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A B S T R A C T

The Hf-W isotopic system is the reference chronometer for determining the chronology of Earth’s accretion and
differentiation. However, its results depend strongly on uncertain parameters, including the extent of metal-
silicate equilibration and the siderophility of tungsten. Here we show that a multistage core-formation model
based on N-body accretion simulations, element mass balance and metal-silicate partitioning, largely eliminates
these uncertainties. We modified the original model of Rubie et al. (2015) by including (1) smoothed particle
hydrodynamics estimates of the depth of melting caused by giant impacts and (2) the isotopic evolution of 182W.
We applied two metal-silicate fractionation mechanisms: one when the metal delivered by the cores of large
impactors equilibrates with only a small fraction of the impact-induced magma pond and the other when metal
delivered by small impactors emulsifies in global magma oceans before undergoing progressive segregation. The
latter is crucial for fitting the W abundance and 182W anomaly of Earth’s mantle. In addition, we show, for the
first time, that the duration of magma ocean solidification has a major effect on Earth’s tungsten isotope
anomaly. We re-evaluate the six Grand Tack N-body simulations of Rubie et al. (2015). Only one reproduces
ε182W=1.9 ± 0.1 of Earth’s mantle, otherwise accretion is either too fast or too slow. Depending on the char-
acteristics of the giant impacts, results predict that the Moon formed either 143–183 Myr or 53–62 Myr after the
start of the solar system. Thus, independent evaluations of the Moon’s age provide an additional constraint on the
validity of accretion simulations.

1. Introduction

The most important constraint on the timing of Earth’s accretion and
core formation is the Hf-W isotopic system. 182Hf decays to 182W with a
half-life of 8.9 Myr and, because Hf is a lithophile element and W is
moderately siderophile, early planetary core formation results in an
excess of 182W in the mantle relative to undifferentiated chondritic
concentrations (Jacobsen, 2005; Kleine et al., 2004, 2009; Rudge et al.,
2010). Earth’s mantle has a positive 182W anomaly and over the past
twenty years attempts have been made to elucidate its cause, especially
in terms of the chronology of core formation. Early studies either
modeled accretion and differentiation as a continuous process or

considered core formation to be a single-stage event, neither of which is
realistic. More recent studies have used the results of astrophysical
N-body accretion simulations as the basis for interpreting the 182W
anomaly of Earth’s mantle (Nimmo and Agnor, 2006; Nimmo et al.,
2010; Fischer and Nimmo, 2018; Zube et al., 2019). All studies have
concluded that several important factors contribute to the 182W anom-
aly, in addition to the timing of accretion and core formation. These
include the fraction of accreted metal that equilibrates with silicate
mantle, the fraction of silicate mantle that equilibrates with accreted
metal, and the metal-silicate partition coefficient of tungsten which is a
strong function of oxygen fugacity (Jennings et al., 2021). In fact, some
studies (e.g., Rudge et al., 2010) have shown that such factors may be
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just as important in determining the W isotope anomaly of Earth’s
mantle as the chronology of accretion and differentiation. In addition,
discussions of the fractions of equilibrating metal and silicate have
seldom considered plausible physicochemical constraints on these var-
iables. Uncertainties in such factors have therefore precluded the use of
the Hf-W system to reliably discriminate between viable and non-viable
models of Earth’s accretion (Zube et al., 2019).

Recent studies have made considerable progress in combining the
output of planetary N-body accretion simulations with models of multi-
stage core formation (Rubie et al., 2015, 2016; Fischer et al., 2017;
Blanchard et al., 2022; Dale et al., 2023; Gu et al., 2023). The aim is to
refine the pressures of metal-silicate equilibration and the chemistry of
the accreting bodies as a function of their heliocentric distances of origin
by fitting the results to the elemental chemistry of Earth’s primitive
mantle (i.e., the bulk silicate earth composition, BSE). Using a rigorous
mass balance/element partitioning approach (Rubie et al., 2011), the
calculated mantle concentrations of 17 elements: Mg, Fe, Si, Ni, Co, Nb,
Ta, V, Cr, S, Pt, Pd, Ru, Ir, W, Mo, and C have been fit to BSE concen-
trations, mostly with a high degree of success (Rubie et al., 2015, 2016;
Blanchard et al., 2022; Jennings et al., 2021). Only the calculated
mantle concentrations of W and Mo are too high, by up to a factor of 3–4
in the case of W.

Here we present a new metal-silicate fractionation model which is
applicable when the metal from accreted objects becomes dispersed in a
turbulently-convecting magma ocean as small cm-size liquid metal
droplets (Fig. 1b). By incorporating this model into modified accretion/
core formation simulations of Rubie et al. (2015), we eliminate the
problem of large excesses of W in the mantle determined by Jennings
et al. (2021) which allows us to address the evolution of the radiogenic
182W isotopic anomaly of Earth’s mantle.

A great advantage of this approach for modeling the tungsten isotope
anomaly is that fractions of equilibrating mantle can be determined
using physically-plausible hydrodynamic models (Fig. 1; Rubie et al.,
2015; Deguen et al., 2011, 2014) and the average fraction of accreted
metal that equilibrates can be constrained by least-squares fitting (see
below). In addition to pressure and temperature, oxygen fugacities at
which metal and silicate equilibrate are determined by mass balance
(Rubie et al., 2011) which means that the tungsten metal-silicate
partition coefficient is determined for every metal-silicate equilibra-
tion (core formation) event in the N-body simulations.

