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ABSTRACT

In this study, we improved a previously published numerical model linking the core composition to the
core temperature during accretion by introducing some amount of chemical disequilibrium during the
segregation of the core in the magma ocean phase. At the minimum equilibrium rate in metal and silicate
phases, the final temperature of the core by ~ 250 K compared to the fully equilibrated case. The
chemical disequilibrium could be then one factor favoring the hot core hypothesis, but has to be coupled
with other phenomena (gravitational energy dissipation, radiogenic heat production) to produce a hot
core. Furthermore, we combined our model outputs with a previously published parameterization linking
the Reynolds number and the equilibrium rate of Ni and Co at the end of accretion. We then showed
that if one consider large diapirs (100 - 1000 km radius) of metal equilibrating with the magma ocean,
then the only way to obtain a bulk silicate Earth composition is to consider the magma ocean to have
high viscosity (108 to 10'® Pa.s). These results imply that at the end of accretion, the existence of a
fully molten, only liquid, magma ocean is highly unlikely; with the reality being closer to a mushy magma
ocean with some degree of crystallization equilibrating with large diapirs.

Keywords:  Accretion model, Core temperature, metal silicate partitioning, magma ocean, viscosity

1 INTRODUCTION

The presence of light element in the core has been demonstrated for a long time (Birch, 1965), and
constraining the nature and concentrations of these light elements is important to understand the so-called
core density deficit (Dziewonski and Anderson, 1981). The incorporation of light elements in the core
has been proposed to happen in a deep magma ocean, where the core-forming metal segregates from the
silicate (e.g. Drake and Righter, 2002; Bouhifd and Jephcoat, 2011). This formation at high pressure and
high temperature favors the incorporation of light elements in the core, the main light elements being
Si and O (Rubie et al., 2015; Fischer et al., 2017; Clesi and Deguen, 2023; Pu et al., 2025). The final
composition of the core, and in particular the concentrations of light elements, is dependent on several
factors, the main factors being the composition of the building blocks and the P-T-fp, conditions of
metal-silicate segregation in a deep magma ocean. Among those conditions, the efficiency of mixing in
the magma ocean and the degree of chemical equilibrium is often overlooked, with a majority of models
focusing on the end-member with full equilibrium (e.g. Wood et al., 2008; Siebert et al., 2012; Fischer
etal., 2015, 2017; Clesi et al., 2016; Clesi and Deguen, 2023; Loroch et al., 2024; Pu et al., 2025). The
effect of disequilibrium is complex to apprehend, as two phases are involved (e.g. Rubie et al., 2003;
Ulvrova et al., 2011; Gu et al., 2023) with dynamic separation of the two phases that are complex to
model (e.g. Samuel, 2012; Deguen et al., 2014; Landeau et al., 2021) with elemental specific equilibrium
rates (Clesi et al., 2020). In a previous work (Clesi and Deguen, 2023), we used an accretion model
combining the metal-silicate partitioning behavior of different elements and a thermal evolution model
of the metallic phase, dependent on the metallic phase composition, to link the thermal evolution of the



core to its composition. This model tended to favor the cold core hypothesis (Nomura et al., 2014; Zhang
et al., 2016; Dobrosavljevic et al., 2022), particularly if the amount of gravitational dissipation energy
going to the metal is low (Monteux et al., 2009; Samuel et al., 2010). The hot core hypothesis (King and
Olson, 2011; Andrault et al., 2017; Driscoll and Davies, 2023), to be true, necessitates other mechanisms
than the simple compressional heating used in Clesi and Deguen (2023). One mechanism that could
increase the initial core temperature is the chemical disequilibrium during the metal-silicate segregation
process. Indeed, to explain the bulk silicate Earth composition while considering chemical disequilibrium
during core mantle segregation, it is necessary to increase the average depth of the magma ocean (Rubie
et al., 2003, 2011; Gu et al., 2023). Clesi and Deguen (2023) showed that such an increase in average
magma ocean depth translates into higher core temperatures as well as higher concentrations of Si and
O. Therefore, in this study, we modified the model of Clesi and Deguen (2023) by introducing various
degrees of disequilibrium in the metallic and silicate phase during the accretion process. We used the
results to quantify the effect of chemical disequilibrium on the initial core temperature. Furthermore, we
used the outputs of the model combined with the disequilibrium parameterization in Clesi et al. (2020),
and showed that, at least at the end of accretion, the magma ocean viscosity cannot be modeled with the
viscosity of ultramafic melts.

2 DESCRIPTION OF THE THERMAL MODEL

To determine the heat content and temperature of the core we consider the following steps :

(i) The initial temperature of each addition of metal is set at the bottom of the magma ocean, where
the metal is assumed to equillibrate with the silicates. The initial temperature is therefore given by
the liquidus of silicate at the pressure of the bottom of the magma ocean, as given by Andrault et al.
2011).

(i) The metal is then heated by compression while migrating from the bottom of the magma ocean to
the growing core. At each step of accretion its composition is different, and we do not consider any
mixing, thus resulting in the formation of a stratified core (as in Jacobson et al. (2017)).

(iii) The metal is further heated by compression due to the growth of the core up to its final size. We use
the resulting temperature and density profiles to calculate the heat content of the core.

(iv) We assume that the core is then mixed from the stratified state, and use the previously calculated
heat content to get the temperature at the CMB (7%),) assuming the core to be isentropic. That the
core is mixed at the end of accretion is a somewhat strong assumption (Jacobson et al., 2017), but it
has the advantage of allowing to quantity the thermal state of the core with a single parameter (here
the CMB temperature), which greatly simplifies the analysis.

The details on the model and the different calculations are described in Clesi and Deguen (2023), but we
propose a quick description of the thermal model in the following paragraphs.

The initial temperature of the metal is set to be the liquidus temperature of the silicate (Andrault et al.,
2011) at the bottom of the magma ocean where the chemical equilibrium happens. It is given by:

P 1/1.9
- Zeq
nq_4940<29-+1) , ey

where P, and T,, are the equilibrium pressure and temperature at the base of the magma ocean. The
temperature changes in steps (ii) and (iii) are obtained from:

daT

_7
T = stP’ 2

where y and K, are the Gruneisen parameter and isentropic bulk modulus. We use the Murnaghan
approximation for the bulk modulus,

K, =Ky+K'P, 3
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with Ky = 128.49, and K’ = 3.67, which yields the following equation of state for the metal:

P<P>_(1 ’%)”’“ 4
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where p denotes density. The value of pg is varying throughout accretion, depending on the chemical
equilibrium (see Clesi and Deguen (2023) for the details). Following the study of Clesi and Deguen
(2023), we used the formalism of Al’Tshuler et al. (1987) for the calculation of the Griineisen parameter
Y given by:

B
7=%+Wrmd<?), (5)

where 8 = W/(% — V=), With % = 1.933 and Y. = 0.916 as refitted in Clesi and Deguen (2024b). These
values might not be appropriate to get a precise estimate of the core temperature, but the formalism
chosen tends to limit the error introduced by the uncertainty on ¥ and %. (Clesi and Deguen, 2024b).
Nonetheless, the goal of the study is not to determine the precise temperature of the core, but to assess the
sensitivity of the thermal model to a specific chemical phenomenon, in this specific instance the dilution
and disequilibrium during core/mantle segregation. With this Griineisen formalism, integrating Equation
2 yields:
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The heat content of the core is then calculated as
R(rare
o=ar [ p(r)C,T (1) dr ™
0

where R, is the radius of the core, r the distance from the center of the core, and C, the specific heat
capacity of the metal. The the link between the radius of the core and pressure P, (r) within the core is
given by:

®)

Femp — P,
Pcore(r) = Peenter + (cenm r2’

R2

core

where Pener and Pepp denote pressure at the center of the core and CMB. The isentropic temperature
profile can then be obtained by integrating

dInT
<QMpmm>s_y' ©)

where 7 is the Griineisen parameter given in Equation 5. In the final step of calculation we consider a
fully mixed core with a constant heat content, which allow us to calculate the temperature at the CMB
following:

0
4w [o° pis(r)CpTiS(r)rzdr7

T = (10)

which is evaluated numerically. In the following sections, we will evaluate how TéMB evolves when
applying a chemical disequilibrium at stage (i) of the model, thus changing the composition and density
profile of the core.
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Figure 1. Description of the effect of the parameters used in Equation 11 on the value of P,,. The black
line is the pressure at the CMB, Pcmp (f). The left panel shows of P, with f. = 0.5 and A =5 with
variable ap. The middle panel shows the evolution of P,, for ap = 1 and A = 5 with variable f.. The right
panel shows the effect of P, for ap = 1 and f, = 0.5 with A variable.

