
Methods 

To numerically model core formation, we first identified Earth analogues from among the 

planets formed in the N-body simulations of Fischer and Ciesla (2014), and assigned each body 

in the simulations an initial composition based on its starting location. With each impact that the 

Earth analogue experienced, its pressure distribution was recalculated, and the incoming metal 

and silicate were allowed to equilibrate. First the major element compositions of the equilibrating 

metal and silicate were calculated, then their trace element compositions, then the resulting metal 

and silicate were added to the core and mantle. This process was repeated for every impact on 

the growing Earth analogue, whose oxygen fugacity evolves self-consistently. This supplemental 

text describes in greater detail how the input from simulations and experiments were applied, 

how the calculations were performed, and what regions of parameter space were explored. 

Plausible mass evolution histories and provenances of the Earth were taken from a 

suite of 100 N-body simulations of terrestrial planet accretion from Fischer and Ciesla (2014), 

run using the MERCURY code (Chambers, 1999). Fifty simulations were run for each of two 

possible dynamical environments of the early Solar System, with Jupiter and Saturn on either 

their modern-day orbits (Eccentric Jupiter and Saturn, or EJS) or more circular orbits (Circular 

Jupiter and Saturn, or CJS), as predicted by the Nice Model (e.g., Tsiganis et al., 2005). The 

initial conditions were similar to those of previous studies (O’Brien et al., 2006; Raymond et al., 

2009), but the number of simulations per dynamical environment was increased by a factor of 4–

12. The simulations began with ~80 Moon- to Mars-mass planetary embryos and ~3000 smaller 

planetesimals, with mass initially divided evenly between the embryos and planetesimals. All 

collisions were treated as perfectly inelastic. This is unlikely to be the case for all collisions (e.g., 

Asphaug et al., 2006; Chambers, 2013; Stewart and Leinhardt, 2012). However, the modeling of 



Dwyer et al. (2015) showed that including incomplete accretion may not significantly alter the 

average silicate:metal mass fraction in the resulting Earth analogues. 

The large variations within each set of simulations were due entirely to small variations 

in the initial orbits of the embryos and planetesimals, as planetary accretion is an extremely 

stochastic process (e.g., Lissauer, 2007). 73 of 100 simulations produced an Earth analogue with 

a semimajor axis of 0.75–1.25 AU and a mass within a factor of 1.5 of an Earth mass (𝑀⊕), so 

we used these simulations for core formation modeling. A lack of correlations between most 

Solar System observables indicates that any simulations that form a realistic Earth analogue can 

provide a plausible accretion history for the Earth, even if they do not match every other aspect 

of the Solar System (Fischer and Ciesla, 2014). 

The liquid metal–liquid silicate partitioning behaviors of Ni, Co, V, Cr, Si, and O 

above 5 GPa were parameterized by Fischer et al. (2015) as functions of pressure, temperature, 

and metallic melt composition, incorporating data from 18 previous studies (Bouhifd and 

Jephcoat, 2003, 2011; Bouhifd et al., 2013; Chabot et al., 2005; Corgne et al., 2008; Geßmann 

and Rubie, 1998; Hillgren et al., 1996; Ito et al., 1995; Jana and Walker, 1997; Kegler et al., 

2008; Mann et al., 2009; Ricolleau et al., 2011; Siebert et al., 2011, 2012, 2013; Thibault and 

Walter, 1995; Tsuno et al., 2013; Wade and Wood, 2005) as well as new experiments up to 100 

GPa and 5700 K. Parameterizations of Ta and Nb partitioning were taken from Mann et al. 