2. Methods

2.1. Accretion/core formation model

Details of our accretion/core formation model are presented by
Rubie et al. (2015) and only essential details, together with modifica-
tions, are provided here. The model is based on astrophysical N-body
accretion simulations that simulate the growth of the terrestrial planets
in the inner solar system from a suite of accretional collisions of plan-
etesimals and planetary embryos1 (see Raymond et al., 2014, for a re-
view). Here, we use Grand Tack N-body accretion simulations in which
Jupiter and Saturn migrate first inwards and then back out in order to
achieve a realistic mass for Mars-like bodies (Walsh et al., 2011). Future
work will examine the case where the terrestrial planets grow from a
narrow and dense ring of embryos and planetesimals located at around 1
au (Hansen, 2009; Nesvorný et al., 2021; Woo et al., 2024). Core-mantle
differentiation during a planet’s growth is modeled with the aim of
producing a final mantle composition that is identical to that of the bulk
silicate Earth.

The reader should keep in mind that the present study is largely
methodological and its goal is to demonstrate how core-mantle differ-
entiation and the chronology of Earth’s accretion can be tested using any
type of dynamical accretion simulation.

The naming convention used for the simulations conveys informa-
tion about the starting disk parameters (Table 1). For example, in
4:1–0.5–8, “4:1″ indicates the total starting mass of embryos ratioed to
that of planetesimals, the second parameter indicates the initial mass of
the largest embryo (0.025, 0.05 or 0.08 Me) and “8″ is the run number.
The prefix “i” indicates that the initial mass of embryos increases with
heliocentric distance in the range listed in Table 1. For simplicity, below
we use the terminology “simulation 1–6″ (Table 1).

The Grand Tack simulations start with around 100–200 embryos that
are distributed over a heliocentric distance 0.7–3.0 au. Within the disk,

Fig. 1. Metal-silicate fractionation models. a) Focused metal-silicate fractionation. When a large impacting body is differentiated, as is the case here, its metallic core
sinks in the impact-induced silicate-magma melt pool (or global magma ocean), and progressively emulsifies and entrains increasing amounts of the surrounding
silicate liquid. The result is a high-density plume of molten metal +molten silicate that expands as it sinks to the base of the melt pool. Final chemical equilibration of
metal and silicate liquids occurs within this plume when it reaches the bottom of the melt pool/magma ocean. (After Rubie et al., 2015.) b) Dispersed metal-silicate
fractionation. Cross section of an accreting planet showing a global magma ocean, overlying crystalline mantle and the proto-core. Small (e.g. ~1–10 mm) metal
droplets (black) are suspended in the turbulently convecting magma ocean and only segregate when they are swept into the mechanical boundary layer (red) at the
base of the magma ocean (Martin and Nokes, 1988; Höink et al., 2006). The segregating metal finally equilibrates with the silicate liquid in this boundary layer before
accumulating and descending to the core as sinking diapirs (black) without further equilibration. The silicate liquid in the boundary layer is continuously mixed with
the bulk of the magma ocean during the segregation process, as the result of rapid turbulent convection. Crystalline mantle: green; magma pond/ocean: orange; core
and core-forming metal: black.

1 Planetesimals are asteroid-like bodies, typically of a size of ~100km, which
may or may not be differentiated depending on their formation time. Planetary
embryos are objects with a few times the mass of the Moon, possibly up to the
mass of Mars, which formed from planetesimal collisions or pebble accretion
during the gas-dominated phase of the protoplanetary disk. They are all
considered to be differentiated.
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several thousand planetesimals are distributed from 0.7 to 9 au. For
computational reasons, the mass of each planetesimal is on the order of
10–4Me and, thus, they are actually tracers for a large number of much
smaller bodies. Details of starting configurations are given in Table 1
and Rubie et al. (2015).

The bulk compositions of all starting bodies are required as a func-
tion of heliocentric distance. All non-volatile elements, except oxygen
and refractory elements, are present in relative CI concentration ratios.
Oxygen contents are varied to define an oxidation gradient such that
bodies originating at less than ~1 au are highly reduced and beyond ~1
au become increasingly oxidized with heliocentric distance due to the
effects of water (Rubie et al., 2015; Monteux et al., 2018). The details of
this gradient are refined by least squares minimization (Rubie et al.,
2015; Jennings et al., 2021). In these previous studies the refractory
element concentrations were enhanced relative to CI composition in all
bodies by 22 % to achieve the primitive mantle refractory element
abundances (Palme and O’Neill, 2004; Rubie et al., 2011). Here a re-
fractory element enhancement of 30 % is applied, but only to the highly
reduced bodies originating within ~1 au The reason is that refractory
enriched bodies should have formed only inwards of the silicate subli-
mation line (Morbidelli et al., 2020).

Earth was initially one of the original planetary embryos and grows
through collisions with planetesimals and other embryos. Embryo col-
lisions are highly energetic giant impacts and cause large-scale melting
of the target and thus the development of deep magma ponds (Fig. 1a),
each of which then hydrostatically relaxes into a global magma ocean
that overlies the solid mantle. Planetesimals in contrast do not generate
large scale melting because of their small mass; they either impact an
already existing magma ocean, or deposit their material in the upper-
most solid mantle or crust if the previous magma ocean has already
crystallized. In the latter case, metal-silicate equilibration occurs only
when a new global magma ocean is produced, as a consequence of the
next giant impact (Fig. 1b).

