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Abstract

The chemical compositions of Earth’s core and mantle provide insight into the processes
that led to their formation. N-body simulations, on the other hand, generally do not contain
chemical information, and seek to only reproduce the masses and orbits of the terrestrial planets.
These simulations can be grouped into four potentially viable scenarios of Solar System
formation (Classical, Annulus, Grand Tack, and Early Instability) for which we compile a total
of 433 N-body simulations. We relate the outputs of these simulations to the chemistry of Earth’s
core and mantle using a melt-scaling law combined with a multi-stage model of core formation.

We find the compositions of Earth analogs to be largely governed by the fraction of equilibrating



embryo cores (kcore emb) and the initial embryo masses in N-body simulations, rather than the
simulation type, where higher values of kcore_em» and larger initial embryo masses correspond to
higher concentrations of Ni, Co, Mo, and W in Earth analog mantles and higher concentrations
of Si and O in Earth analog cores. As a result, larger initial embryo masses require smaller values
of kcore_em» to match Earth’s mantle composition. On the other hand, compositions of Earth
analog cores are sensitive to the temperatures of equilibration and fO; of accreting material.
Simulation type may be important when considering magma ocean lifetimes, where Grand Tack
simulations have the largest amounts of material accreted after the last giant impact. However,
we cannot rule out any accretion scenarios or initial embryo masses due to the sensitivity of
Earth’s mantle composition to different parameters and the stochastic nature of N-body
simulations. We use our compiled simulations to explore the relationship between initial embryo
masses and the melting history of Earth analogs, where the complex interplay between the timing
between impacts, magma ocean lifetimes, and volatile delivery could affect the compositions of
Earth analogs formed from different simulation types. Comparing the last embryo impacts
experienced by Earth analogs to specific Moon-forming scenarios, we find the characteristics of
the Moon-forming impact are dependent on the initial conditions in N-body simulations where
larger initial embryo masses promote larger and slower Moon-forming impactors. Mars-sized
initial embryos are most consistent with the canonical hit-and-run scenario onto a solid mantle.
Our results suggest that constraining the fraction of equilibrating impactor core (kcore) and the
initial embryo masses in N-body simulations could be significant for understanding both Earth’s

accretion history and characteristics of the Moon-forming impact.

1. Introduction



The terrestrial planets formed in several stages on timescales on the order of 10—-100 Myr
(Righter and O’Brien, 2011). First, nebular gas condensed into dust, which accreted into
planetesimals likely due to gravitational collapse triggered by the streaming instability (as
reviewed in Johansen et al., 2014). This was followed by runaway growth, where the largest
protoplanetary bodies grew the fastest either due to planetesimal accretion by pairwise growth
(Kokubo and Ida, 1996) or pebble accretion (Lambrechts and Johansen, 2012; Levison et al.,
2015). When the local surface density of planetesimals was consumed and/or the pebble flux has
decreased, runaway growth transformed into oligarchic growth, creating a bimodal distribution
of massive embryos and smaller planetesimals (Kokubo and Ida, 2000; Lambrechts et al., 2019).
Finally, massive collisions between embryos (i.e., giant impacts) resulted in the present-day
terrestrial planets (Chambers and Wetherill, 1998). N-body simulations of late-stage terrestrial
planet formation seek to reproduce the orbits and masses of the terrestrial planets by calculating
the gravitational interactions between a prescribed set of bodies that are representative of the
final giant impact stage of terrestrial planet formation (Chambers, 2001). Classical simulations
can be split into two types— Eccentric Jupiter and Saturn (EJS) simulations begin with Jupiter
and Saturn in their modern orbits in eccentric orbits while Circular Jupiter and Saturn (CJS)
simulations begin with Jupiter and Saturn closer than they are now, but in circular orbits (Fischer
and Ciesla, 2014; O’Brien et al., 2006; Raymond et al., 2009; Woo et al., 2022). CJS simulations
generally produce Mars analogs that are too large, whereas EJS simulations do slightly better in
this regard but are self-inconsistent (see Raymond et al., 2009 for details). A number of other
models have been proposed to address the small-Mars problem. Here, we focus on three well-
studied scenarios which deplete mass in the Mars-forming region: 1) the “annulus” (or “low-

mass asteroid belt”) scenario, in which bodies are initially distributed in a narrow ring (Hansen,



2009; Kaib and Cowan, 2015; Raymond and Izidoro, 2017), 2) the Grand Tack scenario, in
which Jupiter and Saturn migrate inward and then outward to their present locations (Walsh et
al., 2011; Jacobson and Morbidelli, 2014; O’Brien et al., 2014), and 3) the Early Instability
scenario, in which the gas giants undergo an orbital instability before Mars can grow (Clement et
al., 2018, 2021; Liu et al., 2022). Earth analogs formed in each type of simulation are influenced
by the dynamic evolution of the initial distribution of embryos and planetesimals. Different types
of N-body simulations, which differ in terms of the growth rates and provenance of accreting
bodies, will therefore form Earth analogs with unique accretion histories that accrete materials
from distinct locations. In addition, different initial conditions prescribed between types of
simulations, and even between simulations from the same suite, may result in different sizes and
energies of accretionary impacts. Even though the probability of reproducing each terrestrial
planet differs between simulation types, all simulation types have been shown to be plausibly
capable of explaining the observed inner Solar System configuration (Raymond and Morbidelli,
2022).

