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M Check for updates

Seismological models from Apollo missions provided the first records of the Moon
inner structure with a decrease in seismic wave velocities at the core-mantle
boundary' 3. The resolution of these records prevents a strict detection of a putative
lunar solid inner core and the impact of the lunar mantle overturnin the lowest part of
the Mooniisstill discussed*”. Here we combine geophysical and geodesic constraints
from Monte Carlo exploration and thermodynamical simulations for different Moon
internal structures to show that only models with alow viscosity zone enriched in
ilmenite and aninner core present densities deduced from thermodynamic constraints
compatible with densities deduced from tidal deformations. We thus obtain strong
indications in favour of the lunar mantle overturn scenario and, in this context,
demonstrate the existence of the lunar inner core with a radius of 258 + 40 kmand
density 7,822 + 1,615 kg m™. Our results question the evolution of the Moon magnetic
field thanks to its demonstration of the existence of the inner core and support a
global mantle overturn scenario that brings substantial insights on the timeline of the
lunar bombardment in the first billion years of the Solar System®,

The lunar mantle overturn has been proposed to explain the abun-
dances of TiO,, FeO and heat-producing elements (U, Thand K) in the
source region of lunar basalts and the sequestration of highly sidero-
phile elements (HSEs) and iron-sulfur in the lunar mantle®™, Rocks
containingiron-titanium oxide are called ilmenite-bearing cumulates
(IBCs) and form during the slow cooling of lunar magma ocean. These
IBCs are concentrated through the process of magmatic segregation™.
The IBCswould containilmenite, adenseiron-titaniumoxide (FeTiO,)
forming a solid solution with geikielite (MgTiO,)™. The partial melt of
theIBCsisdenserandlessbuoyant thanthe surrounding mantle. Hence,
the IBCs may sink through the mantle by gravitational instability and
stabilize at the core-mantle boundary (CMB) of the Moon®. This event
isinvoked to drive the deep lunar mantle overturn, hereafter called
DLMO (see Methods). These IBCs tracers of the DLMO can be identified
by their lower viscosity and lower solidus temperature in comparison
with other lunar mantle material®. Furthermore, the existence of asolid
inner coreis not clearly demonstrated, as the seismic profiles obtained
with the Apollo missions can be explained equally well with or without
aninner core®; see also ref. 14.

Here we combine lunar tidal deformations of degree 2 Love numbers,
frequency-dependent quality factors, mass and the moment of inertia
toestimate the thicknesses, densities and viscosities of alayered Moon
with or without an inner core. To compute the tidal deformations, we
use the semi-analytical code ALMA® adapted to the tidal forcing' and
using 1D profiles of density, rigidity and viscosity asinput parameters.

Geophysical and geodesic constraints

Onthebasis of random-walk Monte Carlo samplings for these quantities
and over intervals corresponding to state-of-the-art estimations, we

select models that are consistent at 2o with the published geophysical
constraints (see Methods for more details). These observational con-
straints are the total mass of the Moon, itsmoment of inertia and its tidal
deformation (characterized by parameters k,, h,and the monthly and
yearly quality factors) at 2o uncertainties of the published estimations.
Inthe case of several estimations (as for i, with the lunar laser ranging
and altimetry determinations), we consider as uncertainty the largest
interval encompassing the different published values.

The selected profiles given in Table 1 represent 0.12% of a total of
120,000 simulations. The crustal thickness is fixed according to the
GRAIL average crustal model with a density of 2,649 kg m~, representa-
tive to anaverage crustal bulk porosity of 9.5% (ref.17). For the mantle,
its density determinationis part of the random-walk Monte Carlo sam-
pling but only to keep the balance of the global mass. Furthermore,
we verified that the deduced mantle densities are consistent with the
S-wave velocity models of refs. 2,3, as given in Extended Data Table 3.
Finally, we define the inner core with a fixed rigidity and as purely elastic
withinfinite viscosity, in contrast with the outer core, whichis aNewto-
nianfluid with norigidity and anon-zero viscosity (see Extended Data
Table 3).InTable1, the radii of the different layers are well constrained
as their 2o uncertainties and are usually smaller than 9.5%, except for
the radius of the inner core, for which the dispersion reaches 15.5%. In
the hypothesis of a Moon without an inner core, our estimate for the
density of the viscous coreis 7,757 +1,749 kg m™. This density is on aver-
age, slightly lower than that expected for a purely metal-rich core. It
ratherindicates analloy of iron with lighter elements, similar toaliquid
Fe-Sat0.1% of sulfide content despite the wide range of uncertainty™.
The large viscosity (104185 pa s) we derived for the models without
aninner core allows rejecting the hypothesis of an entirely inviscid
fluid core (for example, refs. 2,19).
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Table 1| Lunar 1D profile characteristics deduced from this
study

