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Abstract—We model the internal structure of the Moon, initially homogeneous and later differentiated due
to partial melting. The chemical composition and the internal structure of the Moon are retrieved by the
Monte-Carlo inversion of the gravity (the mass and the moment of inertia), seismic (compressional and shear
velocities), and petrological (balance equations) data. For the computation of phase equilibrium relations
and physical properties, we have used a method of minimization of the Gibbs free energy combined with a
Mie-Gr@uneisen equation of state within the CaO-FeO-MgO-Al,0;—SiO, system. The lunar models with
a different degree of constraints on the solution are considered. For all models, the geophysically and
geochemically permissible ranges of seismic velocities and concentrations in three mantle zones and the sizes
of Fe-10%S core are estimated. The lunar mantle is chemically stratified; different mantle zones, where
orthopyroxene is the dominant phase, have different concentrations of FeO, Al,03, and CaO. The silicate
portion of the Moon (crust + mantle) may contain 3.5—5.5% Al,O3 and 10.5—12.5% FeO. The chemical
boundary between the middle and the lower mantle lies at a depth of 620—750 km. The lunar models with and
without a chemical boundary at a depth of 250—300 km are both possible. The main parameters of the crust,
the mantle, and the core of the Moon are estimated. At the depths of the lower mantle, the P and .S velocities
range from 7.88 to 8.10 km/s and from 4.40 to 4.55 km/s, respectively. The radius of a Fe-10%S core is 340 +

30 km.
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1. INTRODUCTION

The models of chemical and mineral composition
of the lunar mantle are contradictory, depending on
the particular method (geochemical or geophysical)
applied. The estimates of the composition are based
on the element correlations in chondrites and on the
seismic and gravity constraints. Not only do the mod-
els pertaining to different model classes (geochemical
and geophysical) exhibit discrepancies but also partic-
ular models within each class are inconsistent. The
major disagreement relates to the concentrations of
FeO and refractory oxides (Al,O;, CaO); FeO content
is estimated to range from 6 to 18 wt % [ Galimov, 2004;
Lognonné, 2005; Wieszorek et al., 2006; Kuskov et al.,
2009].

Of particular interest for reconstructing the com-
position, the internal structure, and the thermal state
of the Moon is the approach that is based on seismic
and gravity inversion [Kronrod and Kuskov, 1997;
Kuskov and Kronrod, 1998a; 2000; 2001; Kuskov et al.,
2002; Khan et al., 2000; 2006a; 2006b; 2007]. In this
approach, the solution of the inverse problem involves
an inversion of the known geophysical parameters for
temperature and composition. The problem of joint
seismic and gravity inversion is essentially nonlinear.
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The optimization method for solving the inverse prob-
lem implies the minimization of the functional, which
contains the misfits between the calculated and
observable seismic velocities, the moment of inertia,
and the mass of the Moon [Kronrod and Kuskov,
1997; Kuskov and Kronrod, 1998a; 1999].

Another approach to the problem of constitution
and internal structure of the Moon was proposed by
Kuskov and Kronrod [1998b]. The underlying idea
behind this approach, which also includes solving the
inverse problem and invokes seismic data, is that the
outer shell of the initially homogeneous Moon had
experienced partial differentiation (probably due to
the formation of the magma ocean.) In other words,
the magma ocean (MO) hypothesis can be used as an
additional petrological constraint on the composition
of the mantle in the form of balance equations for the
concentrations of the main oxides. Kuskov and Kro-
nrod [1998b] have shown that the hypothesis of differ-
entiation of an approximately 500-km thick magma
ocean into the crust of the upper and the middle man-
tle against the undifferentiated lower mantle agrees
with the moment of inertia and the mass of the Moon.
It is also consistent with the P- and S-velocity profiles
presented by Nakamura [1983], where the whole body
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of the seismic data provided by the Apollo-12, 14, 15,
and 16 missions were analyzed and the most complete,
at that moment, seismic model of the Moon was sug-
gested.

In the present work, we suggest a new model of the
constitution and internal structure of the Moon. This
model is based on the hypothesis of the magma ocean;
it involves modern mathematical processing of the P-
and S-travel-time data [Lognonné et al., 2003; Log-
nonné, 2005; Gagnepain-Beyneix et al., 2006] and
determining the lunar moment of inertia [Konopliv
etal., 1998]. The input data for the model are the
mass, the radius, the average density, the moment of
inertia of the Moon, and the seismic velocities in the
lunar mantle. The chemical composition of the lower
(undifferentiated) mantle, which is not affected by
melting, is assumed to be similar to the average com-
position of the overlying lunar shells and to reflect the
bulk composition of the silicate portion of the Moon.
This means that the outer shell of the Moon was the
only source for the formation of the crust, the upper,
and the middle mantle due to the differentiation of
MO. That is, to construct the model, besides using the
geophysical data, we also impose petrological con-
straints on the composition of the mantle by introduc-
ing the balance equations, which govern the distribu-
tions of the major chemical elements in the different
zones of the mantle within the mineral system
Ca0O—FeO—MgO—Al,0,—SiO, (CFMAS) with solid
solutions. The chemical composition of the mantle
and the size of the Fe-S core are inferred by the
Monte-Carlo inversion procedure. The inverse prob-
lem is solved by the method of minimization of Gibbs
free energy combined with the Mie-Grlineisen equa-
tion of state in the CFMAS mineral system.

