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Abstract—One of the pivoting problems of the geochemistry and geophysics of the Moon is the structure of
its central region, i.e., its core and adjacent transition layer located at the boundary between the solid mantle
and liquid or partially molten core. The chemical composition of the mantle and the internal structure of the
central region of the Moon were simulated based on the joint inversion of seismic, selenophysical, and geo-
chemical parameters that are not directly interrelated. The solution of the inverse problem is based on the
Bayesian approach and the use of the Markov chain Monte Carlo algorithm in combination with the method
of Gibbs free energy minimization. The results show that the radius of the Moon’s central region is about
500–550 km. The thickness of the transition layer and the radii of the outer and inner cores relatively
weakly depend on the composition models of the bulk silicate Moon with different contents of refractory
oxides. The silicate portion of the Moon is enriched in FeO (12–13 wt %, FeO ~ 1.5 × BSE) and depleted
in MgO (Mg# 79–81) relative to the bulk composition of the silicate Earth (BSE), which is in conflict with
the possibility of the formation of the Moon from the Earth’s primitive mantle and does not find an adequate
explanation in the current canonical and non-canonical models of the origin of the Moon. SiO2 concentra-
tions in all zones of the lunar mantle vary insignificantly and amount to 52–53 wt %, and the predominant
mineral of the upper mantle is low-Ca orthopyroxene but not olivine. With respect to Al2O3, the lunar mantle
is stratified, with a Al2O3 content higher in the lower mantle than in all overlying shells. The partially molten
transition layer surrounding the core is about 200–250 km thick. The radii of the solid inner core are within
50–250 km, and the most probable radii of the liquid outer core are ~300–350 km. The physical character-
istics of the lunar core are compared with experimental measurements of the density and speed of sound of
liquid Fe(Ni)–S–C–Si alloys. If the seismic model of the liquid outer core with VP = 4100 ± 200 m/s (Weber
et al., 2011) is reasonably reliable, then this uncertainty range is in the best agreement with the VP values of
3900–4100 m/s of liquid Fe(Ni)–S alloys, with sulfur content up to ~10 wt % and a density of 6200–7000 kg/m3,
as well as with the inverted values of density and velocity of the outer core. The VP values of liquid Fe–Ni–C
and Fe–N–Si alloys at 5 GPa exceed seismic estimates of the speed of sound of the outer lunar core, which
indicates that carbon and silicon can hardly be dominant light elements of the lunar core. The inner Fe(Ni)
core (possibly with an insignificant content of light elements: sulfur and carbon) is presumably solid and has a
density of 7500–7700 kg/m3. The difference in density between the inner and outer cores Δρ ~ 500–1000 kg/m3

can be explained by the difference in their composition.
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INTRODUCTION

One of the key problems of planetology and geo-
chemistry is the origin and composition of the Moon.
Understanding of these issues is important not only
per se but also in the context of the still poorly under-
stood origin of the Earth–Moon system (Urey, 1951;
Levin and Maeva, 1975; Ruskol, 1997; Galimov, 1995;

Discussion Meeting Issue, 2014; Canup, 2014; Nielsen
et al., 2021). The Moon is the only cosmic body of the
Solar System (other than the Earth) whose rock sam-
ples have been studied and on which seismic data have
been acquired. The chemical composition, interpreta-
tions of the inner structure, and physical state of the
Moon strongly depended on models assumed for the
origin of this body, its thermal regime, and its large-
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scale chemical and magmatic differentiation. Studies
of the Moon were launched five decades ago, in the
20th century, with the application of space missions,
such as Luna, Apollo, Clementine, and Lunar Pros-
pector, and were continued in the 21st century by the
probes LRO (Lunar Reconnaissance Orbiter),
GRAIL (Gravity Recovery and Interior Laboratory),
Kaguya/SELENE, Chang’ E, and Chandrayaan, which
made it possible to carry out topographic, mineralog-
ical, and gravitational mapping of the Moon’s surface
and to understand some structural features of the inte-
riors of the Moon. Data thus acquired led to conclu-
sions that were of paramount importance for lunar
geology, geochemistry, and geophysics (Wieczorek
et al., 2006; Lognonné, 2005; Khan et al., 2014; Wil-
liams et al., 2014; Xiao and Head, 2020) but neverthe-
less failed to provide reliable arguments for interpret-
ing the origin of the Moon, its chemical composition,
inner structure, the physical state of its central region,
and the size of its core. Many issues concerning the
origin of the Moon and its thermochemical evolution
remain disputable until nowadays.

Dynamic models of the development of the Moon
are contradictory. Each of them (separation from the
Earth, origin of the Moon from a swarm of bodies
revolving around the Earth, megaimpact, microim-
pacts, the model of synestia, and the model of the ori-
gin of the Moon by means of fragmentation of the low-
density protoplanetary accumulation) provide some
arguments to solve this problem, but none of these
models is able to reasonably well explain some features
of lunar geochemistry because of the absence of an
adequate solution for combining the isotope identity
of some elements (oxygen, silicon, titanium, and
tungsten), depletion of volatile and siderophile ele-
ments, reasonably convincing estimation of the
impactor composition and impact parameters, the
mass ratio of the impactor and target or the mass frac-
tion captured by the swarm when the two bodies col-
lided, the significant differences in the abundances of
FeO and refractory elements compared to those in the
bulk silicate Earth (Levin and Maeva, 1975; Ruskol,
1997; Galimov, 2011, 2019; Hartmann, 2014; Discus-
sion Meeting Issue, 2014; Afanas’ev and Pechernikova,
2019; Canup, 2014; Hosono et al., 2019; Lock et al.,
2019; Nielsen et al., 2021). E.M. Galimov (Galimov,
1995; Galimov and Krivtsov, 2012) was one of the first
to start the development of a geochemical model and
conducting numerical simulations of the evolution of
the Earth–Moon system. The model was based on the
assumption that the Earth–Moon system was pro-
duced not by a megaimpact but by means of fragmen-
tation of a massive gas–dust accumulation, with this
process resulting in relative depletion of the Moon in
Fe during final accretion, the loss of volatiles, and ele-
vated concentrations of refractory elements compared
to the Earth.

Petrological–geochemical and isotope data on
lunar rock samples delivered by space missions can
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place merely weak constraints on the physical proper-
ties of the lunar mantle, and measurements of the heat
flows, selenophysical, electromagnetic, and seismic
studies provide only indirect information on the com-
position and temperature of the lunar interiors. The
problem is further complicated by the fact that the
number of known parameters is smaller than the num-
ber of the unknowns, and it is hard to distinguish
between the composition and temperature effects on
the physical properties. Determining constraints for
the composition, thermal regime, and inner structure
of the Moon is still a key problem of lunar geochemis-
try and geophysics.

One of the criterions of the plausibility of the cur-
rent hypotheses may be the composition of the bulk
silicate Moon (BSM), which is a fundamental geo-
chemical parameter in testing any cosmogonic model
for the origin of the Moon. However, available
Moon’s soil samples fail to provide information on the
composition of the Moon as a whole. The composi-
tion of deep rocks brought to the surface in the form of
xenoliths could have been used (of course, with a cer-
tain proviso) to gain an insight into the composition of
the Moon’s primitive mantle, but regretfully, no such
data are so far available for this Earth’s satellite. At the
same time, the Moon is the only cosmic body (along
with the Earth) for which the velocities of seismic
waves are known to a depth of approximately 1200 km
(these data were acquired under the Apollo program).
Seismic data are, in a sense, the “Rosetta stone” as
offering important information on the Moon’s inner
structure (Lognonné et al., 2003; Garcia et al., 2019),
but these data do not reflect its chemical composition
and thus call for interpreting in terms of chemical and
mineralogical composition.

It is hypothesized that the Moon is depleted in vol-
atile (K, Rb, Cs, Tl, Cd, Zn, etc.) and siderophile (Pt,
Re, Ir, Os, Ni, Co, etc.) elements (Taylor et al., 2006;
Galimov, 2011), whereas the concentrations of major
components are still uncertain. The chemical compo-
sition of the Moon is evaluated using diverse
approaches and methods: condensation and geo-
chemical models (Morgan et al., 1978; Dauphas et al.,
2014), petrological experiments (Ringwood, 1977;
Snyder et al., 1992; Longhi, 2006; Sakai et al., 2014),
and geophysical inversions (Kronrod and Kuskov,
2011; Khan et al., 2007; Lognonné et al., 2003). The
major contradictions concern estimates of the con-
centrations of refractory oxides (CaO and Al2O3) and
FeO (Fig. 1), which played a decisive role in the evo-
lution of the Moon and affected the contents and sta-
bility of the dominant mineral phases (plagioclase,
olivine, pyroxenes, and garnet), physical properties,
and the moment of inertia.

The geophysical models were derived with the
application of a diversity of processing techniques of
data provided by seismic, gravity, and electromagnetic
sounding in combination with numerical simulations
 2021
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Fig. 1. Geochemical and geophysical models of the
Moon’s composition (crust + mantle) according to litera-
ture data in comparison with the bulk silicate Earth
(marked with star in the diagram). References: M78 =
Morgan et al., 1978; R77 = Ringwood, 1977; TWM = Tay-
lor, 1982; J&D89 = Jones and Delano, 1989; S92 = Sny-
der, 1992; L03 = Lognonné et al., 2003; LPUM = Longhi,
2006; Kh07 = Khan et al., 2007; D14 = Dauphas et al.,
2014; K19/Cold, K19/Hot (cold and hot temperature pro-
files of the Moon’s mantle) = Kuskov et al., 2019a, 2019b.
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of phase equilibria (Khan et al., 2007, 2014; Lognonné
et al., 2003; Gagnepain-Beyneix et al., 2006; Kuskov
et al., 2019a, 2019b; Kronrod et al., 2018, 2019, 2020;
Garcia et al., 2019).