3 DESCRIPTION OF THE CHEMICAL MODEL

The thermal model described above is linked to a chemical model of core/mantle segregation. In this
section, we present briefly the initial model used in Clesi and Deguen (2023), and the modifications made
to it so as to model a chemical disequilibrium during core/mantle segregation.

3.1 Inputs of the models

We tested a whole range of metal-silicate segregation scenario during accretion. In all of the models
presented below, the initial conditions of core-mantle segregation are fixed by the pressure of equilibrium,
representing the bottom of the magma ocean. The pressure of equilibrium, P, is given by:

1 —e—(/fe)*

S 11
1 —e—(/f)*’ (b

Peq(f) = apPcms (f)
where f is the mass fraction of the Earth accreted, Povs (f) is the pressure at the CMB for a given mass
fraction accreted and the parameters ap, f, and A are the varying parameters.

The effect of each parameter on the evolution of the equilibrium pressure P, is shown in Figure 1.
As shown in the left panel of Figure 1, ap is the parameter controlling the maximum pressure at the end
of accretion, and is a fraction of the final value of Peyp(f), varying between 0.05 and 1. Depending
on the values of f. and A the maximum pressure is reached sooner or later during the accretion, but the
maximum is set by ap. For ap = 1, the value of P, reach the same value as the pressure at the CMB,
for ap = 0.5, P, will always be lower or equal to half of the CMB pressure at any point of accretion.
In the middle panel of Figure 1, we show the effect of the scale parameter f,. on the evolution of the
pressure of equilibrium. This parameter sets the moment in accretion when the pressure increases faster,
especially for high values of A. It is also when we chose to change the oxidation state of the impactor,
and therefore the initial composition of metal and silicate accreted, from a reduced composition to an
oxidized composition (see below and Table 1). Finally, the right panel of Figure 1 we show the effect of
the shape parameter A on P.,, determining the shape of the accretion profile. When A = 0, Equation 11
becomes Py (f) = apPcme(f), i.e. the magma ocean depth is a fixed fraction of the CMB depth all along
the accretion, as it is classical in several other studies (Wood et al., 2008; Siebert et al., 2012; Bouhifd
et al., 2007; Clesi et al., 2016). When A — oo, the Equation 11 becomes a step function with Peq(f) =0
for f < fe and Py (f) = apPcms(f) for f > fe. As can be seen in Figure 1, using a finite value of A,
varying between 0.1 and 5 in this study, smooth out the step function, and the transition to a shallow (i.e.
low P,,) to a relatively deep magma ocean (i.e. P, close to the maximum pressure allowed by ap value).

The scale parameter f, does not only control the transition of regime for high values of A, but
also the composition of the impacting masses. We chose a simple model of having only two different
initial compositions: one reduced and one oxidized. The compositions, taken from Fischer et al. (2015),
exhibit CI-chondritic elemental ratios (Wasson and Kallemeyn, 1988) in order to match the refractory
lithophile element trend in the Bulk Silicate Earth (McDonough and Sun, 1995). For f < f., the Earth is
accreting the reduced composition presented in Table 1, and for f > f, the Earth is accreting the oxidized
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Elements | Reduced material | Oxidized material
Silicate phase
SiO; 51.41 42.19
MgO 37.5 29.40
Al,O3 4.62 3.63
CaO 3.75 2.95
FeO 2.24 21.13
NiO (ppm) 10.1 174
CoO (ppm) 5.1 83
Cr03 (ppm) 4500 6170
V,03 (ppm) 203 164
Metallic phase
Fe 91.1 89.07
Ni 5.55 10.0
Co 0.26 0.34
Si 2.4 0.0205
Cr (ppm) 6100 870
V (ppm) 9.24 0.775
(¢} 0.04 04
Metallic mass fraction of the impactor
- \ 0.313 \ 0.165

Table 1. Impactor composition given in Fischer et al. (2015) supplementary material and used in our
model. All units are in wt % except where ppm is specified.

composition presented in Table 1. Accreting reduced material before oxidized material is consistent with
N-body simulations of Solar System formation that tend to accrete inner solar system material material
(hotter, more reduced and less rich in volatile elements) first and outer solar system material (cooler, more
oxidized and rich in volatile elements) at the end of accretion (Morbidelli et al., 2000; Raymond et al.,
2009; Izidoro et al., 2021). The parameters and compositions presented in this section are used in all of
the models presented in the following subsections, and a schematics of the physical meaning of the model,
derived from Clesi and Deguen (2024a), is given in supplementary Figure S1.

3.2 Reference chemical model description

The core-mantle segregation model we will take as a reference for this study is based on the work of
Fischer et al. (2015), with the link to the thermal model being explained in Clesi and Deguen (2023). A
qualitative description of the model is given in Figure 2. The model consists on the following steps of
calculations:

i Initialisation of the calculation: we accrete a planetesimal corresponding to 5 % of the Earth mass,
and calculate the initial core and mantle composition by equilibrating the entire mass of the metal
and silicate at a given pressure. This equate to a single stage model for the first 5% of accretion,
which is standard for small bodies (e.g. Grewal et al., 2019, and references therein)

ii Main accretion process: the Earth is growing by adding impactor of 5% of the Earth size. All
of the metal in the impactor mass and only the impactor silicate mass are re-equilbrated at the
bottom of the magma ocean, which set the pressure and temperature of equilibrium (£, and T,).
The metal then sink into the core, adding a chemically different layer on top of the growing core.
During the descent, the temperature of the core is increasing from T, to its final temperature due to
compressional heating (of the mantle then the growing core) following Equation 6. It is chemically
insulated from the mantle and the other layer of core. Before another impactor is added, the mantle
is considred well-mixed. This process continues until the entire Earth mass is accreted.

iii Final stage: at the end of the main process, we get a fully accreted Earth with a stratified core
and a well-mixed mantle. We consider that the core is then mixed isentropically to calculate the
temperature at the CMB, Tz, given by Equation 10.

5/23



Molten Impactor

Silicate Phase

'Dwnrarmamﬂ Impactor

Molten Impactor
Metallic Phase

Compensation Depth:
P-T equiibrium

Newly mixed magma
ocean

Figure 2. Qualitative description of the model as described in Fischer et al. (2015) and in Section 3.2.
The left rectangle described the first step of accretion, setting the initial composition of the planestesimal.
The middle rectangle describes the main accretion process: an impactor on a magma ocean is
re-equilibrated at the bottom of the magma ocean before segregation of the core and mixing of the whole
mantle by vigorous convection. The right rectangle shows the last part of the model: once the mass of the
Earth is obtained, we calculate the heat content of a segregated core and calculating the temperature of a
mixed core.

At each step, the composition of mantle and core is simplified, and we consider the following equilibrium
described by Rubie et al. (2011):

[(Fe0)(Ni0),(Si0),(Al,Can,Mg,)O + Fe,NipO,Siq)

!