2. PETROLOGICAL AND GEOPHYSICAL
CONSTRAINTS

2.1. Models of the Magma Ocean

The early differentiation of the Moon with the for-
mation of the continental feldspar crust, which has a
thickness of about 50—60 km and ~25% Al,O;, as well
as the age of the lunar rocks, have motivated the
hypothesis of the Magma Ocean. The latter is com-
monly understood as the outer lunar shell, which had
undergone partial melting [Ringwood, 1979; Taylor,
1986; Shearer and Papike, 1993]. The thickness of the
supposed lunar Magma Ocean is estimated with a
broad scatter and range from the upper 200—500 km to
the whole Moon to be molten, ecither partially or
totally [Binder, 1986; Solomon, 1986; Wieczorek
et al., 2006]. This issue is one of the key challenges in
the magma evolution of the Moon, as the answer
would define the composition of the zonal upper man-
tle and the existence of the lower primordial mantle,
which is unaffected by melting.
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By analyzing the thermoelastic stresses, Solomon
[1986] showed that there is no tectonic evidence for a
large-scale expansion or compression of the Moon
over the past four billion years (after a period of its
intense bombardment). He estimated the lunar radius
to have been changed by about a kilometer, which dis-
agrees with the concept of extensive melting. The set
of petrological, geochemical, and geophysical data
offers no reasons to believe that the Moon had ever
been totally molten and formed a continuous magma
ocean. This is also supported by the lunar asymmetry
(the center of figure of the Moon is offset by 2 km from
the center of mass). By analyzing the volumetric
effects of differentiation of the Moon, Kirk and
Stevenson [1989] estimate the depth of the magma
ocean as 630 km. Hess and Parmentier [1995] infer a
greater melting depth (800 km) from the study of the
thermochemical evolution of the Moon. It has been
assumed by James [1980] that during the cooling of a
molten layer with a thickness of 300 km, the crystalli-
zation differentiation resulted in the formation of
mafic and ultramafic cumulates in the lunar interior
(the source region for mare basalts) and anorthositic
crust (ferroanorthosites). The complementarity of the
spectra of rear earth elements (REE) in the mare and
continental rocks is believed to provide reliable sup-
port in favor of the magma ocean model [Demidova
etal., 2007]. From the geochemical standpoint, a
thickness of less than 300—400 km for the magma
ocean is unfeasible as, with a bulk 4—6 wt % Al,O;, a
smaller depth of melting would be incapable to ensure
~25% Al,Osin the anorthositic crust.

The melting depth of 500—600 km well agrees with
the experimental data on the crystallization of lunar
basalts and green and picrite glass [ Ringwood and Ess-
ene, 1970; Delano, 1986; Longhi, 1992; Elkins et al.,
2000]. The experiments show that the mare basalts,
both rich and poor in titanium, had likely been formed
at similar depths (although from different sources)
under the conditions of low or intermediate partial
melting (<20%) and, correspondingly, the lunar man-
tle had not experienced extensive melting [Shearer
and Papike, 1993; Head and Wilson, 1992; Wieczorek
et al., 2006]. According to [Longhi 1992; Elkins-Tan-
ton et al. 2003; Wieczorek and Phillips, 2000], the seis-
mic boundary at a depth of 500 km can only be a local
feature related to the source of mare basalts within a spe-
cific region, the Procellarum KREEP Terrane.

Some information on the thickness of MO can be
inferred from the geophysical data. The results of the
Apollo mission infer that one or a few seismic bound-
aries exist in the mantle at a depth of 400—750 km
[Goins et al., 1981; Nakamura,1983; Lognonné et al.,
2003; Lognonné, 2005; Khan et al., 2000; 2006a;
2006b; 2007; Gagnepain-Beyneix et al., 2006] (Fig. 1,
Table 1.) According to the seismic stratification, the
Iunar mantle can be considered to be composed of two
or three reservoirs separated by the boundaries, which
are understood to be chemical interfaces separating
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Fig. 1. Seismic velocity profiles for the longitudinal (a) and transversal (b) waves propagating in the lunar mantle. / according to
Kuskov et al., [2002]; 2, to Khan et al. [2000], 3, to Gagnepain-Beyneix et al. [2006], 4, to Lognonné et al. [2005].

the undifferentiated lower mantle from the differenti-
ated outer shells (e.g., the upper and the middle man-
tle) [Kronrod and Kuskov, 1997; Kuskov and Kro-
nrod, 1998a; 1998b].

The probable petrologic models of a seismic
boundary at a depth of 500—600 km are analyzed in
many works [Hood and Jones, 1987; Kuskov and Kro-
nrod, 1998a; 1998b; Wieczorek et al., 2006]. Accord-
ing to one of these models, melting and subsequent
differentiation occurred up to this depth. In the other
model, the lunar mantle is assumed to initially have a
jump in concentration at this depth, which persisted
after the formation of the lunar ocean. The third
model addresses the crystallization of a deep, almost
global lunar ocean. In the fourth model, the seismic
boundary at a depth of 500 km is understood to be the
maximum depth of melting only in the lunar mare
regions [Longhi 1992; Elkins-Tanton et al. 2003].
According to the estimates obtained in this model, at a
depth below 500 km, the mantle should have been
enriched with AL,O; by 1 wt %. If this hypothesis is
valid, the seismic boundary at a depth of 500 km has a
regional extent.