Models Layer Radius (km) Density (kgm™) Viscosity,
log,, (Pas)
Withoutinner core  Crust 17371 2,649 -
Mantle 1,698.6 3,362+2 21.00
Lvz 545+35 3,884+300 16.99+1.22
Core 315+30 7,757%1,749 18.45+1.85
With inner core Crust 1,7371 2,649 -
Mantle 1,698.6 3,362+2 21.00
Lvz 56034 3,559+94 17.98+1.06
Quter core 362%15 5,025+604 16.92+0.08
Innercore  258+40 7,822+1,615 -

Internal Moon parameters obtained after the random-walk Monte Carlo sampling for the
profiles with and without an inner core. The errors are given at 20. The quantities given without
uncertainties are kept fixed.

For the hypothesis of aMoon having both a viscous core and asolid
inner core, the density and the viscosity of the outer core as givenin
Tablelare evensmaller (5,025 + 604 kg m~and 10'*%2*%% pa s, respec-
tively). Despite the wide dispersionin densities, thisis compatible with
adifferentiation scenario in which the heavier elements sunk to the
solidinner core and only lighter elements remain in the outer viscous
core. The density we obtained for the viscous core thus indicates that
the sulfide content could reach up to 0.4 S content (at %)'®. By contrast,
we obtain, on average, a slightly higher density of the solid inner core
(7,822 1,615 kg m™), in comparison with the density of the single vis-
cous core (7,757 £1,749 kg m). Furthermore, the outer core radius
is compatible with the lunar laser ranging estimation of 381 + 12 km
(ref. 20). For the previous constraints onthe lunarinner core, we derived
similar thickness (258 + 40 km) and density (7,822 +1,615 kg m ™) as
those obtained by Weber et al.2, who proposed a 240-km-thick and
8,000-kg-m™-dense inner core. Our results indicate a scenario that
might require a complement of light elements dissolved in the iron
inner core?*,

In a preliminary conclusion, using only geophysical observations
and without imposing any constraints on the chemical compositions
of the layers, the structure including both a viscous outer core and a
solidinner core does not show astatistical advantage over astructure
withoutaninner core. Both cases are acceptable. Other considerations
have to be invoked. For the low viscosity zone (LVZ), we note three
important results. First, we confirm the existence of aLVZ at the CMB
for both lunar models, with or without aninner core. The size and the
viscosity of the LVZ are compatible with those previously proposed™.
ForaMoon with or without a solid core, the density found for the LVZ
ismorethan 3,465 kg m (3,884 + 300 kg mwithoutaninner core and
3,559 + 94 kg m>with aninner core). This range of density is larger than
thelunar mantle density profile derived fromref. 3 (p,, = 3,300 kg m)
butisintherange of IBCs densities at the LVZ temperature and pressure
(e > 3,450 kg m™)**, We remind that the presence of IBCs at the CMB
is the main marker of the DLMO scenario®". Second, the density jump
between the LVZ and the mantle, leading to average density ratios of
about1.06 and 1.15 for a Moon model with and without a solid inner
core, respectively, is consistent with that expected witha DLMO®. Third,
in the context of a DLMO event, it is expected that the viscosity jump
between the mantle and the LVZ is at least about one order of magni-
tude™ Inour results, only the set of modelsincluding asolid inner core
proposes such a contrast—with 10% Pa s for the mantle versus about
10" Pa s for the LVZ on average—whereas without an inner core, the
contrast between the mantle viscosity (10* Pa s) and that of the LVZ
(about 10" Pa's) is more important.
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Thermodynamical constraints