Current state-of-the-art models of Earth’s accretion and core formation integrate growth
histories from N-body simulations with self-consistent evolution of oxygen fugacity (fO-) to
determine the partitioning of elements between metal and silicate following each impact (Fischer
et al., 2017; Rubie et al., 2015). Experimental metal-silicate partitioning data are parameterized
to capture the effects of pressure, temperature, composition, and fO> on the concentrations of
each element in the resulting core and mantle (e.g., Fischer et al., 2015; Siebert et al., 2012). The
aim of these models has been to reproduce Earth’s observed mantle composition (McDonough
and Sun, 1995; Palme and O’Neill, 2013) in terms of a set of major and minor elements, such as

Mg, Ca, Al, Fe, Ni, Co, Nb, and Ta (Fischer et al., 2017; Rubie et al., 2011). However, previous



studies have only investigated core formation under a single suite of N-body simulations, using
Classical or Grand Tack simulations from a single study, which prevents comparison of different
simulation types and initial conditions (Fischer et al., 2017; Rubie et al., 2015). Moreover, these
studies used simplified metal—silicate equilibration parameters, where equilibration pressures
(Pequit) were assumed to increase linearly such that they represented equilibration at a constant
fraction of the growing core—mantle boundary pressure. While embryo masses generally increase
as Earth accretes due to ongoing oligarchic growth elsewhere in the Solar System, the stochastic
nature of N-body simulations means that the size and timing of impacts vary greatly between
simulations. Comparing simulations from multiple studies can therefore constrain the range of
possible accretional events Earth could have experienced during its growth. Other equilibration
parameters, such as the fractions of terrestrial mantle and impactor core (kcore) that participate in
metal-silicate equilibration, were set as a constant multiple of the impactor’s mass and at a
constant fraction, respectively. Simplifying these parameters ignores the amount of energy
delivered to the proto-Earth by individual accretionary impacts and the volume of melting
produced by each event (Abramov et al., 2012; Nakajima et al., 2021). In addition, it has been
suggested that k... varies with impactor size, where larger impactor cores merge more efficiently
with Earth’s core and therefore experience lower degrees of equilibration (Marchi et al., 2018;
Rubie et al., 2015).

de Vries et al. (2016) used the melt-scaling law of Abramov et al. (2012) to relate the
energies of individual impacts to Peguii, assuming P.q.i; occurred at the base of impact induced
melt pools, over the course of accretion in Grand Tack simulations. They found Peguir to depend
on initial conditions of N-body simulations and the lifetime of magma oceans. However, the

relationship between Pequir and the resulting mantle compositions of Earth analogs remains



unclear due to the absence of a core formation model. Furthermore, they only used Grand Tack
simulations, yet it is possible that accretion histories of Earth analogs differ between different
scenarios of Solar System formation. Here we build upon the study of de Vries et al. (2016) by
compiling simulations from four different scenarios of Solar System formation and using a melt-
scaling law based on hydrodynamic simulations (Nakajima et al., 2021) to determine Pegui and
the fraction of the proto-Earth’s mantle melted by each impact (fueir). Our results are integrated
with state-of-the-art models of core formation (Fischer et al., 2017; Rubie et al., 2015) to explore
the effects of varying simulation type and initial conditions within these different simulation
types on the chemistry of Earth analogs formed. The compiled simulations and the results from
our model are then used to compare the relationship between different N-body simulations, the

initial conditions used within them, and volatile delivery and melting histories of Earth analogs.

2. Methods

2.1. N-body simulations

N-body simulations from different Solar System formation scenarios were compiled to

use as inputs in our core formation model. A total of 48 Classical (CEJS) (O’Brien et al., 2006;
Raymond et al., 2009), 110 Annulus (ANN) (Kaib and Cowan, 2015; Raymond and Izidoro,
2017), 142 Grand Tack (GT) (Jacobson and Morbidelli, 2014; O’Brien et al., 2014; Walsh et al.,
2011), and 133 Early Instability (EI) (Clement et al., 2021) simulations were assembled to give a
total of 433 simulations. Abbreviations of individual simulation names are given in Table 1 and
will be used hereafter. Rows that contain simulation names in parentheses depict all simulations
from a given study (e.g., CEJS-006). Classical simulations from both studies were also split into

CJS and EJS simulations to compare the two dynamical scenarios. GT simulations were split by



both initial embryo to planetesimal mass ratio (e.g., GT 1:1) and initial embryo mass (e.g., GT-
0.025) to compare different initial conditions. Earth analogs were defined as the body at the end
of each simulation closest to 1 Earth mass and 1 AU within the ranges 0.8—1.25 Earth masses
and 0.8—1.2 AU for a total of 109 Earth analogs. Such narrow ranges of masses and orbital radii
were chosen to minimize the effects of planet mass and orbital radii of accreting material on
Earth analog compositions (Fischer et al., 2017; Kaib and Cowan, 2015). We do not use the mass
and orbit of Mars analogs as constraints because Mars’ accretion history is unrelated to its final
orbital parameters (Brennan et al., 2022). Table 1 also lists the initial conditions and number of
Earth analogs produced from each suite of simulations. Initial embryo masses range from 0.005—
0.48 Earth masses, with both the distributions and ranges of initial embryo masses varying
between studies (Table 1). Most simulations used a bimodal distribution of larger embryos and
smaller planetesimals, except for the ANN simulations from Kaib and Cowan (2015), in which
simulations were run with equal-massed embryos only.

For each simulation that formed an Earth analog, the impact histories of bodies that
eventually accreted to form the Earth analog were tracked. All bodies were assigned an initial
composition based on relative non-volatile elemental abundances in CI chondrite. The
abundances of refractory elements were enriched, and each body was equilibrated at a given fO»
depending on its initial semi-major axis (Rubie et al., 2015). The initial fO, distribution followed
a simple step-function with more reduced materials within the fO> step, as in previous studies
(Fischer et al., 2017; Rubie et al., 2015). The fO> step was set to 2 AU with the outer fO; set to
1.5 log units below the iron-wiistite buffer (AIW—1.5), consistent with Mars’ accretion (Brennan
et al., 2022), while the inner fO, was varied. Planetesimals were equilibrated at 0.1 GPa and

2000 K. To address differing initial embryo masses between simulation suites, we used a simple



shell model to determine the initial pressure of equilibration in embryos. Here, we assumed a
core mass fraction of 0.3, corresponding to equilibration of a CI chondrite composition without
volatile elements at an fO, of ~AIW —3. Even though the core mass fraction is dependent on the
bulk composition and fO> of a differentiating body, we tested a case where embryos from beyond
the fO, cutoff were equilibrated at a higher Peguii, corresponding to a smaller core mass fraction,
resulting in differences in mantle composition, on average, of <1%. The total mass, density, and
pressure of mantle layers were calculated from outside in until mass in the silicate reached 70%
of the embryo’s mass, resulting in a core—mantle boundary pressure. Pes.ir Was then set to be half
of the core—mantle boundary pressure, which is consistent with the interpreted Peguir on Mars
(Brennan et al., 2020; Rai and van Westrenen, 2013; Righter and Chabot, 2011), since Mars may
be a stranded embryo itself (Dauphas and Pourmand, 2011). The resulting parameterization for
Peguir of embryos was Peguii = 112.06*Mems + 0.37 GPa, where M.,» was the mass of the embryo

in Earth masses.

