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The Moon is a unique planetary body with low bulk metallic iron content and a core–mantle–crust
structure. Multiple observations contraindicate the cogenetic, capture, and Bssion hypotheses for the
origin of the Moon and suggest a cataclysmic origin. This strengthens the giant impact hypothesis as the
most plausible hypothesis for the formation of the Moon. Although the giant impact hypothesis has been
rigorously studied for a vast range of scenarios, the uncertainty remains regarding the most plausible one.
In addition, the early thermal evolution and planetary-scale differentiation from the giant impact per-
spective are poorly understood. Several unresolved issues exist, such as the initial average temperature of
accreting moonlets, the depth of the initial magma ocean, the role of convection, and the cooling and iron-
core formation timescales. We present a novel lunar model for the early thermal evolution, convective
magma ocean evolution, and core-mantle differentiation based on the giant impact hypothesis to access
some of these uncertainties. This model numerically incorporates the features associated with local
Rayleigh numbers for convection, the gravitational energy released by planetary-scale differentiation, and
the numerical dependencies of physical and thermodynamical quantities on parameters like depth,
temperature, pressure, density, viscosity, and crystal mass fraction. In order to have an early iron-core
formation, the accreting moonlets should have a minimum temperature of 1900 K. This can serve as a
stringent constraint on the giant impact models if the core was formed early through Stokes’ Cow. This
implies a C1000 km deep fully molten initial magma ocean which cooled down to rheological critical
temperature proBle over hundred thousand years.
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1. Introduction

The Moon is a unique planetary body with a low
bulk density of *3346 kg m�3 (Williams et al.
2014) and a tiny iron-core of 330 km radius that
constitutes *1.5% of the bulk mass fraction
(Weber et al. 2011; Williams et al. 2014). The

Moon and Earth have similar isotopic compositions
of oxygen (Spicuzza et al. 2007), chromium (Lug-
mair and Shukolyukov 1998), silicon, titanium
(Zhang et al. 2012), and tungsten (Kruijer and
Kleine 2017; Melosh 2014; Touboul et al. 2015).
Further, the ratio of the orbital angular momen-
tum of the satellite to the total angular momentum
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of the planet-satellite system is extraordinarily-
high for the Earth–Moon system compared to the
majority of the other planet-satellite systems in the
solar system, viz., Jupiter, Saturn, Uranus, Nep-
tune, and Mars. These observations substantially
rule out the feasibility of the cogenetic, capture,
and Bssion hypotheses for the origin of the Moon
(e.g., reviews, Canup 2004; Stevenson 1987). Fur-
thermore, the depletion of volatiles like K, Na, and
Zn (Taylor et al. 2006) suggests formation of the
Moon in a cataclysmic event (Canup et al. 2015).
However, recent studies indicate the Moon is
comparatively less volatile than the earlier esti-
mates (Saal et al. 2008; Hauri et al. 2015). Conse-
quently, the giant impact hypothesis remains the
only plausible hypothesis for the formation of the
Moon.
The canonical giant impact hypothesis (Hart-

mann and Davis 1975; Cameron and Ward 1976)
deals with an oblique collision of a Mars-sized
body ‘Theia’ with the early Earth. The two
bodies are considered to have differentiated into
the core-mantle structure before the impact,
thereby resulting in the merger of the planetary
iron cores (Salmon and Canup 2014) subsequent
to the collision. The hypothesis has been rigor-
ously simulated numerically in many subsequent
studies (e.g., Benz et al. 1986; Stevenson 1987;
Canup and Asphaug 2001; Canup 2004, 2012;
�Cuk and Stewart 2012; Salmon and Canup 2014;
Canup et al. 2015; Barr 2016; Lock et al. 2018).
The chronological records of the Earth and Lunar
samples indicate the giant impact event took
place within the Brst *30 to 100 million years of
the solar system formation (Elkins-Tanton et al.
2011; Touboul et al. 2015; Kruijer and Kleine
2017).
The canonical giant impact models draw a large

portion of disk material from the impactor.
These models provide angular momentum of the
order of present-day angular momentum of the
Earth–Moon system. On the other hand, in the
non-canonical models, the head-on collision of a
comparatively large or small impactor is consid-
ered. As a result, these models draw most of the
material from the surface of the Earth. In addition,
these models produce comparatively compact
disks, with a large part inside the Roche limit and
an angular momentum two to three times that of
the present-day angular momentum of the Earth-

Moon system ( �Cuk and Stewart 2012; Salmon and
Canup 2014).

Several mechanisms have been proposed for the
removal of the additional angular momentum from

the system. For example, �Cuk and Stewart (2012)
suggested the removal of excess angular momen-
tum tidally when the Moon enters in evection res-
onance with the Sun. Wisdom and Tian (2015) and
Tian et al. (2017) have shown that evection reso-

nance suggested by �Cuk and Stewart (2012)
removes too much angular momentum and gets
destabilised by overheating the Moon. They also
proposed a limit cycle of the evection resonance
that removes excess angular momentum without

overheating the Moon. �Cuk et al. (2016) proposed
another mechanism where the additional angular
momentum is shed oA tidally during the Laplace
plane transition. In addition, this mechanism also
attempts to explain the lunar orbital inclination.
This causes weak tidal heating of 1014–1015 W for
several Myr after a few initial Myr.
The canonical models require chemical equili-

bration between the hot Earth and the orbiting
disk via vapour cloud to satisfy the isotopic simi-
larities (e.g., Lugmair and Shukolyukov 1998;
Spicuzza et al. 2007; Zhang et al. 2012; Melosh
2014; Touboul et al. 2015) between the Earth and
the Moon. However, the equilibration of titanium
isotopes would require a temperature above 3000 K
for more than a year after collision (Pahlevan and
Stevenson 2007; Melosh 2014). On the other hand,
the non-canonical models require the capture of the
Moon into the evection resonance with the Sun at a
slower pace to eAectively shed oA the extra angular
momentum of the Earth–Moon system (Salmon
and Canup 2014). Because only the material inside
the Roche-interior disk is continuously churned by
tidal forces, the chemical equilibration of titanium
for Roche-exterior material may not be feasible in
canonical models, leaving about half of the lunar
material as chemically distinct from the Earth
(Melosh 2014; Salmon and Canup 2014).
In both scenarios, the simulations have indicated

that the Moon rapidly accreted around 40% of its
mass from the Roche-exterior disk within a matter
of few days. After several tens of years, the Roche-
interior disk expanded beyond the Roche limit.
The expansion resulted in the disk being cooled
down, and the formation of new moonlets initiated.
These newly formed moonlets either got accreted
on the young Moon or scattered, based on the
recoil velocity and the Earth–Moon distance as the
proto-Moon proceeded away from the Earth. After
*200 years from the giant impact, the accretion
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became inefBcient due to higher eccentricities of
the moonlets (Salmon and Canup 2014).
A new model has been proposed in the form of a

recently conceptualised planetary structure, refer-
red to as ‘Synestia’ (Lock and Stewart 2017), as an
intermediate state between giant impact and for-
mation of the Moon in contrast to an orbiting disk
in the conventional models (Lock et al. 2018).
These models utilise impact scenarios with higher
angular momentum that exceed the corotation
limit. The excess angular momentum can be shed
oA via one or more mechanisms discussed earlier,
like in the case of non-canonical models. In the
models based on Synestias, the dynamics of
synestias eAectively equilibrate the materials of the
impactor and target at a speciBc temperature and
pressure (Lock and Stewart 2017). Synestias
extending beyond Roche limit provide chemical
equilibration with Roche-exterior matter (Lock
and Stewart 2017; Lock et al. 2018). The cooling
timescales of Synestia are also proposed to be
around 10–1000 years (Lock et al. 2018).
While the giant impact hypotheses have been