The geochemical models are underlain by mate-
rial-balance relations, analysis of the green glasses,
lunar meteorites, the Mg/Si, Al/Si, Mg/Al ratios, and
correlations between the concentrations of Th, U, and
refractory oxides (Ringwood, 1977; Snyder et al.,
1992; Taylor et al., 2006; Jones and Delano, 1989;
Longhi, 2006; Dauphas et al., 2014). The two
“polar” models for the composition of the Moon
most commonly discussed in geochemical literature
are (i) the TWM (Taylor Whole Moon) model, in
which the Moon is approximately 50% enriched rela-
tive to the Earth in refractory oxides (Taylor, 1982),
and (ii) the LPUM (Lunar Primitive Upper Mantle)
model, in which the concentrations of refractory
oxides are close to those in the Earth, at ~4% Al2O3
(Longhi, 2006). The models offer as much as almost
twice different FeO concentrations (Fig. 1), i.e., no
consensus has been reached so far about the FeO con-
centration (Kuskov and Kronrod, 2000; Sossi and
Moynier, 2017). Uncertainties in the estimates of the
concentrations of major components make it possible
to tailor models for the Moon both as those close to
the bulk silicate Earth composition and as enriched in
Al2O3 and CaO. Because the seismic wave velocities
and density depend on the chemical and mineralogical
composition, it is reasonable to anticipate than models
of the Moon with different concentrations of FeO and
refractory oxides shall differ from one another in the
distributions of density and seismic wave velocities.
GEOCHE
Uncertainties also remain in what concerns the
inner structure and physical state of the Moon’s cen-
tral region with parameters T ~ 1700–2000 K and P ~
4.5–5 GPa. One of the key problems of the Moon’s
geophysics is studying its core and adjacent transition
layer, which is a zone of low velocity /viscosity (LVZ,
standing for the low-velocity/low-viscosity zone) and
the boundary between the solid mantle and liquid or
partially molten core, which can be provisionally
referred to as layer L'', by analogy with layer D''
between the Earth’s core and mantle. Determining the
sizes, composition, and physical properties of the
Moon’s central region is necessary for understanding
the thermal regime, the history of the lunar dynamo,
and the origin and evolution of the Moon.

Impressive progress in studying the central region
of the Moon was achieved by analyzing data acquired
by electromagnetic and selenophysical studies carried
out by the Lunar Prospector, GRAIL, LLR, and
Kaguya missions (Hood et al., 1999; Williams et al.,
2001, 2014; Khan et al., 2014; Shimizu et al., 2013;
Raevskiy et al., 2015). The possible occurrence of a
partial melting zone in the bottom part of the Moon’s
mantle may follow from the absence of deep-focus
moonquakes (Nakamura, 2005), from analysis of seis-
mic data (Weber et al., 2011), and data on the Moon’s
laser location (Williams et al., 2001) and its gravity
field (Williams et al., 2014). A seismic model of the
Moon’s central region without partly molted layer was
proposed in (Garcia et al., 2011).

The evidence provided by petrological–geochemi-
cal analysis is more circumstantial and is partly related
to the idea of lunar magma ocean (LMO). It is esti-
mated to be constrained within the depth range from
500 km to the region of partial or complete melting of
the whole Moon (Shearer et al., 2006). This is one of
the principal still-unresolved issues of the Moon’s
magmatic evolution. Solutions of this problem largely
depend on the composition of the mantle, seismic
boundaries, and the model for Moon origin, which
involve many uncertain parameters. LMO crystalliza-
tion resulted in a sequence of cumulus layers consist-
ing of various mineral assemblages, and this process
was associated with the development of a light anor-
thosite crust underlain by a thin layer of cumulates
with high TiO2 and FeO concentrations and, at greater
depths, by a thick layer of pyroxene–olivine cumulates
(Shearer et al., 2006; Xiao and Head, 2020). It is
hypothesized that a density inversion can occur in these
layers under certain conditions (Wieczorek et al., 2006;
Yu et al., 2019; Khan et al., 2014). The gravitational
instability leads to whole-mantle overturn because of
the crystallization of denser ilmenite-bearing cumu-
lates that contain radioactive elements (U, Th, and K)
and generate heat. This process is favorable for the
generation of deep partly molten material enriched in
FeO and TiO2 (van Kan Parker et al., 2012; Khan
et al., 2014).
MISTRY INTERNATIONAL  Vol. 59  No. 11  2021
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The average density of the Moon suggests that it
possesses a relatively small metal core, but the compo-
sition of the latter and its physical properties and sizes
are disputable. Iron deficit in the Moon is a pivoting
issue in discussions of its origin (Galimov, 1995, 2019).
Although seismic data are still insufficient for unam-
biguous identification of the inner structure of the
core, the first ever constraints on the Moon’s core
radius were reported in (Garcia et al., 2011; Weber
et al., 2011). These estimates were derived from data of
the Apollo experiments, using techniques for process-
ing seismic arrays based on the analysis of lunar seis-
mograms with regard to waves reflected from the core.

Assuming adiabatic compression of homogeneous
material, the radius of the Moon’s liquid core was
estimated in (Garcia et al., 2011) at 380 ± 40 km, and
the average density was evaluated at ρ = 5.2 ±
1 g/cm3. The velocities of seismic waves in the liquid
core have not been evaluated, and no solid inner core
has been indentified, although its presence is not
ruled out. A more detailed model for the central
region presented in (Weber et al., 2011) includes a
central region consisting of a molten layer about
150 km thick, with a viscosity of 2 × 1016 Pa s (Harada
et al., 2014), an outer liquid Fe–S core, which is
thought to contain ≤6 wt % sulfur and have a radius
R = 330 ± 20 km and ρ = 5.1 g/cm3, and a solid inner
core (containing an uncertain sulfur concentration)
with R = 240 ± 10 km and ρ = 8 g/cm3. The signifi-
cant differences between the models highlight the
uncertainties in the interpretations of the inner struc-
ture of the central region.

The Earth’s core may contain relatively much (up
to ~10 wt %) of one or more light elements, such as S,
O, S, C, and H (Kuskov, 1981; Litasov and Shatsky,
2016). The composition of some of the terrestrial plan-
ets and large satellites (Moon, Io, Europa, and Gany-
mede) is often interpreted as model Fe–S alloy (Kus-
kov and Kronrod, 2000; Khan et al., 2007; Weber
et al., 2011; Jing et al., 2014; Lebedev et al., 2016;
Morard et al., 2018; Pommier, 2018). Sulfur concen-
trations vary from ~2 wt % in carbonaceous and ordi-
nary СО and СV chondrites to 6 wt % in enstatite and
carbonaceous CI chondrites (Jarosewich, 1990). All
light elements more or less decrease the density of
solid iron alloys, whose liquidus temperatures are
lower than 1800 K under Moon’s core pressure (and
depending on the Si, S, and C concentrations).

Experimental information on physicochemical
properties of Fe alloys under the P–T parameters of
large satellites (~5–10 GPa, ~1500–2000 K) became
available relatively recently and is still very scarce. The
density of Fe–S–C–Si alloys was measured by static
techniques (Balog et al., 2003; Morard et al., 2018),
the speed of sound was measured by ultrasonic meth-
ods (Nishida et al., 2020; Terasaki et al., 2019), and
their Fe–S solutions were simulated by methods of
molecular dynamics (Belashchenko, 2014; Kuskov
GEOCHEMISTRY INTERNATIONAL  Vol. 59  No. 11 
and Belashchenko, 2016), using the potential of the
embedded atom model. A combination of methods of
inelastic scattering of X-rays and X-ray diffraction was
applied to estimate the densities and speed of sound of
bcc-Fe and fcc-Fe (Antonangeli et al., 2015). Avail-
able theoretical and experimental data on the physical
properties indicate than the Moon’s core is dominated
by Fe(Ni) alloy containing admixtures of S, C, and Si
(Kuwabara et al., 2016; Terasaki et al., 2019). Current
understanding of this problem is insufficient for giving
preference to any of these elements.

Data on the composition and inner structure of the
Moon’s multilayer mantle based on the joint inversion
of the integral set of gravitational, seismic, and petro-
logical–geochemical data that are not interrelated
directly with one another (Kronrod et al., 2018, 2019;
Kuskov et al., 2019a, 2019b) were used in this study to
analyze structural features of the deepest interiors of
the satellite, namely, its central region. Analysis of the
problem is based on the Bayesian approach, with the
application of Markov chain Monte Carlo algorithm
in combination with the method of Gibbs free energy
minimization for calculating the equilibrium compo-
sition of the mineral assemblage and physical proper-
ties of the mantle as approximated by the Na2O–
TiO2–CaO–FeO–MgO–Al2O3–SiO2 (NaTiCFMAS)
system. The principal geophysical boundary condi-
tions were placed based on data of experiments under
the Apollo program and data of the GRAIL mission
aimed at studying the Moon’s gravity field (seismic
wave traveling time, radius, mass, moment of inertia,
second-degree Love number, and monthly and annual
Q-factors). This formulation is unusual in that geo-
chemical parameters of the bulk silicate Moon are uti-
lized as observed values to calculate the likelihood
function (Khan et al., 2007; Matsumoto et al., 2015;
Kronrod et al., 2018). This was done with applying
constraints upon the bulk Moon composition with ter-
restrial CaO and Al2O3 concentrations (model E) and
a model with high concentrations of refractory oxides
(model M). The Moon’s core is modeled by the Fe–S
two-component system. The geophysical models of
the core are compared with experimental data on the
compressibility of liquid iron alloys and speed of
sound in them. The solution of the inverse problem
was anticipated to yield models for the inner structure
of the Moon and are best (in certain aspects) consis-
tent with the seismic, selenophysical, and geochemi-
cal constraints.