On the basis of the structures presented in Table 1, we computed the
temperature ratio between the top of the LVZ (mantle temperature)
and the bottom of the LVZ (core temperature), considering a wide
range of possible viscosities, enthalpies and, consequently, chemical
compositions for the LVZ (see Methods for details and the hypoth-
esis used to estimate the LVZ temperature). We considered chemical
compositions based on two main titanium oxide proportions: ilmenite-
free and ilmenite-rich. Iimenite-free is represented by the dunite
(100% dry olivine and 0% titanium oxide) of ref. 25 and the lherzolite
(Earth-like mantle material composed of olivine + clinopyroxene +
orthopyroxene + garnet with 0% titanium oxide) of ref. 26. limenite-rich
is characterized by lherzolite-bearingilmenite (olivine +clinopyroxene
+ orthopyroxene + 8% ilmenite, corresponding to the bulk composi-
tion of ref. 24) and the 100% ilmenite cumulate (ranging from pure
ilmenitel00 (FeTiO,) to ilmenite40 (Fe, ,Mg,((Ti0;))) following the
analysis of ref. 13 (see Methods for details on the chemical composition
oftheLVZ). The choice for these assemblagesis driven by the published
values of the corresponding activation enthalpies (refs. 13,24-26).

We perform thermodynamic simulations (see Methods), using the
Perple_X program?¥, to compute the temperature of the LVZ (T,y;) from
the four considered chemical compositions and the 2ginterval of our
estimated mantle and LVZ viscosities (Table 1). The derived range of
temperatures is plotted as a function of density (p,,;) and activation
enthalpy (H*) and is shown by the grey areas in Fig. 1, for models with-
out (Fig. 1a,b) and with (Fig. 1c,d) an inner core. In the case of models
withaninner core (Fig.1c,d), there are areas in which thermodynamic
simulations (7,y,, p.y,) intercept the geophysical constraints interval
(T2, H*), as highlighted by the light-red area. This is clearly the case
for the ilmenite-rich assemblages. On the contrary, models for the
ilmenite-free (that is, the dunite and the Iherzolite) cumulates do not
show any overlap between thermodynamic profiles and geophysical
intervals. Thisisalso visible in Extended Data Table 1, in which the cases
of possible overlaps between Perple_X density intervals and geophysical
onesareindicated. Models without aninner core do not show overlaps
between the thermodynamic profiles and the geophysicalinterval for
bothilmenite-free and ilmenite-rich assemblages (Fig. 1a,b).

These results show that only ilmenite-rich thermodynamic profiles
withinner core match the density, temperature and viscosity deduced
fromobservations of the lunar tidal deformations. So, without aninner
core, the LVZ densities obtained from geophysical constraints are not
compatible with the expected thermodynamic density profiles deduced
from Perple_X for the most likely mineral assemblages adopted for this
layer. The same conclusions can be drawn from Extended Data Table1,
inwhichwe canseethat only models withaninner coreand withalLVZ
containingilmenite have intervals of densities simulated with Perple_X
fortherange of temperatures proposed by the geophysical constraints,
compatible with the geophysical densities. For the models without
aninner core, the comparisons between the tidal constraints and the
thermodynamic simulations are allincompatible.

AMoonwith aninner core and aglobal overturned
mantle

From this work, two mainresults can be discussed. First, we confirm the
existence of a LVZ gathering, all the requirements of an ilmenite-rich
layer. Second, together with this ilmenite-rich LVZ, to reconcile tem-
perature gradient at the CMB, thermodynamic profiles and geophysical
constraints, onlyaMoon withaviscous outer core and asolid inner core
ispossible. These two conclusions, by their simultaneity, enhance the
scenario of aDLMOin the context of a differentiated Moon interior with
asolidinner core. The consequences of such astructure areimportant.
First, considering the global chronology of the Solar System evolu-
tion, ref. 8 demonstrated thata DLMO may explain the HSE content of
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Fig.1|Moontemperature and density profiles.a,c, LVZ temperature (T,,,) as

afunctionof LVZ density (p,y;) deduced from the thermodynamic models at the
LVZ pressure spanning from4.2to4.6 GPa.b,d, LVZ temperature (T,,,) deduced
fromgeophysical constraints asafunction of the activation enthalpy H*.aand b