[(FeO),/(NiO)y(Si05) (Al CanMgp)O+ FeyNiyOuSiy |

(12)
The equilibrium of Reaction 12 is described by sub-reactions for each element involved, following:
/n.o. n m m n /11.0. 1 3
MOy + Fe" — M" + SFe0™, (13)

where M 0:’:/‘2’ is a given element of valence n in oxide form in the magma oceanphase, and M™ the

metallic form of the element in the metallic alloy. The equilibrium of each sub-reaction is set by the

exchange partitioning coefficient K, which is parameterized by:
by cmP eq

logioKY = ay + —— + )
¢ Teq Teq

(14)

where Peq is expressed in GPa, Teq in K. The coefficients (ay, by and cpy) of equation 14 for each element
are the one given in Fischer et al. (2015). For a given element the exchange partitioning coefficient is by
definition:

Xm xme.o. n/2
MO, /> Fe

with xy; the molar fraction of element M in the metallic phase, and xﬂ’%'/z the molar fraction of the

corresponding oxide in the silicate. Combining Equation 12 and equation 15 with the K[’iW value set by
equation 14 allows to calculate the final equilibrated composition of both phases with a self-evolving
oxygen fugacity for most of the elements. The partitioning of V, Cr and Co are also calculated after the
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initial equilibrium of reaction 12 using the same method. The main calculation consist in solving the mass
balance system of equations:

x+a = X+d

+b = Y+

i+ ~ Yid a6
x+y+2z4+utm+ptc = X+y+27+utmtp+d

witha, b,c,d,u, m,p, Xx,y,2,a’,b’,c’,d’, x’, y’, z the number of moles of the elements involved in
reaction 13. This system of equation is combined with the one created by the K; of Ni, Si and O, with
Equation 15 applied for each element. For instance for Ni, an element with a valence of 2, expressing
Equation 15 becomes:

Ni_ 4 X4y +Z futmtp ¥ @b +d N\
Kd _a'—i—b’—l—c’—l-d’x y/ X(x’+y’+z’+u+m+px a ) (7)
Combining system 16 with 17 for Ni, Si and O yield a system of 7 equations with 7 unknown (a’, b’, ¢’,
d’, x’, y’, z’) that allows for several solution, only one respecting the fact that no mass can be negative.
The complexity is the formula of Kf, which is calculated using the formula given in Frost et al. (2010).
The valence 3+ elements (V and Cr) are solved after the main calculation, because the system would
become harder to solve analytically. It introduces an error in the masses of silicate and metal, but it
is limited to a variation of 0.01 to 0.1 %. The detailed method of for solving the system of equation
calculation is described in the supplementary information of Rubie et al. (2011) and Clesi and Deguen
(2023). The number of moles involved in the initial stage of the reaction is calculated using the mass
and composition of the silicate and metal involved in the metal-silicate reaction 12. In the case of the
reference model of this study (Fischer et al., 2015; Clesi and Deguen, 2023), the mass of both silicate and
metallic phase involved is equal to the silicate and metal in the impactor (Figure 2). The composition of
each phase involved is also the composition of the impactors, given in Table 1. The number of mole for
element in the metal M is therefore:

impactoer.imp

m
_pmet metal M 18
M %M ’ ( )

impactor

metal 1S the mass of metal in the

where Jiﬁ"g’ is the number of mole of M (a,b,c or d in Reaction 12), m

impactor, X A’Z’im" the mass fraction of element M in the metallic phase of the impactor and .#), the molar
mass of element M. As for the silicate, the number of mole of an oxide MO, ; is given by:

impactor_ sil,imp

Myilicate MO,

sil _
o= (19)

n/2

impactor

cilicate th€ mass of silicate

with /A}’é n the number of mole of MOn/2 (x, Y, z, u, m, p in Reaction 12), m

in the impactor, w;i,lolzl/’; the mass fraction of MO, in the silicate phase of the impactor and .Z0, 1 the
molar mass of oxide MO,, 5.
Since only the impactors are equilibrated, the bulk composition at a given mass fraction is given by:

W? (f )mgccreled (f ) + Wf,gulkM n;amle
Mt ’

mantle

Wf,Jbrulk (f) = 20

where wiy,, (f) and wf;ulk( f) are the bulk concentrations (in % wt) before and after the impact is

added, and M, .. and Mrtamle the masses of the mantle before and after the impact (M;antle =M nie T
o creted (f))- When properly calculated at each step of accretion then for f=1, Equation 20 yields the bulk
composition of the mantle. The same equation can be applied to the core, only by replacing the masses of

silicate and mantle by the masses of metal and core respectively.
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Figure 3. Schematic of the model of disequilibrium used in this study. In all steps only a part of the
metal and the silicate is considered to have reacted, even at the first initiation stage. The vertical striped
areas represent the amount of metal and silicate reacting. For readability, we considered k = 1 (all metal
reacted) and an arbitrary value of A. Compared to Figure 2, a mixing step has been added before the
actual reaction. The amount of silicate equilibrated is colored purple with black stripe in the main
accretion stages, and is calculated on the fully mixed magma ocean before reacting with the metal. Once
the purple part composition is changed, the magma ocean is fully mixed before the subsequent impact.
The last part of the model (re-mixing of the core and mantle) is the same as in the reference model.

3.3 Modeling of disequilibrium

Now that the reference model and the dilution effect are described, we used the calculation technique
of Deguen et al. (2014) to model the disequilibrium between the phases. Since the model is not a
time-resolved model, the equilibrium rate is approximated by the amount of reacting silicate and reacting
metal that are equilibrated. To simplify the calculation of these masses at each step, we considered that
the silicate impactor is mixed with the previous mantle before reacting.

We therefore define, following Deguen et al. (2014), two parameters that are used to model this phe-
nomenon: k, a parameter describing the amount of metal that is equilibrated and A, the degree of dilution
of the metal, i.e. the amount of silicate that is equilibrated. The parameter k is defined by:

mnet
b =
M otal

where m’g"qe’ is the mass of metal that is equilibrated, and m:’(’)f;l is the total mass of the metal added from

the impactor. The parameter A is defined by :

msil
=21, (22)
meq

where mz’; is the amount of silicate equilibrated, and mZﬁ;’ is the amount of metal equilibrated given by
equation 21. This way of defining the degree of equilibrium links the amount of equilibrium in the silicate
to the amount of equilibrium in the metallic phase, therefore not treating the equilibrium in each phase
as independent parameter. Therefore, direct comparison with studies such as Gu et al. (2023) cannot be
performed as the amount of silicate equilibrated for a given value of A varies first with the value of k (see
Equation 22) and varies also within the accretion model (in particular the parameter f., see Figure S.3),
since the total amount of metal added depends on the moment of accretion, the mass added being lower
for the oxidized part of the accretion process (see Section 3.1). For the higher values of A (~ 90 to 100,
depending on the value of k), the entire mantle is equilibrated (see Figure S.3 for the actual percentage of
mantle equilibrated). We tested the models for k ranging between 0.05 and 1, and for A ranging between 1
and 500. The values higher than A = 100 are redundant since 99.9 to 100 % of the mantle is equilibrated,
but serves as control of the stability of the model.
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3.4 Definition of a solution and reference model

As in Clesi and Deguen (2023), we ran 20 000 models of accretions for each (k,A) couple. In these
20 000 models, the outputs mantle compositions are not necessary close to the Bulk Silicate Earth
(BSE) composition. Therefore, we consider a model given by a (ap, f;,A) triplet to be a solution if
all the elemental concentrations are within an acceptable range relatively to the BSE as defined in
McDonough and Sun (1995). All major elements concentrations are considered solutions if their values
are within a 10 % range of the values of the BSE: w’s”l-“o"ztle =45.18+4.52 %wt, wg”l‘;’gée =4.4740.45 %wt,

wieple = 8.10+0.81 %owr, wiyes/e = 38.03 + 3.80 %wr and weidgy™* = 3.56 +0.36 %wr. For the trace
elements, the concentrations are considered solutions if their values are within 15% of the values of
the BSE: wié/!¢ = 2509 +376 ppm, wiis'® = 134420 ppm, wipigi'e = 121418 ppm and wiiie =
3859 £579 ppm. A model is considered as a solution only if all the different concentrations fall into the
ranges defined above. For this publication, the reference model solutions to which everything will be
compared is the model described in Section 3.2 and Figure 2 for which the filter described above has been
applied. This differs from the initial publication of Clesi and Deguen (2023) in which we used a weighted
method that tend to yields more solutions by allowing some elements concentrations, in particular V and
Cr, to be outside the 15% range of the BSE concentration. Overall, the trends highlighted in Clesi and
Deguen (2023) (correlation between light elements concentration in the core, core temperature and mean
pressure of equilibrium) are the same, with less points (see Figure S.2). Some of the models with high
values of PT,], and therefore higher concentrations of Si and O in the core, are removed from the dataset.
A comparison between the solution from Clesi and Deguen (2023) and the reference we use in this study
(also used in Clesi and Deguen, 2024a, under the name C20) is presented in Figure S2. This shows that the
kind of filter applied to define a solution does affect to some extent the output of the models. Several other
filters could have been used for instance using the mean quadratic difference like in Rubie et al. (2015) or
using uniquely the N-body simulation results combined with a sensitivity study as in Gu et al. (2023). In
any case, the trends we highlighted would yield correlations in the same order of magnitude, as evidenced
by the comparison of two methods for selecting a solution provided in Figure S2. For the purpose of this
study, this issue will not be discussed further, since we will focus on the effect of disequilibrium with a
consistent way of selecting the solutions throughout the entire study.