rigorously studied, the early thermal evolution and
differentiation of the Moon are poorly understood.
A few attempts have been made to analyse the
early evolution of the Moon (e.g., Elkins-Tanton
et al. 2011; Suckale et al. 2012; Sahijpal and Goyal
2018; Maurice et al. 2020) based on the giant
impact event. Elkins-Tanton et al. (2011) have
numerically studied a magma ocean that fraction-
ates with 100% eDciency and convectively cools at
a rate fully controlled by surface radiation. Suckale
et al. (2012) considered the crystal residency times
in a convective magma ocean, where surface radi-
ation controlled the cooling rate. Sahijpal and
Goyal (2018) numerically studied the thermal
evolution of the early Moon with several convective
cooling rates. Maurice et al. (2020) studied the late
evolution of the magma ocean and the core. How-
ever, there still remain many uncertainties
regarding the initial stages of evolution. These
include issues related to accreting moonlets’ initial
average temperature, the depth of the initial
magma ocean, the role of convection and the
cooling and core formation timescales.
Here, we present a set of novel numerical models

for the planetary-scale differentiation and evolu-
tion of the early Moon to derive insights into the
gaps in our understanding of the early Moon.
Contrary to the models by Sahijpal and Goyal
(2018), hereafter referred to as SG18, the models
presented here are more realistic in numerically

implementing the detailed science related to thermal
evolution and differentiation. The numerical mod-
elling is performed based on a versatile novel code
developed in ‘Python’ language, using ‘NumPy’ and
‘SciPy’ packages, contrary to SG18 in ‘Fortran’
language that had numerical limitations in the
complete realisation of the various processes related
to thermal evolution and differentiation. We have
perhaps for the Brst time numerically incorporated
local Rayleigh numbers to study the radial variation
of convection in 1-D (one-dimensional) full-scale
planetary models and the heating due to the gravi-
tational energy released during planetary-scale dif-
ferentiation apart from the impact-induced
accretional heating. Several novel features have been
incorporated in our present lunar models by con-
sidering the dependencies of physical quantities on
several parameters like depth, temperature, pres-
sure, density, viscosity, and crystal mass fraction.

2. Methods

A two-component thermal model for the differen-
tiation of the Moon is developed with metals and
silicates as the major components.

2.1 Energy conservation equation

We simulated the thermal evolution of the Moon
using a modiBed heat conduction equation for the
one-dimensional representation of a spherically
symmetric body using equation (1). The body
represents the Moon during its growth and evolu-
tion. The values and expressions of the various
physical quantities are listed in table 1.
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¼ 1

r2
o

or
klat þ kradð Þr2 oT

or

�
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2 oT
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� oT
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� ��
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A novel Python code was written to solve this
equation numerically. Here, q is the bulk density,
Cp is the eAective speciBc heat, T is the evolving
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Table 1. List of the adopted values, numerical ranges, expressions, and symbols for the various physical parameters used in
simulations and the manuscript. Quantities are in SI units unless speciBed otherwise.

Quantity Adopted value/expression Source

Radius of the Moon, R 1737 km Williams et al. (2014)

Radius of core, Rc 330 km Williams et al. (2014)

Mass of the Moon, M 7.34691022 kg Williams et al. (2014)

Composition of metals (Fe–FeS) Mole fraction (FeS) = 0.15

Atomic fraction (S)= 0.13

Antonangeli et al. (2015);

Morard et al. (2018)

Composition (wt.%) of silicates (SiO2, MgO, FeO, Al2O3, CaO) = (46.1,

38.3, 7.6, 3.9, 3.2)

(Cr2O3, TiO2, MnO) = (0.5, 0.17, 0.13)

(Na2O, K2O, P2O5) = (0.05, 0.01, 0.01)

LPUM composition

(Elardo et al. 2011;

Longhi 2006)

Density of metals, qM 7149 kg m�3 Antonangeli et al. (2015)

Metal fraction (wt.%), xM 0.01465 Williams et al. (2014)

Density of silicates, qSi 3320 kg m�3 Computed by mass balance

Bulk density, qb *3346 kg m�3 Williams et al. (2014)

Surface temperature of the

Moon after accretion, T(R)

250 K Equilibrium in insolation and surface

radiation (Young Sun 70% bright)

Final temperatures of the

accreting moonlets

T(r) = Tini + hgr/Cp Kaula (1979); Sahijpal and

Goyal (2018)

Pressure, P dP/dr = �qg; Psurface = 0 Hydrostatic equilibrium

LPUM silicate liquidus, TL,Si TL,Si (K) = 1950 (1+P/8.084)0.27;

(P in GPa)

Figure 2 of Elardo et al. (2011)

LPUM silicate solidus, TS,Si TS,Si (K) = 934 (1+P/0.9433)0.44;

(P in GPa)

Figure 2 of Elardo et al. (2011)

Metal liquidus (xFeS = 0.15), TL,M TL,M (K) = 0.1966 P4� 4.5239 P3

+31.523 P2 �38.592 P +1672.7

(P in GPa)

Equation (29) of (Buono and

Walker 2011) with xFeS = 0.15

Metal eutectic, TS,M TS,M (K) = 1261 + 4/3 P/109 Chudinovskikh and Boehler (2007)

Melt fraction, / / = (T – TS)/(TL – TS),

if TS\T\TL else 0

Assumed to be linear

Crystal fraction, U U = 1 – /

Critical crystal and melt fractions

for rheological transition, URh

and /Rh

URh = 0.60 and /Rh = 0.40 Solomatov (2015)

Viscosity (pure melt), gl log10 gl = –4.55 + 4715.7/(T – 630.8) Giordano et al. (2008)

Viscosity (partial melt), g g = gl (1 – U/URh)
�2.5 (for U\URh) Solomatov (2015)

Size of metal blobs, a Minimum: 0.001 m

Maximum stable size: 0.014 g0.32 (in m)

Solomatov (2015)

Qaddah et al. (2019)

Descent velocity of metal blobs, v v = (2/9g) Dqga2 Stokes’ velocity

Latent heat of silicates, LSi 4.09105 J kg�1 Sahijpal and Goyal (2018)

Latent heat of metals, LM 2.79105 J kg�1 Sahijpal and Goyal (2018)

Thermal expansivity, a 5910�5 K�1 Solomatov (2015)

SpeciBc heat (solid silicates), Cps,Si Cps,Si (J K�1 kg�1) = 1555.3 + 0.0743 T

�1.00349107/T2 �11835/T1/2

LPUM (Richet 1987)
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temperature, klat is the thermal conductivity due to
phonons, krad is the thermal conductivity due to
photons, kconv is the equivalent thermal
conductivity due to convection, keA is the
eAective thermal conductivity, Nu is the Nusselt
number, Eg is a source term for the gravitational
energy released during planetary-scale differ-
entiation. All of these parameters evolve in r and
t. The radial distance r is from the centre, and the
time t is measured from the giant impact event at
the time of onset of the Moon’s accretion.