MODEL FOR THE MOON’S CHEMICAL 
COMPOSITION AND INNER STRUCTURE

Herein we analyze a Maxwellian viscoelastic model
of the Moon that is differentiated into shells as a result of
the partial melting of an initially homogeneous body.
The model of the Moon consists of nine layers (Kronrod
et al., 2018): megaregolith, crust, four-layer mantle,
transition layer of low velocity/viscosity (LVZ), outer
 2021
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liquid core, and inner solid core. The input parameters
were data of the Apollo and GRAIL experiments and
geochemical constraints placed onto the bulk Moon
composition as observed data when the likelihood func-
tion was calculated (Kronrod et al., 2019).

Boundary conditions. The main boundary condi-
tions for the inversion procedure were the following
selenophysical and seismic parameters: the mass
(7.3463 × 1022 kg), average radius (1737.151 km),
dimensionless moment of inertia (MOI = IS =
(I/MR2) = 0.393112 ± 0.000012), second-order Love
number k2 = 0.02422 ± 0.00022 (Williams et al., 2014),
monthly (Qm = 38 ± 4) and annual (Qa = 41 ± 9) quality
factors (Williams and Boggs, 2015), and the travel times
of seismic waves (Lognonné et al., 2003), including
177 P-waves and 125 S-waves from 59 sources (24 deep
moonquakes, 8 shallow moonquakes, 19 meteoroid
impacts, and 8 artificial impacts). Inasmuch as the
greatest uncertainty is involved in the seismic observa-
tions, it is assumed that an increase in the dispersion
στn of the travel time shall lead to a solution that is con-
sistent with all the observed geochemical and geo-
physical parameters. The numerical experiments with
a threefold error στn=3στnL (relative to data in Log-
nonné et al., 2003) have shown a good compatibility
with the geochemical and seismic constraints (Kro-
nrod et al., 2020). All of the parameters show a nor-
mal, or almost normal, distribution. All calculation
results are reported with errors στn=3στnL. The Love
number was calculated using the program code
(Kamata et al., 2015).

Crust. In earlier publication, the crustal thickness
at the Apollo 12, 14, and 16 landing sites was estimated
at approximately 80 km (Wieczorek et al., 2006).
Progress in techniques applied in analysis of Apollo
seismic information and the availability of recently
acquired GRAIL data on the Moon’s gravity field and
topography enabled acquiring more reliable estimates
of the density and thickness of the crust (Lognonné
et al., 2003; Wieczorek et al., 2013): the average crustal
thickness varies within the range of 34–43 km.
A decrease in the crust thickness by factors of 1.5 to
2 implies the simultaneous decrease in the bulk Al
oxide concentration in the Moon, which provides
additional arguments in support of the theory of equal
abundances of refractory elements in the Earth and
Moon (Longhi, 2006; Dauphas et al., 2014). We
assumed that the crust is made up of a megaregolith
layer 1 km thick and crust itself, 34 km thick, whose
average density is ρcrust = 2590 kg/m3 (Wieczorek
et al., 2013). The average velocities of seismic waves in
the megaregolith and crust were assumed according to
the model (Weber et al., 2011), and the composition of
the crust was assumed according to (Demidova et al.,
2007; Taylor, 1982).

Mantle. In the absence of samples of the Moon’s
deep material, information on its mantle structure and
composition can be derived solely from indirect
GEOCHE
sources, such as analysis of basalts and volcanic glasses,
as well as sets of geophysical data. Current geochemi-
cal and geophysical models of the mantle are not
always equally detailed and are fairly often mutually
inconsistent, because they have been developed based
on the axiomatics of different methodologies and dif-
ferent information data system.

All published as of yet velocity sections through the
mantle that are based on data sets of the traveling times
of P- and S-waves notably differ from one another.
This is explained by that inverse problems, even with
a priori constraints, do not have unique solutions.
Processing of data on the Apollo seismic experiments
allows for a zoned inner structure of the mantle and
the occurrence of a number of seismic boundaries
within the Moon’s interiors. Analysis of the early dif-
ferentiation of the Moon and the segregation of the
continental anorthosite crust, considered together
with the age of lunar rocks, resulted in the LMO
hypothesis, which is usually understood as the outer
Moon’s layer that has underwent partial melting
(Shearer et al., 2006; Xiao and Head, 2020). The
LMO hypothesis was utilized as an additional petro-
logical constraint placed upon the composition of the
mantle in the form of balance proportions of concen-
trations of major oxides (Kuskov et al., 2019a, 2019b).

The LMO hypothesis assumes that the composi-
tion of the primary lunar mantle not affected by mag-
matic differentiation shall be identical to the modern
composition of the homogeneously mixed overlying
layers (the crust and the upper and middle mantle),
which were produced by LMO differentiation up to a
depth of 750 km. This depth corresponds to a sharp
seismic boundary (Lognonné, 2005; Gagnepain-
Beyneix et al., 2006). This boundary is thought to be a
chemical discontinuity that marks the LMO bottom
and reflects the transition from cumulates to the
undifferentiated primitive mantle that has never been
affected by partial melting. This assumption implies
that the composition of the primary lower mantle,
which is identical to the composition of the magma
ocean, shall reflect the composition of the bulk silicate
Moon. Differentiation to a depth of 750 km implies
that aluminum contained in the crust has been
extracted from the homogeneously mixed upper lay-
ers. According to the model (Gagnepain-Beyneix
et al., 2006), the mantle is subdivided into the follow-
ing four layers: (i = 1–4), whose boundaries occur at
constant depths of 34, 250, 500, and 750 km: upper
mantle (Mantle 1, 34–250 km), middle mantle (Man-
tle 2, 250–500 km + Mantle 3, 500–750 km), and
lower mantle (Mantle 4, 750 km to the LVZ top),
whose thicknesses are determined by solving the
inverse problem. The viscosity of these mantle layers is
assumed to be 1021 Pa s. If LMO evolved at convective
stirring, then this had to led to mixing of the composi-
tion of the upper and middle mantle, whereas the
primitive lower mantle did not differentiate. Accord-
ing to this assumption, we a priori assume that the
MISTRY INTERNATIONAL  Vol. 59  No. 11  2021
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Fig. 2. Potential temperature range in the Moon’s mantle.
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chemical composition of the upper mantle layers, being
equal C(Mantle 1) = C(Mantle 2) = C(Mantle 3), is a
parameter, i.e., varies at each calculation iteration
(each step in the chain). At specified boundary condi-
tions, the composition of the undifferentiated lower
mantle C(Mantle 4), which reflects the composition
of the bulk silicate Moon (BSM), is not a parameter,
depends on the concentrations of oxides in the overly-
ing shells (crust and upper three mantle layers), and
can be calculated from material-balance relations
(Kronrod and Kuskov, 2011). Because the boundaries
occur within the mantle at unvariable depths (250,
500, and 750 km), the mantle thickness is determined
in the course of calculations, i.e., the depth of the LVZ
bottom is a parameter.

Mantle temperature. Although the thermal history
of the mantle is discussed in the fairly extensive litera-
ture, the temperature remains one of the most disput-
able and uncertain parameters of lunar interiors. Tem-
peratures derived from thermal models are Т40 ~
400оС at the crust–mantle boundary, Т150 ~ 500–
700оС, Т500 ~ 800–1000оС in the upper mantle (Kuskov
et al., 2014), and T ~ 1300–1500оС at the core–mantle
boundary (Weber et al., 2011; Khan et al., 2007). The
temperature range according to literature data satisfies
the constraints (Karato, 2013; Khan et al., 2014; Kro-
nrod et al., 2019; Kuskov et al., 2019a, 219b)

(1)

(Fig. 2), and the temperature increases toward the
core boundary.

The two scenarios of the thermal state of the man-
tle discussed in (Kuskov et al., 2019a, 2019b) corre-
spond to cold and hot selenotherms, with T < 1400°C
at a depth of 1400 km, which is a temperature value
lower than the solidus temperature of the pyroxenite or
peridotite mantle (Ringwood and Essene, 1970). Pro-
cessed GRAIL gravity data imply that temperature at
the mantle–core boundary may reach (or even
exceed) the solidus temperature (Khan et al., 2014;
Williams et al., 2014). Calculations of the chemical
composition and physical properties of the mantle
within the temperature range shown in Fig. 2 are pre-
sented in (Kronrod et al., 2019). To reduce the num-
bers of the unknowns, the temperatures at the average
depths of the upper, middle, and lower mantle are
taken here up to be equal

(2)

Geochemical models of the composition of the
Moon. The chemical composition and physical prop-
erties of each mantle zone were modeled within the
framework of the Na2O–TiO2–CaO–FeO–MgO–
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Al2O3–SiO2 (NaTiCFMAS) system; all other details
are described in (Kuskov et al.,1989; Kuskov and Kro-
nrod, 2009; Kuskov et al., 2014). Drastic changes in
composition and physical properties are allowed to
occur only at zone boundaries. Within each zone, the
composition, physical properties, and temperature are
assumed to be constant and equal to the values at cer-
tain middle points in the vertical sections of the man-
tle, in combination with the natural condition that no
density inversion occurs (Kronrod and Kuskov, 2011).