In our works [Kronrod and Kuskov, 1997; Kuskov
and Kronrod, 1998a; 1998b; Kuskov et al., 2002]
based on the inversion of geophysical data, the sharp
seismic boundary was referred to the alteration of the
chemical composition at the depths which separate
the primordial Al- and Ca-rich lower mantle from the
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outer shells of the differentiated mantle. This means
that the melting involved material up to a maximum
depth of 500-600 km, which separates the early oliv-
ine-rich and the later orthopyroxene-rich cumulates
[Wieczorek et al., 2006]. The interpretation of seismic
data [Lognonné et al., 2003; Lognonné, 2005; Gagne-
pain-Beyneix et al., 2006; Khan et al., 2007] with the
boundaries at 500—750 km leads to the same conclu-
sion. Note that differentiation up to 500-750 km
implies that all aluminum contained in the crust has
been extracted from the upper lunar shells only.

2.2. Seismic Data

The seismic data are a kind of the Rosetta Stone for
understanding the internal structure of the Moon.
Processing the data obtained in the experiment that
lasted for eight years (1969—1977) and included seis-
mic measurements at four landing sites of Apollo-12,
14, 15, and 16 missions revealed the seismic structure
of the lunar interiors shown in Fig. 1 and Table 1.

The mathematical processing of travel times of P-
and .S waves suggests a zonal structure of the lunar
mantle. Goins et al. [1981] report on one sharp seismic
contrast at a depth of about 400 km. Nakamura [1983]
identifies two seismic boundaries at depths of 270 and
500 km with a distinct zone of reduced velocities in
the interval of 270—500 km and a particularly highly
contrasting boundary at a depth of 500 km, where the
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Table 1. Seismic velocities in the lunar mantle

Model Depth, km Vp, km/s Vs, km/s
[Goins et al., 1981] 60 7.75+0.15 4.57+0.10
400 7.65+0.15 4.37+0.10
480—1100 7.60+0.15 420+ 0.10
[Nakamura, 1983] 60—300 7.74+0.12 4.49+0.03
300-500 7.46 +0.25 4.25+0.10
500—1000 8.26 +0.40 4.65+0.16
[Khan et al., 2000] 45-500 8.0+£0.8 4.0+0.4
500-750 9.0+1.9 5.5+0.9
750—1000 11.0+ 2.1 6.0+0.7
[Khan et al., 2007]" 45—1000 7.75—-8 4.2—4.5
[Lognonné et al., 2003] 30-300 7.75+0.15 4.53+£0.15
[Lognonné, 2005] 300—500 7.75+0.15 4.50+0.15
500-750 7.50+£0.30 4.35+£0.30
750—1000 7.90 £ 0.30 4.20+0.30
[Gagnepain-Beyneix et al., 2006] 40-240 7.65+0.06 4.44+0.04
240—-500 7.79+£0.12 4.37+£0.07
500-750 7.62+0.22 4.40+0.11
750—1000 8.15+0.23 4.50+0.10
[Kuskov, Kronrod,1998] 60—300 7.67—7.80 4.45—-4.51
400 7.53—7.60 4.29—4.30
800 8.17-8.20 4.50—4.51
[Kuskov et al., 2002] 60—300 7.81+0.40 4.51+0.18
300-500 7.85+0.40 442+0.19
500—1000 8.01+0.38 4,44 +0.20
Present work?, MI model. 50—250 7.766 £ 0.06 4.51+0.03
250—625 8.03+0.1 4.49+0.05
625—1000 8.073£0.07 4.49+0.03
Present work’, MIS model. 50—-250 7.67 £0.029 4.46+0.01
7.8+ 0.06 4.51+£0.03
250—625 7.84 +0.044 4.41+£0.018
7.81+0.06 4.45+0.02
625—1000 7.91+0.025 4.42+0.014
7.97 £0.045 4.51+0.03
Present work*, MISC model 50—-250 7.68+0.015 4.42+0.012
250—625 7.76 £0.03 4.42 £0.01
625—1000 7.86 £ 0.03 4.46+0.01

Notes: ! The seismic velocities are estimated from the graphs in [Khan et al., 2007], where numerical values are not cited in the text.

M1 model, constraints on the mass and the moment of inerti.

3MIS model, constraints on the mass, the moment of inertia, and the seismic velocities in the upper and the middle mantle.
The estimates presented in the upper lines are the constraints according to the model of Gagnepain-Beyneix et al. [2006], and
those in the lower lines, according to the model in [Lognonné et al., 2005].

4MISC model, constraints on the mass, the moment of inertia, and the seismic velocities in the upper and the middle mantle
according to the model of Gagnepain-Beyneix et al. [2006] plus the condition of similar concentrations in the upper and the
middle mantle.

1-4 The values of the seismic velocities and the corresponding errors in the present models are the mean values and the standard

deviations calculated assuming normal distributions in the frequency histograms.
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P- and S velocities sharply increase by about 10% (in
the Earth, the corresponding jumps on the seismic
boundaries at 400 and 650 km are 2.5—5% for Pveloc-
ities and 3.5—7.5% for S velocities).

In the recent works of Danish [Khan et al., 2000;
2006a; 2006b; 2007] and French [Lognonné, 2005;
Lognonné et al., 2003; Gagnepain-Beyneix et al.,
2006] geophysicists, the Appollo seismic records of
P- and S-travel times have been reanalyzed [Log-
nonné etal., 2003] (Fig. 1). The velocity profiles
[Lognonné et al., 2003; Gagnepain-Beyneix et al.,
2006] show a reasonable agreement with the previous
results of [Goins et al., 1981; Nakamura, 1983] at all
depths, while the profiles obtained by Khan et al.
[2000], only up to a depth of 500 km. In the upper
mantle (up to approximately 300 km), all seismic
models give practically similar seismic velocities. In
the deeper horizons of the mantle, considerable dis-
crepancies appear. For example, seismic velocities in the
lower mantle (below 500—750 km) are estimated in all
models with large errors attaining 0.23—0.6 km/s and
0.1-0.3 km/s for the P and .S waves, respectively.
Therefore, in the present work, we used only the seis-
mic data up to a depth of approximately 500 km as
the reference information.