(2009). The partitioning parameterizations that we used are listed in Table S2. Most of these 

parameterizations do not include compositional dependences and were fit to an equation of the 

form  
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for each element i, where the temperature T is in Kelvin, pressure P is in GPa, and ai, bi, and ci 

are fitting parameters. The exchange coefficient KD is defined for a metal M with valence n as  
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where D is a partition coefficient, defined in terms of mole fractions (e.g., 𝑋?@AB is the mole 

fraction of M in the metallic melt). In the case of oxygen, the exchange coefficient is defined as 

𝐾) =
845
95:8;
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</=  (Frost et al., 2010). The partitioning of V and Cr (elements i) are sensitive to 

metallic melt composition and were parameterized based on the epsilon model of Ma (2001): 
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where Xi is the mole fraction of component i in the metallic liquid (here i = 1 for Fe), 𝜀*G = 𝜀G*  is 

the interaction parameter of elements i and k in the liquid, and the factor of 2.303 converts 

natural logarithms to base-10 logarithms (Fischer et al., 2015). The parameter 𝜀G*  at temperature 

T is described in the Steelmaking Data Sourcebook (Japan Society for the Promotion of Science 

and the Nineteenth Committee on Steelmaking, 1988) as 𝜀G* 𝑇 = AL
/?/

'.CRC
&STEU
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+ 1, where 

𝑒G*  is an interaction parameter and Mi is the molar mass of element i (in g/mol). The partitioning 

parameterizations we used for V and Cr (Fischer et al., 2015) are also listed in Table S2. 

The fits of Fischer et al. (2015) are based only on data from P > 5 GPa, due to a 

possible change in the silicate melt and/or metallic melt structure that may affect partitioning in 

this pressure range (e.g., Kegler et al., 2008; Palme et al., 2011; Sanloup et al., 2011). We also fit 

data from P < 5 GPa (Bouhifd and Jephcoat, 2003; Bouhifd et al., 2013; Chabot and Agee, 2003; 

Corgne et al., 2008; Kegler et al., 2008; Mann et al., 2009; Ricolleau et al., 2011; Righter et al., 



2010; Siebert et al., 2011; Thibault and Walter, 1995; Wade and Wood, 2005) to Eq. S1, forcing 

these low pressure fits to match those of Fischer et al. (2015) at 5 GPa. For V and Cr, data with 

carbon in the system were not included in the fitting, and these low pressure fits were forced to 

match the epsilon model fits of Fischer et al. (2015) extrapolated to zero light elements in the 

metal at 5 GPa. These fits (Table S2) were used in calculations performed below 5 GPa. 

We calculated mantle and core compositions in terms of the partitioning of Ni, Co, Ta, 

Nb, V, Cr, Si, O, and Fe. Mg, Ca, and Al were assumed to be perfectly lithophile. Silicon and 

oxygen were the only light elements considered; carbon, sulfur, and other possibilities have not 

yet been incorporated into the modeling, due in part to a lack of experimental constraints on their 

partitioning behaviors and on their effects on the partitioning behaviors of other elements at P > 

25 GPa. 

First, the initial compositions of the bodies in the disk were calculated by equilibrating a 

CI chondrite enriched in refractory elements (Palme and O’Neill, 2003; Rubie et al., 2011) at a 

specified P, T, and fO2. All results presented here were based on initial equilibration at 0.1 GPa 

and 2000 K, with compositions calculated from the parameterizations in Table S2, and the 

oxygen content and metal–silicate ratio were allowed to vary to reach the specified fO2. We 

based our calculations on initial oxidation states of IW–3.5 and IW–1.5. An oxidation state of 

IW–3.5 is 1–2 log units more oxidized than an enstatite chondrite, while IW–1.5 more closely 

resembles some types of carbonaceous chondrites (e.g., Wadhwa, 2008; Wasson and Kallemeyn, 

1988). Our starting compositions are listed in Table S1. 

With each impact that the growing Earth analogue experienced, its full pressure, density, 

and gravity distribution was calculated, using the seismologically-determined density structure of 

the Earth’s interior (Dziewonski and Anderson, 1981) as a pseudo-equation of state, to 



accurately estimate the core–mantle boundary (CMB) pressure. Equilibration took place at a 

fixed fraction of the target’s CMB pressure at the time of impact and the mantle liquidus 

temperature at that equilibration pressure (Andrault et al., 2011). The methodology for the 

chemical model was inspired by that of Rubie et al. (2011). The appeal of this approach is that 

oxygen fugacity is allowed to evolve self-consistently as the Earth grows, rather than being 

imposed, which is a common but erroneous practice (e.g., Georg and Shahar, 2015; Ricolleau et 

al., 2011; Siebert et al., 2011, 2012, 2013; Wade and Wood, 2005; Wade et al., 2012; Wood et 

al., 2009). The oxygen fugacity relative to the IW buffer (or equivalently, the FeO content of the 

mantle and Fe content of the core) is a result of the equilibration calculation, not an input. If an 

oxygen fugacity relative to IW were to be imposed, the partitioning behavior of either silicon or 

oxygen would be specified by that oxygen fugacity instead of constrained by experimental data. 