Based on the current understanding of the problem
(Fig. 1) and with regard to geochemical contradictions
between the TWM (Taylor, 1982; Taylor et al., 2006)
and LPUM (Longhi, 2006) models, models for the
bulk Al2O3 concentration С(Al2O3) can be classified
into two types (Kronrod et al., 2018, 2019; Kuskov
et al., 2019a, 2019b): models of the terrestrial type, with
3.5 ≤ CE(Al2O3) ≤ 4.5 wt % (models E, Al2O3 ~ 1 ×
BSE) and models significantly enriched compared to
the bulk silicate Earth. As seen in Fig. 1, all estimates,
except (Dauphas et al., 2014; Longhi, 2006), of FeO
concentration in the Moon lie within the range 11 ≤
С(FeO) ≤ 14 wt %.

Inversion based on the Markov chain Monte
Carlo algorithm enabled the evaluation of the bulk
concentrations of oxides in the bulk silicate Moon.
Figure 3 shows estimated bulk FeO concentrations
(Kronrod et al., 2018); and analogous estimates have
been done for Al2O3.

In both BSM models, the average values of geo-
chemical parameters of the BSM composition are
assumed as observed values in calculating the likeli-
hood function (Kronrod et al., 2018):

(3)
( )
( )

( )

= ±
= ±

= ±

E 2 3
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Fig. 3. Posterior probability distribution of the bulk FeO concentrations in the silicate Moon (crust + mantle).
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Oxide concentrations in the upper, middle, and
lower mantle, as approximated by the NaTiCFMAS
system, were varied with 1% increments within the
following ranges (in wt %):

(4)

with the Al2O3 and CaO concentrations interrelated
through the chondrite dependence CaO ~ 0.8Al2O3
(Ringwood, 1977), and the concentrations of other
oxides were assumed to be constant: 0.05 wt % for
Na2O and 0.2 wt % for TiO2 (Snyder et al., 1992).

It is pertinent to mention that variations in the con-
centrations С(FeO) and С(Al2O3) complicatedly affect
the physical properties, for example, because the shear
modulus of a rock depends on its FeO content. For
instance, an increase in С(FeO) and decrease in
С(Al2O3) result in a decrease in the velocities of the
seismic waves but can counterbalance the change in
the density (Kuskov et al., 2011). An increase in
C(FeO) leads to a decrease in the shear modulus and
VS and an increase in the density of the rock. An
increase in C(Al2O3) changes the phase proportions
and increases the content of garnet, whose density and
shear modulus are higher than those of olivine and
pyroxene. A simultaneous increase in C(FeO) and
C(Al2O3) compensates the changes in the velocities
because of a decrease in the shear moduli of minerals,
the increase in the garnet content, and the increase in
the rock density. Hence, variations in C(FeO) and
composition from material depleted in refractory ele-
ments to more fertile material nontrivially affects the
seismic properties and density of the rock. Moreover,
fertilization is associated with changes in the phase
proportions, for example, a decrease in the content of
orthopyroxene and an increase in the garnet content.

Transition layer. The occurrence of a transition
layer at the boundary between the solid mantle and
liquid outer core is questioned. Analysis of the Moon’s
laser ranging has shown that the dissipative losses
related to the rotation of the Moon may be induced by
interaction at the topographic boundary between the

≤ ≤ ≤ ≤
≤ ≤ ≤ ≤

2

2 3

25 MgO 45%, 40 SiO 55%,  
5 FeO 15%, 0.1 CaO, Al O 7%,
GEOCHE
solid mantle and liquid core. This also indirectly fol-
lows from selenophysical and electromagnetic data
and from seismic wave attenuation in the bottom part of
the lower mantle (Nakamura, 2005; Khan et al., 2014;
Williams et al., 2001; Williams et al., 2014), as well as
from the reanalysis of seismic data (Weber et al., 2011).
The presence of a layer of elevated dissipation in the
bottom portion of the mantle is consistent with the fre-
quency dependence of the Q factors (Williams et al.,
2014; Matsumoto et al., 2015; Harada et al., 2014),
although some Moon models can be devoid of LVZ
(Garcia et al., 2011; Matsuyama et al., 2016; Karato et al.,
2013). The formulation of the problem involves a layer
of low viscosity, and the thickness of this layer and its
physical properties are found by solving the inverse
problem; and the viscosity is calculated according to
(Harada et al., 2014; Matsumoto et al., 2015).

Core. Although results of the Apollo experiments
and their mathematical processing gave rise to a num-
ber of seismic models of the Moon, they are not able
to provide direct information on the presence of a core
(Lognonné, 2005). Later data, which were based on
the consistencies in the stacks of data of different type,
suggest that the Moon possesses a solid inner core and
a liquid outer one, which is overlain by a partially mol-
ten layer, whose thicknesses is evaluated accurate to a
few dozen kilometers (Weber et al., 2011; Khan et al.,
2014). Because the foci of the deepest moonquakes
occur at a depth of ~1200 km, the radius of the core
shall not exceed 500 km (Weber et al., 2011; Garcia
et al., 2011). Although the presence of a metallic core
200–400 km in radius is compatible with geophysical
data, such light elements as sulfur, carbon, and silicon,
which decrease the density and melting temperature of
liquid iron, may have been brought into the core as a
consequence of accretion and differentiation of LMO.
It is assumed here that the Moon’s core consists of an
outer liquid core (with a shear modulus μ = 0 Pa and
viscosity of 0 Pa s) and a solid inner core, whose seismic
properties (VP and VS) still have to be evaluated. The
average density of the inner Fe core or Fe core, which
contains a low S concentration, is ρ = 7500 kg/m3,
according to (Kuskov and Belashchenko, 2016). The
MISTRY INTERNATIONAL  Vol. 59  No. 11  2021
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density of the outer liquid core is found by solving the
inverse problem.

Inversion, solution technique. Determining param-
eters of the inner structure of the Moon, which was
differentiated as a result of the partial melting of the
originally homogeneous body, is based on the joint
inversion of the aforementioned geochemical, gravita-
tional, and seismic constraints with regard to material-
balance relations. The problem is solved with the appli-
cation of the Markov chain Monte Carlo (MCMC)
algorithm (Khan et al., 2007; Matsumoto et al., 2015;
Kronrod et al., 2018) in combination with minimiza-
tion of the Gibbs free energy and the Mie–
Grüneisen–Debye equation (Kuskov et al., 1983;
Kuskov and Kronrod, 2009) to calculate the equilib-
rium composition of the mineral assemblages and
physical properties of the mantle within the frame-
work of the NaTiCFMAS system, using the THER-
MOSEISM database, with regard to phase transitions
and anharmonicity. The assumed independent com-
ponents are oxides in the anhydrous NaTiCFMAS
system, which form phases of constant and variable
composition (Kuskov et al., 2014; Kuskov et al., 1989).
Elements whose concentrations are low are ignored.
Bivalent iron is assumed to be the dominant mode of
iron occurrence in the Moon’s mantle, because
reducing conditions in the lunar interiors occur at oxy-
gen fugacity close to or below the IW buffer (Wiec-
zorek et al., 2006; Rai and van Westrenen, 2014).

As was mentioned above, some parameters were
assumed to be constant: these are the chemical com-
position and physical properties of the crust, the
temperature and thickness of the upper and middle
mantle, the density of the inner core, the viscosity of
the solid layers, and the bulk Na2O and TiO2 concen-
trations. The SiO2 concentration is not a parameter
because the NaTiCFMAS system is normalized to
100%. Concentrations of oxides in the lower mantle
are calculated from material-balance relations. The
overall number of parameters to be evaluated is four-
teen: Al2O3, FeO, and MgO concentrations in the
differentiated mantle layers (they are equal in all of
the three upper mantle layers, Mantle 1–3), the
thickness of LVZ, the radii of the outer and inner
core, the density, and bulk and shear moduli of LVZ,
inner and outer core (except the shear modulus of the
liquid outer core and the density of the inner core),
and the viscosity of LVZ.

Concentrations of major oxides in the upper man-
tle layers are parameters of the model and are used (at
each iteration in the chain) to calculate (with the
THERMOSEISM program complex) the elastic
parameters (the densities and the bulk and shear mod-
uli), which are, in turn, involved in the calculations of
the travel time and eventually in the calculations of the
likelihood function (LHF). In this formulation, the
latter is written in the form (Matsumoto et al., 2015;
Kronrod et al., 2018):
GEOCHEMISTRY INTERNATIONAL  Vol. 59  No. 11 
(5)

where dobs, dcal(m), σ, and τn denote the observed data
and those calculated by model m, the uncertainties of
the observed data and the nth travel time of seismic
waves, respectively. The bulk Al2O3 and FeO concen-
trations are denoted (Albulk) and (Febulk).

The likelihood function show how much the theo-
retical values deviate from the observed ones with
regard to that the difference between the calculated
and experimentally determined values is no greater
than the specified error. The solution for the required
parameters is determined from their a posteriori distri-
bution. The space of the parameters was tested by 21 ×
106 MCMC iterations with ten parallel chains. The
length of each chain was three million, with the first
30% of the samples rejected at processing. The inver-
sion yields a probable model for the Moon that is best
(in a sense) consistent with the set of geophysical and
geochemical constraints.