2.3. The Crust

In a recent review, Wieczorek et al. [2006] pre-
sented a compilation of estimates for the crustal thick-
ness of the Moon inferred from seismic, gravity, and
topographic surveys. According to these estimates, the
thickness of the crust is most likely 49 + 16 km. The
content of Al,O is 28.5—32% for the upper crust, 25—
29% for the lower crust, and 18—25% for the bottom
portions of the mafic crust, which is close to the previ-
ous estimate of 25% Al,O; in the entire crust [Taylor,
1982]. According to seismic data, the anorthositic
crust is 30—60 km thick [Nakamura, 1983; Lognonné
et al., 2003; Khan et al. 2006a; 2006b; 2007; Gagne-
pain-Beyneix et al., 2006]. In the present work,
instead of the anorthositic lunar crust with a nonuni-
form thickness, we use a 50-km thick spherical shell,
which is uniform in chemical composition, density
and thickness [Khan et al., 2006a; 2006b; Wieczorek
etal., 2006] (Table 2). The crustal composition
(wt %), according to [Taylor, 1982], includes 25%
Al,Os, 16.5% CaO, 7% MgO, 6.5% FeO, and 45.5%
Si02. The crustal density was specified to be 2.9 g/cm?
according to the crustal models from [Wieczorek et al.,
2006] and the series of preliminary calculations where
the compliance with the model constraints was the cri-
terion of the best fit.

2.4. The Mantle

In the present work, in the modeling of the chemi-
cal composition of the Moon, we considered three
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intervals of oxide concentrations in the upper, middle,
and lower mantle (wt %):

28 < MgO <43%, 40 < Si0,< 58%, 7 < FeO < 16%,
1 <ALO,< 8%, CaO = 0.8¢c(ALO;).

Determinations of the seismic parameters and
electric conductivity show that up to a depth of 1200—
1400 km, the lunar mantle is solid and does not con-
tain disseminated melt inclusions [Latham et al.,
1975; Nakamura, 1983]. The existence of mascons
also imposes similar requirements: the thickness, the
viscosity, and the mechanical properties of the under-
lying layers should be sufficient for the material to
withstand the load in the form of mascones. The upper
mantle has a high viscosity (~10%°-?’ P), which corre-
sponds to a high seismic Q factor (Q = 4000—7000 for
P-, Swaves up to a depth of 500 km) [Arkani-Hamed,
1973; Nakamura and Koyama, 1982]. As the depth
increases, the viscosity significantly decreases.

2.5. The Core

Following [Kuskov and Kronrod, 2000; 2001;
Kuskov et al., 2009], we will consider the model of the
internal structure of the Moon with an iron sulfide
core containing 10 wt% sulfur (Fe-10 wt %S core,
Fey4S0.16), density p = 5.7 g/cm? under a pressure of
50 kbar, and temperature of 1500°C.

2.6. Temperature and Pressure

The high Q factor of the lunar interiors [Arkani-
Hamed, 1973; Nakamura and Koyama, 1982], the
data on electric conductivity of the Moon [Vanyan and
Egorov, 1977], and the existence of mascones and
deep-focus moonquakes [Latham et al. 1972; Log-
nonné, 2005] suggest that the temperature distribution
in the lunar mantle is likely below the solidus temper-
ature. In our works [Kronrod and Kuskov, 1997; 1999;
Kuskov et al., 2002] (Fig. 2), the thermal conditions
were reconstructed using the following temperature
distribution in the lunar mantle:

T°C=T,+Ax{1—EXP[Bx (60— H)]}, (1)

where H is depth in km and 7, is temperature at a
depth of 60 km. The temperature intervals at a depth
of 60, 270, 500, and 800 km are, respectively, 430—
470°C,770—850°C, 1000—1100°C, and 1200—1250°C.
In [Kuskov and Kronrod, 2009], the following tem-
perature profile was inferred from the geochemical
and seismic data:

7°C =351 + 1718 x (1 — exp(—0.00082 x H).  (2)

The published data on the temperature distribu-
tions in the lunar mantle suggest the following values:
750°C at a depth of 500 km, 1200°C at 800 km, and
1400°C at 1100 km [Hood and Zuber, 2000]; 810—
825°C at a depth of 400 km and 1175—1250°C at
1000 km [Gagnepain-Beyneix et al., 2006], Fig. 2. In
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Main input paramerters

Parameter Description Value Note
Ryioon Radius of the Moon 1738 km [Konopliv et al., 1998]
Ivoon Reduced moment of inertia of the | 0.3931 £ 0.0002 [Konopliv et al., 1998]
Moon
PMoon Average density of the Moon 3.3437 £ 0.0016 g/cm? [Konopliv et al., 1998]
Errors in the determination
of the lunar mass ignored
H, thickness of the crust H,. €[0;50] km Specified according to the seismic
B models [Nakamura 1983; Log-
H, thickness of the upper mantle H, €[50;250] km nonné et al., 2003; Gagnepain-
H, thickness of the middle mantle H,, €[250;650] km Beyneix et al. 2006; Khan et al.,
- 2000; 2007], the crustal models
H, thickness of the lower mantle H; €]650; Ry1o0n — Reore] km [Wieczorek et al., 2006], and a se-
Per crustal density 2.9 g/cm? ries of preliminary calculations
Crustal compo-| CFMAS system, wt % % Al,0;=25%, CaO = 16.5%, |[Taylor, 1982]
sition MgO =7%, FeO = 6.5%,
SiO0, =45.5%;
T, (k =u, m, l) | Temperature in the mantle zones T,=600°C Specified according to the models
7,,=900°C [Kuskov and Kronrod, 1998a;
T, = 1200°C Kuskov and Kronrod, 2009]
Constraints on the output parameters of the models
Balance of main Seismic velocities | Similar concentra-
Model Model Mass oxides (6) in the upper and the | tions in the upper
middle mantle and the lower mantle
MI + + + — -
MIS + + + + -
MISC + + + + +
the present work, the temperature was specified to be  plagioclase, ferromagnesian olivine, and spinel;