The term ðoT
or � oT

or

� �
S
Þ represents super-adia-

batic thermal gradients. In the present models, we
have incorporated the terms, qT/qr and qkeA/qr,
which were not incorporated in SG18. In SG18, the
term qT/qr was neglected on the basis that it is
significant only for a few spatial grids close to the
centre due to 1/r dependence. However, we assert
that it is also essential in our detailed models, in
spatial grids with qT/qr � q2T/qr2. The term
qkeA/qr becomes significant because incorporating
the local convection eAects, as discussed later, in
computing keA has resulted in a considerable spatial
variation of its value.
There is a considerable variation in conductivity

among silicate glass/liquid and crystalline phases,
and the extent of crystallisation is not perfectly
known. The values incorporated here are repre-
sentative of silicate glasses. We have also

incorporated thermal conduction by optical
transfer, which was not considered in SG18. The
eAective thermal conductivity was computed
using the equation, keA = Nu 9 klat+krad, which
includes the thermal conduction, klat, the optical
conduction, krad, and the thermal convection, Nu.
Nusselt number, Nu is assumed to be one outside
the convection zones. A detailed description of
computing Nusselt number, Nu, is provided in
subsection 2.6.

2.2 Numerical scheme

We used a classical-explicit approach for the Bnite-
difference method to solve the equation (1). The
entire Moon was radially partitioned into 1737
spatial grids with the block-centred partitioning
scheme deBned by dr: 0 = r1/2\ r3/2\…\ rn�1/2

\ rn+1/2 = R with grid-size, Dr = 1 km, grid
position, ri = (i �1/2) Dr, where i [ [1,1737]. In the
scheme, ith grid-layer spans space bounded by
[(i�1) Dr, iDr]. A group of spatial grids is occa-
sionally referred to as a layer in the text. The
assumed spherical symmetry yields qf/qr—r=0 = 0,
where f is any spherically symmetric physical
quantity. This deBnes the boundary condition at
the centre. Another boundary condition at the
surface was set up in the form of Bxed surface
temperature.

Table 1. (Continued.)

Quantity Adopted value/expression Source

SpeciBc heat (molten silicates), Cpl,Si 1487 J K�1 kg�1 (weighted average for

LPUM using JANAF)

Chase (1998)

SpeciBc heat (solid Fe–FeS), Cps,M Cps,M (J K�1 kg�1) = 450 + 0.2 T Approximated (Chase 1998)

SpeciBc heat (molten Fe–FeS), Cpl,M 800 J K�1 kg�1 (weighted average using JANAF) Chase (1998)

EAective speciBc heat*, Cp Cp (J K�1 kg�1) =
P

xiCp,i + xMLM/

(TL,M–TS,M) + xSiLSi/(TL,Si–TS,Si)

Weighted average

Thermal conductivity by phonons, klat klat (W m�1 K�1)

= (4.5910�7 + 1.32910�4/T) (qCp)

Sahijpal and Goyal (2018)

Thermal conductivity by photons, krad krad (W m�1 K�1) = 0.01753 –0.10365 T

+0.22451 T2 – 0.03407 T3

(T in 103 K)

Breuer and Moore (2015);

Hofmeister (1999)

Adiabatic thermal gradient, (qT/qr)S (qT/qr)S = –agT/Cp

Prandtl number, Pr Pr = g/(qjlat) = gCp/klat Solomatov (2015)

Aspect ratio of convection zone, k 1 Solomatov (2015)

*The second and third terms in this equation should be added only when the temperature is between the liquidus and solidus of
the respective component.
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Within the initial 0.1 years, we added the Brst 1280
spatial grids, and in the subsequent 199.9 years, we
added the remaining 457 grids (Salmon and Canup
2014). During the accretion, the surface temperature
was dictated by impact-induced heating and the
initial energy from giant impact (see subsection 2.3).
After the accretion, the surface temperature was
Bxed at an ambient temperature of 250 K. It is
essential to mention that we Bxed only the surface
(r = R) temperature to 250 K, while allowing the
temperature of the last 1737th grid-layer (r = R –

Dr/2) to evolve freely. Figure 1 shows the approxi-
mate free evolution of the temperature of the last
1737th grid-layer (r = R – Dr/2) in our numerical
models. In the SG18, the impact heating was not
incorporated whenever the surface temperature rose
above 1625 K due to the assumption related to
thermal relaxation. However, as a significant
improvement, we completely relaxed this assumption
in the present work, thereby allowing the tempera-
ture to rise due to impact heating beyond the earlier
limit deBned for thermal relaxation. This makes the
present thermal models more realistic in terms of the
realisation of thermal evolution of the Moon, espe-
cially during the convective magma ocean cooling.
In the simulations, we Bxed a spatial resolution

of 1 km. We varied the temporal resolution with an
adaptive approach. This has several advantages
over our earlier approach (SG18), where it was
Bxed. We considered four distinct criteria for
deBning the upper limit of the temporal step. These
are based on:

(i) half of the basic courant criteria deBned by
Dr2/jeA, max/4,

(ii) minimum of 2qCpkeA/(2keA/r + qkeA/qr)
2 over

complete spatial range to satisfy the additional
stability criterion required by term qT/qr.

(iii) half of the minimum time taken by any
metallic parcel to move by a distance equal
to spatial grid size computed by Dr/vmax/2,

(iv) a static minimum temporal resolution.

to a minimum of these four was taken as the
temporal step. The temporal step was recalculated
using equation (2) after each computational step.

Dt ¼ min
Dr2

4jeff;max
;min

2qCpkeff
2keff
r þ okeff

or

� �2
( )

;

(

Dr
2vmax

;Dtnext;Dtm

�
:

ð2Þ

Here, vmax is the descend velocity of the fastest
molten metallic blob during differentiation and Dtnext
is the time remaining for the accretion of the next
spatial grid, or time remaining for the next predeBned
output time, andDtm is 100 years. The timestep varied
from*1 minute to 100 years in the simulations.

2.3 Heat sources

Heat energy in the Moon primarily came from the
initial heat energy (remnant of energy from Giant
Impact), impact-induced heating, heating by
gravitational energy release due to planetary dif-
ferentiation, and radiogenic heating.

2.3.1 Initial heat energy and impact-induced
heating

During the formation period of the Moon, while
adding ith grid-layer, we compute the tempera-
tures at the surface (r = i9Dr) and that of ith grid-
layer (r = (i�1/2)9Dr) by h-parameter using the
equation, T(r) = hgr/Cp + Tini (Kaula 1979;
Sahijpal and Goyal 2018). Here, Tini is the initial
average temperature of the accreting moonlets
subsuming the remnant heat energy of Giant
Impact, and g is the local acceleration due to
gravity. This equation implies the conversion of
kinetic energy at escape velocity to the heating of
the surface grid, with an eDciency of impact-in-
duced heating deBned by the h-parameter at any
instant of lunar accretion.

2.3.2 Heating by gravitational energy release
due to planetary differentiation

The planetary-scale differentiation leads to a
decrease in total gravitational potential energy.

Figure 1. Temporal evolution of temperature of 1737th grid-
layer (surface layer) 0.5 km below the surface.
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This energy is dissipated as heat in the moving
molten metallic blobs and their surroundings
(Solomon 1979; Desch et al. 2009; Ricard et al.

