
a model Earth to that of the bulk silicate Earth, as described previously (&). This is done
on the basis of the elements Si, O, Fe, Ni, Co, Nb, Ta, V and Cr, with Mg, Al and Ca also



being included in the bulk compositions. Five fitting parameters are refined by least

squares and the resulting values for the simulation 4:1-0.5-8 studied here are as follows.

e Metal-silicate equilibration pressure = Py x Pcvp with Pr= 0.67 (Pcwms is the core-
mantle boundary pressure at the time of impact).

The four parameters indicated by red arrows in Fig. S1A, that define the oxygen contents

of initial embryos and planetesimals, are refined in the final simulation of Fig. 4B to have

the following values:

e  Fraction of total Si initially contained in metal X g (1) =0.20

e  Fraction of total Fe initially contained in metal X."(2)=0.11
e Distance o(1) =0.95 AU
e Distance 0(2)=2.82 AU
These values differ slightly from those reported previously (&) because of the
incorporation of S, Pt, Pd, Ru and Ir in the present model. The distance 6(3), beyond
which planetesimals contain 20 wt% water, is set at 6.8 AU in order to obtain a final
mantle H,O concentration of ~1000 ppm. The incorporation of sulfide segregation in the
present model has only a small effect on the parameters listed above and concentrations
of the elements considered here (with the exception of S and the HSEs) because the mass
fraction of segregated sulfide liquid is small. For example, refining the model without
sulfide segregation results in a final mantle FeO concentration of 8.1 wt%; if the model is
then re-run with the same parameter values but including FeS exsolution and segregation
to the core, the final mantle FeO concentration is reduced only slightly to 7.7 wt%.
Because of this small effect, we set the (unknown) Ni and oxygen contents of the
segregated FeS liquid to zero. Of course, FeS segregation will have a major effect on
concentrations of chalcophile trace elements, such as Cu, which are not considered here.
Two parameters that are adjusted to obtain the final mantle concentrations of the HSEs
(Pt, Pd, Ru and Ir) and a mantle sulfur concentration of 200-250 ppm are:
e The effective pressure of sulfide saturation and sulphide liquid — silicate liquid
equilibration in the magma ocean (Pey.s = ks X Pcwvp, wWith kg = 0.44).
e The time at which accretion of the late veneer starts (= 119 My in the simulation
studied here).

Metal-silicate and sulfide-silicate partitioning of Pt, Ru, Pd and Ir: We used the
experimental results of Laurenz et al. (/6) as summarized below. The metal-silicate
distribution coefficient Kp is independent of oxygen fugacity and, for element M, is
defined as:

X;Zet (X;;Zo)n/Z
D~ Xsil (Xmet)n/2 . (Sl)
Fe

MOn/Z
Here X represents the mole fractions of M, MO,;, Fe and FeO in metal (met) and silicate
(sil) and 7 is the valence of M when dissolved in silicate liquid. Kp for sulfide-silicate
partitioning can be expressed accordingly.




Effect of sulfur on HSE metal-silicate partitioning: We describe this effect by:

met met

log K} (metal — silicate) = a™ + - < -t d"" log(1- Xy) (S2)

where log KJ(metal — silicate) is log Kp(metal — silicate) corrected to infinite
dilution of the HSEs (3, 16), a, b, ¢ and d are constants, Xy is the mole fraction of S in the
metal, P is in GPa and 7T in K. The resulting fitting parameters are listed in Table S1.

Partitioning of HSEs between sulfide and silicate liquids: The effects of P and 7 on
partitioning are described by:

o sulf csul/'P
log K (sulfide— silicate) = a™" + — + 7

where log KJ(sulfide-silicate) is log Kp(sulfide-silicate) corrected to infinite dilution of
the HSEs (/6) and a, b and ¢ are constants. The resulting fitting parameters are listed in
Table S2.

(83)

Extrapolation of partitioning data to high pressures and temperatures: The partitioning
parameters of Tables S1 and S2 have been determined experimentally at pressures <21
GPa. In the combined accretion/core formation models, Kps are extrapolated to 80-90
GPa (metal-silicate equilibration) and ~60 GPa (sulfide-silicate equilibration)
respectively. Such large extrapolations result in uncertainties that we have estimated by
propagating the errors on the partitioning parameters. Experiments performed up to 100
GPa in diamond anvil cells on the metal-silicate partitioning of Ni and Co gave results
that are broadly consistent with extrapolations of low-pressure data (54,55

Ideally, metal-silicate partitioning experiments should be performed up to 60-100
GPa for all siderophile elements using diamond anvil cells (55). However, in the case of
HSEs such experiments are likely to be impossible with currently available technology.
This is because the heated samples in laser-heated diamond anvil cell samples are
extremely small (e.g the quenched silicate region is typically around 2-3 microns across —
see Fig. 2 in Fischer et al. (55). Analyzing ppm levels of HSEs reliably in such a small
region is currently impossible, even with a nano-SIMS.

Sulfur content at sulfide saturation (SCSS) in peridotite melt: Laurenz et al. have
determined SCSS for a primitive mantle composition experimentally at 2373-2773 K and
7-21 GPa (16). A fit to 24 experimental data points gives:

* +
In(SCSS) = 14.2(+1.18) — 1 1032(;3 119) 379(;82)P
where the concentration of S is in ppm, 7T'is in K and P is in GPa.