RESULTS AND DISCUSSION

The problem is formulated as follows: at specified
selenophysical, seismic, and geochemical conditions
for the model of the inner structure of the Moon,
which were selected as observed values for calculating
the likelihood functions, the model yields the chemi-
cal composition of the mantle, physical properties
(velocities of P- and S-waves and densities) of the
mantle and central region, the thickness of the transi-
tion layer, and the sizes of the Fe–S core. All of the
aforementioned parameters are determined by solving
an inverse problem at geochemical constraints placed
on the bulk composition CE,M(Al2O3) and СE,M(FeO)
according to (3) within the concentration ranges (4),
with regard to constraints (2) on the temperature dis-
tribution.
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Fig. 4. Inversion results for evaluating the LVZ thickness used in geochemical models E and M with a triple error στn = 3στnL of
the travel time of seismic waves according to (Lognonné et al., 2003).
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Concentrations of FeO in all successful E and M
models in all mantle zones and in the silicate Moon
(crust + mantle) are almost constant: 12–13 wt %.
The narrow range of the FeO concentrations is consis-
tent with earlier results (Kuskov and Kronrod, 2000;
Lognonné et al., 2003; Khan et al., 2007; Sakai et al.,
2014; Kronrod et al., 2019; Kuskov et al., 2019a,
2019b), which indicates that the results of the inver-
sion of geophysical data in terms of chemical compo-
sition are robust. Conversely, geochemical and cos-
mochcemical estimates of BSM are broadly scattered:
from 7.6% FeO (Longhi, 2006) to 13–14% FeO (Mor-
gan et al., 1978; Taylor et al., 2006).

SiO2 concentrations in all zones of the Moon’s
mantle vary insignificantly and are 52–53 wt % in
models E and M. Much SiO2, and hence, a high
pyroxene content, are geochemical implications of
the inversion of geophysical data. The most reliable
result was obtained for the upper mantle consisting
mostly of olivine-bearing pyroxenite, whose domi-
nant mineral is low-Ca pyroxene but not olivine.
This result is compatible with the inversion of Apollo
seismic data (Lognonné et al., 2003; Khan et al.,
2006; Kuskov et al., 2019a, 2019b) and with petrolog-
ical (Ringwood and Essene 1970; Moriarty et al.,
2021) and spectral observation according to data of
the Kaguya and Chang’E missions (Li et al., 2019;
Lemelin et al., 2019).

Conversely, the mantle is stratified in terms of
Al2O3, with a higher concentration of this component
in the lower mantle (= BSM) than in the overlying
shells (Kronrod et al., 2019). For model E,
СE(Al2O3)low mantle = СE(Al2O3)bulk ~ 4.2 wt % (Al2O3 ~
1 × BSE), which is close to the estimates in (Khan
et al., 2007; Kronrod and Kuskov, 2011). For model M,
СM(Al2O3)low mantle = СM(Al2O3)bulk ~ 5.6 wt % (Al2O3 ~
1.4 × BSE), which is close to the estimates in (Log-
nonné et al., 2003; Kuskov et al., 2019a, 2019b). Con-
tent of garnet of the approximate composition
Py70Al25Gr5 in the lower mantle may be as high as 10%
in model E and up to 15% in model M.
GEOCHE
Transition Layer

The thickness and physical parameters of the par-
tially molten layer of low viscosity or rigidity according
to geochemical models E and M are shown in Figs. 4
and 5. The differences in the chemical/mineralogical
composition and, hence, in the density of the mantle
in models E and M are obviously small and only insig-
nificantly affect parameters of LVZ. The LVZ region
approximately 200–250 km thick (Fig. 4) occurs at
depths of ~1200 to ~1400 km. It is hard to further con-
strain the range of the values because the thickness of
LVZ may be negatively correlated with the outer core
radius (Matsumoto et al., 2015). Current estimates of
the LVZ thickness lie within the range of 150–200 km
(Weber et al., 2011; Khan et al., 2014).

Parameters of the LVZ layer (its thickness, viscosity,
density, and elastic moduli) were varied within broad
limits. Most of the successful solutions do involve a LVZ
layer, although the simulated distributions of physical
properties of LVZ (Fig. 5) are far from normal and
broadly vary. For both E and M models, the probable
seismic wave velocities lie within the range of 7.3–
8 km/s for VP and 3–3.5 km/s for VS (Fig. 5), which is
in reasonably good agreement with (Weber et al., 2011;
Matsumoto et al., 2015). According to data in (Williams
et al., 2014), VP = 7.16 km/s and VS = 2.7 km/s.

Based on interpretations of data on the Moon’s
laser ranging and the Apollo and GRAIL experiments
(Williams et al., 2001, 2014; Weber et al., 2011; Harada
et al., 2014), some researchers suggest that a partly
molten layer occurs above the liquid core. The pres-
ence of such a layer is consistent with the moment of
inertia, tidal Love number, and Q factor. Matsumoto
et al. (2015) have found out that the occurrence of a
low-velocity zone more than 170 km thick is required
for consistency with the observation data. The poten-
tially possible presence of a zone of higher dissipation
in the bottom of the mantle, at its boundary with the
core, follows from interpretations of geophysical data
(Khan et al., 2014). Our data (Fig. 5) suggest that a tran-
sition layer L'' shall be present in the bottom part of the
Moon’s mantle, which is characterized by a low VS.
Williams et al. (2014) also believe that this zone has
MISTRY INTERNATIONAL  Vol. 59  No. 11  2021
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Fig. 5. 2D Posterior probability distribution derived with the inversion of seismic, selenophysical, and geochemical (models E
and M) constraints on the distribution of P- and S-wave velocities and density in the transition layer, with a triple error of the
travel time στn = 3στnL. Vertical dashed lines show the values of the model (Weber et al., 2011).
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low VS, whereas Harada et al. (2014) hypothesize that
a superlow viscosity may occur in the bottom part of
the mantle. Based on the joint inversion of seismic and
gravity data, Raevskiy et al. (2015) have determined
that the model and experimentally estimated Love
numbers can be made consistent by assuming that
shear modulus may be lower in the bottom of the man-
tle, which can be interpreted as the occurrence of a
partial melting zone of mantle material in the vicinities
of the core.

Conversely, Nimmo et al. (2012) suggest that a vis-
coelastic dissipative layer without melting may occur
in the bottom of the mantle. Matsuyama et al. (2016)
have constrained the density of the transition layer
within 3500 to 5090 kg/m3 but thought that observa-
tion data are still insufficient to demonstrate either the
presence or the absence of a transition layer. Karato
et al. (2013) have arrived at the conclusion that partial
melting is hardly possible, and Garcia et al. (2011)
have not identified layer L'' at all.

The density of LVZ is of crucial importance for
understanding the stability of the layer, i.e., whether
this layer is characterized by positive, negative, or neu-
tral buoyancy with respect to the bulk density in mod-
els E and M. The inversion results show that the den-
sity of LVZ layer (Fig. 5) is higher than 3400 kg/m3,
which is in reasonably good agreement with geophysi-
cal data (Matsumoto et al., 2015; Weber et al., 2011;
Khan et al., 2014). For geochemical models E and M,
mantle density values at depths from 750 km to the
LVZ boundary are varied from 3398 kg/m3 for models
Е to 3409 kg/m3 for models М and are close to the
lower limit for the LVZ density (Fig. 5), which is in
good agreement with experimental results (van Kan
Parker et al., 2012) and shows that the melts of lunar
black glasses that contain ~16 wt % TiO2 and have a
density of about 3400 kg/m3 are characterized by neu-
GEOCHEMISTRY INTERNATIONAL  Vol. 59  No. 11 
tral buoyancy at the mantle–core boundary. Khan
et al. (2014) have also arrived at the conclusion that
the Moon’s deep interiors shall involve a partly molten
layer 150–200 km thick, which is enriched in FeO and
TiO2 and has a density of 3250–3450 kg/m3, as is typ-
ical of lunar magmas with moderate and high TiO2
concentrations (<15 wt % TiO2). The occurrence of
such partly molten material, which is enriched in
radioactive elements, prevents core cooling and main-
tains the outer part of the core in a liquid state, as fol-
lows from analysis of LLR data (Williams et al., 2001).

Core
Results of inversion aimed at determining parame-

ters of the Moon’s core are shown in Fig. 6. For mod-
els E and M, the radius and density of the liquid outer
core (Roc and ρoc) are presented, along with the radius
of the solid inner core (Ric), at a constant density ρic =
7500 kg/m3. Evidently, neither the differences in com-
position nor those in the density between models E
and M only insignificantly affect parameters of the
core. This is explained by that the physical properties
of the mantle were determined in models E and M
from consistency with available data on the travel
times of P- and S-waves in the mantle only to a depth
of ~1200 km (Lognonné et al., 2003; Weber et al.,
2011), because seismic sources for greater depths are
absent.

In both model E and M, the probable radii of the
outer core Roc ~ 300–350 km (Fig. 6) are consistent
with processed experimental Apollo data Roc = 330 ± 20
(Weber et al., 2011) and Roc = 380 ± 40 km (Garcia
et al., 2011). The density and speed of sound in the
outer core are ρ = 4500–7500 kg/m3 and VP = 4000–
5000 m/s, with these values lying within the inversion
range (Matsumoto et al., 2015). The radii of the solid
 2021
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Fig. 6. Posterior probability distribution derived with the inversion of seismic (στn = 3στnL) and selenophysical constraints and
geochemical models E and M for the radii and density of the outer f luid core and the radii of the inner solid core. Horizontal bars
for models E and M shows the sizes of the core according to data of GRAIL (Williams et al., 2014) and Apollo (Weber et al., 2011;
Garcia et al., 2011); vertical dashed lines with shading show the values of the model (Weber et al., 2011). The average density of
the inner Fe core or the Fe core with a low concentration of a light element ρ = 7500 kg/m3 is assumed according to (Kuskov and
Belashchenko, 2016).
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inner core, whose presence does not directly follow
from seismic and selenophysical data, are Ric ~ 50–
250 km (Fig. 6). According to models based on
GRAIL and Apollo data (Weber et al., 2011; Williams
et al., 2014), the f luid core has Roc = 200–380 km, and
the solid inner core has Ric = 0–280 km. Indicating
that the inner structure of the core is heterogeneous,
these data make it possible to place constraints onto
the sizes of the outer and inner core but do not allow
one to reasonably reliably evaluate their densities.