In most of our previous studies, the pressures of metal-silicate
equilibration, at the base the magma ponds generated by giant im-
pacts, were estimated by least squares fitting (Rubie et al., 2015). Here,
we determine the pressure at the base of magma ponds, where
metal-silicate equilibration occurs, using the results of smoothed parti-
cle hydrodynamics (SPH) simulations of the extent of giant-impact
induced melting (Nakajima et al., 2021; Dale et al., 2023). Parameters
required for this determination (impact angle, impact velocity and the
masses of the impactor and target) are output by the N-body simulations
(e.g., Supplementary Material). Nakajima et al. (2021) provides results
for impact angles of 0◦, 30◦, 45◦, 60◦, and 90◦ and for each impact we
use the results for the closest of these angles (see also Gu et al., 2023).
Results are presented by Nakajima et al. (2021) for target bodies with
two different initial temperature distributions that have corresponding
target surface temperatures of 300 K and 2000 K respectively. We pri-
marily use the high-temperature distribution but also show the effects of
using the low-temperature results. Temperatures at the base of magma
ponds/oceans are assumed to lie midway between the peridotite solidus
and liquidus (Rubie et al., 2015).

For the pressure of equilibration of the planetesimal material, Dale
et al. (2023) assumed that the entire volume of silicate melt that is
created by a giant impact evolves into a global magma ocean without
any cooling and crystallization. This allows the depth of the magma
ocean and hence its pressure to be estimated, again using the SPH results
of Nakajima et al. (2021). However, this approach is only valid imme-
diately following a giant impact. The magma ocean will progressively
crystallize from its bottom upwards and, therefore, on average, the
equilibration of planetesimal material will occur at a lower pressure. For
this reason, we determine the average fraction of the core-mantle
boundary (CMB) pressure at which planetesimals equilibrate in a
magma ocean (one value for all impacts, for simplicity) by fitting the
results to the composition of the BSE.

Regardless of whether the material comes from an embryo or a

planetesimal and equilibrates in a magma pond or global magma ocean,
the compositions of metal and silicate after equilibration are determined
by a combination of mass balance and element partitioning that is used
to determine the concentrations of major elements through the co-
efficients a, b, c, d, x, y and z in the following equilibrated stoichiometric
compositions (Rubie et al., 2011):
[
(FeO)x (NiO)y (SiO2)z(Mgu Alm Can)O

]

silicate liquid
+[Fea Nib Sic Od]

metal liquid

The coefficients u, m and n are constants because they describe
concentrations of lithophile elements. Concentrations of trace elements
are determined by metal-silicate partitioning alone. In the present study,
the partition coefficient of W is of particular importance. In addition to P
and T, its partitioning is strongly affected by oxygen fugacity because W
dissolves in silicate liquid with a high valence of 6+ (O’Neill et al., 2008;
Jennings et al., 2021). It is also affected significantly by the metal
composition, especially its carbon concentration. The latter is deter-
mined following Hirschmann et al. (2021) and Blanchard et al. (2022)
with the result that almost all carbon is accreted to Earth by
fully-oxidized carbonaceous chondrite planetesimals from the outer
solar systemwhich have a bulk C concentration of 3.35 wt%. In contrast,
the bulk C contents of embryos and planetesimals from the inner solar
system lie in the range 0.002–0.16 wt% due to carbon loss caused by
high temperatures, especially during core-mantle differentiation
(Hirschmann et al., 2021; Blanchard et al., 2022). For each core-forming

event we determined the metal-silicate partition coefficient of W
(
Dm/sW )

using the parameterizations of Jennings et al. (2021) combined with
mass balance constraints.

2.2. Metal-silicate fractionation models

2.2.1. Focused metal-silicate fractionation mechanism
When a planetary embryo generates a deep magma pool or a large

differentiated planetesimal impacts a global magma ocean (Fig. 1a), the
volume of silicate liquid that equilibrates with the metal from the pro-
jectile’s core is calculated from the radius of the impactor’s core and the
depth of the magma pool or magma ocean using the relationship from
the hydrodynamic model of Deguen et al. (2011, 2014):

∅met =
(r0
r

)3
=

(

1 −
αz
r0

)− 3

.

Here ϕmet is the volume fraction of metal in the mixed metal + sili-
cate plume, r0 is the initial radius of the core of the impactor, r is the
radius of the descendingmetal+ silicate plume, z is the depth of the melt
pool or magma ocean and α is a constant with the value of ~0.25. For the
Grand Tack simulations, Rubie et al. (2015) computed that the fraction
of mantle that equilibrates with accreted metal is small: typically,
0.0006–0.014 for planetesimal impacts and 0.008–0.11 for embryo
impacts. We have not used the revised hydrodynamic model of Landeau
et al. (2021), which includes the effects of impact velocity, because,
especially for planetesimal impacts, it predicts much larger volumes of
equilibrating mantle than the Deguen et al. model and leads to poor
results when fitting Earth’s calculated mantle composition to the BSE
composition. The application of the Landeau et al. model is discussed in
more detail by Dale et al. (2023).

2.2.2. Dispersed metal-silicate fractionation mechanism
This mechanism operates when accreted metal becomes suspended

and uniformly dispersed as small molten droplets in a vigorously con-
vecting global magma ocean (Fig. 1b). This may happen under three
possible scenarios: (i) when an undifferentiated planetesimal impacts an
existing magma ocean because the metal is already present as small
particles; (ii) when planetesimals are differentiated, but their metallic
cores are rapidly emulsified and dispersed as small droplets in a vigor-
ously convecting magma ocean (Kendall and Melosh, 2016); (iii) when
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the timescale of magma ocean crystallization is short (Elkins-Tanton
et al., 2008), so that most planetesimals are accreted onto a solid pro-
toplanet and their metal equilibrates only when the next magma ocean
forms as a consequence of a subsequent giant impact (Dale et al., 2023) -
in this case we expect the metal to become dispersed (Fig. 1b).