(S4)

Partitioning of sulfur between metal and silicate: The metal-silicate partitioning of S has
been investigated at 2073-2673 K and 2-23 GPa by Boujibar et al. (/9). They

parameterized log D;”‘”‘”" as a function of P, T and the concentrations of Fe, Ni, Si, O, P
and C in the metal. We have used a modified version of their partitioning equation:



log D" =log C; +%+$+ 32log(1- X ) +181[log(1 - X )] +305[log(1 - X )] (S5)
+1.13log(1- X ,,) +10.7log(1- X,,) - 3.72

where Xg; Xr., and Xy; are the mole fractions of Si, Fe and Ni in the liquid metal. Cy is the
sulfide capacity of the silicate melt:

10g Cy = =5.704 +3.15X , +2.65X o +0.12X (S6)

where Xreo, Xcao and Xy, are the respective mole fractions of oxide components in the
silicate liquid (79).

We do not include the effects of C and P in the metal in Eq. S5 because these
elements are not included in the accretion/core formation model. We also exclude
possible effects of oxygen. According to the results of Boujibar et al., oxygen dissolved

in the metal has the effect of reducing the value of Dy~ (19) and the reduction
becomes large at high oxygen concentrations of 5-10 wt%. However, according to other
studies (56, 57), the effect should be the opposite, with O in the metal causing D" to

increase. The experiments of Boujibar et al. produced very low oxygen concentrations in
the metal (/9) that are also difficult to measure; consequently, their parameterization of
the effect of oxygen seems not to be reliable. Because we exclude the effects of oxygen

in the metal on S partition coefficients, the values predicted for log Dy by Eq. (S5)

might be too low. Therefore we consider below an extreme end member case in which all
S is partitioned into metal in each equilibration event.

In general mantle S concentrations do not decrease as a result of metal-silicate
equilibration during core formation (Fig. 1). The main reason is that the metal-silicate
partition coefficient of S decreases strongly with increasing Si content of the metal (in
addition to other compositional factors) — see Eq. S5 and Fig. 4 in Boujibar et al. (19).
Batches of equilibrated core-forming metal in the simulation presented here generally
have Si concentrations in the range 1-12 wt%. In addition, although high pressure makes
S more siderophile, high temperature has the opposite effect.

We did not consider the possible evaporative loss of S during accretional impacts
because the low S-content of Earth cannot be the result of evaporation during giant
impacts. The S-isotopic composition of Earth is close to that of E-chondrites (58). There
is no indication from stable S isotopes for evaporation, as is also the case for K and Rb
(59).

Segregation of sulfide liquid to the core

In a magma ocean in which the melt fraction is high, exsolved FeS droplets, with a
stable diameter of ~0.5 cm, will sink to the base of the magma ocean with a velocity of
~0.3 m/s (60). Consequently, pools of FeS liquid will accumulate at the base of the
magma ocean and will eventually segregate to the core through crystalline or partially
molten mantle, either as sinking diapirs or by dyking (2). Because the density of liquid
FeS is lower than that of liquid Fe-rich metal, rates of sulfide migration to the core by
these mechanisms are likely to be relatively slow.

As the magma ocean starts to crystallize, FeS exsolution will be enhanced as the
silicate melt fraction decreases. Provided the silicate melt fraction is high, segregation of
FeS droplets can continue. However, once the silicate melt fraction has decreased to




below a critical but poorly-known value (probably 30-50%), exsolved FeS liquid can no
longer percolate through the partially molten aggregate and becomes trapped (61, 62). At
this stage, HSEs that are added by continuing accretion remain in the mantle (late
accretion stage).

Effect of incomplete equilibration of accreted metal on the evolution of HSE
concentrations due to metal-silicate segregation

The results shown in Fig. 1 are based on the assumption that 100% of accreted metal
equilibrates with silicate. As mentioned above, the actual value could be significantly
lower if accreted metal fails to fully emulsify as impactor cores sink in the magma ocean.
Figure S2 shows the results of Fig. 1 recalculated for the case that only 50% of accreted
metal equilibrates. Compared with the results of Fig. 1, the concentrations of HSEs
remaining in the mantle at the end of accretion as the result of metal-silicate segregation
(i.e. without FeS segregation) are greatly increased. This is because significantly higher
equilibration pressures are required to fit the BSE concentrations of the moderately
siderophile elements (P, = 0.77xPcyp, compared with P, = 0.67xPcyp when 100% of
metal equilibrates). Metal-silicate partition coefficients for the HSEs are lower at the
higher pressures (3) which results in the higher mantle concentrations shown in Fig. S2A.
These results demonstrate that the need for FeS segregation is independent of the degree
of metal equilibration.

Effect of metal-silicate partitioning on S
As discussed above, the S partitioning model used here (Eq. S5) may underestimate

the value of the sulfur partition coefficient (D7) because no account is taken of the

effect of the oxygen content of liquid metal. We therefore recalculate the results for
single-stage FeS segregation shown in Fig. 4 but for the extreme case that al/ S partitions
into metal in each metal-silicate equilibration event (Fig. S3).

Compared with the results obtained with the S partitioning model (Eq. S5), shown
in Fig. 4, evolving mantle concentrations of S are relatively low but are still well in
excess of the BSE sulfur concentration (by a factor of 2). (Note that the very limited
extent of mantle equilibration, discussed above, is an important factor for this result.)
Thus FeS segregation is still required in order to achieve the final BSE S
concentration. The final HSE concentrations are, within error, consistent with BSE
values although the fit is not as good quantitatively as that obtained with the S
partitioning model (Fig. 4).