Because of this, the density of the outer core, which
depends on the composition, temperature, and pres-
sure, is still a poorly constrained parameter, which is to
be refined based on other considerations. Although
experimental data on the physical properties of Fe-
based alloys under P–T parameters of the Moon’s
core are still relatively scarce, it is useful to compare
them with the seismic estimates. The results of exper-
iments on measuring the density and the speed of
sound in Fe melts and the effect of the thermal state on
the size of the Moon’s core are presented in Figs. 7–9.

Figure 7 displays histograms for the radius of the
liquid Fe–S core, containing 3.5–6 wt % S, in the
form of frequency distributions whose average values
correspond to solutions that satisfy the specified con-
straints of the thickness and density of the crust, the
mass and moment of inertia of the Moon, the veloci-
ties of P- and S-waves in the mantle, and constraints
on the chemical composition of the mantle, its miner-
alogy, and density (Kuskov et al., 2019b). The density
of the Fe–S melt was calculated by techniques of
molecular dynamics (Kuskov and Belashchenko,
2016). As seen in Fig. 7, the sizes of the core relatively
weakly depend on the thermal regime and correspond
to a range of 250–350 km, which is in very good agree-
GEOCHE
ment with the results of inversion of the seismic and
selenophysical data (Fig. 6).

Table 1 presents models for the Moon’s core,
which were derived from gravitational, electromag-
netic, and seismic data and are compared with theo-
retical estimates based on the joint inversion of data on
the velocities of seismic waves and on the Moon’s
mass and moment of inertia. It can be seen that the
core radius depends on its composition (density) and
on interpretations of seismic and selenophysical data.

It may be seemed that data in Table 1 on the radii
and densities of the core are reasonably well consistent
(within the errors) with one another. However, this
consistence is not as obvious because the composition
of the core is unknown, and its density under P–T
parameters of the central region (5 ± 0.5 GPa and
1800–2000 K) may broadly vary.

In seismological papers (Weber et al., 2011; Garcia
et al., 2011), the density of the outer core is assumed to
be ρ = 5.1–5.2 g/cm3, which corresponds to the den-
sity of FeS alloy at 4.5 GPa and 1650 K (Chen et al.,
2014) but is much lower than the densities of bcc-Fe,
fcc-Fe, and liquid Fe–S–C–Si alloys under high
pressures (Tsujino et al., 2013; Dorogokupets et al.,
2014; Antonangeli et al., 2015; Nishida et al., 2016). A
density of the outer core close to 5 g/cm3 (Chen et al.,
2014) is reached only at a sulfur concentration of 50 at %,
which is much higher than the sulfur abundances in
meteorites (Jarosewich, 1990). This discussion
implies that the density of the Moon’s outer core in
the seismic model does not correspond to experimen-
tal measurements of the density of liquid Fe alloys
under high pressures.

Figure 8 presents experimental data on the density
of Fe–S alloys, which indicate that these values vary
MISTRY INTERNATIONAL  Vol. 59  No. 11  2021
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Fig. 7. Histograms for the radii of the Fe–S core of average density of 7.1 g/cm3 and containing 6–10 at % S (3.5–6 wt %) for two
models of the thermal state of the Moon. The calculations were carried out for two temperature profiles at the depths of the middle
of the mantle reservoirs (in km): the cold model T150 = 600°С, T500 = 900°С, T1000 = 1100°С and the hot model T150 = 700°С,
T500 = 1100°С, T1000 = 1300°С(according to Kuskov et al., 2019b).
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Fig. 8. Densities of Fe(Ni)–S melts (all concentrations are given in at %) in comparison with the model density of the Moon’s
core. The open and solid stars are the densities of the solid inner (ρ = 8 g/cm3) and liquid outer (ρ = 5.1 g/cm3) core according
to (Weber et al., 2011). Experiments: M18 = Morard et al. (2018), Fe–10 at % S (6 wt % S) / 1900 K; N16 = Nishida et al. (2016),
Fe–0% S (pure Fe), Fe–20 at % S (13 wt % S) / 1923 K; Ter19 = Terasaki et al. (2019), Fe73Ni10S17 (10 wt % S) / 1900–2000 K;
J14 = Jing et al. (2014), Fe–16 at % S (10 wt % S) / 1923 K; B03 = Balog et al. (2003), Fe–16 at % S (10 wt % S) / 1773–2123 K;
D14 = Dorogokupets et al. (2014), bcc-Fe / 1811 K; C14 = Chen et al. (2014), FeS melt/1650 K.
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Fig. 9. Comparison of the speed of sound (VP) of Fe(Ni)–S–C–Si liquids (all concentrations are given in at %) with Apollo seis-
mic data VP = 4100 m/s for the outer (solid star) and VP = 4300 m/s for the inner (open star) Moon’s core, according to the model
(Weber et al., 2011). The VP values of ultrasonic experiments at 1700–2000 K are according to: J14 = Jing et al. (2014), Fe84S16
(10 wt % S); N20 = Nishida et al. (2020), Fe80S20 (13 wt % S); T19 = Terasaki et al. (2019), Fe73Ni10S17 (10.5 wt % S); T19 =
Terasaki et al. (2019), Fe61Ni10Si29 (17 wt % Si); K16 = Kuwabara et al. (2016), Fe75.4Ni8.3C16.3 (Ni = 10 wt %, C = 4 wt %) and
Fe90.4Ni9.6 (Ni ~ 10 wt %); J15 = Jing et al. (2015), Fe82Si18 (10 wt % Si). VP for liquid Fe (dotted line) according to (Jing et al.,
2014; Nishida et al., 2016, 2020). K&B16 = Kuskov and Belashchenko (2016), calculations by molecular dynamics techniques for
Fe–S melt at 2000 K and S of 6 at % (3.5 wt %) and 16 at % (10 wt %).
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from ρ ~ 5 g/cm3 at 5 GPa, which corresponds to the
density of liquid iron sulfide (Chen et al., 2014;
Nishida et al., 2016) to 6 g/cm3 for Fe–29 at % S
(Morard et al., 2018) and to 6.2–6.9 g/cm3 for Fe–16
to 10 at % S (Kuskov and Belashchenko, 2016; Morard
et al., 2018; Terasaki et al., 2019). For pure Fe and Fe–
10% Ni, ρ ~ 7.2–7.4 g/cm3 (Jing et al., 2015;
Antonangeli et al., 2015; Nishida et al., 2016; Kuskov
and Belashchenko, 2016; Kuwabara et al., 2016). At
5 GPa, the densities of binary Fe–S (up to ~13 wt % S),
Fe–C (3.5 wt % C), and Fe–Si (10 wt % Si) and triple
liquid alloys Fe–C–Si (3.6 wt % C and 7.2 wt % Si)
(Shimoyama et al., 2013; Nishida et al., 2016; Knibbe
et al., 2021), Fe90Ni10–3–5 wt % C (Zhu et al., 2021)
fall within the range of ρ ~ 6.2–7.2 g/cm3, which is
best consistent with model E for the density of the
outer core (Fig. 6) but is 20–30% higher than the den-
sity of the outer core according to seismic data (Garcia
et al., 2011; Weber et al., 2011).

The composition of the Fe-based melt/alloy is
important not only as a geochemical characteristic of
the core but is also a parameter of critical importance
for evaluating its radius, because the size of the core is
determined as depending on the density of the mate-
GEOCHE
rial of this core (Table 1). It follows from laboratory
experiments and molecular-dynamics numerical exper-
iments that the average density of the outer core cannot
be much higher than ~7.2 g/cm3 and much lower than
~6.2 g/cm3 (Fig. 8), which corresponds to liquid Fe–Ni
alloy with admixtures (no more than ~10 wt %) of light
elements, although the exact composition is uncer-
tain. Hypothetically, an alternative of the metallic Fe–
Ni–S core might be a dense, partly molten silicate
core enriched in FeO and TiO2 and having a high elec-
tric conductivity.

A more complicated issue is which light element
(or elements) may occur in the lunar core and what are
their probable concentrations. Sulfur is a siderophile
element and a leading candidate for a light admixture
in the core. It has been hypothesized that the depletion
of the lunar mantle in siderophile elements may be
explained by that sulfur is contained in the core, and
variants of sulfur-rich and sulfur-poor core were ana-
lyzed (Rai and van Westrenen, 2014; Steenstra et al.,
2016; Jing et al., 2014; Antonangeli et al., 2015;
Nishida et al., 2016; Morard et al., 2018). Further-
more, Fe sulfides are commonly found in iron mete-
orites. Other models do not rule out that the core may
contain carbon and silicon (Righter et al., 2017;
MISTRY INTERNATIONAL  Vol. 59  No. 11  2021
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Table 1. Models of the Moon’s core

* GRAIL is the Gravity Recovery and Interior Laboratory, LLR is Lunar Laser Ranging, and LOLA is the Lunar Orbiter Laser Altimeter.