the lunar mantle and favours the accretion tail hypothesis against the
Late Heavy Bombardment that affected the Moon about 3.9 Gyr ago.
The Late Heavy Bombardment would indeed have delivered about ten
times the mass constrained by the HSEs abundancesin the lunar mantle
than the accretion tail scenario. This scenario is also consistent with
the chronology of the outer planet orbital evolution, as the accretion
tail scenario does not require that the instability of the giant planets
occurred along time after the removal of the protoplanetary disk®2.
Second, the existence of asolid inner coreis crucial for understanding
the mechanism leading to the appearance or not of a planetary mag-
neticfield. Forinstance, the growing of an Earthinner core participates
inouter core convection. Therefore, its nucleation is believed to have
driven a strong increase in the power available to the dynamo®. Mag-
netic studies of lunar rocks reported that, between 4.25 and 3.56 Gyr
ago, the Moon had astrong core dynamo (with surface field intensities
of approximately 20-10 uT) that subsequently declined 3.19 Gyr ago
(to <4 pT)*. The confirmation of the existence of a Moon solid inner
coreistherefore akey factor for understanding the evolution of its mag-
netic field. Finally, away to strengthen our results could be toincrease

H* (kJ mol)

correspond to models without aninner core, whereas cand d correspond to
modelswith aninner core.Grey zonesinband d are derived from the
geophysical constraints, whereas light-red zones are the overlapping areas
betweenthe geophysical and thermodynamic models. i7,,, mantle viscosity.

the number of different assemblages for which activationenthalpies are
accurately measured by laboratory experiments at lunar CMB pressure
and temperature conditions.
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Methods

Geophysical constraints on Moon inner structure
Model of tidal deformations. The Moon has a measurement of the
degree 2 radial motion of its deformation (4,) obtained from laser
altimetry (for example, refs. 31-33) and lunar laser ranging (LLR)****,
Associated with this deformation of the Moon, the degree 2 gravity
potential change (k) is well constrained with the GRAIL mission®. The
GRAIL mission also gives an estimate of the mass and the moment of
inertiaof the Moon, whichimposes two furtherimportant constraints
for its inner structure®. Moreover, almost 50 years of accurate LLR
measurements constrain the tidal lunar dissipation, providing quality
factors (Q) at monthly and yearly periods***. Also, seismic profiles give
agood overview of the structure of the mantle but poor constraints
on the physical properties (rigidity, density, viscosity) of the bound-
ary between the mantle and the core and the deep inner structure of
the core. Hence, non-unique solutions for the interpretation of the
seismic profiles are given with and without an inner core**™, To set
our lunar models, we consider two types of inner structure following
the previous studies of refs. 2,3,36,37. For the core, we choose the two
end-members models fromrefs. 2,3. These models differ in their core
structures. These studies have indeed reported divergences in S-wave
and P-wave velocities owing to high attenuationbelow 1,200 km depth.
As a consequence, it is difficult to interpret the structure below this
limit. According toref. 20, the Moonis solely composed of a unique fluid
core, witharadius of 381+ 12 km. Inref. 2, atwo-layer coreis proposed
witharadius of 330 km composed by a90-km-thick fluid outer core and
a240-km-thick solid inner core. Other analysis of the tidal dissipation
and the Love numbers found evidence of amuchless rigid deep region
atthe CMB than the mantle**®, Furthermore, the LVZ has been stated to
be partially molten with a low viscosity to explain the quality factor®.
For the mantle, we adopt viscosity and rigidity profiles similar toref. 37,
assuming alinear stress—strain relationship (that is, Maxwell rheology;
Extended Data Table 3). For the crust, the thickness is about 38.5 km,
corresponding to the GRAIL average crustal model with a density
depending onthe average crustal porosity®. Throughout our models,
we kept the same values for the mantle and the crust parameters. Hence,
for our models, we adopt two types of lunar inner structure: (1) with
acrust, a mantle, a viscous core and a LVZ at the interface between
the mantle and the core, and (2) with a more complex core structure
assuming an elastic inner core (with infinite viscosity) surrounded by
aviscous outer core. Extended Data Table 2 presents the values, along
with their uncertainties and references, of the mean radius (R) of the
Moon, the mass (M), the normalized moment of inertia (C/MR?), the
tidal Love numbers of degree 2 (h, and k,) and the monthly and yearly
quality factors (Qy, Q) used for selecting our Moon models. The mass
and moment of inertia are derived from the GRAIL degree 2 gravity
coefficients®**. We use the estimations of quality factors for the same
two frequencies as estimated by ref. 3. To constrain the Love number
k,, we use the value obtained from the analysis of the GRAIL data. This
value is indeed better constrained by one order of magnitude of the
estimated uncertainties in comparison with the LLR determination.
Furthermore, the tidal Love number h, is also considered. However,
because of the large differences reported in refs. 40,41, we use the
range between their two possible intervals to constrain our models.
To operate the random-walk Monte Carlo, we sample using a uniform
distribution the radius, densities and viscosities for each layer of the
Moon interior. The intervals of the uniform exploration are given in
Extended Data Table 3. For each of the 120,000 Moon models, we cal-
culate the total mass and the moment of inertia, as well as the real and
imaginary parts of the tidal Love numbers. These are estimated using
the ALMA code’®*?, We also deduce the quality factors. At the end of the
process, we select 0.12% of modelsincluding k,, h,, monthly and yearly
quality factors, mass and the moment of inertia, consistent with the
published values (see Extended Data Table 2 and Extended Data Fig.1).