Otherwise, there would be a violation of mass balance, because any change in the iron 

distribution (caused by imposing an oxygen fugacity) must be compensated by a change in the 

silicon distribution to avoid creating or destroying oxygen atoms. 

The major element compositions of the metal and silicate participating in the reaction 

were calculated first. Abundances of FeO, NiO, SiO2, Fe, Ni, O, and Si were calculated using 

mass balance equations for Fe, Ni, O, and Si and equations describing the partitioning behaviors 

of Ni, O, and Si (Eq. S1; Table S2). This process approximately follows the method of Rubie et 

al. (2011), but uses new experimental data on oxygen partitioning (Table S2) rather than an 

activity model to determine the FeO content of the silicate melt. 

After this procedure, trace element partitioning was calculated. 𝐾)X and 𝐾)YZ were 

calculated iteratively using the parameters in Table S2 in Eq. S3. With each iteration, the number 



of moles of each trace element (i = Co, Ta, Nb, V, Cr) in the equilibrated metal (𝑁@AB\I* ) was 

calculated as: 
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where Di is a partition coefficient (Eq. S2), 𝑁BaB\I*  is the total number of moles of element i 

participating in the equilibration reaction, Nmetal is the total number of moles of metal 

participating in the equilibration (a sum over 𝑁@AB\I*  for all i and major elements), and Nsilicate is 

similarly the total number of moles of oxides participating in the equilibration. The moles of 

each trace element in the equilibrated silicate (𝑁b*I*1\BA* ) can then simply be calculated from a 

mass balance: 𝑁b*I*1\BA* = 𝑁BaB\I* − 𝑁@AB\I* .  

Once the equilibrated metal and silicate compositions were calculated in terms of both 

major and trace elements, the equilibrated metal was added to the growing Earth’s core, the 

equilibrated silicate was added to the growing Earth’s mantle, and each reservoir was assumed to 

have internally mixed before the next impact. This process was repeated for each body that the 

Earth accreted. 

In some cases (Figures 5–7, Figure S3, Table S3), uncertainties in composition were 

calculated to reflect the variability that is possible due to accretion history alone for an Earth 

analogue planet that forms at 1 AU. We performed an unweighted linear fit to the desired aspect 

of planetary chemistry (e.g., the NiO content of a planet’s mantle) as a function of final planetary 

mass, for Earth analogues that formed with final masses of 0.9–1.1 𝑀⊕ (n = 23). Two sigma 

uncertainties were calculated as twice the average deviation from this line for these planets 

(absolute value). 

 

Trade-offs between different parameters: Extended discussion 



 The tradeoff between depth of equilibration and amount of metal and silicate 

equilibrating can be further visualized in Figure S7. This figure shows which combinations of 

these parameters produce the mantle’s NiO composition, which can be described numerically as: 
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where depth is the depth of equilibration (expressed as a fraction of the CMB pressure), k is the 

fraction of the impactor’s metal that equilibrates, and silmass is the mass of silicate that 

equilibrates (expressed as a multiple of the impactor’s silicate mass). If future work leads to 

constraints on one or two of these parameters, this relationship can be used to constrain the 

other(s). This relationship is defined for equilibration along the liquidus of Andrault et al. (2011) 

with initial oxidation states of materials described by a step at 2 AU from IW–3.5 to IW–1.5 (the 

reference set of parameters). 
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Supplemental tables and table captions 

Table S1: Starting compositions of planetary embryos and planetesimals. Compositions were 

determined by equilibrating a CI chondrite enriched in refractory elements (Palme and O’Neill, 

2003; Rubie et al., 2011) at 0.1 GPa, 2000 K, and either IW–1.5 or IW–3.5. All compositions are 

reported in wt%. 