Effect of the initial distribution of sulfur in the protoplanetary disk

The initial distribution of sulfur in the protoplanetary disk, as shown in Fig. S1B, is
uncertain (see above). We have therefore investigated the effect of its concentration being
constant with heliocentric distance. If all starting bodies contain an S concentration
corresponding to 0.075xCl, Earth’s final bulk S content of 0.64 wt% is reproduced. The
evolutions of concentrations of the HSEs and S in both single-stage and multi-stage
sulfide segregation scenarios that result from this constant S distribution are shown in
Fig. S4. The final mantle HSE concentrations are identical to those that result from the
gradient model (Fig. SIB). We conclude therefore that the initial distribution of S is
unimportant for modelling HSE geochemistry. The final core and mantle concentrations




of S are 2.0 wt% and 140 ppm respectively — the latter value being slightly low compared
with the BSE concentration of 200-250 (£40) ppm. The evolution of mantle S
concentrations during accretion is significantly different from those obtained with the S
gradient model (compare Figs. 4A and S4A) and, as with the gradient model, is strongly
dependent on whether sulfide segregation is single- or multi-stage.
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Fig. SI.

Oxidation state and H,O content
of initial bodies

Fully oxidized
+ 20 wt%
water ice

Fraction of element in metal

Heliocentric distance (AU)

Volatile element concentration
normalised to Cl
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o
N
N
[e2]
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Fig. S1. Model of protoplanetary disk composition versus heliocentric distance that is
imposed on starting embryos and planetesimals prior to the migration of Jupiter and
Saturn. (A) Composition-distance model for embryos and planetesimals in the
protoplanetary disk showing the variation in oxidation state and water content (8).
Least squares fitting parameters are indicated as red arrows. (B) Compositional
gradients for Na and S adopted in the present model (concentrations are normalized to
CI). In the shaded region, between 3 and 6 AU, there are initially no embryos or
planetesimals because all bodies in this region have been cleared by the accretion of
Jupiter and Saturn.
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Fig. S2
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Fig. S2. Evolution of mass accreted and mantle abundances of (A) HSEs and (B)
sulfur with time, calculated for the case that only 50% of accreted metal equilibrates
with silicate. Each symbol represents an impact and “mass accreted” is the
accumulated mass after each impact, normalized to Earth’s current mass (M.). Error
bars, based on the propagation of uncertainties in the partitioning parameters, are
shown for the final Pt and Pd concentrations; propagated uncertainties for Ru and Ir
are 0.7 and +2.3 ppb respectively. See Fig. 1 for further details.
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Fig. S3. Evolution of mantle concentrations of (A) sulfur, and (B) HSEs with time
based on metal-silicate and sulfide (FeS) segregation with &, = 0.37 (Eq. 1). In contrast
to Fig. 4, these results are obtained for the case that all S partitions into metal in each
equilibration event. The accretion history is also shown in (A, B). Results are shown
for late single-stage FeS segregation at 118 My. The vertical dashed lines in (A, B)
show the time of the final giant impact (GI) at 113 My and the start of late veneer
accretion (LV) at 119 My. Error bars, based on the propagation of uncertainties in the
partitioning parameters, are shown in (B) for the final Pd and Ru concentrations;
propagated uncertainties for Pt and Ir are £2.5 and +1.8 ppb respectively. (C) Final
calculated HSE values, normalized to Ir and CI, compared with BSE values (32).
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Fig. S4
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Fig. S4. Evolution of mantle concentrations of (A) sulfur, and (B, C) HSEs with time
based on metal-silicate and sulfide (FeS) segregation with &, = 0.37 (Eq. 1). In contrast
to Fig. 4, these results are obtained for the case that all starting bodies of the
protoplanetary disk have an identical bulk sulfur concentration of 0.075xClL For other
details, see the caption of Fig. 4.
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Table S1. Results of the regression describing the dependence of log K% (metal —
silicate) on P, T and Xs(17). Values for 5", ¢ and valence are from Mann et al. (3).
The fits were restricted to Fe-rich metal compositions (X5 < 0.35). “No.” is the number of
measurements.

Element a™ +o b™ +o ™ +o d™ +o No.
Pt -4.04 +0.04 23824 +211 -17 £29 830 £3.65 16
Pd 0.18 +£0.04 10235 +126 -103 +£25 9.08 +2.00 13
Ru 0.74 +£0.05 12760 %32 -63 +47 1034 £1.29 12
Ir -0.67 £0.13 17526 %55 -19 +£117 14.50 +4.80 9
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Table S2. Results of the regression describing the dependence of log KJ(sulfide-
silicate) (corrected to infinite dilution) on P and T (/6). “No.” is the number of
measurements.

Element a™ 4o b +o U s No.

Pt 2.04 £0.10 4306 £1638 69.4 +20.9 11
Pd 3.02 +0.09 842 +£1653 -19.1 £17.7 11
Ru -1.13 £0.12 12748 +2730 -41.4 +252 7

Ir -1.16 £0.06 14073 +314  -17.8 +13.1 5
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Additional Data Table S1 (separate file)
Evolution of Earth’s mantle composition with single-stage sulfide segregation

Additional Data Table S2 (separate file)
Evolution of Earth’s mantle composition with multi-stage sulfide segregation
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1. Supplementary Text

Late veneer and late accretion

These terms have been used with slightly different meanings by different authors —
e.g. Walker et al. (4) and Jacobson et al. (6). Here we use “late veneer” to mean all
material that was accreted to Earth after the end of core formation and sulfide
segregation. We use the term “late accretion” to describe the physical process by which
the late veneer was added.

Accretion/core formation model

The accretion/core formation model is identical to one of six published models (&) but
with the addition of two volatile elements (Na and S) and four highly-siderophile
elements (HSEs: Pt, Ru, Pd and Ir).