Composition of the 
Moon’s outer core

Radius of the Moon’s 
outer core, km

Density of the Moon’s 
outer core, kg/m3 Method References

Unknown
Unknown

340 ± 90
290–400

Unknown
Unknown

Lunar Prospector and 
Kaguya electromagnetic 
data

Hood et al. (1999)
Shimizu et al. (2013)

Fe
Fe–FeS eutectic

≤352
≤374

Fe density
Fe–FeS density

Lunar Laser Ranging, 
LLR

Williams et al. (2001)

Fe– ≤6 wt % S 330 ± 20 5100 Apollo data interpretations Weber et al. (2011)
Unknown 380 ± 40 5171 Garcia et al. (2011)
Unknown 200–380 Unknown GRAIL mission Williams et al. (2014)
Unknown 200–410 4700–7500 GRAIL, LLR, and LOLA* 

data inversion
Matsuyama et al. (2016)

Unknown 220–395
330–380

5500–4500
4500–5000

Inversion of gravity, seis-
mic, and electromagnetic 
data (M, I/MR2, k2, TP, TS, 
Q, ρa(ω))

Matsumoto et al. (2015)
Khan et al. (2014)
Garcia et al. (2019)

Fe–10 wt % S
Fe

340 ± 30
290–340

5700
8000

Inversion of seismic, sele-
nophysical, and geochemi-
cal data and E and M 
geochemical models 
((FeO)bulk), (Al2O3)bulk, 
M, I/MR2, TP, TS, k2, Q) 
with regard to the density 
of liquid Fe(Ni)–S alloys

Kronrod and Kuskov (2011)
Kuskov and Kronrod, 
(2000)

Fe(Ni)–S 
(up to ~10 wt % S)

300–350 6200–7000 This publication
Kuwabara et al., 2016; Steenstra et al., 2016; Terasaki
et al., 2019; Deng et al., 2019; Knibbe et al., 2021).

Along with density, an important constraint on the
composition and inner structure of the core is placed
by experimental measurements of the P-wave veloci-
ties in liquid Fe alloys, which make it possible compar-
ison with the speed of sound in the Moon’s central
region, according to Apollo data. The composition of
the core is still unknown, and hence, several candidate
elements shall be discussed (Fig. 9).

All light elements variably decrease the density of
iron alloys. The situation with the speed of sound (VP)
is more complicated. The VP of liquid Fe–Ni, Fe–S,
Fe–C, and Fe–Si were lately measured in high-pres-
sure static experiments by ultrasonic technique at
pressures below 10 GPa and by the inelastic X-ray
scattering at pressures above 10 GPa. These results
show that S, C, and Ni decrease VP of liquid Fe at pres-
sures below 10 GPa, whereas S and C increase VP of
liquid Fe at pressures above 10 GPa (Jing et al., 2014;
Kuwabara et al., 2016; Nishida et al., 2016; Shi-
moyama et al., 2016; Nakajima et al., 2015). The likely
explanation of this tendency is changes in the structure
and electron properties of liquid Fe–S. Experimental
data generally indicate that the presence of both C and
Si increase VP of liquid Fe, at least under pressures up
GEOCHEMISTRY INTERNATIONAL  Vol. 59  No. 11 
to 20 GPa (Jing et al., 2015; Terasaki et al., 2019;
Knibbe et al., 2021), in contrast to the effect of S
(Nishida et al., 2020).

Figure 9 shows that the values of VP of liquid
Fe(Ni)–S–C–Si alloys depend on the admixture ele-
ment and on its concentration. The values measured at
5 GPa vary from VP ~ 3700 m/s for Fe–10 wt % S (Jing
et al., 2014), to VP ~ 3900–4100 m/s for Fe–3 to
13 wt % S (Kuskov and Belashchenko, 2016; Nishida
et al., 2016, 2020; Terasaki et al., 2019), VP ~ 4200 m/s
for Fe–Ni and ~ 4400 m/s for Fe (Kuwabara et al.,
2016; Nishida et al., 2016, 2020), to VP ~ 4500 m/s for
Fe(Ni)–3 to 5 wt % C (Nakajima et al., 2015; Kuwa-
bara et al., 2016; Zhu et al., 2021) and to VP ~4700 m/s
for Fe–Si and Fe(Ni)–10 to 17 wt % Si liquid alloys
(Jing et al., 2015; Terasaki et al., 2019). The presence
of minor C concentrations in Fe–Si alloy does not any
significantly modify the aforementioned tendency,
and moreover, the solubility of C in liquid metal
decreases with increasing Si concentration (Knibbe
et al., 2021) and, perhaps, also the Ni concentration.
The solubility of S, C, and Si in liquid Fe strongly
depends on the redox conditions in the interiors of the
planetary body. Inasmuch as oxygen fugacity in the
lunar mantle was evaluated at ΔIW ~ −2 (Wieczorek
et al., 2006; Rai and van Westrenen 2014), the occur-
 2021
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rence of Si in the Fe core when it was formed is
deemed to be less probable than in the core of Mer-
cury, in which  was estimated at 3.2 to 7.3 log units
below the Fe–FeO buffer (Knibbe et al., 2021).

It is interesting to compare the seismic estimates of
the speed of sound in the liquid core with ultrasonic
measurements in the liquid alloys (Fig. 9). No wave
velocities in the liquid core were determined in (Gar-
cia et al., 2011). The speed of sound in the liquid outer
core was assumed in (Weber et al., 2011) to be VP =
4100 ± 200 m/s (±5%) on the basis of experimental
measurements of physical properties of Fe melts. Then
the speed of sound in liquid Fe–10% Ni and Fe shall
be only 5–7% higher than in the outer core (Fig. 9).
The speed of sound (VP ~ 4500–4700 m/s) for liquid
Fe(Ni)–3 to 5 wt % C and Fe(Ni)–10 to 17 wt % Si is
higher than VP for liquid Fe and Fe–Ni (Kuwabara
et al., 2016; Terasaki et al., 2019; Knibbe et al., 2021;
Jing et al., 2015; Zhu et al., 2021).

Hence, the speed of sound in Fe–Ni–C and Fe–
Ni–Si melts is higher than 4500 m/s (Fig. 9), which is
10% higher than VP in the outer core, according to
(Weber et al., 2011). If the seismic model is accurate
enough, liquid Fe(Ni) melts with an admixture of C
(and, particularly, Si) as a light element are hardly
probable and can be rejected from consideration (with
a certain probability) on the basis of ultrasonic mea-
surements in Fe(Ni)–C and Fe(Ni)–Si liquids and
because of too oxidizing conditions during the origin
of the lunar core for Fe(Ni)–Si.

Only the VP ~3900–4100 m/s (Kuskov and Belash-
chenko, 2016; Nishida et al., 2016, 2020; Terasaki
et al., 2019) of Fe(Ni)–S liquid alloys (up to ~16 at %
S/~10 wt % S) fall within this range of uncertainty,
which is consistent with 6–8 wt % S in the lunar core,
according to data on the distribution of siderophile
elements between silicate melt and liquid metallic
alloy (Rai and van Westrenen 2014; Steenstra et al.,
2016). However, the speed of sound in Fe–10% Ni liq-
uids is consistent, within the errors, with the seismic
estimate of the model (Weber et al., 2011).

If sulfur (with some uncertainty in its content) is the
only light element in the liquid outer core, then its den-
sity and the speed of sound lie within the ranges of
6200–7000 kg/m3 (Figs. 6, 8) and 3900–4100 m/s,
respectively (Fig. 9). At 5 GPa, the density of solid
bcc-Fe at 1811 K is ρ = 7620 kg/m3 (Dorogokupets
et al., 2014). If the solid inner core consists of bcc-Fe,
fcc-Fe, and Fe(Ni) alloy or Fe(Ni) alloy with minor
admixtures of light elements (S or C), then its density
shall be 7500–7700 kg/m3 (Antonangeli et al., 2015;
Dorogokupets et al., 2014; Kuskov and Belashchenko,
2016), which is a little bit lower than assumed in the
seismic model (Weber et al., 2011) (Fig. 8). A change
in the density for 500–1000 kg/m3 can be explained by
the difference between the compositions of the inner
and outer core, which shall likely lead to strong reflec-

2Of
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tions from the inner core boundary at a radius of 240 ±
10 km in the model (Weber et al., 2011).

CONCLUSIONS
The joint inversion of directly unrelated seismic,

selenophysical, and geochemical (M, I/MR2, TP, TS,
k2, Q, (FeO)bulk, and (Al2O3)bulk) parameters was car-
ried out to simulate the chemical composition of the
mantle and the inner structure of the central region of
the Moon with a radius of approximately 500–550 km.
The results thus obtained make it possible to interre-
late sets of geophysical, geochemical, and physico-
chemical parameters on a fundamental basis and to
determine more reliable constraints for the inner
structure of the central zone and for the chemical
composition, physical properties, and size of the
Moon’s core.

These results show that the thickness of the par-
tially molten layer and the radii of the outer and inner
core only insignificantly depend on the composition
of the bulk silicate Moon. FeO concentrations are uni-
fied for models E and M and are almost constant, 12–
13 wt %, in all mantle zones. The bulk silicate Moon
(its core + mantle) is enriched in FeO (12–13 wt %,
FeO ~ 1.5 × BSE) and depleted in MgO (Mg# 79–81)
relative to BSE (FeO ~ 8% and Mg# 89). This likely
undeniable fact rules out the possibility that the Moon
was formed from the material of the primitive Earth’s
mantle without invoking additional ad hoc hypotheses
(Hosono et al., 2019) and cannot be adequately
explained in either canonical or noncanonical models
for the origin of the Moon within the scope of the
Giant Impact hypothesis (Discussion Meeting Issue,
2014; Canup, 2014).