2009; �Sr�amek et al. 2010; Neveu et al. 2015). This
gravitational energy released due to planetary dif-
ferentiation is incorporated into the models in a
manner that is neither time-averaged nor space-
averaged. The gravitational energy released by
each descending parcel between the speciBc spatial
grids was calculated at each time step, and added
to the heat-conduction equation (1) as a source
term. The source term was computed by equation
(3)

Eg ¼
Energy released

Volume� time
¼ DmigiDr

V iDt

¼ Miþ1!i �Mi!i�1ð Þ qM � qSið Þ
qM

giDr
V iDt

:

ð3Þ

Here, Mi+1?i denotes the molten metallic mass
moved from the spatial grid ‘i+1’ to ‘i’ in time Dt,
gi deBnes the local gravity, Vi is the volume of grid-
layer, and Dmi is mass gain by ith grid-layer.

2.3.3 Radiogenic heating

The late formation of the Moon deprived it from
the short-lived radionuclide, 26Al, which is a potent
heat source (Sahijpal et al. 1995; Sahijpal and
Goyal 2018). On the other hand, the long-lived
radionuclides (40K, 235,238U, 232Th) could not pro-
vide significant global heating for the timespan
considered in this study. Based on our calculations,
we estimate that radiogenic heating due to homo-
geneously distributed long-lived radionuclides
could make a total increase of the order of 10�1 K
in the timespan of 2 Myr (million years). This
makes the eAect of heating due to long-lived
nuclides negligible in the present two-component
model. Therefore, radiogenic heating is not incor-
porated in the present models.

2.4 The chemical composition
and thermodynamic properties

In SG18, we had assumed a modiBed H-chondritic
composition to represent lunar material. The val-
ues used for the various parameters like solidus,
liquidus, speciBc heat, etc., were also of H-chon-
drites. However, in the present models, we adopted
a composition to match the Moon’s composition
better and computed parameters more suitable for
the Moon. Lunar Primitive Upper Mantle (LPUM)

composition was used to represent the bulk sili-
cates in the Moon (Longhi 2006; Elardo et al.
2011). Several options are available for the bulk
silicate compositions in the literature, e.g., LPUM,
Taylor Whole Moon (TWM), O’Neill (ON), and
the versions thereof. TWMs represent composi-
tions enriched with alumina, whereas LPUM
compositions represent alumina similar to the ter-
restrial primitive upper mantle. ON contains ter-
restrial refractory concentration but with a lower
Mg-number (Charlier et al. 2018). Recently, the
estimates of composition are further improved by
making use of igneous crystallisation programs,
e.g., Lin et al. (2017), Charlier et al. (2018), Rapp
and Draper (2018). The choice of composition in
this study does not advocate for a particular com-
position. Instead, the LPUM composition was
chosen because of the availability of data that is
more compatible to implement in our two-compo-
nent models. Recent improved compositions like
Rapp and Draper (2018) were not utilised because
consistency cannot be ensured while incorporating
fractional crystallisation into the two-component
model. For the bulk metallic content, we consid-
ered a composition deBned by the mole fraction of
0.15 for FeS in the Fe–FeS assemblage (Antonan-
geli et al. 2015; Morard et al. 2018). In SG18, we
did not consider the density-dependent pressures.
However, in the present models, we computed the
depth-dependent pressures as a function of the
continuously evolving density proBle. In the pre-
sent models, we have incorporated latent heat by
modifying the eAective speciBc heat capacity dur-
ing melting and solidiBcation, whereas in SG18, the
latent heat was only included during melting.
Figure 2 shows the depth-dependent pressures

for three cases: (i) Differentiated 1737 km Moon,
(ii) Homogeneous 1737 km Moon, and (iii) Homo-
geneous 1280 km Moon (0.1 years). The internal
pressures clearly rise sharply with accretion, and
the differentiation results in an increase in the
pressure of core-region by up to 15%.
Figure 3 shows the liquidus, solidus, the rheo-

logical transition (i.e., 40% melting of the pure
component) temperatures of (a) silicates and
(b) metals for (i) differentiated 1737 km Moon, (ii)
homogeneous 1737 km Moon, and (iii) homoge-
neous 1280 km Moon (0.1 years). These tempera-
tures are computed using equations given in table 1
(Elardo et al. 2011) and pressures shown in Bgure 2.
Rheological transition temperature (40% melting)
was computed assuming linear melting between
solidus and liquidus. Our simulations allowed the
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hydrostatic pressure and transition temperature to
evolve freely according to the prevailing density
proBle.

2.5 Metal-silicate segregation through Stokes’
Cow and rheological properties

Because of the unavailability of data and the
complicated mixing eAects, the contributions of
metals were neglected while calculating viscosity.
Therefore, the viscosity parameters were computed
to conform to LPUM composition irrespective of

the metallic fraction in a speciBc spatial grid. In
SG18, the crystal-fraction dependency of the vis-
cosity of partial melt was used only to estimate the
Nusselt number’s maximum value. However, in
present models, the crystal-fraction dependence of
viscosity is incorporated numerically into the
model itself and considered in all viscosity-depen-
dent processes.
In SG18, we used a constant descent velocity for

the molten iron blobs for the planetary differen-
tiation processes. However, we incorporated
Stokes’ velocity using the equation, v = (2/
9g)Dqga2, for metal blobs falling through the
rheological liquid in our present models. There
exist significant uncertainties in the size of the
molten metallic iron blobs because the iron blobs
may pass through each other due to differential
velocities and can merge to form more giant blobs.
Further, these blobs have a maximum stable size
that depends upon the viscosity of the underlying
material. Therefore, we dynamically varied the
molten metallic iron blob size from 0.001 m
(Solomatov 2015) to 1 m based on the increase in
the metallic content. The iron-blob size was fur-
ther limited by the maximum stable size. The
maximum stable size for iron-blobs is considered
as 0.014 g0.32 (Qaddah et al. 2019). In some
models, we varied the blob size from 0.05 m
instead of 0.001 m to study the lower bound’s
eAect. We have not incorporated the inhibition of
Stokes’ Cow by convective turbulence (discussed
in later sections).

(a) (b)

Figure 3. Depth-dependent phase-transition temperatures. The radial proBle of the various phase transition temperatures for (a)
silicates and (b) metals. In each panel, the solid curve shows a fully accreted Moon differentiated into core-mantle structure; the
dotted curve shows a fully accreted but homogeneous Moon. The dashed curve shows a partially accreted (40% by mass)
homogeneous Moon.

Figure 2. The radial proBle of depth-dependent internal
pressures. The solid curve shows a fully accreted Moon that
is differentiated into the core-mantle structure. The dotted
curve represents a fully accreted but homogeneous Moon. The
dashed curve shows a partially accreted (40% by mass)
homogeneous Moon.
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At every timestep, a volume DVi was exchanged
between consecutive grid-layers i and i+1. The
grid-layer i receive the metallic mass of volume DVi

from grid-layer i+1, and grid-layer i+1 receives the
silicate mass of volume DVi from grid-layer i. The
process was performed for each consecutive pair of
grid layers. Therefore, each layer gained metals
from the layer above it, lost metals to the layer
beneath it, gained silicates from the layer beneath
it, and lost silicates to the layer above it at every
timestep. The volume exchange was limited to half
of the grid volume to provide an accessible path-
way to moving parcels. The exchange volume, DVi,
was computed using equation (4):

DVi ¼ min Vm;i
vDt
Dr

;Vs;i�1;
Vi

2

� �
: ð4Þ

Here, Vm,i is the volume occupied by metals in
grid-layer i, Vs,i�1 is the volume occupied by
silicates in grid-layer i�1, Vi is the volume grid-
layer i, v is the Stokes’ velocity, Dt is timestep, and
Dr is grid-size.