Grand Tack accretion scenario

The Grand tack scenario is the first accretion model that couples the processes of
migration of the giant planets and formation of terrestrial planets. Originally proposed by
Walsh et al. (/7), this scenario is based on previous results of hydro-dynamical
simulations showing that a Jupiter-mass planet alone in the protoplanetary disk would
migrate inwards but the couple Jupiter-Saturn, once trapped in resonance, would migrate
outwards (40, 41, 42). The Grand Tack scenario thus postulates that Jupiter formed first,
at a distance of 3-4 AU from the Sun, and migrated inwards. Saturn, after reaching a
mass close to its present one, also started to migrate towards the Sun and caught Jupiter
in resonance. At this point, Jupiter and Saturn reversed the direction of migration and
started to move towards the outer disk. The reversal of migration is dubbed the “tack”,
hence the name of the model. The embryo and planetesimal populations in the region
(~3-6 AU) swept by the inwards-then-outwards migration of Jupiter are strongly depleted
(Fig. S1A). The Grand Tack scenario postulates that the tack occurred when Jupiter was
at about 1.5 AU from the Sun, so that the resulting depletion of mass outside of 1 AU can
explain the final small mass of Mars (43), which could not be reproduced by earlier
classical accretion models.

From the perspective of terrestrial planet formation, the Grand Tack model predicts a
wide mixing of embryos and planetesimals that originally accreted in different parts of
the disk. The local material, indigenous of the region ~1 AU, is mixed with material
originally from the 1-3 AU region and pushed inwards by the resonances with Jupiter
during the inward migration phase of the giant planet. This process of dynamical mixing
also boosts the initial accretion rate of the terrestrial planets relative to the classical
scenario (44), because it breaks the mutual dynamical isolation of the planetary embryos
resulting from their growth in oligarchic fashion (45, 46). Finally, when the outer giant
planets migrate outwards, multiple primitive and water-rich planetesimals from the giant
planet zone are scattered towards the terrestrial planet region, thus contributing
significantly to Earth’s water budget (9).

The Grand Tack scenario is also successful in explaining the orbital distribution of
the terrestrial planets (/0), such as their low angular momentum deficit (which is a
measure of the small deviations of the terrestrial planet orbits from perfect co-planar
circles). Provided some assumptions hold true on the mass ratio between embryos and




planetesimals, it also predicts that the growth of the Earth, although initially very rapid,
can be protracted for ~100 My; in this case the amount of material accreted after the last
giant impact is small (less than 1% of the Earth-mass), consistent with the amount of
“late veneer” inferred from mantle HSE abundances (5, 6, 33).

From the compositional point of view, given reasonable initial chemical gradients in
the disk, as outlined below, the Grand Tack scenario is consistent with the chemistry of
the major non-volatile lithophile and weakly-siderophile elements in the mantle and the
oxidation state of the Earth (§).

Structure and chemistry of the protoplanetary disk

The Grand Tack simulation selected for this study is 4:1-0.5-8 because it produced a
model Earth close to 1 AU with a final mass close to one Earth mass (M,). In addition,
the final giant impact occurs at 113 My and the mass of material accreted following this
impact is about 0.003Me. In the simulation number “4:1-0.5-8”, “4:1” indicates the ratio
of the total masses in the embryo and planetesimal populations respectively, and “0.5”
signifies that the initial embryo mass is 0.5 x mass of Mars. Based on these parameters,
ten simulations were run with very slight variations in the initial orbital characteristics of
the starting bodies: the last term (“8”) is the run number within the set of 10 simulations.
The protoplanetary disk consists of 87 embryos, distributed between 0.7-3.0 AU, and
2836 planetesimals, each of mass 3.9><10'4Me, initially distributed between 0.7-3.0 AU
and 6.0-9.5 AU (the region between 3.0 and 6.0 AU is cleared of planetesimals by the
accretion of Jupiter and Saturn).

The bulk chemistry of each of the embryos and planetesimals is specified prior to the
migration of Jupiter and Saturn by assuming Solar System bulk composition ratios (CI
chondritic) for all non-volatile elements (Mg, Si, Ni, Co, Cr and Pd) but with refractory
element concentrations (Ca, Al, Nb, Ta, Pt, Ru and Ir) that are enhanced by 22% (11%
for V) relative to CI (normalized to Mg), as justified previously (/4). Oxygen and water
contents are two critical compositional variables. The composition of a model Earth’s
mantle, calculated from our accretion/core formation model, is fit to that of the bulk
silicate Earth (BSE). The exploration of a broad parameter space results in the optimal
composition-distance model for primitive bodies shown in Fig. S1A (8§). Here
compositions close to the Sun (<1.1 AU) are highly reduced with 99.9% of Fe being
present as metal and with ~18% of total Si initially dissolved in the metal. At heliocentric
distances >1.1 AU, compositions become increasing oxidized and beyond 6.9 AU they
are fully oxidized and contain 20 wt% H,O. Four least-squares fitting parameters are
indicated in Fig. S1A as red arrows and consist of two compositional parameters and two
distance parameters. The distance d(3) was fixed to be 6.9 AU by requiring a final mantle
H,O content of ~1000 ppm.

Using a similar approach, we include the volatile element S (and also for comparison
the lithophile/volatile element Na) in the current model by imposing compositional
gradients on starting bodies (Fig. S1B). These gradients reflect high volatility at low
heliocentric distances because of high temperatures and an increased tendency to
condense as temperatures decrease with increasing heliocentric distance in the nebula
(18). The Na gradient is adjusted in order to obtain a final mantle (BSE) concentration of
2600 ppm (21) assuming that Na does not partition into the core. In the case of S, the aim
is to obtain the bulk Earth’s S content which results when bodies at <0.8 AU contain zero




S. The steeper gradient for S compared to Na is qualitatively consistent with the lower
50% condensation temperatures of S at 10 bar of 655 K compared to 953 K for Na. (17).