2.2. Metal-silicate equilibration
For impactors >0.01 Earth masses (embryos), the impactor and target masses, impact

velocity, and impact angle of each collision were taken from the outputs of each simulation and
were used as inputs in the melt-scaling law of Nakajima et al. (2021) (Fig. 1). The melt-scaling
law parameterizes outputs from hydrodynamic simulations to determine the volume and
geometry of melting in the target’s mantle, along with the pressure at the base of the melt pool.
Impact angles were rounded to the nearest angle for which results are available (0°, 30°, 60°, or
90°) (e.g., for a 44° impact angle, results for 30° were used). We note impact angles in all

simulations show a uniform distribution centered around 45 degrees (Supplementary Fig. 1) and



that rounding in this way could result in additional uncertainties in the determined melt fraction.
The surface entropy was set to 1100 J/K/kg, corresponding to surface temperatures of ~300 K.
Assuming metal-silicate equilibration occurred at the base of the melt pool, Pegui Was set to the
pressure at the base of the melt pool and f,..ir was set to the fraction of the mantle that was
melted. We introduce a parameter, kmanie meir, to describe the fraction of the melted mantle that
equilibrates with the impactor’s core. A schematic representation of embryo equilibration is
shown in Fig. 1. For the sake of simplicity, we assumed instantaneous crystallization of magma
oceans, but discuss the possible effects of longer magma ocean lifetimes in Section 4.1.
Following each impact, the mantle was homogenized such that portions of the mantle that did not
melt were assumed to fully mix with the melted portions. Embryo cores were also assumed to
sink and merge with the proto-Earth’s existing core before the next embryo impact and remained
isolated from further equilibration. Even though the actual physics of metal—silicate mixing and
equilibration during Earth’s accretion are more complex (Deguen et al., 2014, 2011; Landeau et
al., 2021), these simplifying assumptions allow us to relate impact energies to the conditions of
core formation.

Smaller bodies <0.01 Earth masses (planetesimals) were below the threshold of masses
compatible with the melt-scaling law of Nakajima et al. (2021) and were small enough that they
may have been stranded in the proto-Earth’s mantle following an impact (de Vries et al., 2016).
The time it takes for a planetesimal’s core to sink through the solid mantle and merge with
Earth’s core exceeds the time between embryo impacts such that planetesimals were assumed to
equilibrate with the subsequent embryo impact (Fleck et al., 2018). Planetesimals that accreted
after the last embryo impact were equilibrated at an assigned low pressure (Pequir_pism1) and target—

to—impactor ratio of equilibrating silicate (Mueir_pism) before the planetesimal’s core merged with
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Earth’s core and the equilibrated silicate mixed with Earth’s mantle. Some embryos in CEJS
simulations from Raymond et al. (2009) and ANN simulations from Kaib and Cowan (2015)
were small enough that they were considered planetesimals during core formation (Table 1).
Embryos in all other simulations were large enough that they were also considered embryos by
the melt-scaling law. All embryos that eventually formed Earth analogs from CEJS simulations
from Raymond et al. (2009) were >0.01 Earth masses, making this distinction only relevant for
embryos from ANN simulations from Kaib and Cowan (2015). However, this discrepancy is
only significant for small impactors that accrete after the last large impact, which our model is
not very sensitive to (Table 2). We note that “planetesimals” in the context of core formation are
all bodies <0.01 Earth masses, whereas it only apply to bodies <0.0025 Earth masses in the
context of N-body simulations.

In contrast to Peguir and freir, keore cannot be easily constrained from melt-scaling laws,
especially for large embryo impacts. Instead, we assume constant reference values for kcore, but
used different values for embryos (kcore em» = 0.3) and planetesimals (kcore pismi = 0.7) to reflect
the dependence of kcor On the size of the impactor (Kendall and Melosh, 2016; Marchi et al.,
2018). We note that kcore prsmi 1S nOt set to 1 because it is possible that planetesimal cores remain
in the proto-Earth’s mantle and equilibrate during the next large impact. In this scenario, it is
difficult to constrain the extent to which the original small impactor’s core equilibrates. A
compilation of equilibration parameters used, the ranges we tested, and the sensitivity of core
and mantle compositions of Earth analogs are given in Table 2.

We followed the methodology detailed in Supplementary S2 of Rubie et al. (2011), as
revised by Fischer et al. (2017) and Brennan et al. (2020) to evolve fO self-consistently and

calculate the composition of Earth’s core and mantle following each equilibration event. The
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entire impactor mantle, along with a portion of the melted fraction of Earth’s mantle

(Fmetr™ kemantie meir), participated in equilibration, where the fraction of the impactor’s core that
equilibrated was defined by kcore. In addition, material from planetesimals that impacted since the
last embryo impact were added into the equilibrating mass. The core formation code of Brennan
et al. (2020) was modified to incorporate impactor information from N-body simulations and was
benchmarked against the results from Fischer et al. (2017). Parametrizations for Pegui and fier: for
each impactor were then incorporated according to the processes described above in place of the
simple assumptions used in Fischer et al. (2017). The metal-silicate partitioning of elements
were described by fits to experimental data as:

b;