 (wt%) IW–1.5 IW–3.5 
Silicate MgO 29.7 37.6 
 CaO 2.97 3.77 
 AlO1.5 3.67 4.64 
 TaO2.5 3.94 × 10–6 4.95 × 10–6 

 VO1.5 0.0164 0.0142 
 SiO2 42.6 51.2 
 NbO2.5 8.00 × 10–5 7.04 × 10–5 

 CrO 0.632 0.567 
 FeO 20.4 2.22 
 CoO 0.00547 3.50 × 10–4 

 NiO 0.0154 9.45 × 10–4 

Metal Ta 2.06 × 10–10 7.68 × 10–8 

 V 0.386 × 10–4 0.00993 
 Si 0.025 2.84 
 Nb 1.80 × 10–7 4.70 × 10–5 

 Cr 0.0492 0.415 
 Fe 88.8 90.8 
 Co 0.430 0.259 
 Ni 9.56 5.53 



 O 1.17 0.117 
Metal mass 
fraction 

 0.173 0.315 

 

Table S2: Partitioning parameterizations used in core formation modeling (Eqs. S1 and S3), for 

elements i (with valences n). Asterisks (*) indicate parameterizations for use in calculations 

below 5 GPa only. See supplemental text for studies on which each parameterization is based. 

i n ai bi ci 𝑒l* 	 𝑒m** 	 P range of 
data 

Source of 
parameterization 

Ni* 2 0.46 3400 –200   0–4 GPa This study 
Ni 2 0.46 2700 –61   5–100 GPa Fischer et al. (2015) 
Co* 2 0.36 1800 –92   0–3.5 GPa This study 
Co 2 0.36 1500 –33   5–100 GPa Fischer et al. (2015) 
Ta 5 0.84 –13806 –101   2–24 GPa Mann et al. (2009) 
Nb 5 2.66 –14032 –199   2–24 GPa Mann et al. (2009) 
V* 3 –1.5 –2200 –17   0.5–3 GPa This study 
V 3 –1.5 –2300 9 –0.077 0.039 5–100 GPa Fischer et al. (2015) 
Cr* 2 –0.3 –2900 130   0.5–3 GPa This study 
Cr 2 –0.3 –2200 0 –0.037 0 5–74 GPa Fischer et al. (2015) 
Si* 4 1.3 –11400 –430   1.5–3.6 

GPa 
This study 

Si 4 1.3 –13500 0   6–100 GPa Fischer et al. (2015) 
O*  0.6 –2500 –240   2–3.6 GPa This study 
O  0.6 –3800 22   5–100 GPa Fischer et al. (2015) 

 

 

Table S3: Summary of results from all model runs, listing NiO, CoO, and FeO contents of the 

mantle; Si and O contents of the core; and the core mass fraction, as a function of model 

parameters used. Each row of data represents the average results from all 73 Earth analogues for 

the set of model parameters described in that row, with uncertainties reported as 2σ variability 

due to accretion history for planets with masses of 0.9–1.1 𝑀⊕. “Step”: location of step in initial 

oxygen fugacity distribution from IW–3.5 to IW–1.5. “Depth”: depth of equilibration, expressed 

as a fraction of the core–mantle boundary pressure. “k”: fraction of incoming metal that 



equilibrates. “mantle k”: fraction of impactor or target+impactor silicate that equilibrates. 

“tar:imp mantle”: ratio of target to impactor silicate that equilibrates. Relevant portion of target 

silicate is added to the impactor silicate according to this ratio, then a portion of this mixture is 

equilibrated according to the mantle k value. “deltaT”: deviation from the mantle liquidus of 

Andrault et al. (2011) in K. “CMF”: core mass fraction, expressed as a percentage.  

 

Table S4: Average core and mantle compositions produced in several models, compared to 

observed values. Analogous to Table 1 of the main text, but showing separate average 

compositions for different styles of accretion. Values and uncertainties are averages and standard 

deviations of 35 EJS simulations or 38 CJS simulations. All compositions are reported in weight 

percent. Earth’s mantle composition is from McDonough and Sun (1995). CMF, core mass 

fraction. EJS, Eccentric Jupiter and Saturn model. CJS, Circular Jupiter and Saturn model. fO2 is 

calculated from Eq. 3 of the main text. Reduced case: all bodies initially at IW–3.5. Oxidized 

case: all bodies initially at IW–1.5. Reference parameter set includes a step function in initial 

oxidation state at 2 AU. All model parameters are held fixed at their reference values except for 

the initial distribution of oxidation states. 