2.6 Convection

Convection is the trickiest part of full-scale plane-
tary thermal models in terms of numerical treat-
ment. Incorporating convection using ab-initio
methods is not computationally feasible. However,
some scaling laws are available using Rayleigh
numbers and Nusselt numbers (Neumann et al.
2014; Solomatov 2015). An averaged Rayleigh
number can be computed by using equation (5)

Ra ¼ agqL3DT
jg

¼ agq2CpL
3DT

kg
: ð5Þ

Here, L is the characteristic length of the
convection zone, and DT is the super-adiabatic
temperature difference between the top and
bottom boundary of the convection zone across
its characteristic length. In averaged Rayleigh
number approach, the average values of a, g, q,
j, Cp, k and g, over the convection zone are used
for computing Rayleigh number. In this approach,
the thickness of the convection zone is taken as the
characteristic length of the convection zone.
Nusselt number, Nu can be computed using

equations (6 and 7) adapted from Solomatov
(2015).
In soft turbulence regime (1418\Ra\RaH)

(Solomatov 2015):

Nu ¼ 0:089Ra1=3: ð6Þ

In hard turbulence regime (Ra[RaH)

Nu ¼ CRabPrckd; Pr ¼ g
qj

¼ gCp

k
: ð7Þ

Here, RaH = 49107 (Heslot et al. 1987; Castaing
et al. 1989). The constants b and c depend on the
value of the Prandtl number, Pr. For Pr \ 1,
b = 1/4 and c = 1/7, whereas for Pr[ 1, b = 2/7
and c = 0 (Verzicco and Camussi 1999; Silano
et al. 2010). As in our models, Pr is always above
unity, and we chose k = 1 (Solomatov 2015), the
equation (7) simpliBes to equation (8):

Nu ¼ 0:205Ra2=7: ð8Þ

Here, we have computed constant C to ensure
that the value of Nu is continuous at RaH.
The above approach does not consider local

eAects inside convection zones. To elaboratively
incorporate all the local dependencies like density,
gravity, thermal diffusivity, viscosity, thermal
gradients, and characteristic length. a, g, q, j and g
can be readily replaced by their local values in
equation (5). The parameters L and DT need spe-
cial treatment due to their non-local behaviour.
While DT is not a local variable, DT/L can be
easily replaced by a local variable (qT/qr)�(qT/
qr)S. We replaced L with the distance of the grid-
layer i from the nearest boundary of the convection
zone. This may not be the best option, e.g., another
choice based on the geometric mean of distances
from both boundaries of the convection zones to
the grid-layer seems to be comparatively better.
However, this requires a drastic drop in temporal
step size in most models to the limit of computa-
tional feasibility. Therefore, we could not incorpo-
rate a formulation based on geometric mean. Our
adopted approach of replacing L caused a mis-
match between the averaged Rayleigh number and
the average of the Rayleigh number computed from
local values. We incorporated the parameter Nlocal

= 80 and derived equation (9) for the nearest
boundary case to remove this discrepancy.

Ra ¼ N local
agqL4

jg
oT

or
� oT

or

� �
S

� �

¼ N local
agq2CpL

4

kg
oT

or
� oT

or

� �
S

� �
: ð9Þ

Although this approach has not been tested
against ab-initio convection models to our
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knowledge, we deem this approach more suitable.
This is because of its consistency with the averaged
approach described above than other local
parametrisations available in the literature. We
favoured consistency over ab-initio tested local
parametrisations because averaged Rayleigh
number approach has been experimentally tested.
In contrast, other local parametrisations are
mostly tested using ab-initio models to our
knowledge.
We redeBned the convection zones at each sim-

ulation time step by verifying the conditions, qT/qr
\ (qT/qr)S and /l[ 0.4. These conditions repre-
sent the scenarios where the negative thermal
gradients are super-adiabatic, and the magma is
rheologically liquid. Such redeBned convection
zones were further redeBned twice at each step by
verifying Nu[1 to avoid including a region where
convection is practically oA.

3. Results

The giant impact is considered to have produced a
swarm of moonlets with high initial average tem-
peratures. At high initial temperatures ([1800 K),
during the secondary accretion stage (i.e., subse-
quent to 40% accretion by mass), the accreting
moonlets could be already differentiated prior to
their accretion, thereby yielding large molten iron
blobs. These descending blobs can fragment in
their downward descent until they attain a
stable size (Qaddah et al. 2019). This is contrary to
the formulations based on the Bxed minimum size
of iron-blobs. This could theoretically enhance the
eDciency of the metal-silicate segregation. In order
to study the eAect of this phenomenon, we run 40
test simulations with Tini = (1700, 1800, 1900,
2000) K and minimum size (amin) of (0.001, 0.01,
0.02, 0.05, 0.1, 0.5, 1.0, 10.0, 100.0, 1000.0) m of the
descending molten metallic iron blobs during dif-
ferentiation, and a value of 0.1 for the impact
heating parameter (h) to constrain the optimum
values of amin. To assess the inCuence of amin on the
extent of metal-silicate differentiation, we com-
puted the moment of inertia from density proBle at
the end of t = 2 Myr, and is shown in Bgure 4. The
moment of inertia is minimum for amin = 0.05 m
and maximum for 0.001 m. Therefore, we selected
these two blob sizes to run the Bnal models.
We performed Bnal simulations for models with

Tini in the range of (1800, 1900, 2000, 2100) K, amin

in range of (0.001, 0.05) m, and h in range of (0.01,

0.1, 0.5). All the simulations were run for the initial
2 Myr after the giant impact. The list of the
models, along with their details, is provided in
table 2. The evolution of all the models is converted
into video form (Supplementary videos 1–18).
Supplementary videos can be viewed at a prede-
Bned speed or by moving the cursor to a speciBc
time.

3.1 Thermal evolution of the Moon

Figures 5–6 shows the thermal evolution of the
Moon. Figure 5 shows the radial thermal proBle,
whereas Bgure 6 shows the corresponding eAective
thermal diffusivities representing the extent of
convection. The timings are marked in forest-green
colour, at which the Nusselt number is at peak
value, and in dark-bluish colour, at which the
convection is active in the majority of the magma
ocean. We note that the change in the size of the
descending molten iron blobs on account of gravity
does not significantly aAect thermal evolution.
Therefore, only the models with amin = 0.05 m are
shown.
As of now, the h-parameter is poorly con-

strained. In the thermal models of Mars and Mer-
cury, the h-parameter is adopted to be 0.1 (Bhatia
and Sahijpal 2016, 2017). However, its value for the
Moon is arguable. Because the Moon got accreted
rapidly within 200 years compared to Mars and
Mercury, the shedding away of the impact energy
between subsequent impacts through thermal
radiation could be inefBcient due to insufBcient
time, thereby indicating the possibility of a higher
value of the h-parameter. However, due to the high