Extended Data Fig. 1 shows the histograms of the relative difference
between observational constraints (that is, mass, moment of inertia,
tidal Love numbers and quality factors) givenin Extended Data Table 2
and their values obtained from the selected models. The constraints on
the mass is very small. This is expected, as we introduce a compensa-
tion mechanism for keeping the mass close to the observation value,
despite the variation of densities and radius of the layers. Extended Data
Figs.2and 3 show the distribution of the radius, thickness density and
viscosity of the lunarinner layers obtained after filtering for the mass,
moment of inertia, Love numbers and quality factors. The average as
well as the 2o uncertainty are given in Extended Data Table 2.

Sensitivity to the mantle viscosity. The results presentedin the pre-
vious section were obtained by fixing the Moon mantle viscosity to
10* Pas. This value isappropriate for the dry peridotite given the lunar
mantle temperature and pressure profile*, However, depending on
thewater content, the mantle viscosity could be lower®**. Despite that,
we also simulated stronger lunar mantle viscosity (that is, >10* Pa s)
with the ALMA code to test how the tidal Love numbers and the qua-
lity factor behave with regards to an unrealistic viscosity at mantle
temperature—pressure conditions. First, we estimate the variations
in k, and the monthly quality factor Q in considering different values
of viscosities from 10 to 10* Pa s. As can be seen in Extended Data
Fig. 4, when considering the ratio between k, and Q, only the results
with viscosities greater than 10*° Pa s match the observational con-
straints indicated by the dots and the error bars. On the basis of this
first conclusion, we proceed with the method described previously
(see previous section) for computing temperature profiles at the LVZ
and for comparing the interval of possible densities as derived from
geophysical constraints with that deduced from thermochemical
modelling (Perple_X). As shown in Extended Data Fig. 5, the conclu-
sionsremain the same: for the modelsincluding aninner core together
with an ilmenite-rich LVZ, there is a good match between the density
profiles obtained with the thermodynamic modelling (Extended Data
Fig. 5d) and the interval of densities deduced from our deformation
model (Extended Data Fig. 5¢), whereas for the models without an
inner core and/or with ilmenite-free LVZ, there is no possible match
(see Extended Data Fig. 5a,b).

Sensitivity of the filtering criteria to the internal structure param-
eterization. To evaluate which parameters of the Moon profile (rigid-
ity, viscosity, radius and density) affect the deformation the most, the
total mass and moment of inertia simulations have been performed
considering variations in the values of the parameters presented in
Extended Data Table 3 for agiven arbitrary model. With these modified
inputs, we estimated the deformation variables (tidal Love numbers
and quality factors) as well as the Moon total mass and moment of
inertia. Extended Data Fig. 6 plots the ratio between the differences
for these estimated quantities and the initial values. As can be seen,
the total mass and moment of inertia are mainly sensitive to mantle
radius but also to the radii of the other layers as well as their densities.
The Love numbers are mainly driven by the rigidities and radii of the
mantle and LVZ as well as the outer core viscosity. Oppositely, the
quality factors are more sensitive to the characteristics of the deepest
layers, the outer core and inner core radii, the outer core viscosity and
the LVZ rigidity.