4 RESULTS OF THE CALCULATIONS

4.1 Number of solutions

For the range of k and A tested, the models yield between 0 and 241 solutions. As shown in Figure 4, most
of the disequilibrium models do not yield any solution: for any value of k below 0.6 and for any value of A
below 4, no model will yield a BSE-like mantle. This shows the need to have at least some equilibration in
both phases. For dilution factors A superior to 100, the number of solutions for a given value of k does not
change, indicating that the full mantle is equilibrated during the entire time of accretion (see also Figure
S.3). Figure 4 also shows that the maximum number of solutions is not reached for full equilibration of
both phases: the optimum is obtained when 70 to 80 % of the metallic mass is equilibrated with a dilution
factor between 55 and 100. Higher equilibrium rates in the metal or in the silicate do not increase the
number of solutions, and even tend to decrease the number of solutions in the case of the values of k. This
indicates that it is easier to model the accretion of the BSE with some moderate disequilibrium in the
metal, at least with the chondritic material we used in these models. Finally, the number of solutions
drastically decreases for k < 0.7 and for A < 30. Therefore, while it is easier to produce a BSE mantle
with moderate disequilibrium, it is highly improbable to form the Earth with high rate of disequilibrium
in the silicate or metallic phase.

4.2 Chemical equilibrium controls on the accretion scenarios
In this section we present how the degree of equilibrium affects the type of model that can yield coherent
chemical solutions.

4.2.1 Effect of silicate dilution

On Figure 5 are presented the evolutions of the different input parameter values that yield chemically

coherent solutions as a function of the amount of equilibrium in the silicate (A) for k = 0.6, k = 0.75 and
= 1. Other plots, in the same fashion but for the other elements composing the mantle and the core, are

presented in supplementary Figures S4 to S19. No effect of silicate dilution can be seen on the parameter
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Figure 4. Number of solutions yielded by the model for different values of k (fraction of metal
equilibrated, Eq. 21) and A (silicate mass equilibrated, see Eq 22). x-axis is in logarithm scale, y-axis in
linear scale. The red cross marks the maximum value (n = 241) at k = 0.725 and A = 80.
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Figure 5. Effect of the silicate dilution A on the input parameters controlling the output composition of
the model mantle for different values of k. First row, panels a. to c.: E in GPa. Second row, panels d. to
f.: ap. Third row, panels g. to i.: f.. Fourth row, panels j. to m.: A. The left, middle and right column
shows the evolution of the parameters values for k = 0.6, k = 0.75 and k = 1, respectively. In each panel
the entire solutions range are presented as boxplots, with the red cross being the mean value of the
parameter, the white box delimiting the 1st and 3rd quartile, the horizontal line the median value and the
vertical lines the minimum and maximum values. The reference model dataset is presented in blue with
the same type of plot for comparison.
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fe» which controls the redox state of the impactor: the f, range is between 0.8 and 1, with mean values
close to 0.75 for every model, including the reference model. Therefore, the amount of disequilibrium
during core-mantle segregation does not affect the redox state significantly: most of the accretion has to be
from reduced impactors (more than 80 %) with the more oxidized impactors arriving at the end. For most
of the values of A, some models can yield chemically coherent Earth mantles for a fully reduced accretion.
However,it is impossible to accrete chemical coherent Earth for a fully reduced accretion at very low
values of A (A ~ 4 —7, Figure 5, panels h. and i.). This effect is enhanced for low values of k (Figure 5,
panel g.), which indicates it is impossible not to accrete oxidized material if the equilibrium rates in both
phases are very low. This effect is common to A and & and is discussed further in the following subsection.

The effect of silicate disequilibrium on the type of solution obtained is the same for each value of k:
as A is lowered, the mean pressure of equilibrium during accretion is increased in order to get chemically
coherent solutions. This effect is more visible on panels b. and c. of Figure 5: for k = 0.75 and A = 100,
the mean value of E is 18 GPa, while for A = 7 the mean value of E is 28 GPa; and for k = 1 the mean
value of P, varies between 33 GPa and 18 GPa for A varying from 4 to 100, respectively.

The parameter ap, which controls the maximum extent of the magma ocean is likewise increased as A
decreases: for k = 1, the mean value of ap increases from 0.4 to 0.8 for A decreasing from 100 to 4. This
mean that when the degree of equilibrium is low, the magma ocean is twice as deep as when the entire
magma ocean is equilibrated, thus leading to higher mean pressure of equilibrium during accretion.

The parameter A, which control the style of accretion (stable depth for magma ocean or sharp transition
from shallow to deep magma ocean) is also affected by the silicate dilution imposed on the model. As
shown in panels j., k. and 1. of Figure 5, the reference model span the entire range of A values tested,
while it is not the case for the disequilibrated model, especially at low values of k and for low values
of A. Indeed, for k = 0.75 the mean value of A decreases from 4.9 to 3.1 for A increasing from 7 to
100. Furthermore, the range of A value that provides chemically coherent solutions gets narrower as the
amount of silicate equilibrated decreases: for k = 0.6, the range of A values is comprised between 3.5
and 5 for all A values that yield solutions; for k = 0.75, the range varies from 4.2 to 5 for A = 7 and from
0.2 to 5 for A = 100; and for k = 1 the range varies from 1.8 to 3.6 for A =4 and between 0.1 and 5 for
A = 100. This indicates that when the silicate is not equilibrated, the only scenarios of accretion that can
yield chemically coherent Earth analogs are the ones that tend to have very shallow magma oceans during
most of their accretion process followed by a dramatic increase of magma ocean depth toward the end of
accretion.

4.2.2 Effect of metal equilibrium

In Figure 6 are shown the evolutions of input parameters values as a function of the metallic equilibrium
rate k for A= 10, A = 50 and A = 100. Other plots, focusing on the other elements composing the core
and mantle, are presented in supplementary Figures S4 to S19.

Like the silicate dilution effect, the disequilibrium of the metallic phase does not change, for the most
part, the f, values, with all ranges of solution between 0.8 and 1, and mean values of f,. around 0.88 for
all values of A. This means that in order to get chemically consistent Earth’s mantle, accretion scenarios
need to include at least 80% of reduced material and less than 20 % of oxidized material at the end of
accretion, with some solutions possible for 0% of accreted material. A noticeable trend on the value of
this parameter is that as the values of k and A get lower, the range of f. values gets narrower. For the
lowest values of k and A that yields solutions, no solution can be found for 100% reduced accretion. This
effect is only valid for the minimum values of k (between 0.6 and 0.7 depending on A) and the minimum
values of A (4 to 7 depending on the value of k). This indicate that very low equilibrium rate during
accretion render the accretion of some oxidized material necessary in order to obtain chemically coherent
Earth.

As for the parameter A, k affects the value of A in the same way as A: decreasing the degree of
equilibrium tends to select higher values of A in order to get a solution. For instance, for A = 50 (Figure
6, panel k.), the range of A that yield solutions is comprised between 3.9 and 5 (mean at 4.5) for k = 0.6,
and is comprised between 0.1 and 5, i.e. the entire range of A values tested, for k = 1. This shows that
decreasing the amount of metal equilibrated during accretion favor models where the magma ocean is
shallow at first, turning into a deep magma ocean dramatically at the end of accretion. More metal and
silicate equilibrating tends to favor on the other hand a more steady increase in the magma ocean depth.