Figure 4. The moment of inertia of lunar models (t = 2 Myr)
at several sizes of iron-blobs, amin with h = 0.1. Colours
represent several initial temperatures of accreting moonlets,
Tini. Moment of Inertia of the fully differentiated and
homogeneous Moon is shown in black.
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value of Tini, the splashing of inner molten parts of
accreting moonlets and the target body, which are
at a higher temperature than their surfaces, results
in higher energy loss. Therefore, the value of the h-
parameter remained arguable in the presence of
two mutually negating eAects. We ran models for a
conservative value of 0.1 (Bgures 5e–h, 6e–h), a
higher value of 0.5 (Bgures 5i–k, 6i–k), and a lower
value of 0.01 (Bgures 5a–d, 6a–d). The thermal
evolution of all the models with amin = 0.05 m has
been shown on the same scale in Supplementary
video 19.
In the absence of radiogenic heating, an inverted

(positive) thermal gradient is set up during the
accretion as expected in the h-parameter approach
(Bgure 5). Subsequent to accretion, the surface
temperature is set at an ambient temperature of 250
K. A negative thermal gradient slowly starts to
develop from the lunar surface due to heat losses. As
the negative gradient establishes, the convection
starts oA in the speciBc region. Then, the convection
gradually extends towards the centre with time,
thereby paving the way for the inner regions to lose
energy. The Nusselt number reaches its peak value
in*103 years (Bgure 6). After reaching a maximum
depth in*103–4 years, convection starts to recede as
the temperature approaches the convection cut-oA
temperature at 40% bulk melting. The convection
disappears on timescales of the order of 105 years.
After the liquid state convection ends, the heat

transfer takes place through heat conduction in our
simulation. Figure 5(l) shows the Bnal thermal
proBle at the end of 2 Myr after the Giant Impact
event. The part of the Moon (excluding pure
metallic layers) that was rheologically liquid at the
end of the accretion (200 years) cools to approxi-
mately 40% bulk melting temperatures. However,
the timescales for the same vary a little. In none of
our models, the metallic iron-core could achieve
solidus temperatures.
Figure 7(a–r) shows the evolution of melt frac-

tion for all models, whereas Bgure 7(s) shows the
scales for the same. The most noticeable difference
in melt fraction proBle is actuated by Tini and
h-parameter, whereas amin makes a lesser eAect on
the radial proBle of melt fraction. As we move on
the time axis (represented as angular axis), the
melt fraction of the inner layers is reduced by
increasing hydrostatic pressure due to accretion
over the initial 200 years. The central area with a
high melt fraction is the lunar core (Bgure 7f–r).
Blue rings are metallic shells with high melt frac-
tions (Bgure 7a–e). After 200 years, the surface
starts to cool, generating negative thermal gradi-
ents paving the way for convection. The convective
cooling process begins from the surface side and
reaches maximum depth in a few thousand years.
After 103–4 years, the melt fraction falls to *0.4
except for the metallic layers. There is only a little
change subsequently till 2 Myr.

Table 2. List of models with the respective set of parameters, Bgures, and videos.

Sl.

no. Model name

Initial temperature

of moonlets (K),

Tini h

Minimum

size of iron

blobs (m), amin Figures

Supplementary

videos

1 1800˙0.01˙0.05 1800 0.01 0.05 5a, 6a, 7a, 8, 9a, 10, 11 1

2 1900˙0.01˙0.05 1900 0.01 0.05 5b, 6b, 7f, 8, 9f, 10, 11 2

3 2000˙0.01˙0.05 2000 0.01 0.05 5c, 6c, 7k, 8, 9k, 10, 11 3

4 2100˙0.01˙0.05 2100 0.01 0.05 5d, 6d, 7p, 8, 9p, 10, 11 4

5 1800˙0.1˙0.05 1800 0.1 0.05 5e, 6e, 7b, 8, 9b, 10, 11 5

6 1900˙0.1˙0.05 1900 0.1 0.05 5f, 6f, 7g, 8, 9g, 10, 11 6

7 2000˙0.1˙0.05 2000 0.1 0.05 5g, 6g, 7l, 8, 9l, 10, 11 7

8 2100˙0.1˙0.05 2100 0.1 0.05 5h, 6h, 7q, 8, 9q, 10, 11 8

9 1800˙0.1˙0.001 1800 0.1 0.001 7c, 9c, 10 9

10 1900˙0.1˙0.001 1900 0.1 0.001 7h, 9h, 10 10

11 2000˙0.1˙0.001 2000 0.1 0.001 7m, 9m, 10 11

12 2100˙0.1˙0.001 2100 0.1 0.001 7r, 9r, 10 12

13 1800˙0.5˙0.001 1800 0.5 0.001 7d, 9d, 10 13

14 1900˙0.5˙0.001 1900 0.5 0.001 7i, 9i, 10 14

15 2000˙0.5˙0.001 2000 0.5 0.001 7n, 9n, 10 15

16 1800˙0.5˙0.05 1800 0.5 0.05 5i, 6i, 7e, 8, 9e, 10, 11 16

17 1900˙0.5˙0.05 1900 0.5 0.05 5j, 6j, 7j, 8, 9j, 10, 11 17

18 2000˙0.5˙0.05 2000 0.5 0.05 5k, 6k, 7o, 8, 9o, 10, 11 18
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Some bulk parameters were computed using the
radial proBles of various physical quantities from
the raw output of simulations, and their temporal
evolution is shown in Bgure 8. Figure 8(a) shows
the temporal evolution of mass-averaged temper-
ature, Tav of the whole Moon. During the initial
200 years, Tav increases on account of impact-in-
duced heating. Afterwards, Tav decreases rapidly
due to convection for 103–4 years. This is followed
by slow convection for order of timescales in the

range of 105 years, resulting in a less steep fall in
Tav. The Bnal Tav does not differ significantly
among models irrespective of the early conditions.
Figure 8(b) shows the evolution of the melt fraction
of the bulk Moon. Initially, it falls for 200 years on
account of an increase in hydrostatic pressures
caused by accretion. Afterwards, it rapidly decreases
for 104 years due to rapid cooling by convection.
Figure 8(c) shows the evolution of radial thickness of
the outermost rheologically liquid zone, whereas

(a) (e) (i)

(b) (f) (j)

(c) (g) (k)

(d) (h) (l)

Figure 5. Radial thermal proBles for the initial 2 million years of the evolution of the Moon of the models with the accreting
moonlets’ initial temperature of 1800, 1900, 2000, and 2100 K with the time measured (in years) from the time of giant impact
event (a–k). In panel (a–d) shows thermal proBles for h = 0.01, (e–h) for h = 0.1, and (i–k) for h = 0.5. Panel (l) shows the
thermal proBle of all the models after 2 Myr from the Giant Impact event. In panel (l) initial average temperature of the accreting
moonlets, Tini and the h-parameter are represented by the colours and line styles, respectively. The thermal proBles in (i) green
and (ii) dark-bluish colour correspond to a speciBc time at which (i) the Nusselt Number is at its peak value and (ii) the whole
magma ocean is convective, respectively (a–k). In all the panels, the value of amin is 0.05 m; however, the proBles do not vary
significantly at other values too.
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Bgure 8(d) shows the evolution of the rheologically
liquid mass fraction of the bulk Moon. For the initial
200 years, the radial thickness increases by accretion
of more rheologically liquid layers for higher tem-
perature, Tini of 2100 K, and decrease for lower
temperatures due to the reduction of the melt frac-
tion of inner layers below 0.4 by a change in
hydrostatic pressures. For Tini = 2000 K and h =
0.5, the increase is followed by a decrease due to
competition between the two eAects. After 200

years, it remains almost constant for 104 years
during rapid convection. From 104 to 29105 years,
the radial thickness decreases due to a decrease in
melt fraction of convective layers below 0.4. The
evolution of rheologically liquid mass fraction is
similar except for the initial 200 years because this
being a ratio is unaffected by the addition of
accreting mass. Figure 8(e) shows the evolution of
radial thickness of convective zones, and
Bgure 8(f) shows the evolution of the fraction of