The sulfur gradient of Fig. S1B is likely to be an oversimplification of reality. For
example, it implies that highly reduced compositions from <1 AU should contain no S —
whereas enstatite chondrites, which are highly reduced, contain up to 5-6 wt% S. Such
discrepancies may possibly be a consequence of the evolution of protoplanetary disk
chemistry with time. We show below that provided there is sufficient S to provide Earth
with its bulk S content (0.64 wt%), our main conclusions are independent of its
distribution in the protoplanetary disk.

Core formation model

We modelled the evolution of some moderately siderophile non-volatile element
abundances in Earth’s mantle and core by integrating the dynamical process of planetary
accretion with the chemistry of core-mantle differentiation (&). Planets grow through
collisions with embryos and planetesimals which (apart from fully-oxidized C-type
bodies) are assumed to be differentiated into core and mantle prior to accretion. Each
impact delivers mass and energy to a growing planet, with the energy resulting in
melting, magma ocean formation and an episode of core formation. The initial bulk
compositions of all bodies are defined in terms of oxygen and H,O contents, as described
above. The final compositions of equilibrated metal and silicate at high pressure and
temperature are then determined by a mass balance/element partitioning approach (8, 74).
Water is delivered to the mantle by fully oxidized impactors, especially during the final
30-70% of accretion. The initial bulk compositions and metal-silicate equilibration
pressures are refined by fitting the calculated composition of the mantle of a model Earth
to that of Earth’s primitive mantle or bulk silicate Earth (BSE) (27). As described above,
best fits are obtained when bulk compositions of bodies that originated at <0.9-1.2 AU
are highly reduced, bodies originating between ~1 and ~2.5 AU become increasingly
oxidized with increasing heliocentric distance, and bodies from beyond 6-7 AU are fully
oxidized and contain 20 wt% H,O (Fig. S1A). Refined metal-silicate equilibration
pressures increase as accretion proceeds and are ~70% of the proto-Earth’s core-mantle
boundary pressure at the time of each impact. Equilibration temperatures are constrained
to lie between the peridotite liquidus and solidus at the corresponding equilibration
pressure. A list of all fitted parameters and their final values are reported below.

Fraction of silicate mantle that equilibrates with accreted metal: An important feature of
the accretion/core formation model is that the metallic core of each impacting body sinks
in a magma ocean as a mixed high-density metal-silicate plume that continuously entrains
increasing amounts of silicate liquid (/3). Metal and silicate in the plume are well mixed
so that the metal equilibrates chemically with the entrained silicate liquid and there is no
mixing of the metal with the rest of the mantle. The equilibrated silicate liquid constitutes
only a small fraction (X,us.) of the planet’s total mantle (this contrasts strongly with the
usual assumption when modelling core formation that accreted metal equilibrates
chemically with the entire silicate mantle (47). The value of the fraction Xune is
determined for each impacting body from a hydrodynamic model (/3) and, depending on
the size of the impactor’s core and magma ocean depth, ranges from 0.0009 to 0.008 for
planetesimal impacts and 0.025 to 0.10 for giant impacts (8). These values are



approximately consistent with the results of hydrocode calculations that also include
oblique impacts (48). On the other hand, it has been proposed recently that planetesimal
cores vaporize during high-velocity impacts, thus distributing dispersed iron over the
surface of the growing Earth and enhancing the fraction of mantle that equilibrates with
metal (49). However, to be effective, this process requires extremely high impact
velocities. For example at a velocity of 17 km/s there is no vaporization and at 30-40
km/s only ~50% of the iron vaporizes (49). In the N-body simulation of this study,
impact velocities rarely exceed 20 km/s.

Fraction of accreted metal that equilibrates with silicate liquid: For the metallic cores of
impacting bodies to fully equilibrate with silicate liquid entrained in the metal-silicate
plume described in the previous paragraph, emulsification into 1 cm size droplets is
necessary (29). This is considered to likely occur for small planetesimal cores but it is
uncertain if embryo cores fully emulsify during giant impacts (23, 50, 51, 52). Based on
the Earth’s mantle tungsten isotope anomaly, it has been estimated that 30-80% of
accreted metal has equilibrated with the mantle (52, 53). In the combined accretion/core
formation model of Rubie et al., the best least square fits to BSE composition were
obtained when 80-100% of metal equilibrates with silicate (8). The results presented in
Figs. 1, 3 and 4 are based on 100% of accreted metal equilibrating with silicate; the effect
on the results of Fig. 1 when only 50% equilibrates is shown below in Fig. S2.

Compositions of equilibrated metal and silicate liquids and the effect of accreted water:
The compositions of metallic and silicate liquids at high P-T conditions are determined
by mass balance combined with the partitioning of major elements (Si, Fe, Ni and O)
whereas trace element concentrations are based on partitioning alone (8, /4). Water,
when delivered by oxidized CI bodies, is mixed into the mantle after each accretional
event. HO contained in the limited volume of equilibrating silicate melt oxidizes the
metal through the loss of hydrogen (8). After each equilibration event, the metal is
transferred to the core and the equilibrated silicate liquid is mixed with the rest of the
mantle.