The effect of k on P,, and ap is comparable to the effect of A: as the amount of metal equilibrated
is lowered, the mean pressure of equilibrium is increased in order to get a chemically coherent Earth.
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Figure 6. Effect of metal equilibrium k on the input parameters controlling the output composition of
the model mantle for different values of A. First row, panels a. to c.: E in GPa. Second row, panels d. to
f.: ap. Third row, panels g. to i.: f,.. Fourth row, panels j. to L.: A. The left, middle and right column
shows the evolution of the parameters values for A = 10, A = 50 and A = 100, respectively. In each panel
the entire solutions range are presented as boxplots, with the red cross being the mean value of the
parameter, the white box delimiting the 1st and 3rd quartile, the horizontal line the median value and the
vertical lines the minimum and maximum values. The reference model dataset is presented in blue with
the same type of plot for comparison.
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This effect is enhanced by lowering the value of A: for A = 100 (Figure 6, panel f.), the mean value of ap
decreases from 0.61 to 0.4 when k increases from 0.6 to 1; for A = 10 (Figure 6, panel d.), the mean value
of ap decreases from 0.83 to 0.6 when k increases from 0.7 to 1. This effect is comparable to the effect A
has on ap. This shows that the maximum extent of the magma ocean at the end of accretion is significantly
affected by the degree of equilibrium both in the silicate and metallic phases. However, the clear effect of
A on the mean pressure of equilibrium during accretion P,,, shown in the previous section, is less visible,
though still present, when plotting the values of P,, as a function of k. Indeed, lower k values tend to yield
higher mean values (and mostly median values) of P, than higher values of k: for instance for A = 10
(Figure 6, panel a., the mean value of P, is 26 GPa for k = 0.7and P,, = 24 GPa (the median value being
22 GPa) for k = 1. This effect is not as clear as the effect of k£ on ap, because increasing k tends to widen
the range of P, in particular because the maximum value of P,, increases with increasing k. For instance,
for A =100 (Figure 6, panel c.), the maximum value of E increases from 20 GPa for k = 0.6 to 32.6
Gpa for k = 1 and reaching a maximum at 33.75 GPa for k between 0.7 and 0.95. This discrepancy in the
effect of k on ap and P,y which are highly correlated shows that the degree of metal equilibrium controls
more the maximum extent of the magma ocean at the end of accretion (which is the physical meaning
of the ap parameter, Figure S1) than the overall pressure necessary to get a chemically coherent mantle,
which is more controlled by the degree of equilibrium in the silicate.

4.3 Chemical equilibrium effect on temperature and core composition
In this section we present how the degree of equilibrium affects the thermal and compositional outputs of
the Earth’s core.

4.3.1 Effect of silicate dilution

The main output of our model is the composition of the core, in particular the Si and O contents, and the
heat content (TC’fVIB) it correlates with. In Figure 7 are presented the evolution of this three parameters as a
function of A for k = 0.6, k = 0.75 and k = 1. The more silicate phase equilibrated, the lower the heat
content of the core, especially if a large portion of the metal is equilibrated (see panels a. and c. on Figure
7). For instance, when k = 1 (panel c., Figure 7), the mean value of Tcii/lB decreases from 4050 K to 3970
K when A increases from 4 to 100. This relates to the effect A has on the input parameters: the more the
silicate is equilibrated, the lower P,, needs to be to yield a chemically coherent mantle, and therefore the
temperature of the metal accreted to the core is lower. However, this effect on mean values is low, with a
decrease of only 100 K for k = 1, and 50 K for k = 0.6., between the minimum equilibrium possible and
a full magma ocean equilibration. The effect of k, i.e. metal equilibrium, seems to be more important on
the heat content and core temperature (see the range of TC"‘},,B on panels a., b. and c. of Figure 7), which is
more discussed in the following section.

Because lowering A values tend to increases P, during accretion, the output core compositions tend
to integrate more light elements as the degree of silicate equilibrium decreases. This is true for both Si
and O, with the effect being more important for O than Si. Indeed, the mean values of w¢™ for k = 1
decreases from 4.8 % wt to 3.9 % wt when A increases from 4 to 100 (Figure 7, panel f.); while the mean
values of w(j" for k = 1 (Figure 7, panel i.) decreases from 1.47 to 0.27 % wt when A increases from 4 to
100. This shows that the oxygen content of the core is more affected by the mean pressure and type of
accretion (higher values of Py, ap and A for lower A, see Figure 5) than Si, despite both reacting the same
way to the lack of equilibrium in the silicate phase. Overall, these results show that there is a positive
correlation between the heat content and the light elements concentrations in the core that is mediated
by the mean pressure of equilibrium during the metal/silicate segregation phase. The mean pressure of
equilibrium is inversely proportional to the silicate equilibrium, and therefore decreasing the amount of
silicate equilibrated tends to increase both the heat content and light elements content of the core.

4.3.2 Effect of metal equilibrium

The effect of metal equilibrium k on Tcij‘l,IB, wg™ and wiy" for fixed values of A (10, 50 and 100) is
presented in Figure 8. This figure shows that all the output of the model are less sensitive to the amount
of metal equilibrated than the amount of silicate equilibrated (see Figure 7 for comparison). The trends
in Figure 8, especially on the mean and median values, are not as clear as the trends that emerges when
plotting the same parameteer as a function of A. However, one can note that for A = 10, increasing k
from 0.7 to 1 lead to a decrease of the mean value of w7 from 0.97 to 0.65 % wt (Figure 8, panel g.).
This decrease is less important than the one observed when varying A for k = 1 (Figure 7, panel j.), thus
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Figure 7. Effect of the silicate dilution A on the core properties (isentropic temperature at the CMB,
light element content) for different values of k. First row, panels a. to c.: Té§143 in K. Second row, panels d.
to f.: wg?™ in % wt. Third row, panels g. toi.: wy"™ in % wt. The left, middle and right column shows the
evolution of the parameters values for k = 0.6, k = 0.75 and k = 1, respectively. In each panel the entire
solutions range are presented as boxplots, with the red cross being the mean value of the parameter, the
white box delimiting the 1st and 3rd quartile, the horizontal line the median value and the vertical lines
the minimum and maximum values. The reference model dataset is presented in blue with the same type
of plot for comparison.

15/23



4200 4200 4200
4150 Lo 4150 [pf 41501 [e)
) I < )
g I T 1 & L[ T N L[] il ]
£ b T 1€ b ,,,,,,,,, 1é b ,,,,,,,,, _
ST
3900 """"" 3900 3900‘ ‘T“‘T"llf
3850 3850 3850 Y
04 05 06 07 08 09 1 04 05 06 07 08 09 1 0.4 05 06 07 08 09 1
k k k
6 6 6
Al UL T it T il
z z | 2
S 4f S af H < bl .
E_ HIHL g g
R 2 3 ! 2 3
L Trirrris l LT1T]
L L 1 L B8
04 05 06 07 08 09 1 04 05 06 0.7 08 09 1 04 05 06 07 08 09 1
k k k
175 175 175
15p (2] 1.5¢ [ 150 i
X 1 %f T X 1 X 1
< mlll]] 1S <
Losk] IIITITIT ] £ 05 A % 05k ] HHHH
0.25 -é 0.25 4 025 -é rrrrrrrrrr -
0 0 e e e 0 SRR
04 05 06 07 08 09 1 04 05 06 07 08 09 1 04 05 06 07 08 09 1
k k k

Figure 8. Effect of metal equilibrium k on the core properties (isentropic temperature at the CMB, light
element content) for different values of A. First row, panels a. to c.: Tci§143 in K. Second row, panels d. to
f.: w§?™ in % wt. Third row, panels g. to i.: w5 in % wt. The left, middle and right column shows the

evolution of the parameters values for A = 10, A =50 and A = 100, respectively. In each panel the entire
solutions range are presented as boxplots, with the red cross being the mean value of the parameter, the

white box delimiting the 1st and 3rd quartile, the horizontal line the median value and the vertical lines

the minimum and maximum values. The reference model dataset is presented in blue with the same type
of plot for comparison.
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Figure 9. Evolution of minimum (left, 75, pmin), mean (center, T¢%,,) and maximum (right, 7%, ;max)
temperature at the CMB after isentropic mixing as a function of k (linear scale) and A (log scale). The
color scale is changing from panel to panel to account for the different range of values (larger range for
the maximum value, narrrower range for mean and minimum values).