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

(j)

(k)

Figure 6. Radial proBles of Nusselt Number for the initial 2 million years of the evolution of the Moon of the models with the
accreting moonlets’ initial temperature of 1800, 1900, 2000, and 2100 K with the time measured (in years) from the time of giant
impact event. Panels (a–d) shows proBles for h = 0.01, (e–h) for h = 0.1, and (i–k) for h = 0.5. The proBles in (i) green and (ii)
dark-bluish colour correspond to a speciBc time at which (i) the Nusselt Number is at its peak value and (ii) the whole magma
ocean is convective, respectively. In all the panels, the value of amin is 0.05 m; however, the proBles do not vary significantly at
other values too.
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lunar mass under convection. For the initial 200
years, convection does not start due to high
surface temperature caused by rapid accretion.
Afterwards, the negative thermal gradients
begin to form from the surface side and expand
inwards. This results in the expansion of the
convection zone for the next 103–4 years.
Thereafter, it starts contracting on account of
cooling and recession of convection.

Figure 8(g) shows the evolution of the mass-aver-
aged Nusselt number, whereas Bgure 8(h) shows
the product of the Nusselt number and mass under
convection. These parameters represent the rapid-
ity and eAectiveness of the convection. Their val-
ues maximise within initial 1000–3000 years except
for Tini = 2000 K and h = 0.5, for which the
process takes several thousands of years. Both start
declining afterwards.

Figure 7. Radial proBles of melt fraction for the initial 2 million years of the evolution of the Moon of the models with the
accreting moonlets’ initial temperature of 1800, 1900, 2000, and 2100 K with the time measured (in years) from the time of giant
impact event (a–r). The radial axis shows the distance from the centre, and the angular axis represents the time from the giant
impact. Axis scales are shown in panel (s). Columns of panel represent the distinct initial average temperature of the accreting
moonlets and rows of the panels represent the combination of distinct values for h-parameter and amin. The colour map is
greyscale compatible and can be viewed by printing in greyscale if colours are not distinct for some type of colour-blindness.
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3.2 Metal-silicate segregation through Stokes’
Cow

Figure 9 shows the metal-silicate segregation and
formation and evolution of the metallic iron-core
for different models. Figure 9(s) shows the axis
scales for Bgure 9(a–r). At Tini = 1800 K, only
metallic shells are formed, and no iron-core forms
for any value of h or amin (Bgure 9a–e). At Tini =
1900 K, small iron-core form for amin = 0.05 m with
varying extent of segregation for distinct values of
h (Bgure 9f, g, j), whereas a very thick metallic shell
with a small undifferentiated core beneath it forms

for amin = 0.001 m (Bgure 9h–i). At Tini = 2000 K,
comparatively larger iron-core form with varying
extent of segregation for distinct values of h or amin

(Bgure 9k–o). At Tini = 2100 K, nearly complete
iron-core form for amin = 0.05 m (Bgure 9p–r). It
may be noted that size of the incomplete core
increase with an increase in Tini.
Figure 9(a, f, k, p) can be compared with

Bgure 9(b, g, l, q) and (e, j, o) to analyse the eAect
of impact-induced heating on metal-silicate segre-
gation. Figure 9(c, h, m) can also be compared with
Bgure 9(d, i, n). It can be seen that higher eDciency
of impact-induced heating results in rapid and

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 8. Temporal evolution of several computed bulk-parameters. Temporal evolution of mass-averaged lunar temperature
(a), total lunar melt fraction (b), outermost rheologically-liquid zone (c), the rheologically-liquid mass fraction (d), the
thickness of convective zones (e), the fraction of lunar mass in convection zones (f), mass-averaged Nusselt number (g), and the
sum of products of Nusselt number and mass (h) with the time measured (in years) from the time of giant impact event. The
results at amin = 0.001 m are almost identical to that at amin = 0.05 m and hence, are not plotted. In all panels, initial average
temperature of the accreting moonlets, Tini is represented by colours, and h-parameter is represented by line styles.
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enhanced metal-silicate segregation. However, this
alone cannot complete the process of segregation.
To analyse the eAect of the size of iron blobs, we
compare Bgure 9(b, g, l, q) with Bgure 9(c, h, m, r)
and Bgure 9(d, i, n) with Bgure 9(e, j, o). The
extent and speed of metal-silicate segregation are
higher for amin = 0.05 m than for 0.001 m.
We computed the moment of inertia from radial

density proBles. Moment of inertia can be treated
as a good proxy for evaluating the extent of metal-

silicate segregation. Figure 10(a) shows the evolu-
tion of the moment of inertia in our models. During
the accretionary phase, the moment of inertia
decreases due to rapid differentiation until the
increasing hydrostatic pressures substantially
increase viscosity by reducing melt-fraction.
Afterwards, the moment of inertia increases for the
rest of the accretionary period. This increase is
caused by the accumulation and trapping of
metallic content above and inside layers of

Figure 9. Radial proBles of metal fraction for the initial 2 million years of the evolution of the Moon of the models with the
accreting moonlets’ initial temperature of 1800, 1900, 2000, and 2100 K with the time measured (in years) from the time of giant
impact event (a–r). The radial axis shows the distance from the centre, and the angular axis represents the time from the giant
impact. Axis scales are shown in panel (s). Columns of the panels represent the distinct initial average temperature of the
accreting moonlets and rows of the panels represent the combination of distinct values for h-parameter and amin. The colour map
is greyscale compatible and can be viewed by printing in greyscale if colours are not distinct for some type of colour-blindness.
The white colour represents the complete absence of metallic content.
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increasing viscosity. In models with amin = 0.001
m, the moment of inertia decreases again for the
next few tens to a few hundred years for continued
fast segregation that is already completed in
models with amin = 0.05 m. Afterwards, the seg-
regation process becomes extremely slow and does
not produce any significant change in the moment
of inertia. On comparison, we Bnd that the extent
of segregation is in ascending order of the selected
(h, amin) parametric combinations of (0.1, 0.001 m),
(0.01, 0.05 m), (0.1, 0.05 m), (0.5, 0.001 m) and
(0.5, 0.05 m).
Figure 10(b–e) shows the mass-averaged velocity

of molten metallic content during its downward
descend. For the initial *200 years, the metallic

content is descending at a rapid average velocity
[1 km year�1. The average velocity gradually falls
afterwards to 10�7 km year�1 for amin = 0.001 m
and rapidly for amin = 0.05 m. Segregation at this
small velocity continues for a few tens of thousands
of years, after which the segregation stops
completely.