Highly siderophile elements: We have extended our published accretion/core formation
model (8) in order to include the evolution of mantle Ir, Pt, Pd and Ru concentrations
during Earth’s accretion and differentiation. These elements include the most and the
least siderophile HSEs (Ir and Pd respectively) and two elements (Pd and Ru) which are
likely present in the mantle in slightly suprachondritic abundances (32, 33). We present
results from the Grand Tack accretion simulation 4:1-0.5-8, in which a model Earth
experiences a final giant impact at 113 million years (My) that increases its mass from
0.872M. to 0.997M. (8), consistent with Earth’s Moon-forming impact (M, is Earth’s
current mass). The mass of material accreted after this event is 0.3% of Earth’s mass
(0.003M,).

Refinement of model parameters: The refinement of parameters in the accretion/core
formation model is based primarily on fitting the calculated composition of the mantle of
a model Earth to that of the bulk silicate Earth, as described previously (&). This is done
on the basis of the elements Si, O, Fe, Ni, Co, Nb, Ta, V and Cr, with Mg, Al and Ca also



being included in the bulk compositions. Five fitting parameters are refined by least

squares and the resulting values for the simulation 4:1-0.5-8 studied here are as follows.

e Metal-silicate equilibration pressure = Py x Pcvp with Pr= 0.67 (Pcwms is the core-
mantle boundary pressure at the time of impact).

The four parameters indicated by red arrows in Fig. S1A, that define the oxygen contents

of initial embryos and planetesimals, are refined in the final simulation of Fig. 4B to have

the following values:

e  Fraction of total Si initially contained in metal X g (1) =0.20

e  Fraction of total Fe initially contained in metal X."(2)=0.11
e Distance o(1) =0.95 AU
e Distance 0(2)=2.82 AU
These values differ slightly from those reported previously (&) because of the
incorporation of S, Pt, Pd, Ru and Ir in the present model. The distance 6(3), beyond
which planetesimals contain 20 wt% water, is set at 6.8 AU in order to obtain a final
mantle H,O concentration of ~1000 ppm. The incorporation of sulfide segregation in the
present model has only a small effect on the parameters listed above and concentrations
of the elements considered here (with the exception of S and the HSEs) because the mass
fraction of segregated sulfide liquid is small. For example, refining the model without
sulfide segregation results in a final mantle FeO concentration of 8.1 wt%; if the model is
then re-run with the same parameter values but including FeS exsolution and segregation
to the core, the final mantle FeO concentration is reduced only slightly to 7.7 wt%.
Because of this small effect, we set the (unknown) Ni and oxygen contents of the
segregated FeS liquid to zero. Of course, FeS segregation will have a major effect on
concentrations of chalcophile trace elements, such as Cu, which are not considered here.
Two parameters that are adjusted to obtain the final mantle concentrations of the HSEs
(Pt, Pd, Ru and Ir) and a mantle sulfur concentration of 200-250 ppm are:
e The effective pressure of sulfide saturation and sulphide liquid — silicate liquid
equilibration in the magma ocean (Pey.s = ks X Pcwvp, wWith kg = 0.44).
e The time at which accretion of the late veneer starts (= 119 My in the simulation
studied here).

Metal-silicate and sulfide-silicate partitioning of Pt, Ru, Pd and Ir: We used the
experimental results of Laurenz et al. (/6) as summarized below. The metal-silicate
distribution coefficient Kp is independent of oxygen fugacity and, for element M, is
defined as:

X;Zet (X;;Zo)n/Z
D~ Xsil (Xmet)n/2 . (Sl)
Fe

MOn/Z
Here X represents the mole fractions of M, MO,;, Fe and FeO in metal (met) and silicate
(sil) and 7 is the valence of M when dissolved in silicate liquid. Kp for sulfide-silicate
partitioning can be expressed accordingly.




Effect of sulfur on HSE metal-silicate partitioning: We describe this effect by:

met met

log K} (metal — silicate) = a™ + - < -t d"" log(1- Xy) (S2)

where log KJ(metal — silicate) is log Kp(metal — silicate) corrected to infinite
dilution of the HSEs (3, 16), a, b, ¢ and d are constants, Xy is the mole fraction of S in the
metal, P is in GPa and 7T in K. The resulting fitting parameters are listed in Table S1.

Partitioning of HSEs between sulfide and silicate liquids: The effects of P and 7 on
partitioning are described by:

o sulf csul/'P
log K (sulfide— silicate) = a™" + — + 7

where log KJ(sulfide-silicate) is log Kp(sulfide-silicate) corrected to infinite dilution of
the HSEs (/6) and a, b and ¢ are constants. The resulting fitting parameters are listed in
Table S2.

(83)

Extrapolation of partitioning data to high pressures and temperatures: The partitioning
parameters of Tables S1 and S2 have been determined experimentally at pressures <21
GPa. In the combined accretion/core formation models, Kps are extrapolated to 80-90
GPa (metal-silicate equilibration) and ~60 GPa (sulfide-silicate equilibration)
respectively. Such large extrapolations result in uncertainties that we have estimated by
propagating the errors on the partitioning parameters. Experiments performed up to 100
GPa in diamond anvil cells on the metal-silicate partitioning of Ni and Co gave results
that are broadly consistent with extrapolations of low-pressure data (54,55

Ideally, metal-silicate partitioning experiments should be performed up to 60-100
GPa for all siderophile elements using diamond anvil cells (55). However, in the case of
HSEs such experiments are likely to be impossible with currently available technology.
This is because the heated samples in laser-heated diamond anvil cell samples are
extremely small (e.g the quenched silicate region is typically around 2-3 microns across —
see Fig. 2 in Fischer et al. (55). Analyzing ppm levels of HSEs reliably in such a small
region is currently impossible, even with a nano-SIMS.