T; ay by Cx
Téyp min | -63.92 £ 1.79 | -58.77 4 6.93 | 4065 & 6.98
TCi'il/IB -39.63 £0.74 | 78.46 +£2.89 | 3970 £ 2.90
15y max 25.46 £ 4 375 + 15.86 3739 £

Table 2. Results of the fit for Equation 23 for different values of k. The logarithmic dependency of the
different temperature on the A and & values is quite clear for the minimum and mean temperature, and less
obvious for the maximum temperature.

indicating a lower sensitivity of Earth’s core oxygen content to the metallic equilibrium than to the silicate
equilibrium.

Most of the effect of k lies mostly in the range of possible output: as more metal equilibrates, it is
possible to obtain different core compositions and heat contents and still be chemically coherent with
the BSE. Indeed, the range of possible Tciin values widen from a 50 K range (3920 to 3970 K) to a 230
K range (3891 to 4120 K) when k increases from 0.6 to 0.925 and A = 100 (Figure 8, panel c.). This
widening of the range of solutions is mostly borne by the higher temperature (and concomitantly higher
Si and higher O) solutions rather than lower temperature solutions. This relates to the selection in input
parameters presented in Figure 6: increasing the value of k allows for solution to happen for lower values
of A, thus increasing the average P, during accretion and consequently the values of 7,5, w$™ and
wg"¢ are increased. Increasing the metallic equilibrium therefore allows for models with a steady increase
of the magma ocean depth throughout accretion (lower values of A) to yield chemically coherent models,
those models yielding then higher temperatures for their cores. Decreasing the metallic equilibrium tends
to select lower temperature solutions.

5 IMPLICATIONS FOR THE THERMAL AND DYNAMICAL HISTORY

5.1 Quantitative relationship between temperature and chemical equilibrium
Figure 9 shows that the values of CMB temperature decrease with the logarithm of A, an effect that is
counterbalanced linearly when increasing the value of k. This effect is easier to see for Té}ldB (middle

panel Figure 9), with the highest value of Tciin on the top left corner of the solution space (high k, low A)
and the lowest values on the bottom right corner of the solution (low ., high A). Therefore it is possible
to quantify the evolution of the primitive core temperature as a function of A and k. In Figure 9, we can
summarize the effect of k£ and A to the following equation:

T, = alogA+ bylogk + ¢, (23)

where, T, stands for the minimum, mean or maximum value of Tcij,,B and a,, b, and c, are the fitted
parameter (in K) for each temperature. The results of the fit are presented in Table 2. The core temperature
dependency with the silicate dilution A is higher when most of the metal is equilibrated:. This is partly
due to the lack of solutions, which tend to skew the value for higher A values, but is also an effect of
the disequilibrium in the metal: as the k is lowered, the temperature. The values given in Table 2 can
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yield a first approximation on the thermal state of the core for a given model is affected by disequilibrium.
Indeed, most partitioning models assume equilibrium of the silicate on large scale (among other examples
Rubie et al., 2011; Jacobson et al., 2017; Grewal et al., 2019; Suer et al., 2021; Loroch et al., 2024), due
to fast convecting mantle silicate (Hoink et al., 2006; Deguen et al., 2014) reacting with falling metallic
spheres. These types of models will imply a lower temperature of the primitive core, thus favoring the
cold core hypothesis of Nomura et al. (2014), Davies et al. (2015) or Dobrosavljevic et al. (2022) (CMB
temperature of ~ 3500 - 4000 K). Studies focusing on the Hf/W partitioning and the moon forming
impact (Rudge et al., 2010; Nimmo et al., 2010; Fischer and Nimmo, 2018) tend to yield lower values of
metal equilibrium, with values of k ~ 0.3 — 0.6, to account for the large size of the last impact. The value
of k = 0.3 is also taken as a reference value for the sensitivity study of Gu et al. (2023). According to
our results, these models will tend to favor also a cold core at the end of accretion: with k = 0.6 (higher
end of the range proposed by Nimmo et al., 2010), the maximum temperature will be ~ 4050 K for low
silicate equilibrium (A ~ 4) and ~ 3950 K for full mantle equilibrium according to equation 23.

On the other hand, some models tend to favor hot core hypothesis for today’s core, for instance
Andrault et al. (2017) or Driscoll and Davies (2023) (CMB temperatures above 5000 K); and some models
tends to favor higher core temperatures right after accretion, for instance King and Olson (2011) who
proposed a mechanism allowing a higher intake of gravitational dissipation energy by the metallic phase,
thus leading to a hot core right after accretion.

While the cold core hypothesis is easy to explain with classical accretion scenarios such as proposed
in this paper, the hot core hypothesis necessitates more hypothesis: if we take the parameters in Table
2, and assume the temperature at the CMB after accretion is the same as the temperature estimated by
Andrault et al. (2017, Teyp = S000K), for k = 1, no value of A can yield this temperature. The closest one
are for A ranging from 6 and 50 to reach 4000 K at the CMB. Getting high temperatures by disequilibrium
alone is therefore not possible, and necessitates other phenomena which can add more heat to the core:
for instance gravitational dissipation energy intake (King and Olson, 2011; Clesi and Deguen, 2023),
radiogenic element partitioning (Faure et al., 2020), or a combination of several mechanisms (Driscoll
and Davies, 2023). However, what our results show, is that in order to obtain a hot core at the end of
accretion, the amount of additional heat added to the core by these processes is lower if there is some
chemical disequilibrium, yielding higher concentrations of light elements into the core.

5.2 Implications for dynamics of core formation and its modeling

5.2.1 Parameterization of the Reynolds number during core formation

The degree of disequilibrium between the silicate and metal is set by the dynamics of the falling metallic
liquid within the liquid magma ocean (e.g. Deguen and Cardin, 2011; Rubie et al., 2003; Clesi et al., 2020;
Qaddah et al., 2019). From our results, it is then possible to link the temperature of the core at the end of
accretion to the dynamical regime of metal/silicate segregation, in particular the Reynolds number, which
quantifies the ratio of inertial forces to the viscous forces in a moving fluid. To do so, we use the previous
work of Clesi et al. (2020) and the following parameterization:

logR. = agelogD;+ bgelogRe + crelogRy, + dpe, 24)

where R, is the ratio of equilibrated silicate over the total amount of silicate, D; is the partitioning
coefficient of element i, Re is the Reynolds number, R;; the viscosity ratio of metal by silicate; and ag,
bge, cre and dg, constant fitted to the results.

The main control of the equilibrium rate, given by parameter R, are the partition coefficient and Reynolds
number. By considering that the viscosity of metal and silicate are roughly the same, we get R, ~ 1 and
simplified this term in equation 24. To apply this parameterization to our system, it is also necessary to
consider that R, = % o~ ”f?}lql , which is to say we consider that for a given step in accretion, the average

total

total
density of the equilibrated silicate is the same as the average density of the magma ocean. Once these
hypothesis are set, introducing equations 21 and 22 in equation 24 yields:

1 .
logRe = b (log(Akmmet ) — logm‘;’ql — agelogD; —dRe) . (25)

total
Re

Given the limitations of Clesi et al. (2020), especially the range of D; values for which the parameterization
is derived, then equation 25 can be applied for Ni and Co towards the end of accretion, especially the last
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Figure 10. logRe during the accretion of the last 10% of the Earth’s mass. First line as a function of the
value A for fixed values of k, second line as a function of k for fixed values of A. The values of log Re are
calculated for each solution using equation 25, with the values Dy; and D¢, yielded by the model.