L
T

logio(Kb) =a; + T

)

for each element i, where T is the temperature in Kelvin, P is pressure in GPa, and a;, b;, and ¢;
are fitting parameters. These parameters are detailed in Supplementary Table S1 and include the
significant changes in partitioning at ~5 GPa for Si, O, Ni, and Co (Fischer et al., 2017 and
references therein). We note that there may be more up-to-date partitioning parameterizations for
Ni which have slightly different fitting coefficients (Huang and Badro, 2018). However, our
results would not be affected significantly by incorporating these values. We also included fitting
parameters for Nb, Ta, Mo, and W from Huang et al. (2020) and Huang et al. (2021) while Mg,
Al, and Ca were assumed to be perfectly lithophile. Kp is an exchange coefficient, defined in

terms of partition coefficients (D), or in terms of the mole fractions (X) of elements and their

oxides in the metal (mef) and silicate (si/) as:

met ,,Sil
Ky = 2o o )
D — n/2 — tysSil
DFé (XPe" /XFeo)™?

where 7 is the valence of element i. Pressures of equilibration were determined for each impactor

as described above, and the temperature of equilibration was described by a polynomial fit to the
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liquidus of Andrault et al. (2011). First, Fe Si, Ni, and O were partitioned, where the
concentrations of Fe, Si, Ni, and O in the core-forming liquid were described as a function of the
moles of FeO in the mantle. The moles of FeO in the mantle were then iterated until the moles of
FeO in the mantle and the moles of Fe and O in the core-forming liquid were self-consistent.

This was followed by the partitioning of the trace elements (Co, Nb, Ta, Mo, and W), where
partitioning of the trace elements was iterated to ensure self-consistent description of molar
abundances. The compositions of the proto-Earth’s core and mantle were updated after each
equilibration event, and these steps were repeated until the last embryo impact, after which
planetesimals that accreted were equilibrated at a pressure defined by Pegui pismi, With a portion of

the mantle defined by Myei pismi, and a fraction of equilibrating core defined by kcore pismi.

3. Results
3.1. Accretion histories and equilibration parameters

A comparison of the accretion histories from our different simulation suites shows the
fast formation times of Earth analogs in GT and ANN simulations (Fig. 2, Supplementary Fig.
S2). The time it takes for Earth analogs to reach 90% of their final mass (#99) are given in Table
1. Despite large variations, these timescales are all consistent with the '%2W anomaly of Earth’s
mantle due to the large effect of varying kcor. On permissible timescales (Fischer and Nimmo,
2018). The distribution of impactor masses for each type of simulation are governed by initial
embryo masses near 1 AU. As expected, simulations that begin with the largest embryos also
have the largest median embryo masses regardless of simulation type (Fig. 2c—f). Furthermore,
simulations containing large embryos also have more impacting embryos with mass >0.2 Earth

masses. The impact velocities of embryo impacts are more consistent between different
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simulations and may be mainly controlled by the local gravitational environment at the time of
the impact (Fig. 2g—j). Compared to other simulation types, impact velocities in GT and ANN-
RI17 simulations are skewed towards smaller values due to dynamical friction from abundant
unaccreted planetesimals, owing to their fast formation timescales. In contrast, ANN-KC15
simulations have fast formation times, don’t have planetesimals, and as a result, are not affected
by this dynamical friction.

Using the impactor masses, impact velocities, and impact angles of individual embryo
impacts shown in Fig. 2 and Fig. S1 (Nakajima et al., 2021), Pegui and fuer were determined for
each impact and parameterized over the course of accretion for each Earth analog. Fig. 3 shows
the distributions of Peguir and freir for all embryo impacts from each simulation suite. The
combination of impactor masses and velocities shapes these distributions, such that simulations
with larger impactor masses also have correspondingly higher Peguir and freir. Larger initial
embryo masses are therefore associated with more frequent high Peg.ir and large mantle melting
events (fmer > 0.8). Peguir averaged over all Earth analogs from each simulation type in 0.01
increments of mass fraction accreted are shown in Fig. 3i—j. These figures ignore the
equilibration of planetesimals after the last embryo impact and are therefore representative of
embryo collisions only. Incorporation of planetesimals would decrease the average Pequii towards
the end of accretion in all simulations depending on the fraction of material delivered after the
last embryo impact. Average Pequir are remarkably similar between different suites of simulations
during the first 40% of accretion. EI simulations are an exception, owing to the large initial
proto-Earth masses used in these simulations, which result in high values of average Peyu.i due to
our parameterization of embryo differentiation. Simulations with large initial embryo masses,

which have more frequent large embryo collisions, are also able to reach the highest Peuii on
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average. However, regardless of initial embryo mass, simulations with longer accretion
timescales (CEJS and EI) reach higher maximum average Peq.is than those with shorter accretion
timescales (ANN and GT). It is important to note that the curves shown in Fig. 3 are averaged
over multiple Earth analogs and therefore do not fully capture the stochastic nature of the late
stages of accretion, which results in large differences in Pequi between Earth analogs, and even
between Earth analogs from the same simulations suite. Here, GT simulations are split by their
initial masses because there is no dependence on the initial embryo to planetesimal mass ratio

(Supplementary Fig. S3).

3.2. Compositions of Earth analog cores and mantles

The core and mantle compositions of Earth analogs can be determined by combining the
equilibration parameters and impact parameters determined from N-body simulations with our
model of core formation. The metal—silicate partitioning of elements, as described by Kp, are
sensitive to the partitioning of Fe between silicate and metal, or the fO> of equilibrating material
(relative to the iron—wiistite (IW) buffer). For a constant set of equilibration parameters, average
FeO concentrations vary greatly between Earth analogs from different simulations because of
differences in the initial semi-major axis of accreting material (Fig. 4). Overall, Earth analogs
produced by simulations from the same suite have similar mass-weighted average semi-major
axes, regardless of initial embryo mass (Table 1, Supplementary Fig. S4). We adjust the O, of
accreting material by changing the inner fO> of the disk, such that on average, the FeO
concentrations of Earth analogs formed match Earth’s actual mantle FeO concentration
(Supplementary Fig. S5). Adjusting the inner fO> to more reducing values has the same effect as

moving the fO; step out in our model. On average, matching Earth’s mantle FeO requires an
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inner fO> of AIW-3.16, —2.89, —2.59, and —2.60 for CEJS, GT, EI, and ANN simulations,
respectively. The inner fO, for CEJS and GT simulations are slightly more oxidized than those
used in Rubie et al. (2015) and Fischer et al. (2017), which used inner fO, values of IW—4 and —
3.5, respectively. These differences can be attributed to the different simulations used in each
study, where Fischer et al. (2017) used CEJS simulations from Fischer and Ciesla (2014),
whereas Rubie et al. (2015) only used a subset of GT simulations from Jacobson and Morbidelli
(2014).