The diameter and settling velocity of dispersed metal droplets in a
terrestrial magma ocean have been estimated to be ~1 cm and ~0.5 m/s
respectively (Rubie et al., 2003). Because convection velocities of deep
magma oceans in the hard turbulent regime could be as high as 40 m/s
(Solomatov, 2015) we assume that (a) the magma ocean remains
chemically well mixed and (b) the metal droplets are kept in suspension
and segregate only when they are swept into the mechanical boundary
layer at the base of the magma ocean where the vertical component of
convection velocities is close to zero (Martin and Nokes, 1988; Höink
et al., 2006). Segregation is a continuous process but is modeled by a
sequence of discrete iterations until all the dispersed metal has segre-
gated to the core. We define the volume fraction of the boundary layer
relative to the whole magma ocean to be≤0.05. Provided this fraction is
less than 0.1, its exact value has only a small effect on results but when it
is significantly less than 0.05 the computations become very
time-consuming. At each iteration the metal and silicate in the boundary
layer are equilibrated using the partitioning/mass balance algorithm of
Rubie et al. (2011). The metal is then added to the proto-core assuming
that transport occurs in the form of diapirs that sink without further
equilibration when the lower part of the mantle is solid (Fig. 1b) and the
silicate liquid in the boundary layer is mixed back into the main magma
ocean. Iterations are continued until all metal has been extracted from
the magma ocean. We assume that the entire segregation process occurs
rapidly relative to the decay time scale of 182Hf to 182W. The result of this
progressive fractionation process is very different to that of a single stage
event in which all metal equilibrates with all molten silicate as is often
assumed when modeling core formation (Rubie et al., 2003).

In order to apply this model, it is necessary to determine the mass of
the global magma ocean as a fraction of the whole mantle. The depth of
the base of the magma ocean is determined from the planetesimal
equilibration pressure that corresponds to the average fraction of CMB
pressures determined by fitting the results to the BSE composition, as
explained above.

In Section 3.1 below, we vary the relative fractions of dispersed
versus focused planetesimal fractionation events and show that metal
delivered by all planetesimal impacts needs to equilibrate by the
dispersed mechanism in order to satisfy important constraints.

2.3. Hf-W isotopic evolution

The Hf-W isotopic system has been incorporated into the accretion/
core formation code following the approach adopted by previous studies
(Nimmo et al., 2010; Fischer et al., 2018). 182Hf decays to 182W with a
half-life of 8.90 (±0.09) Myr, i.e. with a decay constant λ = 0.077 Myr− 1
(Vockenhuber et al., 2004), whereas 180Hf and 183W are stable isotopes.
Following previous studies, we define bulk isotopic concentrations at the
start of the solar system (time = 0), relative to 183W: 182Hf = 2.836 ×

10–4, 182W = 1.850664 and 183W = 1.0 (Jacobson, 2005; Kleine et al.,
2009; Nimmo and Agnor, 2006; Nimmo et al., 2010). For 180Hf/183W we
use the value of 2.633 which is derived from the results of Kruijer et al.
(2014) and Kleine et al. (2004). At each accretional event, the isotopic
concentrations in the mantles of the target and impactor bodies are
updated using:

C182Hf = C182Hfprev exp(− λt)

C182W = C182Wprev + C182Hfprev [1 − exp(− λt)]

where t is the time since the previous equilibration event at which
concentrations were Cprev. After metal-silicate equilibration, when 2
components (e.g. accreted metal and the target’s core, or equilibrated

and unequilibrated mantle) are homogeneously mixed, the final con-
centrations Cf of each isotope in the target’s mantle and core are given
by:

Cf =
∑i=2

i=1CiMi
∑i=2

i=1Mi

where Mi are the respective masses and Ci the respective concentrations
of the 2 components.

We assume that core-mantle differentiation of embryos and differ-
entiated planetesimals occurred 2 Myr after the start of the solar system
based on the timescale of 26Al heating (Moskovitz and Gaidos 2011;
Neumann et al., 2012; Lichtenberg et al., 2018). The start time of N-body
simulations should generally correspond to just before the dissipation of
the gas disk, and therefore lies in the range 3–8 Myr after the start of the
solar system (Haisch et al., 2001; Michel et al., 2021); here we assume a
value of 5 Myr. We also show the effects on the W isotope anomaly when
the times of differentiation and the start of accretion are changed to (a)
0.5 Myr/5.0 Myr, (b) 2.0 Myr/8.0 Myr, (c) 0.5 Myr/2.0 Myr, and (d) 2.0
Myr/5.0 Myr.

The mantle 182W anomaly, ε182W, is defined as:

ε182W =

[ (
C182W

/
C183W

)

(
C182W

/
C183W

)

CHUR

− 1

]

× 104

where C182W and C183W are mole fraction concentrations of 182W and
183W respectively and CHUR is the present-day undifferentiated chon-
dritic uniform ratio. For Earth’s mantle, ε182W = 1.9 ± 0.1 (Kleine et al.,
2002). The mantle Hf/W ratio, expressed as

fHf/W =

[ (
C180Hf

/
C183W

)

(
C180Hf

/
C183W

)

CHUR

]

− 1

is also an important parameter. For Earth’s mantle, fHf/W = 17 ± 6
(Nimmo and Kleine, 2015; Kleine and Walker, 2017), although a higher
value of 25.4 ± 4.2 has been estimated by Dauphas et al. (2014).