10% of mass accreted corresponding to the Moon-forming impact. The values of logRe as a function of A
and k when calculated with Ni and Co are presented in Figure 10. By construction of the parameterization,
there is a linear relationship between logRe and k and A, showing that the higher the degree of equilibrium,
the lower the Reynolds number needs to be. As shown in Figure 10, the variations in the Reynolds
numbers are all in the range of laminar flow (i.e., the viscous forces are dominant compared to the inertial
forces) but this range spans from very low (Re ~ 10~7) to relatively higher values still in the viscous
forces dominated regime (Re ~ 10~2). In terms of fluid dynamics, this means that the more equilibrium is
reached, the more stable the dynamic of metal/silicate segregation needs to be. Reciprocally, low degrees
of equilibrium can be reached only if the dynamic tends towards more turbulent flows. These results are
at odd with previous studies of the dynamics of metal-silicate segregation, which tend to favor turbulent
fluid to reach equilibrium (Deguen and Cardin, 2011; Landeau et al., 2016; Samuel, 2012). This can be
explained by the fact that Clesi et al. (2020) parameterization does not take into account the effect of
diapir size, and thus select for non-turbulent flows. Keeping in mind this limitation, we can still nominally
use the parameterization to try to infer the viscosity of the magma ocean for a given diapir size.

5.2.2 Implications for the viscosity of a magma ocean

Figure 10 shows that the dominant forces controlling the dynamics of core-mantle segregation during the
last stages of accretion are the viscous forces. It is then possible to derive a range of plausible magma
ocean viscosity for each particular equilibrium rate using the Reynolds number definition in this case:

Re — psilicateRdiapirVdiapir (26)

Vsilicate

where pgijicare is the average density of the magma ocean (kg.m™>), Ryiapir 1s the typical length of the
metallic diapir (in m), Vg;qpir is the velocity of the diapir (in m.s2) and Vyijieare is the dynamic velocity in
Pa.s. Given the range of Reynolds number given by equation 25 presented in Figure 10, the regime of
diapir fall can be considered to be a Stokes flow, and therefore the velocity of the diapir is given by:

2 (pmetal - psilicate)gRlzjiapir (27)

Vdiapir = 3
9 Vsilicate

where g is the gravitational acceleration of the accreting Earth (in m.s2) and Pmetal the average density
of the metal (in (kg.m™). It is then possible by combining equations 26 and 27 to have the following
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Figure 11. logv as a function of A, for k = 0.6 (left panel), k=0.75 (middle panel) and k=1 (right panel),
calculated with equation 28 from the values of logRe shown in Figure 10, for different values of Ryiqpir
(0.1 mm to 1000 km). The range of ultramafic to mafic melt viscosities is shown in grey. In dark green is
figured the viscosity range of the solid mantle, with the lower value being 10'® Pa.s as used for the Moon
in Michaut and Neufeld (2022). The light green area figures the range of mushy magma ocean defined by
Solomatov (2007) for a melt volume fraction ranging from O to 1 (black dashed lines), with the dotted
line marking the values for a volume melt fraction of 0.25, 0.5 and 0.75 (from top to bottom). All
calculations shown here are made using the results obtained from Ni partitioning, as Ni and Co yielded
similar results in Figure 10.

relationship for the viscosity of the silicate melt:

3 1/2
2 Rdiapir
Vsilicate = 6 (pmetal - psilicate)psilicateg Re . (28)

By fixing different diapir sizes, it is then possible to use the results displayed in Figure 10 to obtain
the viscosity of the magma ocean necessary to obtain the desired equilibrium rate. The results of the
calculation are presented in Figure 11. As can be seen in Figure 11, the viscosity of ultramafic melts (here
being defined by using the ranges given in Bajgain et al., 2022; Monteux et al., 2023; Huang et al., 2024;
Russell et al., 2024, and references therein) explains our results only for very small diapir sizes (0.1 and 1
mm). In such a case, the thermal diffusion of the falling diapir becomes non-negligible, and the results
presented in Figure 8 and 7 will be modified (see the supplementary materials of Clesi and Deguen, 2023).
This also implies that even in the late stage of accretion, the impactor’s core needs to be fully emulsified,
even though equilibrium is not reached. Since these sizes of droplets are very unlikely during the last 10%
of accretion, according to the simulations of the giant impact (Canup, 2004; Canup et al., 2023), then it is
highly probable that the magma ocean viscosity during the late stages of accretion cannot be modeled by
the viscosity of fully molten ultra-mafic melts, especially if water is present (Russell et al., 2024). In the
case where the impactor core does not disintegrate and the diapir radius ranges between 100 to 1000 km,
then the viscosity of the silicate is well represented by the mushy magma ocean model of (Solomatov,
2007), with the solid viscosity from Michaut and Neufeld (2022). This case is quite representative of
the Moon-forming impact (Canup et al., 2023, and references therein), therefore the approximation of a
fully molten magma ocean is wrong, especially at the end of accretion: a certain amount of crystals need
to be presents to obtain some degree of equilibrium. Finally, the iron-rain scenario with centimeter- to
meter-sized diapir yield viscosities of the magma ocean that are too high to be pure ultra-mafic melts,
but too low to be included in the model of Solomatov (2007), even with a relatively low value for the
solid end-member (10!8 Pa.s, from Michaut and Neufeld, 2022, , which is a value for the Lunar mantle,
but one order of magnitude below what is accepted for the Earth). This can mean two things: either the
parameterization of Clesi et al. (2020) used here is wrong in its own range of validity, or the way we
model magma ocean needs to be rethought. Indeed, there should not be a gap between the Solomatov
(2007) model and the ultra-mafic liquids viscosities, unless (i) the magma ocean is not ultra-mafic, and
therefore parameterizations of viscosity such as Russell et al. (2024) are useless in the context of planetary
accretion; or (ii) the Solomatov (2007) exponential law using Mei et al. (2002) values needs to be updated
to represent the primitive magma ocean.

Further studies are needed, in particular those studying the links between the chemical equilibrium
and the dynamics of core/mantle segregation (see Landeau et al., 2021, for an example of such a study),
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in particular for other elements than Ni and Co, as well of impactor sizes and compositions (one of the
main limitations of Clesi et al., 2020). Moreover, further studies on the viscosity of silicate melts at high
pressure covering more compositional and pressure range (which are the limitations of Huang et al., 2024;
Russell et al., 2024, for instance) are needed to be able to quantify the degree of equilibrium necessary to
obtain the Earth. Finally, further studies on the dynamics of mushy silicate liquids (e.g. Sen et al., 2023)
will help decide if the approximation of a fully molten magma ocean is valid are not when modeling the
accretion of the Earth.

6 CONCLUSIONS

To conclude, we used a previously developed method to quantify the effect of chemical disequilibrium
on the thermal state of the core at the end of accretion. As the rate of equilibrium, in particular in the
silicate, is decreased, the average pressure of equilibrium in the magma ocean needs to be increased to
obtain a chemically coherent BSE. This increase in the average pressure of equilibrium translates directly
into a higher initial core temperature. However, the maximum temperatures obtained from the minimum
equilibrium rate (T(f;j",,B ~ 4200K) is not enough to account for the hot core hypothesis, with 800 to 1000 K
unaccounted for. Other mechanisms increasing the the core temperature are needed to produce a hot core.

When using a fixed equilibrium rate in the silicate, it is then possible to infer the dynamics of the
metal/silicate segregation. If the magma ocean has the same viscosity as ultra-mafic melts (0.1-10 Pa.s),
then it is necessary for the impactors’ cores to be fully emulsified (millimetric to centimetric diapir sizes),
even at the end of accretion. If one consider large diapirs, in particular at the end of accretion, then the
magma ocean viscosity needs to be modeled as a mushy magma ocean, i.e. the fully molten hypothesis
cannot be valid. Further studies are needed in order to fully comprehend the accretion process and the
thermal evolution of the early core. In particular, the thermal model must be enhanced to account for more
element and better equation of state for the metal (limitations developed in Clesi and Deguen, 2023).
Moreover, the links between the dynamics of the metal/silicate segregation and the chemical equilibrium
in a magma ocean needs to be accounted for more cases, with element and time dependency. Finally,
further studies on the viscosity of mushy ultra-mafic melts are needed in order to properly model the
dynamics of core formation.
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ABSTRACT