Ni, Co, Nb, Ta, Mo, and W are siderophile elements that are either moderately refractory
or refractory and have been used to trace core formation processes (Fischer et al., 2017; Huang et
al., 2021, 2020; Jennings et al., 2021; Rubie et al., 2015). The partitioning behavior of each
element is given in Supplementary Table S1 and their concentrations for each Earth analog
formed are shown in Fig. 5, along with the concentrations of Si and O in Earth analog cores (Fig.
5 g-h). In Fig. 5, average Pqui corresponds to Pequir averaged over the growth history of each
Earth analog within each simulation such that each point represents one Earth analog. In general,
larger initial embryo masses result in higher NiO, CoO, M0O., and WOs3 in Earth analog mantles
and higher Si and O in Earth analog cores. The concentrations of light elements in Earth’s core
remain debated, but we show core compositions from Hirose et al. (2021) for reference. Si and O
combined make up ~2-7 wt% of the core, within the ranges allowed from geophysical and
geochemical constraints (Fischer et al., 2014, 2011). Other light elements, such as H, C, and S,
could also contribute to the density deficit of Earth’s core (Blanchard et al., 2022; Fischer et al.,
2020; Suer et al., 2017; Tagawa et al., 2021).

Some elements, such as Nb and Ta, match Earth’s mantle (McDonough and Sun, 1995;

Palme and O’Neill, 2013) for a wide range of average Pequi;, Whereas other elements, such as Ni,
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Co, Mo, and W, are more sensitive to average Pequir. Fig. 6 shows the sensitivity of Earth analog
core and mantle compositions to select parameters from Table 2. In addition to kcore ems, We find
that the chosen initial conditions in N-body simulations play an important role in determining the
composition of Earth’s mantle. The changes resulting from N-body simulations are determined
by taking difference between the average Earth analog compositions from ANN simulations
from Kaib and Cowan (2015) (smallest embryos) and those from EI simulations (largest
embryos). These differences result from the larger average P.qui that correspond to large initial
embryo masses (Fig. 3). The effects of kcore em» 0n Ni and Co concentrations remedy the
discrepancy in mantle composition between many Earth analogs and Earth. For example, larger
values of kcore emp Would be required for Earth analogs with lower average Pegui. Mo and W, on
the other hand, are systematically higher than Earth’s mantle composition, even when
considering the sensitivity of different parameters. It is possible that including the effects of C on
Mo and W partitioning could make both elements more siderophile, reducing their mantle
abundances (Jennings et al., 2021). In addition, the mantle compositions of Mo and W are highly
uncertain (Liang et al., 2017). In contrast to mantle compositions, core compositions are more
sensitive to certain core formation parameters (temperature for O and fO; for Si). The large
deviations in core compositions indicate that Earth’s core composition could vary significantly
depending on the chosen conditions of core formation and could be more difficult to constrain.
We emphasize that our goal is not to find the best set of parameters to match Earth’s composition
but show the compositions of Earth analogs as evidence that our model can reproduce Earth’s
mantle composition reasonably well, in addition to producing plausible core Si and O

concentrations.
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Another compositional effect not shown in Table 2 or Fig. 6 comes from planetesimals
that accrete after the last embryo impact. A large fraction of this material must equilibrate, or
else Earth’s mantle siderophile element composition would greatly exceed mass estimates of the
late veneer (Holzheid et al., 2000). Simulations with large percentages of material accreting after
the last large impact have lower average P4 due to the equilibration of these planetesimals at
low pressures. When looking specifically at GT simulations, it is difficult to distinguish any
trend in composition with initial embryo mass due to larger initial embryo masses correlating
with large percentages of material accreted after the last large impact (Fig. 5a—b and Table 1). In
contrast, smaller percentages of material accreting after the last large impact in simulations with
larger initial embryo to planetesimal mass ratios causes mantle NiO and CoO concentrations to
increase (Table 1 and Supplementary Fig. S6). Nevertheless, the effects of material accreting
after the last large impact, which are dependent on the type of N-body simulation, are not as

significant as varying initial embryo masses.

4. Discussion

We have compiled N-body simulations and combined them with models of core
formation in which Peguir and freir are parameterized using a melt-scaling law. We find Earth’s
mantle composition to be most sensitive to the initial embryo masses in N-body simulations and
the chosen value of kcore. The sensitivity of Earth’s mantle composition to these parameters
allows Earth’s mantle composition to be reproduced for different scenarios of Solar System
formation and different initial conditions within these scenarios. Below, we explore the effects of
assuming the crystallization timescale of magma oceans and potential implications of different

accretion histories for the Moon-forming impact.
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4.1. Magma ocean lifetimes and Earth’s melting history
The results presented above assume instant magma ocean crystallization and