In summary, following each accretion/equilibration event, accreted
metal is merged with the target’s core and the mantle is homogenized,
through convection, by mixing its equilibrated and unequilibrated
fractions. The final output of the model is the result of fitting the
composition of the BSE for the 13 major and trace oxide and element
components Al2O3, MgO, CaO, FeO, SiO2, Ni, Co, Nb, Ta, V, Cr, W and
Mo (König et al., 2011; Palme and O’Neill, 2004; Greber et al., 2015).
Five to six free parameters are refined to minimize the reduced chi
squared (χ2) based on a total of 13 elemental constraints. The free pa-
rameters are the average pressure of metal-silicate equilibration arising
from planetesimal impacts (normalized to the core-mantle-boundary
pressure at the time of each fractionation event) and four parameters
that define the oxygen content of starting bodies as a function of their
heliocentric distance of origin (Rubie et al., 2015). A sixth free param-
eter, either the fraction of the metal of embryo cores that equilibrates
(Figs. 2 and S1) or the fraction of dispersed metal-silicate fractionation
events (Fig. 3) is also refined in some cases. In addition, calculated
values of fHf/W and ε182W are compared with BSE values to identify
successful models based on a total of 15 constraints.

3. Results

3.1. Variables that control 182W isotopic evolution

As stated above, for modeling Earth’s mantle tungsten isotope
anomaly (ε182W), in addition to the accretion history that is provided by
N-body simulations, we require (i) the fraction of accreted metal that
equilibrates with silicate mantle, (ii) the fraction of silicate mantle that
equilibrates with accreted metal during each accretion event, and (iii)
the tungsten metal-silicate partition coefficient (DW) for each core
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Table 1
Summary of best fit results for Earth-like planets. (See König et al., 2011,Palme and O’Neill, 2004,Maller et al. (2024) in this table).
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formation event. In addition, we show below that the timescale of
magma ocean crystallization is also a crucial parameter. To constrain
these parameters, we first use the Grand Tack N-body simulation 1
(4:1–0.5–8) (Rubie et al., 2015) which could be representative of Earth’s
formation (Rubie et al., 2016). This simulates Earth’s accretion over a
period of 200 Myr and involves seven giant impacts, with the final
(Moon-forming) impact occurring 113 Myr after the start of the N-body
simulation, followed by the accretion of a small mass (0.3 %) of late
veneer. 74 % of Earth’s mass is delivered by giant impacts and 26 % by
the accretion of planetesimals.

We investigate how the fraction of accreted metal that equilibrates
with silicate mantle during embryos’ impacts affects the resulting
mantle composition and tungsten isotope anomaly. In contrast, we as-
sume that metal delivered by all planetesimals equilibrates completely,
because their cores are small (Kendall and Melosh, 2016). Moreover; we
assume that in either all or half of the planetesimal impacts the
metal-silicate fractionation events occur by the dispersed mechanism.
Results (Fig. 2) show that the fit to the BSE improves until the average
fraction of embryo cores that equilibrates reaches ~0.6 and remains
almost constant beyond this value (Fig. 2a); the latter result is consistent
with the findings of Fischer and Nimmo (2018) and Zube et al. (2019).
For the results presented below we use the value of 0.9 for simulation 1.
It is especially noteworthy that the value of εW182 is almost independent
of the fraction of accreted metal from embryo cores that equilibrates
(Fig. 2b). This result is contrary to conventional wisdom and is the
consequence of only small amounts of silicate liquid equilibrating by the
focused mechanism following giant impacts (Fig. 1a). Similar results are
obtained for the other five simulations (Fig. S1) and the fractions of
equilibrating metal used in each case (usually in the range 0.7–1.0) are
listed in Table 1.

Each giant impact causes a temporary drop of ε182W in the Earth’s
mantle but this drop is always small and ≤4.9 in ε180W units for the final
giant impacts (Table 1), because of the limited amount of silicate mantle
that equilibrates with the impactor’s core. This seems to exclude the
possibility that Earth accreted within the lifetime of the gas in the pro-
toplanetary disk (which would lead to ε182W>15) and that its final ε182W
was reset by a single late Moon-forming event, as sometimes proposed
(Yu and Jacobsen, 2011; Olson and Sharp, 2023; Johansen et al., 2023).

In simulation 6 there is an extremely large giant impact 97 Myr after
the start of the simulation with impactor mass/target mass= 0.26. When
the average fraction of equilibrating embryo cores is the same for all
giant impacts, the best fit chi squared lies in the range 60–70 and the

refined pressure at which planetesimal metal equilibrates is close to
0 GPa. When we assume that there is zero fragmentation and metal-
silicate equilibration following that specific impact, as predicted by
Maller et al. (2024) for such a large impactor, we obtain greatly
improved results with chi squared = 9.7 (Table 1). For this particular
impact, ε182W of the Earth is affected only by the mixing of the target and
impactor’s mantles, with their own respective ε182W values.

The fraction of silicate mantle that equilibrates with accreted metal
depends on the relative occurrences of the two metal-silicate fraction-
ation mechanisms described above (Fig. 1a and b). We have investigated
the effects of varying the relative occurrences of these two fractionation
mechanisms for planetesimal impacts while applying the focused metal-
silicate fractionation mechanism (Fig. 1a) for all giant impacts involving
impacting embryos. The fraction of dispersed metal-silicate fraction-
ation events for planetesimal impacts is varied from 0 to 1. Using the
example of this fraction being 0.4, the computation is performed as
follows: for every 10 successive planetesimal impacts in the N-body
output, the first 4 are assigned to involve the dispersed mechanism and
the following 6 are assigned to involve the focused mechanism.