600°C at a depth of 150 km, 900°C at 500 km, and
1200°C at 1000 km, according to the models [Kuskov
and Kronrod, 1998a; Kuskov and Kronrod, 2009].

The depth distribution of pressure in the lunar inte-
riors is determined according to the formula for the
model with a constant density:

P=P,{1—-[(R—H)/RI*, 3

where P, = 47.1 kbar is the pressure in the center of the
Moon, R= 1738 km, and H is depth.

3. THE THERMODYNAMICAL APPROACH

The equilibrium phase assemblages, velocities, and
density of the lunar mantle are calculated using the
THERMOSEISM database [Kuskov, 1997; Kuskov
and Kronrod, 2001], which incorporates mutually
consistent thermodynamic parameters (enthalpy,
entropy, heat capacity, Griineisen parameter, thermal
expansion, bulk and shear moduli for minerals) and
the mixing parameters of solid solutions. The CFMAS
system includes the following solid solution phases:
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pyrope—almandine— grossular garnet; and orthopy-
roxene and clinopyroxene, the 5- and 6-component
solid solutions. The chemical composition of phases
and their proportions are found by the method of the
Gibbs free energy minimization. The equation of state
(EOS) for minerals is calculated in terms of the quasi-
harmonic Mie—Griineisen—Debye approximation
[Kuskov et al., 2006]. It yields the density and isotro-
pic velocities Vp (P, T, X) of the phase assemblage,
which depend on the chemical and phase composition
of the rock.

The P- and § velocities of the equilibrium phase
assemblage Vj (P, T, x), which take into account the
effects of anharmonicity and phase transitions and are
frequency independent, are calculated according to
the formulas

_Ks+436 G

“
p p

where the bulk modulus (Kj) and density (p) of the
phase assemblage are found from the equation of state.

vy
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The shear modulus is assumed to be linearly depen-
dent on temperature and pressure.

Elastic moduli are calculated using the Voigt—
Reuss—Hill approximation, which is commonly used
in geophysical applications. Due to the extremely high
G factor of the dry lunar interior, which exceeds the
terrestrial value by an order of magnitude, the effects
of anelasticity can be disregarded as their contribution
is small compared to other model errors [Khan et al.,
2007, Kronrod and Kuskov, 2007].

4. MODEL OF THE MOON
AND METHOD OF SOLUTION

4.1. The Model

According to the seismic data, we assume in the
models of the internal lunar structure that the Moon is
composed of five spherical shells: the crust, the three-
layer (upper, middle, and lower) mantle, and the iron
sulfide core whose size is determined in the course of
the solution. The following parameters were used:
crustal thickness of 50 km, the upper mantle extending
from 50 to 250 km, the middle mantle extending from
250 to 625 km, and the lower mantle extending from a
depth of 625 km to the boundary with the core. The
depths of the boundaries were specified according to
the seismic models [Nakamura, 1983; Lognonné et al.,
2003; Gagnepain-Beyneix et al. 2006; Khan et al.,
2000; 2007] and the series of preliminary calculations
on studying the influence of the thickness of the crust,
the upper mantle, and the middle mantle on the out-
put model parameters. Whatever the determination
accuracy of these layers is, the depths of their bound-
aries provide an important factual frame for petrolog-
ical interpretation. In this connection, we note that
the topology of seismic profiles is naturally imprinted
in the petrological models of the Ilunar interiors
inferred from these seismic data.

Each of the three layers composing the mantle is
adopted to have its own particular composition; how-
ever, within each zone the material is assumed to be
practically homogeneous with a low gradient in chem-
ical composition and a slightly varying density. Abrupt
changes in the composition are only allowed to occur
at the geophysical boundaries [Kronrod and Kuskov,
1997; Kuskov and Kronrod, 1998a]. Due to the lack of
information and in order to simplify the procedure of
the calculations, the densities (p,) and the concentra-
tions of the oxides (C,= MgO, FeO, Al,O,, CaO, SiO,)
in each ith zone of the mantle are assumed to be con-
stant throughout the whole depth interval and to sat-
isfy a natural condition of no density inversion on the
boundaries of the zones:

Op/0H > 0. 5)
The chemical composition of each zone of the
mantle is assumed to be frozen and equal to the values

in some average points of the mantle section (150 km,
500 km, and 1000 km in the upper, the middle, and the
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Fig. 2. Temperature distribution models in the lunar man-
tle. / according to Kuskov and Kronrod [1998a, model 1];
2 according to Kuskov and Kronrod [1998a, model 2];
3 according to Kuskov and Kronrod [2009]; 4 according to
Hood and Zuber [2000]; 5 according to Gagnepain-Bey-
neix et al. [2006]; 6 according to Khan et al. [2006a;
2006b]; 7 according to Lognonné et al., [2003]. The tem-
perature for the models [Khan et al., 2006a; 2006b] and
[Gagnepain-Beyneix et al., 2006] was estimated from the
graphs, as numerical values are not cited in these works.

lower mantle, respectively). The density and the seis-
mic velocities are determined at the same points as the
composition. It is postulated that the concentrations
of ALLO; and CaO in the initial lunar material are
linked by the relation CaO = KAl,O,, where Kis ~0.8
[Ringwood and Essene, 1970].