planetesimals equilibrating with the next embryo impact. To test the effects of long-lived magma
oceans, we use the opposite endmember scenario of infinite magma ocean lifetimes. Here all
planetesimals equilibrate with magma oceans generated by the previous embryo impact.
Planetesimals that accrete before the first embryo impact are equilibrated with the initial embryo
that grew into the Earth analog. Following an embryo impact, the melt pool will isostatically
adjust to form a global magma ocean on the order of 10>-10° years (Reese and Solomatov,
2006). Therefore, subsequent planetesimals will equilibrate at the base of the global magma
ocean rather than with the melt pool. In contrast to the instant crystallization scenario, surface
entropy in the long-lived magma ocean case was set to 3160 J/K/kg, corresponding to surface
temperatures of ~2000 K. Table 2 and Fig. 6 show the sensitivities of Earth’s core and mantle
compositions to variations in magma ocean lifetime. Supplementary Fig. S7 shows the
differences (long-lived magma oceans — instant crystallization) in average Pequir and mantle NiO
and CoO concentrations for each simulation that produced an Earth analog. In general, average
Pequir 1s not shifted significantly, except in Grand Tack simulations, which have large percentages
of material accreted after the last giant impact, due to the equilibration of planetesimals at the
base of a deep magma ocean formed by the previous embryo impact. For other simulation types,
these effects are overshadowed by kcore ems» and initial embryo mass for mantle composition but
can be significant for the O concentration in the core, due to the large effect of temperature on O

partitioning.
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Compared to the two endmember scenarios we explored, realistic magma ocean lifetimes
depend on the timing of embryo impacts and the efficiency of heat loss from the proto-Earth’s
interior to space. The presence or absence of an atmosphere, which hinges on the complex
interplay between volatile delivery and atmosphere erosion, would therefore strongly influence
the equilibration of planetesimals during accretion and could affect the compositions of Earth
analogs formed in certain simulation types (Elkins-Tanton, 2008; Lebrun et al., 2013; Sakuraba
et al., 2021). Assuming persistent atmospheres throughout accretion, the different timescales of
Earth’s accretion between different simulation types could be related to varying proportions of
magma oceans that persist until the following embryo impact (Fig. 7). Specifically, fast accretion
timescales in Grand Tack and Annulus result in 70.1% and 76.9% of embryos impacting within 2
Myrs of each other. These fast accretion timescales could promote persistent magma oceans and
planetesimal impacts onto existing magma oceans (de Vries et al., 2016). In contrast, CEJS and
EI simulations have less frequent embryo impacts, with only 30.0% and 5.3% of impacts
occurring within <2Myrs apart. Despite these correlations, the stochastic nature of N-body
simulations complicates the interpretation of these data. For example, small amounts of mass
originating from large semi-major axes could contribute a significant quantity of Earth’s volatiles
at specific times during accretion. Furthermore, magma ocean lifetimes are dependent on the
mass and composition of existing atmospheres, which could be related to the delivery of
different volatile species and differences in their solubilities (Gaillard et al., 2022; Lichtenberg et
al., 2021). Whether the proto-Earth could sustain an atmosphere during the giant impact stage of
accretion and its relationship to the composition of Earth’s core and mantle still needs to be

explored.
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The masses assigned to embryos at the start of the giant impact stage of accretion define
the initial conditions of N-body simulations. Jacobson and Morbidelli (2014) predicted that
Mars-sized embryos would best match the Solar System’s architecture. It is often assumed in N-
body simulations that all embryos begin with equal masses. Recent advances in simulating the
formation of embryos suggests that the presence of a dissipating gas disk promotes formation of
the largest embryos inside 1 AU, with the largest embryos reaching up to ~10-50% of Earth’s
mass (Clement et al., 2020; Walsh and Levison, 2019; Woo et al., 2021). Our results suggest that
all initial conditions can match Earth’s mantle composition due to the unconstrained value of
keore. However, the number of embryo impacts is independent of simulation type and decreases
with the average initial embryo mass from which Earth analogs form (Fig. 8). Within GT
simulations, increasing the initial embryo to planetesimal mass ratio increases the number of
embryo impacts, because planetesimals supply less mass during Earth’s formation. For CEJS and
EI simulations, where magma oceans are more likely to crystallize before the next embryo
impact, the number of embryo impacts is also more likely to be representative of the number of
magma oceans experienced by Earth analogs. For GT and ANN simulations, which are more
likely to have persistent magma oceans, the number of embryo impacts corresponds to the
maximum number of magma oceans Earth analogs would have had. Earth analogs in EI
simulations, which use initial conditions from the outputs of an embryo growth model with ~1:1
embryo to planetesimal mass ratios, likely experienced between 2—5 magma ocean events.
Geochemical estimates suggest that Earth experienced at least two magma oceans during its
accretion (Tucker and Mukhopadhyay, 2014). We show how the initial embryo masses and
embryo to planetesimal mass ratios can be used to place constraints on the maximum number of

magma oceans and outgassing events Earth experienced. Future constraints on the geochemical
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consequence of magma oceans may therefore place constraints on the masses of embryos in the

early Solar System.

4.2. Implications for Moon formation

The likelihood of specific Moon-forming impact scenarios and the resulting melting of
Earth’s mantle can be evaluated by focusing on the last embryo impact, or sequence of embryo
impacts, experienced by each Earth analog (Fig. 9) (Jacobson and Morbidelli, 2014). Increasing
initial embryo masses results in larger last embryo impacts that melt a large fraction (>90%) of
Earth’s mantle (fer). Equal-massed embryos of 0.005 Earth masses used in ANN-KC15
simulations result in Moon-forming impactors that are too small to match any Moon-forming
scenario. The most probable Moon-forming scenarios based on impactor masses are the
canonical hit-and-run and rapidly rotating Earth scenarios (Canup and Asphaug, 2001; Cuk and
Stewart, 2012; Reufer et al., 2012). Simulations that begin with Mars-sized embryos are most
consistent with the canonical hit-and-run scenario, whereas those with smaller embryos have
masses most consistent with the rapidly rotating Earth scenario. On the other hand, equal size
impactors are rarely achieved, although the probability of such a scenario could be increased
with larger initial embryos, or during pebble accretion (Canup, 2012; Johansen et al., 2021). By
also considering impact velocities, it becomes difficult to simultaneously match the scaled
impactor masses and high impact velocities required by the rapidly rotating Earth scenario (Kaib
and Cowan, 2015). However, we do note that smaller initial embryo masses correspond to higher
likelihoods of fast (v..; > 2) last embryo impacts (Fig. 9e—g). Our results thus suggest that the
probability of each Moon-forming scenario is dependent on the initial conditions in N-body

simulations, where larger initial embryo masses promote larger and slower impactors. Mars-
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sized initial embryos are most consistent with the canonical hit-and-run scenario. Constraining
the initial conditions in N-body simulations will therefore aid in understanding the likelihood of
last embryo impacts that fall within the range allowed by each Moon-forming scenario.