The dependence on the fraction of planetesimal impacts causing
dispersed metal-silicate fractionation events of the calculated final
concentration of W in the mantle, the quality of the global fit to BSE
chemistry (expressed as χ2), fHf/W and the tungsten isotopic anomaly
ε182W are shown in Fig. 3. These results show that this fraction must be
close to 1.0 in order to satisfy the BSE W concentration constraint and to
minimize χ2. Although the best fit W concentration is still slightly high,
it matches the BSE value within the respective uncertainties (Fig. 3a). A
recent study suggests that the BSE W concentration could be as high as
27–31 ppb (Peters et al., 2023). We do not use this estimate because it is
based on lithospheric mantle xenoliths, of which the W inventory is
metasomatically overprinted. The strong dependence in χ2 (Fig. 3b) is
caused almost entirely by the effects of fractionation mechanisms on
final mantle concentrations of W and Mo (Fig. S2 shows a typical Mo
trend). Compared with assuming that all starting bodies were equally
enriched in refractory elements (Rubie et al., 2015), the new restriction
of enhanced refractory element starting concentrations to
highly-reduced bodies originating at less than around 1 au also helps to
decrease the final calculated W and Mo concentrations. This is due to
more of these elements being fractionated into metal due to the
highly-reducing conditions. OmittingW andMo concentrations from the
determination of χ2 results in values that are consistently low (i.e. good)
irrespective of the relative occurrences of the two metal-silicate fraction

Fig. 2. The effects on (a) chi squared and (b) ε182W of varying the average fraction of embryo cores that equilibrates with silicate liquid at the base of giant impact-
induced melt pools in simulation 1. Reduced chi squared is determined from fitting calculated mantle concentrations of MgO, FeO, SiO2, Ni, Co, Nb, Ta, V, Cr, W and
Mo to BSE values (Palme and O’Neill, 2004; Greber et al., 2015). Results are shown for fractions of dispersed metal-silicate fractionation events for planetesimal
impacts equal to 1.0 (black curves) and 0.5 (red curves). The fraction of dispersed metal-silicate fractionation events has a large effect on chi squared and ε182W
mainly through its effect on calculated mantle concentrations of W (Fig. 3). Results for simulations 2–6 are shown in Fig. S1.
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mechanisms (Dale et al. 2023). This emphasizes the importance of
fitting as many siderophile elements as possible in core formation
studies. Finally, both calculated fHf/W and ε182W values are also affected
strongly by the relative occurrences of the two planetesimal
metal-silicate fractionation mechanisms and only become consistent
with Earth’s mantle values when the dispersed fractionation mechanism
dominates strongly. Fig. 3d shows that the relative occurrences of
metal-silicate fractionation mechanisms are just as important as the
chronology of accretion and core formation in determining the final
ε182W value. However, this does not mean that the chronology of Earth’s
accretion is unconstrained by the 182W anomaly, because the relative
occurrence of the dispersed metal-silicate fractionation mechanism is
constrained independently by the W concentration and f Hf/W (Fig. 3a
and 3c). Also shown in Fig. 3d are the effects of changing the assumed

times at which starting bodies differentiated and accretion started.
The result that most or all planetesimal metal-silicate fraction events

occurred by the dispersed mechanism does not, in itself, distinguish
between the possibilities that either (i) the timescale of magma ocean
crystallization is long, but most impacting bodies are undifferentiated or
their cores emulsify rapidly or (ii) the timescale of magma ocean so-
lidification is short, so that planetesimals (differentiated or not) impact a
solid proto-planet and equilibrate only when a new magma ocean is
created by the next giant impact. However, because the times of magma
ocean crystallization are often short compared with the time intervals
between giant impacts (Elkin-Tanton, 2008; Supplementary Material),
the “instantaneous magma ocean solidification” model is likely to be
closest to reality. Results for the “continuous magma ocean” model,
according to which metal delivered by each planetesimal equilibrates at

Fig. 3. Effects of the fraction of metal-silicate fractionation events that occur by the dispersed mechanism, following planetesimal impacts, on the results of
simulation 1 (4:1–0.5–8) accretion/core formation model. (a) Calculated W concentration compared with the BSE value reported by König et al. (2011) and Palme
and O’Neill (2004). The error bar is based on propagated uncertainties in the metal-silicate partition coefficient. (b) Reduced chi squared based on calculated MgO,
FeO, SiO2, Ni, Co, Nb, Ta, V, Cr, W and Mo concentrations fitted to those of the primitive mantle (Palme and O’Neill, 2004; Greber et al., 2015). (c) The final mantle
Hf/W ratio as defined by fHf/W. (d) Final ε182W values for different chronological scenarios. In all cases, metal-silicate equilibration occurs at the time of each impact
(“continuous magma ocean” model – see below). The solid black curve is based on core-mantle differentiation in starting bodies occurring 2 Myr after the start of the
solar system and the main stage of accretion (as modeled in the N-body simulation) starting 5 Myr after the start of the solar system. The three dashed curves show
ε182W results when these two respective values are 0.5/5.0 Myr, 2.0/8.0 Myr, and 0.5/2.0 Myr. The Earth’s mantle fHf/W value shown in (c) is from Nimmo and Kleine
(2015) and Kleine and Walker (2017) and the value of ε182W in (d) is from Kleine et al. (2002, 2009). The main results shown is this figure are obtained using the
“warm target” model of giant impact induced melting with an initial target surface temperature of 2000 K (Nakajima et al., 2021); when the thermal state of the
target is defined by an initial surface temperature of 300 K (red symbols) the results are almost identical.
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the time of its impact, are shown in Fig. 4a. Results for the “instanta-
neous magma ocean solidification” model, according to which all
planetesimals are accreted to a solid Earth with the metal only equili-
brating later in the magma ocean that is created by the subsequent giant
impact, are shown in Fig. 4b. In both cases, the black symbols/lines
show the original N-body accretion history and the red symbols/lines
show the N-body timescale adjusted in order the achieve ε182W= 1.9 for
the two respective models (as justified below). The results are dramat-
ically different for the two magma ocean models: the time of the final
giant impact is predicted to be 92 Myr for the continuous magma ocean
model and 54 Myr for the instantaneous magma ocean solidification
model. This is because in the instantaneous magma ocean solidification
case the W delivered by planetesimals resides in the Earth’s mantle for
longer (i.e. until the next global magma ocean forms) than in the case
where planetesimals’metal equilibrates immediately upon impact, as in