This is the supplementary figures for the paper entitled 'Effect of chemical disequilibrium during metal-
silicate partitioning on the thermal state of the early core and implications on the dynamics of metal/silicate
segregation’. Most of the figure are the final concentrations of each element in the mantle and the core
(Fig. S4 to S19). Figures S1 to S3 are additions to the model description of section 3 in the main text.
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Figure S.1. Schematics of the physical meaning of the parameters ap, f, and A used to parameterize the
models of accretion. This Figure has been published in Clesi and Deguen (2024) and is reproduced here
with the authorization of authors. The left columns shows the early part of accretion (f < f., more
reduced impactor in blue). The right column hows the later stage of accretion (f > f,, more oxidized
impactor in dark red). The two first line shows the effect of A for a low values of ap on the depth of the
magma ocean throughout accretion. The two bottom line shows the effect of A for high value of ap on the
evolution of the depth of the magma ocean during accretion. m.o. = magma ocean (red), s.m. = solid
mantle (green) and c. = core (grey).
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Figure S.2. Comparison of the reference solutions that are used in this study (round symbols) with the solutions obtained in Clesi and Deguen (2023) with another filter
(stars). The format of this figure is the derived from Figure 8 of Clesi and Deguen (2023) to better highlight the differences between the solutions. The overall correlations
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Figure S.3. Percentage of equilibrated mantle (color map) as a function of k (y-axis) and A (x-axis) for
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Figure S.4. Evolution of Al,O3 concentrations (% wt) in the mantle as a function of A for fixed values
of k (top row), and as a function of k for fixed values of A (bottom row). In each panel the entire solutions
range are presented as boxplots, with the red cross being the mean value of the parameter, the white box
delimiting the 1st and 3rd quartile, the horizontal line the median value and the vertical lines the

minimum and maximum values. The reference model dataset is presented in blue with the same type of

plot for comparison.
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Figure S.5. Evolution of SiO; concentrations (% wt) in the mantle as a function of A for fixed values of
k (top row), and as a function of k for fixed values of A (bottom row). In each panel the entire solutions
range are presented as boxplots, with the red cross being the mean value of the parameter, the white box
delimiting the 1st and 3rd quartile, the horizontal line the median value and the vertical lines the
minimum and maximum values. The reference model dataset is presented in blue with the same type of
plot for comparison.
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Figure S.6. Evolution of MgO concentrations (% wt) in the mantle as a function of A for fixed values of
k (top row), and as a function of k for fixed values of A (bottom row). In each panel the entire solutions
range are presented as boxplots, with the red cross being the mean value of the parameter, the white box
delimiting the 1st and 3rd quartile, the horizontal line the median value and the vertical lines the
minimum and maximum values. The reference model dataset is presented in blue with the same type of
plot for comparison.
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Figure S.7. Evolution of CaO concentrations (% wt) in the mantle as a function of A for fixed values of
k (top row), and as a function of k for fixed values of A (bottom row). In each panel the entire solutions
range are presented as boxplots, with the red cross being the mean value of the parameter, the white box
delimiting the 1st and 3rd quartile, the horizontal line the median value and the vertical lines the
minimum and maximum values. The reference model dataset is presented in blue with the same type of

plot for comparison.
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Figure S.8. Evolution of FeO concentrations (%wt) in the mantle as a function of A for fixed values of k
(top row), and as a function of k for fixed values of A (bottom row). In each panel the entire solutions
range are presented as boxplots, with the red cross being the mean value of the parameter, the white box
delimiting the 1st and 3rd quartile, the horizontal line the median value and the vertical lines the
minimum and maximum values. The reference model dataset is presented in blue with the same type of
plot for comparison.
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Figure S.9. Evolution of NiO concentrations (ppm) in the mantle as a function of A for fixed values of k
(top row), and as a function of k for fixed values of A (bottom row). In each panel the entire solutions
range are presented as boxplots, with the red cross being the mean value of the parameter, the white box
delimiting the 1st and 3rd quartile, the horizontal line the median value and the vertical lines the
minimum and maximum values. The reference model dataset is presented in blue with the same type of

plot for comparison.
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Figure S.10. Evolution of CoO concentrations (ppm) in the mantle as a function of A for fixed values of
k (top row), and as a function of k for fixed values of A (bottom row). In each panel the entire solutions
range are presented as boxplots, with the red cross being the mean value of the parameter, the white box
delimiting the 1st and 3rd quartile, the horizontal line the median value and the vertical lines the
minimum and maximum values. The reference model dataset is presented in blue with the same type of

plot for comparison.
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Figure S.11. Evolution of Cr,O3 concentrations (ppm) in the mantle as a function of A for fixed values
of k (top row), and as a function of k for fixed values of A (bottom row). In each panel the entire solutions
range are presented as boxplots, with the red cross being the mean value of the parameter, the white box
delimiting the 1st and 3rd quartile, the horizontal line the median value and the vertical lines the

minimum and maximum values. The reference model dataset is presented in blue with the same type of

plot for comparison.
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Figure S.12. Evolution of V,03 concentrations (ppm) in the mantle as a function of A for fixed values
of k (top row), and as a function of k for fixed values of A (bottom row). In each panel the entire solutions
range are presented as boxplots, with the red cross being the mean value of the parameter, the white box
delimiting the 1st and 3rd quartile, the horizontal line the median value and the vertical lines the

minimum and maximum values. The reference model dataset is presented in blue with the same type of

plot for comparison.
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Figure S.13. Evolution of Fe concentrations (% wt) in the core as a function of A for fixed values of k
(top row), and as a function of k for fixed values of A (bottom row). In each panel the entire solutions
range are presented as boxplots, with the red cross being the mean value of the parameter, the white box
delimiting the 1st and 3rd quartile, the horizontal line the median value and the vertical lines the
minimum and maximum values. The reference model dataset is presented in blue with the same type of
plot for comparison.
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Figure S.14. Evolution of Ni concentrations (% wt) in the core as a function of A for fixed values of k
(top row), and as a function of k for fixed values of A (bottom row). In each panel the entire solutions
range are presented as boxplots, with the red cross being the mean value of the parameter, the white box
delimiting the 1st and 3rd quartile, the horizontal line the median value and the vertical lines the
minimum and maximum values. The reference model dataset is presented in blue with the same type of
plot for comparison.
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Figure S.15. Evolution of Si concentrations (% wt) in the core as a function of A for fixed values of k
(top row), and as a function of k for fixed values of A (bottom row). In each panel the entire solutions
range are presented as boxplots, with the red cross being the mean value of the parameter, the white box
delimiting the 1st and 3rd quartile, the horizontal line the median value and the vertical lines the
minimum and maximum values. The reference model dataset is presented in blue with the same type of
plot for comparison.
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Figure S.16. Evolution of O concentrations (% wt) in the core as a function of A for fixed values of k
(top row), and as a function of k for fixed values of A (bottom row). In each panel the entire solutions
range are presented as boxplots, with the red cross being the mean value of the parameter, the white box
delimiting the 1st and 3rd quartile, the horizontal line the median value and the vertical lines the
minimum and maximum values. The reference model dataset is presented in blue with the same type of

plot for comparison.
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Figure S.17. Evolution of Co concentrations (ppm) in the core as a function of A for fixed values of k
(top row), and as a function of k for fixed values of A (bottom row). In each panel the entire solutions
range are presented as boxplots, with the red cross being the mean value of the parameter, the white box
delimiting the 1st and 3rd quartile, the horizontal line the median value and the vertical lines the
minimum and maximum values. The reference model dataset is presented in blue with the same type of

plot for comparison.
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Figure S.18. Evolution of Cr concentrations (ppm) in the core as a function of A for fixed values of k
(top row), and as a function of k for fixed values of A (bottom row). In each panel the entire solutions
range are presented as boxplots, with the red cross being the mean value of the parameter, the white box
delimiting the 1st and 3rd quartile, the horizontal line the median value and the vertical lines the
minimum and maximum values. The reference model dataset is presented in blue with the same type of

plot for comparison.
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Figure S.19. Evolution of V concentrations (ppm) in the core as a function of A for fixed values of k
(top row), and as a function of k for fixed values of A (bottom row). In each panel the entire solutions
range are presented as boxplots, with the red cross being the mean value of the parameter, the white box
delimiting the 1st and 3rd quartile, the horizontal line the median value and the vertical lines the
minimum and maximum values. The reference model dataset is presented in blue with the same type of
plot for comparison.
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