Recent theories of Moon formation have emerged that add to the range of possible
scenarios presented above. A canonical impact onto an existing magma ocean aids in matching
the compositional similarities between the Earth and the Moon (Hosono et al., 2019). Even
though impactor masses and impact velocities allowed in such a scenario are similar to the
canonical hit-and-run, the probability that the last embryo impact occurs onto an existing magma
ocean depends on the time between the last two embryo impacts. We find this probability to be
<5% for CEJS and EI simulations, and <15% for GT and ANN simulations, assuming a
maximum magma ocean lifetime of 2 Myrs (Supplementary Fig. S8). When focusing only on GT
simulations, this probability increases to 22.5%. It is also a possibility that the Moon formed
from a series of impacts throughout Earth’s accretion (Rufu et al., 2017). Interestingly, 99 out of
109 (90.8%) of Earth analogs experience complete mantle melting at some point during
accretion. Therefore, Earth analogs that don’t experience large Moon-forming impacts are still
likely to have experienced complete mantle melting from a prior large embryo impact. Such
impacts could aid in the formation of moonlets. Evaluating the likelihood of Moon formation
from multiple impacts is beyond the scope of the current work but should be investigated by
future studies that incorporate realistic impact histories from N-body simulations with

hydrodynamic impact simulations.

5. Conclusions
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We have compiled N-body simulations covering four models of Solar System formation.
Building upon previous models of accretion and core formation (Fischer et al., 2017; Rubie et
al., 2011), we incorporate the melt-scaling law of Nakajima et al. (2021) to explore the
relationships between the compiled N-body simulations, equilibration parameters, and Earth’s
mantle composition. We find Earth’s mantle composition to be most sensitive to the initial
embryo mass in N-body simulations and the chosen value of kcore ems. These sensitivities allow
Earth’s mantle composition to be matched for different scenarios of Solar System formation and
initial conditions within. Larger initial embryo masses require smaller values of k.o, On average,
to match Earth’s mantle composition. Considering interactions between accretion timescales,
magma oceans, volatile delivery, Earth’s mantle composition may be affected by magma ocean
lifetimes depending on the time between embryo impacts. Characteristics of last embryo impacts
suggest that Mars-sized embryos are most consistent with the canonical hit-and-run scenario onto
a solid mantle. However, future constraints on the initial embryo masses in N-body simulations
and the values of kcore em» could yield further insights into Earth’s accretion history and the

Moon-forming impact.
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Fig. 1. Schematic representation of the melt-scaling law from Nakajima et al. (2021) and
equilibration of embryos at the base of the melt pool formed from an embryo impact. Masses (m;
and m>), velocities (v; and v2), and impact angle (0) are labeled on the left. P.gui is the pressure at
the base of the melt pool, f.. is the fraction of the target’s mantle that is melted, knanse meir 1S the
fraction of the melted mantle that equilibrates with the impactor’s core (such that fuei™* kmanie meir
= fraction of the whole mantle that equilibrates), and k.. is the fraction of the impactor’s core
that equilibrates.
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Fig. 2. Properties of Earth’s accretion history from different N-body simulations and scenarios of
Solar System formation. a) Accretion histories of Earth analogs where dashed vertical lines
represent the average time at which Earth analogs from each scenario reach 90% of their final
mass (f90). b) Distributions of initial embryo masses used as initial conditions in N-body
simulations. The symbols on the figure represent initial conditions for only one simulation from
each suite. c—f) Normalized histograms of impactor masses and g—j) impact velocities of embryo
collisions onto Earth analogs. Impactor masses and impact velocities are binned in increments of
0.05 Earth masses and 0.1, respectively. Abbreviations are as follows: O06 (O’Brien et al.,
2006), R09 (Raymond et al., 2009), KC15 (Kaib and Cowan, 2015), RI17 (Raymond and
Izidoro, 2017a), and 0.025, 0.05, and 0.08 represent the initial embryo masses, in Earth masses,
of Grand Tack simulations from Jacobson and Morbidelli (2014).
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Fig. 5. Core and mantle compositions of individual Earth analogs. Data points are core and
mantle compositions of individual Earth analogs plotted as a function of Peu.ir averaged over the
course of accretion. a—f) Mantle and g—h) core concentrations of investigated elements when
model parameters are set to their reference values. Gray shaded regions represent estimated
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Abbreviations are as follows: O06 (O’Brien et al., 2006), R09 (Raymond et al., 2009), KC15
(Kaib and Cowan, 2015), RI17 (Raymond and Izidoro, 2017a), and 0.025, 0.05, and 0.08
represent the initial embryo masses, in Earth masses, of Grand Tack simulations from Jacobson
and Morbidelli (2014).
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Table 1

Simulations and characteristics of Earth analogs used in this study. All information in the table is deter

Simulation type
Classical (CEJS-006)

Classical (CEJS-R09)
s
EJS
Grand Tack (GT)
GT 1:1
GT 2:1
GT 4:1
GT 8:1
GT-0.025
GT-0.05
GT-0.08

Annulus (ANN-KC15)
Annulus (ANN-RI17)
Early Instability (EI)

Earth analogs
4

8
5
7

40

24
12
21

0o ©

14
14
17

9

Simulations

8

40

20

28

142
34
30
30
48
42
52
48

50

60

133

Disk limits (AU)

0.3-4.0
0.5-4.5

0.7-3.0, 6-13*

0.7-1.0
0.7-1.5
0.48-4.0

Disk surface density o'
-3/2
-3/2

-3/2

0
-1
-3/2

'Disk surface density is defined as defined as X = Z,r" where, alpha is the value shown in the column.