Sulfur content at sulfide saturation (SCSS) in peridotite melt: Laurenz et al. have
determined SCSS for a primitive mantle composition experimentally at 2373-2773 K and
7-21 GPa (16). A fit to 24 experimental data points gives:

* +
In(SCSS) = 14.2(+1.18) — 1 1032(;3 119) 379(;82)P
where the concentration of S is in ppm, 7T'is in K and P is in GPa.

(S4)

Partitioning of sulfur between metal and silicate: The metal-silicate partitioning of S has
been investigated at 2073-2673 K and 2-23 GPa by Boujibar et al. (/9). They

parameterized log D;”‘”‘”" as a function of P, T and the concentrations of Fe, Ni, Si, O, P
and C in the metal. We have used a modified version of their partitioning equation:



log D" =log C; +%+$+ 32log(1- X ) +181[log(1 - X )] +305[log(1 - X )] (S5)
+1.13log(1- X ,,) +10.7log(1- X,,) - 3.72

where Xg; Xr., and Xy; are the mole fractions of Si, Fe and Ni in the liquid metal. Cy is the
sulfide capacity of the silicate melt:

10g Cy = =5.704 +3.15X , +2.65X o +0.12X (S6)

where Xreo, Xcao and Xy, are the respective mole fractions of oxide components in the
silicate liquid (79).

We do not include the effects of C and P in the metal in Eq. S5 because these
elements are not included in the accretion/core formation model. We also exclude
possible effects of oxygen. According to the results of Boujibar et al., oxygen dissolved

in the metal has the effect of reducing the value of Dy~ (19) and the reduction
becomes large at high oxygen concentrations of 5-10 wt%. However, according to other
studies (56, 57), the effect should be the opposite, with O in the metal causing D" to

increase. The experiments of Boujibar et al. produced very low oxygen concentrations in
the metal (/9) that are also difficult to measure; consequently, their parameterization of
the effect of oxygen seems not to be reliable. Because we exclude the effects of oxygen

in the metal on S partition coefficients, the values predicted for log Dy by Eq. (S5)

might be too low. Therefore we consider below an extreme end member case in which all
S is partitioned into metal in each equilibration event.

In general mantle S concentrations do not decrease as a result of metal-silicate
equilibration during core formation (Fig. 1). The main reason is that the metal-silicate
partition coefficient of S decreases strongly with increasing Si content of the metal (in
addition to other compositional factors) — see Eq. S5 and Fig. 4 in Boujibar et al. (19).
Batches of equilibrated core-forming metal in the simulation presented here generally
have Si concentrations in the range 1-12 wt%. In addition, although high pressure makes
S more siderophile, high temperature has the opposite effect.

We did not consider the possible evaporative loss of S during accretional impacts
because the low S-content of Earth cannot be the result of evaporation during giant
impacts. The S-isotopic composition of Earth is close to that of E-chondrites (58). There
is no indication from stable S isotopes for evaporation, as is also the case for K and Rb
(59).

Segregation of sulfide liquid to the core

In a magma ocean in which the melt fraction is high, exsolved FeS droplets, with a
stable diameter of ~0.5 cm, will sink to the base of the magma ocean with a velocity of
~0.3 m/s (60). Consequently, pools of FeS liquid will accumulate at the base of the
magma ocean and will eventually segregate to the core through crystalline or partially
molten mantle, either as sinking diapirs or by dyking (2). Because the density of liquid
FeS is lower than that of liquid Fe-rich metal, rates of sulfide migration to the core by
these mechanisms are likely to be relatively slow.

As the magma ocean starts to crystallize, FeS exsolution will be enhanced as the
silicate melt fraction decreases. Provided the silicate melt fraction is high, segregation of
FeS droplets can continue. However, once the silicate melt fraction has decreased to




below a critical but poorly-known value (probably 30-50%), exsolved FeS liquid can no
longer percolate through the partially molten aggregate and becomes trapped (61, 62). At
this stage, HSEs that are added by continuing accretion remain in the mantle (late
accretion stage).

Effect of incomplete equilibration of accreted metal on the evolution of HSE
concentrations due to metal-silicate segregation

The results shown in Fig. 1 are based on the assumption that 100% of accreted metal
equilibrates with silicate. As mentioned above, the actual value could be significantly
lower if accreted metal fails to fully emulsify as impactor cores sink in the magma ocean.
Figure S2 shows the results of Fig. 1 recalculated for the case that only 50% of accreted
metal equilibrates. Compared with the results of Fig. 1, the concentrations of HSEs
remaining in the mantle at the end of accretion as the result of metal-silicate segregation
(i.e. without FeS segregation) are greatly increased. This is because significantly higher
equilibration pressures are required to fit the BSE concentrations of the moderately
siderophile elements (P, = 0.77xPcyp, compared with P, = 0.67xPcyp when 100% of
metal equilibrates). Metal-silicate partition coefficients for the HSEs are lower at the
higher pressures (3) which results in the higher mantle concentrations shown in Fig. S2A.
These results demonstrate that the need for FeS segregation is independent of the degree
of metal equilibration.

Effect of metal-silicate partitioning on S
As discussed above, the S partitioning model used here (Eq. S5) may underestimate

the value of the sulfur partition coefficient (D7) because no account is taken of the

effect of the oxygen content of liquid metal. We therefore recalculate the results for
single-stage FeS segregation shown in Fig. 4 but for the extreme case that al/ S partitions
into metal in each metal-silicate equilibration event (Fig. S3).