The compositional differentiation of the outer
shells of the mantle relative to the lower (primary)
mantle is inferred from the balance conservation con-
ditions for the oxides in the CFMAS system and the
geophysical constraints. The models of the magma
ocean in such a formulation were considered in our
previous work [Kuskov and Kronrod, 1998b].

The balance of the rock-forming oxide concentra-
tions for the model of differentiation of the initially
chemically homogeneous Moon into the crust, the
upper, and the middle mantle is characterized by the
following conditions:

8C = Cl_ (pcrvcrccr + pmvam

+ puVuCu)/(pchcr + pmvm + puvu) < 6l‘l'lélX’ (6)

(C =MgO, FeO, AL,0,, Ca0, Si0,). Here, p, v, and C
are, respectively, the density, the volume, and the oxide
concentrations (wt %). The indices cr, u, m, and / cor-
respond to the crust, the upper, the middle, and the
lower mantle, respectively. O describe the deviations
from the balance equations, and 3, is the maximum
permissible deviations for the Cth oxide. For example,
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all 5. being zero means that the chemical composition
of the modern lower mantle should be equal to the
composition of the uniformly mixed overlying shells.

4.2. Method of Calculation

The optimization procedure for solving the inverse
problem of inferring the chemical and mineral com-
position and the radius of the lunar core from the set of
geophysical constraints is described in [Kronrod and
Kuskov, 1997; Kuskov and Kronrod, 1998a; Kuskov
et al., 2002]. In the present work, we apply Monte-
Carlo sampling over a uniform distribution [Sam-
bridge and Mosegaard, 2002]) to solve the problem of
the chemical differentiation of the Moon. This
method allows one to analyze all possible domains of
the solution for a multi-parametric problem with all
kinds of constraints imposed and to yield a full range
of all possible solutions instead of a single one, which
is optimal in a certain sense, as has been done in the
previous works. Thereby, we can find the probable dis-
tributions of the concentration profiles for the rock-
forming oxides and the seismic velocities in three
mantle reservoirs and can also estimate the mean val-
ues and deviations of the obtained distributions.

The problem is formulated as follows: we find the
values of seismic velocities, density, and oxide concen-
trations in the mantle reservoirs such that they obey
the balance conditions (6) and the conservation equa-
tions for the mass M° and the moment of inertia /° of
the Moon:

L
M7=y pi (R~ RL) M, )
i=1
L
I°= %nz pi (R —RY,) +81°. ®)

i=1

as well as the no-inversion conditions for density (5)
and additional constraints on seismic velocities and
concentrations in the three-mantle zones of the
Moon. Here, p;is the density of the ith layer, R, |, and
R; are the minimum and the maximum radii of the ith
layer, dM°, and &.° are the errors in the determination
of the mass and the moment of inertia of a satellite,
and L is the number of layers in the model of the
Moon. In the case considered, L = 5. In the calcula-
tions, the modeled moment of inertia was allowed to
deviate from the experimental value within the exper-
imental accuracy range. The errors in the determina-
tion of the lunar mass were disregarded as they are
fairly small compared to other errors. The dimen-
sionless moment of inertia (/* = I°/M°R?>= 0.3931 +
0.0002I), the average density (p* = 3.3437 =
0.0016 g/cm?), and the lunar radius (R* = 1738 km)
were specified following [ Konopliv et al., 1998].

While solving the multi-parametric problem of
retrieval of the chemical composition and physical
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properties in each mantle zone and the size of the
lunar core, we sought a solution that would satisfy (5),
(7), and (8), meet the constraints on the concentra-
tions and seismic velocities in various zones in the
mantle, and ensure the fulfillment of balance equa-

tions (6):
0=ty
i
C=MgO, FeO, AL 0,, Ca0, SiO, C)]
0<Onax

The value Q,,, reflects the deviation of the bulk
composition of the undifferentiated lower mantle from
the average composition of the crust + upper mantle +
middle mantle system.

5. THE RESULTS OF CALCULATIONS

The bulk composition, the size of a core, and the
concentrations of the main oxides in the models of the
Moon depend on the constraints imposed on the
sought solution. Below, we consider lunar models with
various constraints on the velocities and the main
oxide concentrations in the mantle of the Moon.

5.1. Lunar Models Constrained by the Mass,
the Moment of Inertia, and the Seismic Velocities
in the Upper and Middle Mantle (MIS)

The input data for this type of models, which will
be referred to as MIS models, include the mass and the
moment of inertia of the Moon and the seismic infor-
mation. As the seismic profiles show great uncertainty
in the lower mantle, the seismic models [Lognonné
et al., 2003;Lognonné et al., 2005; Gagnepain-Bey-
neix et al., 2006] are only used at the depths of the
upper and middle mantle, while the velocities in the
lower mantle are inferred from the solution of the
inverse problem.

In our calculations, the seismic velocities in the
upper and middle mantle were bounded by the limits
of the deviations of the mean values for the corre-
sponding model (Table 1):

I6max> V;'> ijin (] =p, S).