 

Supplemental figure captions 

Figure S1: Evolution of the FeO content of the mantle during accretion, for all 73 Earth 

analogues run through the core formation model with the reference case parameters (cf. Figure 1 

of Badro et al., 2015). Shaded region is Earth value from McDonough and Sun (1995). Color is a 

guide for the eye only. Circles indicate final values.  

 



Figure S2: Change in bulk oxidation state (Eq. 3 of the main text) of the modeled Earth 

analogue for different oxidation states of accreted material. Results are shown as a histogram of 

the change in oxidation state for EJS (filled bars) and CJS (open bars) simulations forming an 

Earth analogue, summarizing the aggregate results from all Earth analogues. Purple: all accreted 

material is initially reduced (IW–3.5). Teal: reference parameters, in which material originating 

inside of 2 AU is reduced and material originating outside of 2 AU is oxidized (IW–1.5). Green: 

all material is initially oxidized. Other model parameters are held constant to their reference 

values. Values and uncertainties are averages and standard deviations from all 73 Earth 

analogues. 

 

Figure S3: Si content of the core (left axis, red diamonds) and NiO content of the mantle (right 

axis, orange circles) as a function of the depth of metal–silicate equilibration, for 20% of the 

incoming metal equilibrating (k). All core formation model parameters except the depth and 

degree of metal equilibration are fixed at their reference values. Each data point represents the 

average of all 73 Earth analogues, with error bars representing the 2σ variability due to accretion 

history for planets with masses of 0.9–1.1 𝑀⊕. Shaded region is Earth value from McDonough 

and Sun (1995). This figure is analogous to Figure 5a and b of the main text, with k = 0.2 instead 

of k = 1. 

 

Figure S4: Effects of depth of equilibration on composition. All core formation model 

parameters are held fixed to their reference values except for the depth of equilibration. (a) 

Mantle composition. Left axis: CoO (blue triangles) and VO1.5 (peach circles). Right axis: SiO2 

(teal squares) and FeO (light green diamonds). (b) Core composition. Left axis: oxygen (navy 



blue squares), silicon (red diamonds), and nickel (brown triangles). Right axis: niobium (blue 

circles). Shaded regions indicate mantle composition from McDonough and Sun (1995). Each 

data point represents the average of all 73 Earth analogues. 

 

Figure S5: Final Si and O contents of planetary cores from 73 Earth analogues formed in N-

body simulations, run through a core formation model with the reference case parameters but 

variable temperature offsets from the liquidus. Each colored line represents one Earth analogue, 

illustrating how its core composition changes with the temperature of equilibration (cf. Figure 2 

of Badro et al., 2015). Color is a guide for the eye only. The three points on each line correspond 

to equilibration at 300 K below the mantle liquidus, the mantle liquidus of Andrault et al. (2011), 

and 600 K above this liquidus. 

 

Figure S6: Effects of temperature of equilibration on mantle (a) and core (b) compositions. 

Temperatures are expressed as an offset from the mantle liquidus of Andrault et al. (2011). All 

core formation model parameters are held fixed to their reference values except for this 

temperature offset. Symbols and colors are as in Figure S4. Shaded regions indicate mantle 

composition from McDonough and Sun (1995). Each data point represents the average of all 73 

Earth analogues. 

 

Figure S7: Depth of equilibration required to match the mantle’s NiO content (on average, 

considering the aggregate of all 73 Earth analogues) for different combinations of the fraction of 

incoming metal that equilibrates and the mass of silicate that equilibrates. All other model 

parameters were held fixed to their reference values. The tradeoff between these three parameters 



is described numerically by Eq. S5. Black region is unphysical parameter space. The impactor 

silicate always equilibrates; variable amounts of target silicate are added to vary the equilibrating 

silicate mass (in some impacts, this mass was necessarily lower; see Section 2 of the main text 

for details). 