’Embryo-to-planetesimal mass ratio is the total mass of embryos to the total mass of planetesimals.

3Avg tgo is the time it takes Earth analogs, on average, to reach 90% of their final mass.

*Grand Tack simulations contain mass distributed from 0.7-3.0 AU and planetesimals beyond 6 AU. No



mined only from simulations that formed an Earth analog. Classical simulations are split into CIS ar
Planetesimal mass (M ¢geh)

Embryo mass (M ggen)

0.0933

0.005-0.15
0.005-0.15
0.005-0.15

0.025-0.08

0.005
0.05-0.15
0.02-0.48

0.025-0.08
0.025-0.08
0.025-0.08
0.025-0.08
0.025

0.05

0.08

# embryos
25
85-90

29-214
28-74
42-131
55-170
68-213
74-213
37-107
28-68
400
20
23-25

ymass is initially placed between 3—-6 AU.

0.0025
0.0025
0.0025
0.0025

0.000138-0.0025

0.000167
0.0025

0.000138-0.0025
0.000138-0.0025
0.000138-0.0025
0.000138-0.0025
0.000138-0.0025
0.000138-0.0025
0.000138-0.0025

# planetesimals
1000
1000-2000

727-7209
5850
2125-4346
2250
727-2250
727-2250
2250-7209
3000
954-1000



'd EJS simulations and GT simulations are split by initial
Embryo:planetesimal mass ratio’ Avg tg (Myr)®

1:1
1:1
1:1
1:1
1:1-8:1

Inf
4:1
0.90:1-0.97:1

1:1
2:1
4:1
8:1
1:1-8:1
1:1-8:1
1:1-8:1

53.35 (19.94)
88.86 (41.98)
74.33 (3.72)

77.27 (53.30)

23.80 (17.98)
22.38 (4.27)
18.70 (4.17)
31.43 (32.38)
23.63 (15.82)
26.09 (9.46)
24.39 (23.61)
19.13 (14.65)
29.09 (21.17)
10.18 (4.75)
55.71 (30.57)



conditions to show the effects of simulation type and initial conditions on Earth analog characterist
Average mass-weighted semi-major axis (AU) Percent of material after last giant impact (%)

1.27 (0.13)
1.27 (0.22)
1.23 (0.12)
1.29 (0.23)

1.15 (0.09)

0.85 (0.03)
0.92 (0.07)
1.16 (0.27)

1.23 (0.04)
1.16 (0.08)
1.13 (0.07)
1.10 (0.09)
1.15 (0.09)
1.14 (0.10)
1.19 (0.06)

7.03 (6.47)
1.32 (0.67)
1.15 (0.74)
3.22 (4.64)

8.67 (10.29)
17.63 (15.79)

0.25 (0.69)
6.35 (1.9)
0.75 (1.02)

10.88 (6.69)
5.54 (5.58)
3.35 (2.68)
6.66 (6.09)

9.24 (13.63)

10.83 (7.11)



ics. Numbers in parentheses are standard deviations (+10).



Table 2

Model parameters, reference values, and the effects of changing each parameter on mantle

Parameter
Pequi/ (G Pa)

Temperature (K)

fmelt

k mantle_melt
k core_emb
P equil_ptsml| (G Pa)

M meit_ptsmi (impactor mass)

k core_ptsml

fO, inner (AIW)

f 0O, outer (AIW)
fO, step (AU)

e 4
Initial embryo mass

Magma ocean lifetime

Reference

Melt-scaling

Al1l quuidus2
Melt-scalin,grl

0.3

0.7

Match FeO?
-1.5
2

Instant crystallization

Range

-300
+1000

0.1
1
0.1
1

1

15

1

10
0.3
1
-3.5
-2.5

ANN-KC15
El

Instant
crystallization
Infinite MO

-4.8%
+6.4%

-10.7%

-35.4%
+73.1%

+5.1%

+18.7%
-15.4%
—-6.5%
+4.7%

-11.8%
+5.0%

-41.8%
+54.5%

+42.4%

'Parameters derived from the melt-scaling law of Nakajima et al. (2021).

2Equilibration along the liquidus of Andrault et al. (2011).
3InnerfOz was set for each simulation based on the average FeO of Earth analogs (Fig. S5).
*Endmember simulations are those with the lowest and highest average P .4, inFig. 5. Com

-8.0%
+15.1%

-14.5%

-27.1%
+45.9%

+8.0%

+14.5%
-10.9%
-3.3%
+3.0%

-19.0%
+8.1%

-28.4%
+39.2%

+27.5%



and core compositions of Earth analogs. Changes in composition are calculated from the avel

Nb,0s Ta,05 MoO, WO, Core Si Core O
-0.2% -0.1% +18.1% +32.3% -17.2% -31.6%
+4.2% +5.4% -34.2% -34.2% +117.5% +397.7%
+0.2% +0.2% +3.5% -6.8% -5.8% +1.3%
-0.0% -0.2% -41.6% -28.8% -23.2% -41.5%
+1.1% +0.5% +128.4% +68.0% +60.4% +155.2%
-0.0% -0.0% +2.3% -0.5% +0.1% -0.4%
—-0.0% -0.0% +19.8% +6.2% +0.1% -0.1%
+0.0% +0.0% -16.2% -2.4% -0.0% +0.1%
+0.0% +0.1% -9.5% -1.6% -4.5% -7.7%
-0.0% -0.0% +7.0% +2.4% +3.2% +6.0%
-3.9% +10.7% -10.5% -37.6% +153.9% -30.6%
+1.2% -2.2% +6.6% +24.4% -25.1% +17.1%
-0.8% -1.8% -49.0% -32.4% -60.0% -54.8%
+2.8% +2.9% +61.1% +20.3% +79.8% +79.0%
+3.4% +3.4% +48.3% +19.6% +50.2% +226.7%

positions are averaged over all Earth analogs from each endmember scenario.



-aged mantle and core compositions of Earth analogs when one parameter is varied.
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