(10)

The solution of the inverse problem gives the geo-
physically and geochemically permissible distribu-
tions of velocity (Table 1, Figs. 3 and 4) and concen-
trations (Table 3, Fig. 3) in the mantle of the Moon
and the size of the Fe-FeS lunar core (Fig. 5). Every
pair of seismic velocities Vp and Vs, which fall within
the interval of possible solutions shown in Fig. 3,
meets all the constraints for the given type of models,
including (7)—(9) and (10), although with a different
deviation from the average experimental values of the
moment of inertia, seismic velocities, and balance
equations (9). In all the cases considered, the misfits
between the calculated and the empirically estimated
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Model Zone AL 0% FeO* MgO* SiO,*
MI! 50—250 km 3.0+ 1.1 89t1.2 32t1.7 54112
250—625 km 4.6 £1.37 11.4+ 1.7 35£22 454+ 3.5
>625 km 58t 1.0 9.9t 1.1 30.6 £ 1.2 49+ 1.5

MIS? 50—250 km 1.62£0.43 11.4+0.7 31.1£0.9 546+ 1
1.9£0.7 10.5 £ 1.1 34.6 £ 2.1 51.5%2.1
250—625 km 22105 13.9+0.7 333+ 1.7 489+ 1.4
27+£0.8 13.3+£1.2 31.1+£2.0 504+1.9
>625 km 41£0.5 12.1+£0.5 29.5+0.9 50.9 £ 0.6
4.8 +£0.65 11.4£0.9 29.8+1.2 495+ 1.2

MISC? 50—250 km 1.6 0.5 11.8+0.5 31.4£0.5 5411
250—625 km 1.8+ 0.6 122+ 0.5 31.5+£0.5 53.2+1.2
>625 km 38+£0.5 11.7+ 0.5 28.8+0.5 526%1.2

Notes: ' MI model, constraints on the mass and the moment of inertia of the Moon
ZMIS model, constraints on the mass, the moment of inertia, and the seismic velocities in the upper and the middle mantle.
The values presented in the upper lines are the constraints according to the model of Gagnepain-Beyneix et al. [2006], and

those in the lower lines, according to the model in [ Lognonné et al., 2005].
3MISC model, constraints on the mass, the moment of inertia, and the seismic velocities in the upper and the middle mantle
according to the model of Gagnepain-Beyneix et al. [2006] plus the condition of similar concentrations in the upper and the

middle mantle.

1.2.3 Concentrations of the main oxides in the lower mantle correspond to the bulk composition of the silicate portion of the Moon
(the crust plus the mantle). The values of concentrations with an asterisk in the upper index (*) and the corresponding errors
in the present models are the mean values and the standard deviations calculated assuming normal distributions in the fre-
quency histograms. Concentrations of CaO are equal to 0.8CAl,O5.

values of the moment of inertia and seismic velocities
(with the velocity constraints for the mantle zones) lie
within the errors of the experimentally determined
parameters. At the same time, the higher frequencies
in the histograms of the frequency distribution corre-
spond to the solutions with smaller deviations from the
average experimental values. The misfit in the lunar
mass determination is zero. In the estimation of the
mean values of the obtained distributions, e.g., of seis-
mic velocities shown in Fig. 3 and their deviations, the
distribution was assumed to be normal. The errors
(Tables 1 and 3) do not include probable systematic
errors caused by the uncertainties present in the input
data and the assumptions adopted in the formulation
of the problem and in the calculation of the physical
parameters of the lunar interior. According to the
statement of the problem, the concentrations of the
main rock-forming oxides in the lower mantle corre-
spond to the bulk composition of a silicate portion of
the Moon within an accuracy of at most 0.3—0.5 wt %
(Table 3).

The bulk composition of the lower mantle in wt %
is the following:Al,0; = 4.1, 4.8%; CaO* =3.3, 3.8%;
FeO* =12.1, 11.4%; MgO*=29.5, 29.8%; SiO’s=50.9,
49.5%; MG*#81.3, MG*#82.3. Further in this sec-
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tion, the first value corresponds to the model [Gagne-
pain-Beyneix et al., 2006], and the second, to the
models [Lognonné et al., 2003; Lognonné, 2005]. The
upper index (*¥) is assigned to the mean values of the
calculated parameters. It can be seen that the chemical
composition of the silicate Moon in the model con-
strained according to [Gagnepain-Beyneix et al.,
2006] features somewhat smaller mean concentrations
of Al,O; and higher concentrations of FeO compared
to the model following [Lognonné et al., 2003; Log-
nonné, 2005]. The calculations showed that the limits
of permissible concentrations (wt %) in the model
[Gagnepain-Beyneix et al., 2006] are appreciably nar-
rower, measuring 3—5.5% Al,O;, 2.4—4% CaO, 10.5—
13.5% FeO, 28—31.5% MgO, and 49—52% SiO,. The
limits of permissible values are understood as the
intervals of the sought parameters that provide a solu-
tion of the inverse problem that meets all the con-
straints posed.

The mean radius of the core of the Moon is R:;re =
340 + 30 km, 380 = 55 km (Fig. 5). These results quite

well correlate with the estimates R, = 350 km pre-
sented in [Kuskov and Kronrod, 1998a; Khan et al.,
2007]. The distribution of the permissible values of
density for the seismic model [Gagnepain-Beyneix
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Fig. 3. Seismic velocities and concentrations of main oxides in the mantle of the Moon for MIS model constrained by the mass,
the moment of inertia, and the seismic velocities in the upper and the middle mantle, according to [Gagnepain-Beyneix et al.,
2006]. 1, 2, 3 are the upper, the middle, and the lower mantle, respectively. (a) P waves; (b) Swaves; (c) Al,O3; (d) FeO; (e) MgO;

(f) Si0,.
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Fig.4. Velocity profiles (mean values of the frequency distributions) for P waves (a) and S waves (b) in the lunar mantle. 7 MIS
model with the constraints on the mass, the moment of inertia, and the seismic velocities in the upper and the middle mantle,
according to [Gagnepain-Beyneix et al., 2006]; 2 MIS model plus the conditions of equal concentrations in the upper and the
middle mantle (MISC model); 3 MI model with the constraints on the mass and the moment of inertia.

et al., 2006] are shown in Fig. 6; the densities in the
upper, the middle, and the lower mantle are pj=

3.311 g/em’, . =3.375g/cm? and p, = 3.386 g/cm’,
respectively.