Compared with the results obtained with the S partitioning model (Eq. S5), shown
in Fig. 4, evolving mantle concentrations of S are relatively low but are still well in
excess of the BSE sulfur concentration (by a factor of 2). (Note that the very limited
extent of mantle equilibration, discussed above, is an important factor for this result.)
Thus FeS segregation is still required in order to achieve the final BSE S
concentration. The final HSE concentrations are, within error, consistent with BSE
values although the fit is not as good quantitatively as that obtained with the S
partitioning model (Fig. 4).

Effect of the initial distribution of sulfur in the protoplanetary disk

The initial distribution of sulfur in the protoplanetary disk, as shown in Fig. S1B, is
uncertain (see above). We have therefore investigated the effect of its concentration being
constant with heliocentric distance. If all starting bodies contain an S concentration
corresponding to 0.075xCl, Earth’s final bulk S content of 0.64 wt% is reproduced. The
evolutions of concentrations of the HSEs and S in both single-stage and multi-stage
sulfide segregation scenarios that result from this constant S distribution are shown in
Fig. S4. The final mantle HSE concentrations are identical to those that result from the
gradient model (Fig. SIB). We conclude therefore that the initial distribution of S is
unimportant for modelling HSE geochemistry. The final core and mantle concentrations




of S are 2.0 wt% and 140 ppm respectively — the latter value being slightly low compared
with the BSE concentration of 200-250 (£40) ppm. The evolution of mantle S
concentrations during accretion is significantly different from those obtained with the S
gradient model (compare Figs. 4A and S4A) and, as with the gradient model, is strongly
dependent on whether sulfide segregation is single- or multi-stage.
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Fig. SI.

Oxidation state and H,O content
of initial bodies

Fully oxidized
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Fig. S1. Model of protoplanetary disk composition versus heliocentric distance that is
imposed on starting embryos and planetesimals prior to the migration of Jupiter and
Saturn. (A) Composition-distance model for embryos and planetesimals in the
protoplanetary disk showing the variation in oxidation state and water content (8).
Least squares fitting parameters are indicated as red arrows. (B) Compositional
gradients for Na and S adopted in the present model (concentrations are normalized to
CI). In the shaded region, between 3 and 6 AU, there are initially no embryos or
planetesimals because all bodies in this region have been cleared by the accretion of
Jupiter and Saturn.
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Fig. S2
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Fig. S2. Evolution of mass accreted and mantle abundances of (A) HSEs and (B)
sulfur with time, calculated for the case that only 50% of accreted metal equilibrates
with silicate. Each symbol represents an impact and “mass accreted” is the
accumulated mass after each impact, normalized to Earth’s current mass (M.). Error
bars, based on the propagation of uncertainties in the partitioning parameters, are
shown for the final Pt and Pd concentrations; propagated uncertainties for Ru and Ir
are 0.7 and +2.3 ppb respectively. See Fig. 1 for further details.
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Fig. S3. Evolution of mantle concentrations of (A) sulfur, and (B) HSEs with time
based on metal-silicate and sulfide (FeS) segregation with &, = 0.37 (Eq. 1). In contrast
to Fig. 4, these results are obtained for the case that all S partitions into metal in each
equilibration event. The accretion history is also shown in (A, B). Results are shown
for late single-stage FeS segregation at 118 My. The vertical dashed lines in (A, B)
show the time of the final giant impact (GI) at 113 My and the start of late veneer
accretion (LV) at 119 My. Error bars, based on the propagation of uncertainties in the
partitioning parameters, are shown in (B) for the final Pd and Ru concentrations;
propagated uncertainties for Pt and Ir are £2.5 and +1.8 ppb respectively. (C) Final
calculated HSE values, normalized to Ir and CI, compared with BSE values (32).
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Fig. S4
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Fig. S4. Evolution of mantle concentrations of (A) sulfur, and (B, C) HSEs with time
based on metal-silicate and sulfide (FeS) segregation with &, = 0.37 (Eq. 1). In contrast
to Fig. 4, these results are obtained for the case that all starting bodies of the
protoplanetary disk have an identical bulk sulfur concentration of 0.075xClL For other
details, see the caption of Fig. 4.
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Table S1. Results of the regression describing the dependence of log K% (metal —
silicate) on P, T and Xs(17). Values for 5", ¢ and valence are from Mann et al. (3).
The fits were restricted to Fe-rich metal compositions (X5 < 0.35). “No.” is the number of
measurements.

Element a™ +o b™ +o ™ +o d™ +o No.
Pt -4.04 +0.04 23824 +211 -17 £29 830 £3.65 16
Pd 0.18 +£0.04 10235 +126 -103 +£25 9.08 +2.00 13
Ru 0.74 +£0.05 12760 %32 -63 +47 1034 £1.29 12
Ir -0.67 £0.13 17526 %55 -19 +£117 14.50 +4.80 9
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Table S2. Results of the regression describing the dependence of log KJ(sulfide-
silicate) (corrected to infinite dilution) on P and T (/6). “No.” is the number of
measurements.

Element a™ 4o b +o U s No.

Pt 2.04 £0.10 4306 £1638 69.4 +20.9 11
Pd 3.02 +0.09 842 +£1653 -19.1 £17.7 11
Ru -1.13 £0.12 12748 +2730 -41.4 +252 7

Ir -1.16 £0.06 14073 +314  -17.8 +13.1 5
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Additional Data Table S1 (separate file)
Evolution of Earth’s mantle composition with single-stage sulfide segregation

Additional Data Table S2 (separate file)
Evolution of Earth’s mantle composition with multi-stage sulfide segregation
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