the continuous magma ocean case.
The metal-silicate partition coefficient of W, Dm/sW =

XmetalW /XsilicateWOn/2 where X is mole fraction and n is the valence of W in
silicate liquid, is an important parameter which in some previous Hf-W
studies has been assumed to have a constant value throughout accretion
and core formation (Rudge et al., 2010; Zube et al., 2019). In addition to
P and T, this parameter is strongly affected by the carbon content of the
metal and oxygen fugacity (O’Neill et al., 2008; Cottrell et al., 2009;
Wade et al., 2012; Jennings et al., 2021). For each core-forming event
we determined Dm/sW using the parameterization of Jennings et al.
(2021). Results show that Dm/sW varies by several orders of magnitude
during accretion, from~12,000 to ~70 (Fig. Fig. 5a). The highest values
occur very early during accretion when oxygen fugacities of
metal-silicate equilibration are very low (~4 log units below the

Fig. 4. Accretion histories of the Earth-like planet in N-body accretion simulation 1 (4:1–0.5–8) (Rubie et al., 2015). Mass accreted, normalized to one Earth mass, is
plotted against time and each symbol represents an accretional event. The black symbols/lines show the original N-body time scale assuming that accretion starts 5
Myr after the start of the solar system, which results in ε182W = 1.3 when accreted metal equilibrates at the time of each impact. The red symbols/lines show the
Earth’s mantle (ε182W = 1.9) for two extreme core-mantle differentiation models. (a) Results of the “continuous magma ocean model” with the final, moon-forming,
giant impact occurring at 92 Myr. (b) Results of the “instantaneous magma ocean solidification model” with the final giant impact occurring at 54 Myr.

Fig. 5. (a) Values of the metal-silicate partition coefficient of tungsten for all metal-silicate equilibration events in accretion simulation 1 (4:1–0.5–8), shown as a
function of time after the start of the solar system. (b) Log10 oxygen fugacity values, relative to the iron-wüstite buffer, determined for all metal-silicate equilibration
events in the simulation, as a function of time. The fact that the trend is close to being an inverted version of the trend of (a) shows that oxygen fugacity is a dominant
factor that controls the metal-silicate partition coefficient of W.
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Fig. 6. Accretion histories of the Earth-like planets in the six N-body accretion simulations of Rubie et al. (2015) and Jennings et al. (2021). Mass accreted,
normalized to one Earth mass, is plotted against time and each symbol represents an accretional event. The black symbols/lines show the original N-body time scales
(without any correction) and the W anomaly listed in black is based on accreted metal equilibrating at the time of each impact. Results are shown for the instan-
taneous magma ocean crystallization model (blue symbols/lines) and the magma ocean lifetime of 5 Myr model (red symbols/lines) for which the respective
timescales have been adjusted by the factors t_adjust (Table 1) that change the final tungsten isotope anomaly of Earth’s mantle to ε182W = 1.9. The W isotope
anomalies calculated prior to making this artificial timescale adjustment are listed in Table 1. These adjustments have not been made in the case of simulation 4 (d)
because it satisfies none of the BSE constraints (Table 1).
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iron-wüstite (IW) buffer), whereas during the later stages conditions are
more oxidizing (~2 log units below IW) and result in much lower Dm/sW
values (Fig. 5b, see also Fischer and Nimmo, 2018). Such an evolution of
oxygen fugacity is well established by core formation studies with the
early accretion of highly-reduced bodies originating in the innermost
solar system at <1–1.5 au and the later accretion of more oxidized
bodies originating from greater heliocentric distances (e.g., Rubie et al.,
2011, 2015; Wade and Wood, 2005; Wood et al., 2006).

3.2. Evaluation of six Grand Tack simulations of Earth’s accretion

We re-evaluate the results of the six Grand Tack simulations
considered by Rubie et al. (2015) using our revised accretion/core for-
mation model. As described above, modifications include quantification
of the depth of giant-impact-induced melting from SPH simulations,
inclusion of the new dispersed metal-silicate fractionation mechanism
for planetesimal impacts, the restriction of enhanced refractory element
concentrations to highly-reduced starting bodies that originate at less
than ~1 au, and the inclusion of the Hf-W isotopic system. Following
Dale et al. (2023) and the results of Fig. 3 we assume in the following
that the dispersed metal-silicate fractionation mechanism operates for
all planetesimal impacts.