LVZ characteristics and thermal state

LVZ composition. The LVZ region is stated to be partially molten witha
gradientinviscosity and density with respect to the overlying mantle.
The DLMO has been proposed to explain the concentration of HSEs
provided by the geochemical and petrological analyses of lunar
rocks****¢, The lunar rocks are known for their higher contents of TiO,
andFeOthantheEarth (thatis, morethan8%),forexample, refs. 12,24,45.
This Ticontent of lunar basaltsis believed to be related to the late stage
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of magma ocean cumulates that were enriched inilmenite®®. To explain
the high content in HSE, the DLMO has been proposed to explain the
asymmetrical concentration of incompatible trace elements in the
KREEP region®. Itis thought that the DLMO is the consequence of the
lunar magma ocean crystallization. The solidification of the lunar
magma ocean starts as follows: olivine orthopyroxene, anorthitic
feldspars and then clinopyroxene. The ilmenite becomes thus aliquid
Fe-rich phase together with anorthite and clinopyroxene near the
lunar magma ocean solidification (that is, 95% of lunar magma ocean
crystallization)®®'>*, After reaching the ilmenite saturation, the late
cumulates that consist mainly of ilmenite, clinopyroxene and KREEP
components are thus denser than the underlying early mafic cumu-
lates (composed mainly by magnesium olivine and orthopyroxene).
The resulting unstable density stratification beneath the anorthitic
crust may have caused the solid-state cumulate to overturn®? These
underplated dense cumulates may have sunk into the lunar mantle
asthey crystallized, forming thick IBCs, with along-term steady state
owingtoits neutral buoyancy at the CMB®*'2132448 The overturn event
would require some portions of both the Fe-rich IBCs layer and the
underlying magnesium-rich mantle to balance each other, producing
compositional variations in both layers with time®*21>2*48 From the
reanalysis of theilmenite samples, the LVZ probably contains 3-9 wt%
ilmenite with composition between ilmenite100 (FeTiO;) and ilmen-
ite40 (Fe, ,Mg,(Ti0;)), at pressures ranging from1to 5 GPafromthe
reanalysis of ilmenite samples fromrefs.12,13. Moreover, the proposed
range of Fe-Mg content has been chosen because it is in a chemical
equilibriumwith the mafic mantle at the mantle temperatures ranging
between 1,300 and 1,500 K (refs. 13,49). Finally, the range of activa-
tion enthalpies that we use for this work agrees with the estimation
of ref. 50.

Thermal equations. We estimate the temperature ratio between the
mantle-LVZinterfaceand the LVZ-coreinterface AT,,,/Tasafunction
of theratio n7,,/n,yz as proposed by ref. 26:

Mm_
ATz _ n('hvz)
T, HY g Am
" RTm ln('hvz)

for which the temperature at the LVZ-core interface, is a function of
three variables, that is, the temperature of the mantle-LVZ interface
(T, the ratio of the mantle (n,,) and the LVZ (n,,,) viscosities and the
activation enthalpy (H*). The /i ; ratiois estimated fromour results
foreachselected model. The temperature at the mantle-LVZ interface
isdefinedaccordingtoref. 36 at the given depth (z,,; see Extended Data
Table 4). Reference 36 showed marginal posterior probability density
function profiles of the Moon depicting the modelled temperature as
afunction of depth. They have fixed depth node histograms, reflecting
the probability density function of the sampled temperatures. By lining
up these marginals, the temperature can be thought of as contours
directly related to probability occurrence. The range of allowed LVZ
temperaturesis listed in Extended Data Table 4.