SiO2 concentrations vary insignificantly in all
zones of the lunar mantle and are 52–53 wt %, and the
dominant mineral of the upper mantle is low-Ca
orthopyroxene but not olivine. Conversely, the mantle
is stratified in terms of Al2O3 concentration, which is
higher in the lower mantle and in overlying shells. The
increase in the Al concentration in the lower mantle
results in an increase in the content of garnet relative
to those of spinel and orthopyroxene.

The significant difference between FeO concentra-
tions in the Earth and Moon puts forth the problem of
the mechanism that could have enriched the Moon in
this component. According to the canonical model
(Canup, 2004), the Moon was produced by a collision
between the Earth and a cosmic body referred to as
Theia, whose size was about the size of Mars, with the
bulk of the Moon’s material borrowed from the
impactor. In this situation, the isotope composition of
the Moon would have reflected that of Theia. This
hypothesis faces certain difficulties, which are, first of
all, of geochemical nature (Galimov, 2011, 2019),
because an impactor produced in its own isotope res-
ervoir in the Solar System would have an isotope com-
MISTRY INTERNATIONAL  Vol. 59  No. 11  2021
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position different from that of the Earth, and hence,
the composition of lunar and terrestrial samples would
also have been different. However, measurements
indicate that lunar and terrigenous rocks are largely
isotopically similar, i.e., the isotope compositions of a
number of elements (oxygen, silicon, chromium, tita-
nium, and tungsten) in the Earth and the hypothetical
planet Theia are closely similar (Armytage et al., 2012;
Dauphas et al., 2014), which is in conflict with the
canonical model for the origin of the Moon as a result
of the giant impact. According to this hypothesis, the
Moon was formed dominantly from the material of
Theia. This leads to the hypothesis that the Moon
consists mostly of material received from the mantle of
the proto-Earth (Ringwood, 1977) or from the mate-
rial of an impactor whose isotope composition was
identical to that of the Earth (Dauphas et al., 2014).

At the same time, as demonstrated in this study, the
enrichment of the Moon in FeO rules out its origin
from the material of the Earth’s primitive mantle,
which is consistent with earlier data (Kuskov and
Kronrod, 2000; Lognonné et al., 2003; Khan et al.,
2007; Kronrod and Kuskov, 2011; Sakai et al., 2014;
Kuskov et al., 2019a, 2019b) and, hence, implies that
12–13 wt % FeO of the lunar material was inherited
mostly from the massive protoplanet Theia with a
higher FeO concentration. This implies that both the
impactor and the proto-Earth were produced of the
material of a common isotope reservoir in the inner
Solar System (Nielsen et al., 2021). In any event, the
enrichment of the Moon in FeO is of fundamental
importance and shall impose additional constraints,
which shall be taken into considerations when cosmo-
genic concepts are developed for the origin of the
Moon and when dynamic processes that formed the
Earth–Moon system are modeled.

The transition layer surrounding the core and
occurring at depths of ~1200–1400 km has a thickness
of 200–250 km and a density of ≥3400 kg/m3. The lat-
ter is typical of the density of lunar black glasses with
high FeO and TiO2 concentrations (van Kan Parker
et al., 2012; Khan et al., 2014). The radius of the sup-
posedly solid inner core Ric ~ 50–250 km, and the
most probable radius of the liquid outer core, which
only insignificantly depends of the Moon’s thermal
state, is 300–350 km (~1% of the Moon’s mass),
which is consistent with geophysical constraints
(Weber et al., 2011; Garcia et al., 2011; Williams et al.,
2014; Matsumoto et al., 2015).

Comparison of physical characteristics of the core
with experimental measurements of its density indi-
cates that the densities of liquid iron alloys with up to
~10 wt % light elements (sulfur, carbon, and/or sili-
con) at 5 GPa are 6200–7000 kg/m3, with these values
lying within the range of the inverted values of the den-
sity of the outer core (Fig. 6) but are 20–40% higher
than the density of the outer core (Fig. 8) according to
seismic models (Garcia et al., 2011; Weber et al., 2011).
GEOCHEMISTRY INTERNATIONAL  Vol. 59  No. 11 
Another important constraint on the composition
and physical properties of the Moon’s core is the speed
of sound. Under core pressures measured by ultra-
sonic techniques, these values vary from VP ~ 3900–
4100 m/s for Fe(Ni)–S to VP ~ 4200–4400 m/s for
Fe–Ni and to VP ~ 4500–4700 m/s for liquid Fe(Ni)-C
and Fe(Ni)–Si alloys (Fig. 9). If, presumably, the seismic
model (Weber et al., 2011) is reasonably accurate, and the
error in VP = 4100 ± 200 m/s is 5%, then the speed of
sound only in liquid Fe(Ni)–S (up to ~10 wt % S) and,
perhaps, also Fe–10% Ni falls at 5 GPa within this
uncertainty range (Kuwabara et al., 2016; Kuskov and
Belashchenko, 2016; Terasaki et al., 2019; Nishida
et al., 2016, 2020), which is consistent with 6–8 wt % S
in the lunar core according to data on metal–silicate
distribution of siderophile elements (Rai and van
Westrenen, 2014; Steenstra et al., 2016). The values of
VP = 4000–5000 m/s for the outer core inverted in this
study fairly probably fall within the measurement
space of the speed of sound in liquid Fe(Ni)–S alloys.

The VP values of liquid Fe–Ni–C and Fe–N–Si
alloys are higher than seismic estimates for the speed
of sound in the liquid outer core of the Moon. Because
the solubility of S, C, and Si in liquid Fe depends on
the oxygen fugacity, which was evaluated at ΔIW ~ −2
for the Moon’s interiors, liquid Fe(Ni) alloys with
admixtures of C (and particularly Si) as a light element
can hardly occur in the Moon’s outer core and can
thus be rejected from the considerations by virtue of
the ultrasonic measurements in Fe(Ni)–C and
Fe(Ni)–Si liquids and because the conditions were
too oxidizing for Fe(Ni)–Si when the core was
formed. For the same reason, Fe–Si alloy can also be
rejected as the basis for the Moon’s inner core. This is
consistent with the Si isotope signature (δ30Si) of the
Moon (Armytage et al., 2012), which is identical to
that of the Earth and makes it possible to rule out Si as
a component of the lunar core. According to (Xia
et al., 2019), isotope Cu concentration in BSM rules
out C as a significant light element in the core. It is
hardly probable that the Moon’s core contains oxygen
because the conditions were too reducing when the
core was formed.

The inner Fe–Ni core (perhaps, with an insignificant
S concentration) is thought to be solid and have a density
of 7500–7700 kg/m3. The difference between the density
of the inner and outer core Δρ ~ 500–1000 kg/m3 can be
explained by the differences in their composition.
Weber et al. (2011) reported the VP of the inner core
(Fig. 9) and its VS = 2300 m/s. No experimental deter-
minations are so far available for VP and VS for Fe-
based solid alloys under P–T parameters of the
Moon’s core. Such data have been acquired at suitable
pressures, the temperatures were too low: 800–1200 K
(Deng et al., 2019 and references therein). The authors
report measured VP and VS for Fe5Si (9 wt % Si) alloy
of BCC lattice at 2.6 GPa/800–1150 K and 3–
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7 GPa/300 K. It is difficult to compare these and seis-
mic data because of the difference in the P–T param-
eters of the experiment and Moon’s core. It can just be
mentioned that an inner core based on such alloy is
hardly probable because of the insufficiently reducing
conditions in the lunar interiors (relatively high values
of , ΔIW ~ −2) compared to the conditions in the
Mercury’s interiors.

In conclusion, it should be mentioned that the
sizes of the Moon’s core are notably dependent on the
density of the Fe alloys (the concentration of S and/or
other light admixtures) but merely insignificantly
depend on petrological model of the mantle and the
Moon’s thermal regime (Kuskov et al., 2019a, 2019b;
Kronrod et al., 2020). Completely crystalline core is
incompatible with analysis of LLR and GRAIL data
(Williams et al., 2001, 2014). The occurrence of a rel-
atively small, dense, electrically conducting, and
partly molten Fe(Ni)–S core of the Moon with a
radius of 300–350 km, which satisfies the constraints
placed on it by data of Lunar Prospector electromag-
netic sounding (Hood et al., 1999; Shimizu et al.,
2013) and geophysical constraints in (Garcia et al.,
2011; Weber et al., 2011; Williams et al., 2014; Matsu-
moto et al., 2015), is consistent with the occurrence of
a partly molten layer of high dissipation (Williams and
Boggs, 2015; Weber et al., 2011; Khan et al., 2014),
geochemical data on the depletion of the Moon in sid-
erophile elements and metal/silicate distributions of
Ni, Co, W, Mo, P, and some other elements (Rai and
van Westrenen, 2014; Steenstra et al., 2016), and
experimental measurements of density and speed of
sound for Fe(Ni)–S melts (Nishida et al., 2016, 2020;
Terasaki et al., 2019; Kuskov and Belashchenko, 2016)
and do not contradict results on modeling the mecha-
nism generating the lunar dynamo at ~3–4 Ga due to
interaction between the solid silicate mantle and liquid
core or the crystallization of the inner core (Williams
et al., 2001; Breuer et al., 2015).

This paper is a memorial to Akad. Erik M. Gali-
mov, who was the initiator of geochemical studies and
evolution of the Earth–Moon system.
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