Our new results obtained for the 6 simulations of Rubie et al. (2015)
are presented in Table 1 and Fig. 6. In Table 1, we list results for both the
continuous magma ocean model and the instantaneous magma ocean
solidification model, although neither is likely to be fully realistic.
Elkins-Tanton (2008) concluded that magma ocean solidification times
range from <100,000 yr for volatile-poor magma oceans and < 5 Myr
for volatile-rich magma oceans. Here, we consider the case of all magma
oceans solidifying after 5 Myr which we term the “magma ocean lifetime
of 5 Myr model”. For the first 5 Myr after each giant impact and prior to
the subsequent giant impact, the metal accreted by planetesimals
equilibrates with silicate liquid at the time of each impact. At times >5
Myr after a giant impact, accreted metal equilibrates later (sometimes
10′s of Myr later) in the magma ocean that is created by the subsequent
giant impact. Based on the accretion timescale of simulation 3 (sup-
plementary material) this is simplistic because only a single time in-
terval between giant impacts exceeds 5 Myr. However, because this time
interval is very long (~160 Myr) the model results are still very different
from those of the continuous magma ocean model. Reality must lie be-
tween our “instantaneous solidification” and “lifetime of 5 Myr”models.
It is likely that magma oceans that formed early, when the proto planet
was small and volatile-poor, would have solidified in times <10,000 yr
(Elkins-Tanton, 2008).

We judge the success of each simulation by comparing calculated
mantle values of W and Mo concentrations, f Hf/W, and the 182W isotope
anomaly with BSE values. In Table 1, calculated values that are incon-
sistent with BSE values are shown in red text.

In some simulations, the calculated value of the 182W isotope
anomaly is too high and in others it is too low (Table 1 and Fig. 6),
indicating that accretion timescales are either too fast or too slow. Thus,
as in Fig. 4, we rescale the timescale of each simulation by multiplying
all times by a factor t-adjust, and determine which value of this
parameter reproduces the BSE value of ε182 W of 1.9 ± 0.1. While this
is, of course, completely artificial, it helps to gain insight into the actual
Earth accretion timescale, even if the simulations did not reproduce it
self-consistently. This timescale correction affects only ε182 W and all
other compositional results are unaffected.

Only the results of simulation 3 are consistent with all four BSE
criteria (Table 1, Supplementary material). For this simulation, the
instantaneous crystallization magma ocean model results in ε182W = 2.0
and, with magma ocean lifetimes of 5 Myr, ε182W = 2.6. In contrast, the
continuous magma ocean model predicts ε182W = 3.7. This simulation is
therefore consistent with average magma ocean lifetimes <5 Myr. Ac-
cording to the instantaneous crystallization model, the final giant

impact occurs 143 Myr after the start of the solar system which is
identical to an estimated late age of Moon formation of 142 ± 25 Myr
(Maurice et al., 2020); however, this age is currently controversial
(Kruijer et al., 2021; Thiemens et al., 2019, 2021). With magma ocean
lifetimes of 5 Myr, the final giant impact occurs even later, 183Myr after
the start of the solar system.

Simulation 4 fails to reproduce the four criteria and we do not
consider it further in Table 1 or Fig. 6. If we relax the constraint imposed
by the BSEMo concentration, simulations 1, 2, 4 and 6 can be considered
if the accretion timescales are artificially adjusted to give ε182W = 1.9
(Table 1 and Fig. 6). These adjustments, assuming end-member magma
ocean lifetimes of 0 and 5 Myr, result in final giant impacts occurring
53–62 Myr in simulations 1, 2 and 5 and 134–168 Myr in simulation 6
after the start of the solar system (Table 1 and Fig. 6).

Although the young age for the Moon estimated for simulation 3 is
consistent with the results of Maurice et al. (2020), the results of isotopic
(Barboni et al., 2017; Thiemens et al., 2019; Greer et al., 2023) and
modeling (Woo et al., 2024) studies are similar to the earlier ages that
are predicted by simulations 1, 2 and 5. Therefore, our results demon-
strate that an accurate determination of the age of the Moon would
provide an additional constraint on the validity of accretion simulations.

4. Conclusions

Major developments to the accretion/core-mantle differentiation
model of Rubie et al. (2015) presented here include (i) the use of SPH
simulation results to estimate the depth of melting caused by giant im-
pacts, (ii) the application of a new metal-silicate fractionation model
(Fig. 1b) for planetesimal accretion events, and (iii) incorporation of the
Hf-W isotope system to constrain the timescales of accretion. Results
show that the timescale of magma ocean crystallization has a major
effect on the mantle 182W anomaly. Only one of the six simulations
studied by Rubie et al. (2015) fully satisfies all the constraints imposed
by BSE concentrations of W and Mo, fHf/W and ε182W and is consistent
with average magma ocean crystallization timescales being ≤5 Myr and
that the Moon-forming giant impact occurred late, 143–183 Myr after
the start of the solar system. Other simulations, however, predict much
earlier Moon-forming impacts occurring 53–62 Myr after the start of the
solar system.

This revised model has great potential for identifying viable models
of Earth’s accretion, especially when mantle chemistry alone is not
discriminative (e.g., Rubie et al., 2015; Dale et al., 2023; Gu et al.,
2023). Future improvements could include using the age of the Moon as
an additional constraint on the validity of accretion simulations when
current uncertainties have been resolved (Kruijer et al. 2021; Thiemens
et al. 2019, 2021) and incorporating modeled estimates of magma ocean
solidification timescales.
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