Thermodynamical simulations. From the Gibbs energy minimiza-
tion model, we calculated temperature versus density profiles of four
possible chemical compositions inferred from four mineralogical
assemblages: dunite (100% dry olivine), Iherzolite (Earth-like mantle
witholivine + clinopyroxene + orthopyroxene + garnet), 100% ilmenite
(only ilmenite with composition between ilmenitel00 (FeTiO5) and
ilmenite40 (Fe,,Mg, ((Ti0;))) and lherzolite with 8 wt% ilmenite at
LVZ pressure (from4.3t0 4.6 GPa). We performed this calculation using
Perple_X program? with the thermodynamic database of ref. 51.1t con-
siders the mineral-phase transformations computed with the equation
of state of ref. 52. For the mineral solid solutions used in the models, we
used the dataset of ref. 53 for the olivine, clinopyroxene, orthopyroxene

and garnet and the dataset of ref. 54 for the ilmenite. To quantify the
partial melting, we considered the thermodynamical model in the
system KNCFMASHTOCT fromref. 55.
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Extended Data Table 1| Intervals of LVZ densities inferred by tidal deformation and thermodynamical models

Tlmenite-free  Ilmenite-free Ilmenite-rich Ilmenite-rich
Dunite Lherzolite 100% Ilmenite  Lherzolite+8% Ilm

H* (kJ/mol) 86% 500% 275 — 325¢ 275 — 5007
Without inner core
T (K) >2,270 1,835485 1,980+140 1,855+75
LVZ Density from Table 1 3,8844+300 3,8844+300 3,8844+300 3,8844+300
(ke/m?)
Perple_ X density <3,200 <3,390 <3,380 <3,390
(kg/m?)
Possible overlap of density N N N N
‘With inner core
T (K) 1,9254375 1,6704190 1,745+265 1,7304250
LVZ Density from Table 1 3,559+94 3,559+94 3,559+94 3,559+94
(kg/m?)
Perple_ X density < 3,440 3,405+25 3,530+70 3,492+33
(kg/m?)
Possible overlap of density N N Y Y

Comparisons between geophysical constraints extracted from Table 1and thermodynamical simulations using Perple_X. Reference 25. "Reference 26. °Reference 13. “Putative values. The error
bars are given at 20.



Extended Data Table 2 | Selenodetic observables used to
constrain the modelled interior of the Moon

Parameter Value £ 2-0 Reference
Mean radius (km) R 1,737.1 [37]
Total mass (kg) M(x10%2) 7.34630 £ 0.00176 [32)
Moment of Inertia C/MR? 0.393112 + 0.000024 [30]
Gravitational potential TLN ko 0.024059 =+ 0.000352 [30]
Vertical displacement TLN ha 0.0386 : 0.0430 [38, 39]
Monthly quality factor Qr 38+8 [32]
Yearly quality factor Qp 41+18 [32]

The Delaunay arguments F and £ correspond to periods defined by ref. 35 of 27.212days and
365.260days, respectively.
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Extended Data Table 3 | Selenodetic 1D profiles used as inputs for interior modellings of the Moon

Layer Radius Density Rigidity Viscosity Rheology
Unit km kg/m? Pax10'"  logl10(Pa-s)

Crust s i | 2,649 1.60 — Elastic

Mantle 1,698.6 (3,300 : 4,000] 6.56 21 Maxwell
LVZ [450 : 700]  [3,300 : 5,000] 2.48 1 : 30] Maxwell
Core [100 : 450]  [4,000 : 15,000] 0 [1 2.30] Newton

Outer core  [100 : 450]  [4,000 : 15,000] 0 1L =30 Newton

Inner core  [100 : 350]  [4,000 : 15,000] 4,93 = Elastic

General 1D profiles of the Moon interior used as intervals of possible values for the initialization of the random-walk Monte Carlo sampling. Values in brackets are parameters that vary randomly

following a uniform distribution.



Extended Data Table 4 | LVZ characteristics

Symbol Value Unit Reference
R 8.314,462 J KT . mol T -
H* 86:500 kJ/mol [6, 21, 22]
Nm 1x102t Pa-s this study
Tm 1,300:1,500 K [34, 36]

With inner core
Zm 1,195:1,254 km this study
Moz 3%x10'6:5x10'7 Pa-s this study
Without inner core

Zm 1,134:1,226 km this study
Nz 9%1016:1x1020 Pa-s this study

Parameters used for constraining the LVZ temperature.
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