3.3 Depth of initial magma ocean

Figure 11 presents the depth estimates of the initial
magma ocean as a function of Tini with different
extents of the bulk silicate melt percentage. A fully
molten magma ocean is deBned by / =1.0, whereas

(a) (b)

(c)

(d)

Figure 10. Temporal evolution of moment of inertia (a), average velocity of metallic content for Tini = 1800 K (b), Tini = 1900 K
(c), Tini = 2000 K (d), and Tini = 2100 K (e), for distinct values of h-parameter and amin with the time measured (in years) from
the time of giant impact event.
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a rheologically liquid magma ocean is deBned by /
[ 0.4. A rheologically solid magma ocean could
have extended up to the lunar centre depending on
Tini and the h-parameter. It is difBcult to impose
stringent constraints on the depth of the magma
ocean on the basis of numerical simulation. Our
simulations suggest that early core formation
through Stokes’ Cow require either Tini [ 2000 K
(for amin = 0.001 m) or Tini[ 1900 K (for amin =
0.05 m). Tini[ 1900 K produces an initial magma
ocean that is fully molten up to *770 km and
rheologically liquid up to *1055 km. Tini[2000 K
produces an initial magma ocean that is fully
molten up to*1000 km and rheologically liquid up
to *1280 km. Several studies have found a fully
molten magma ocean up to 1000 km consistent
with the crustal thickness (Elkins-Tanton et al.
2011; Suckale et al. 2012). Therefore, an incom-
plete core can easily form early with a 1000 km
deep fully molten magma ocean consistent with the
crustal thickness.

4. Discussion and conclusions

Prior to the present work, the incorporation of
local Rayleigh numbers in full-scale planetary
models for early evolution had remained a for-
midable task due to enormous computational costs
and numerical instabilities. Further, the inherent
time-sequential nature of the models has deprived

these models of massively parallel computing
capabilities. This has prevented earlier studies
from incorporating several dependencies of physi-
cal quantities in numerical simulations. Here, we
presented a suite of models that incorporate the
formulation based on local Rayleigh numbers and
the gravitational energy released during segrega-
tion, besides several other improvements. The
scope of the present work is the thorough study of
the early two million years after the Giant Impact
event. Therefore, the solid-state convection, the
melt extraction due to compaction, and metal sil-
icate segregation through Rayleigh–Taylor insta-
bility and large diapirs were not incorporated.
The major features of the study are listed

hereunder:

(1) The key issue addressed in the present work is
to constrain the initial average temperature of
the accreting moonlets. Our simulations predict
it to be C1900 K. This implies a more stringent
constraint on the giant impact hypothesis. This
is a significant revision compared to our earlier
estimates (C1600 K) from a model that was
based on the simplistic treatment of convection
(Sahijpal and Goyal 2018).

(2) Further, based on our rigorous convective
treatment, we propose the timescales for cool-
ing the convective magma ocean to the critical
rheological temperature in the range of *104–5

years. Here the convective cooling is much
more rapid during the initial 104 years. After-
wards, the speed of convective cooling declines
for the next 105 years before halting entirely.
This happens due to increasing viscosities as
the melt fraction nears the rheologically crit-
ical melt fraction, 0.4. Earlier estimates were
103–4 years from a model based on the simplis-
tic treatment of convection (Sahijpal and
Goyal 2018).

(3) The majority of the metal-silicate segregation
through Stokes’ Cow in the rheologically-liquid
magma ocean takes place during the initial
102–3 years. In order to complete core forma-
tion in multiple models, other processes like
Rayleigh–Taylor instability or Cow of large
diapirs through rheologically-solid mantle are
required. However, this can occur only at
timescales larger than that are analysed in
this study.

(4) An initial average temperature of 1900–2000 K
of the accreting moonlets required for early
core-formation produced a \1000 km fully

Figure 11. Depth of initial magma ocean. Depth of fully
molten initial magma ocean is shown with solid lines, whereas
the depth of rheologically liquid magma ocean is shown with
dashed lines. A fully molten magma ocean is deBned by
/ = 1.0, and a rheologically liquid magma ocean is deBned
by /[ 0.4. The different colours represent distinct values of
the h-parameter.
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molten magma ocean, which is consistent with
earlier studies (Elkins-Tanton et al. 2011;
Suckale et al. 2012).

(5) In all the numerical models where the metallic
iron-core is formed, the iron-core is fully
molten at the end of the initial 2 Myr. This
would cause an internally driven lunar geo-
magnetism when the iron snow starts falling
due to solidiBcation of the iron core (Breuer
and Moore 2015) at a later time. There is
evidence for an internally driven strong lunar
geomagnetic Beld that existed between at least
4.25 and 3.56 Gyr ago (Cisowski et al. 1983;
Weiss and Tikoo 2014; Tikoo et al. 2017).
Although constraining a timescale for such a
lunar geomagnetic Beld is out of scope for the
present study, a more detailed analysis in the
future can shed light on this matter.

(6) The majority of metal-silicate segregation
through Stokes’ Cow occurs before convection
spreads to all of the magma ocean. Therefore,
inhibition of Stokes’ Cow due to convective
turbulence could not significantly aAect metal-
silicate segregation.

(7) These models have not incorporated tidal
heating. Tidal heating can substantially heat
up the Moon when caught up in an evection
resonance with the Sun because the extent of
heating may surpass the convective cooling

rates ( �Cuk and Stewart 2012; Tian et al. 2017).
This heating can cause the incomplete metal-
silicate segregation to complete and enlarge
the cooling timescales.

(8) We have not considered heliocentric impacts in
these models. Jackson and Wyatt (2012) sug-
gested that a large amount of material from the
giant impact event can escape to heliocentric
orbits. This debris later re-accrete on Earth,
Moon, and Venus over the next tens to
hundreds of million years (Jackson and Wyatt
2012). Besides this, the leftover planetesimals
also accreted over similar time periods. These
include the Late Veneer and Late Heavy
Bombardment (Gomes et al. 2005; Mojzsis
et al. 2019). The impactors on heliocentric
orbits eDciently cool down to ambient temper-
atures much before being re-accreted due to
larger timescales and smaller sizes. Therefore,
such impactors could not heat further the
already hotter Moon, at least globally. Instead,
the phenomenon would assist in cooling down
the Moon. In a Moon with a conductive lid, the

impactors of sufBcient sizes will puncture the
holes and push the parts of colder crust into
the magma ocean resulting in the cooling of the
magma ocean. The magma that reaches the
surface through the crust’s punctured holes will
quench by losing heat through thermal radia-
tion (Gupta and Sahijpal 2010; Perera et al.
2018). In a Moon without a conductive lid, the
impactor will splash the hotter material from
deeper parts of the magma ocean. This will
transiently increase the active surface area to
cool by thermal radiation, besides stirring the
magma ocean.

(9) Roy et al. (2014) suggested that the Moon
cools faster than the Earth due to the larger
surface to volume ratio. A brighter Earthshine
from the hotter Earth will result in asymmet-
rically high ambient temperature on the near-
side of the tidally locked young Moon.
Incorporating the longitudinally asymmetrical
surface temperature is out of the scope of the
present 1-D model. The nearside ambient
temperature can be approximated by
250+TE/1.19/HD. Here, TE is the Earth’s
surface temperature. D is the Earth–Moon
distance in multiples of Earth-radius, R�. At
TE = 2000 K and D = 3 R�, this results in a
nearside temperature of 1220 K in comparison
to the farside temperature of 250 K. This
hemispheric temperature gradient will result in
slower cooling on the nearside than the farside.
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