The seismic velocities in the lower mantle are of
particular interest for us, as they have not been
bounded by any constraints. We obtained the follow-

ing estimates: V, = 7.88—7.94, 7.92—8.02 km/s; Vo =
4.40—4.44, 4.48—4.54 km/s (Table 1, Fig. 4). These
estimates for the P velocities are close to the mean val-
ues of 7.90 = 0.30 km/s reported in [Lognonné et al.,
2003]; and those for the S velocities are close to the
mean values of 4.50 = 0.10 km/s presented in [Gagne-
pain-Beyneix et al., 2006].

5.2. Lunar Models Constrained by the Mass,
the Moment of Inertia, the Seismic Velocity,
and the Concentrations in the Upper and Middle
Mantle (MISC)

The investigations of the seismic structure of the
lunar interior suggest a zonal constitution of the Moon
with a seismic boundary estimated at a depth of 500—
700 km. The presence of a seismic boundary at a depth
of about 300 km is interpreted differently by scientists.
Although this boundary can be identified in the aver-
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age values in the models [Nakamura, 1983; Gagne-
pain-Beyneix et al., 2006], the models [Goins et al.,
1981; Lognonné, 2005; Khan et al., 2007] do not pro-
vide an explicitly distinguishable boundary between
the upper and the middle mantle. In this section of the
paper, we explore the possibility of constructing mod-
els of the Moon in which the chemical compositions
in the upper and the middle mantle are practically
similar to each other and the seismic velocities in these
layers of the mantle are constrained according to the
seismic models. As shown in [Kuskov, 1997; Kuskov
and Kronrod, 1998a], this zone is void of phase transi-
tions which might be responsible for the stepwise
changes in the velocity and density. Therefore, in such
models, the differences in the velocities in the upper
and the middle mantle can only be driven by P-7 con-
ditions, and the phase interface at a depth of 250—
300 km is improbable. It can be seen from Fig. 3 that
there are common domains for the concentrations of
the main oxides in the upper and the middle mantle,
which indicates that the solutions without a chemical
boundary between the upper and the middle mantle
are very likely. Let us now attempt constructing the
model of the Moon, which would meet the conditions
for the mass and the moment of inertia, the balance
equations, and the seismic constraints according to
the model [ Gagnepain-Beyneix et al., 2006], as well as

No. 8 2011



722

0.25

0.20

e

—

w
T

o

—

(=)
T

Relative frequency

0.051

—

440

0
260 320 380

Radius of Fe—FeS core, km

Fig.5. The radius of Fe—FeS core. MIS model with the
constraints on the mass, the moment of inertia, and the
seismic velocities in the upper and the middle mantle,
according to [Gagnepain-Beyneix et al., 2006].

the conditions of similar concentrations in the upper
(C,) and the middle (C,,) mantle, the MISC model:

IC,—C,| <0.5wt %
(C = AL,O,, CaO, MgO, FeO, Si0,).

(11)

Having solved the inverse problem, we obtain a
range of models which meet all the conditions stated.
The distributions of density, concentrations, and
velocities are found for all mantle zones. This indicates
that the models of a differentiated Moon with an
almost homogeneous chemical composition up to the
top of the lower mantle are possible. The obtained dis-
tributions of the concentrations and velocities in the
mantle are close to the models discussed in Section 5.1
(Tables 1 and 3, and Figs. 4 and 7). The velocity pro-
files are similar to those obtained in Section 5.1. Due
to the additional constraints on the concentrations,
the limits of permissible seismic velocities in the lower
mantle in the MISC model are significantly narrower
(7.8—=7.92 km/s for Vpand 4.42—4.5 km/s for V). The
P velocities in the upper and middle mantle corre-
spond to the model of Gagnepain-Beyneix et al.
[2006], and in the lower mantle, to the model of Log-
nonné et al. [2003]. The S velocities in all zones are
well correlated with the model [Gagnepain-Beyneix
et al., 2006] (Table 1, Fig. 4).

5.3. Models of the Moon Constrained by the Mass
and the Moment of Inertia (MI)

We consider the constraints on the seismic veloci-
ties and chemical composition of the lunar mantle,
which follow from the conditions imposed only on the
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MIS model with the constraints on the mass, the moment
of inertia, and the seismic velocities, according to [ Gagne-
pain-Beyneix et al., 2006]. 7, 2, 3 are the upper, the mid-
dle, and the lower mantle, respectively.

moment of inertia, the mass (7) and (8), and the bal-
ance equations (6) (MI model). The mean velocities
agree well with the model [Lognonné et al., 2003] in
both Vp and Vg in the upper mantle and in Vs in the
middle mantle, and with the model [Gagnepain-Bey-
neix et al., 2006] in Vp and Vj in the middle and the
lower mantle (Table 1, Fig. 4). Despite the large inter-
vals of permissible concentrations, the bulk composi-
tion of the silicate Moon is estimated with an error as

small as about 1 wt %: Al,0; = 5.8 + 1%, FeO* =
9.9+ 1.1%, MgO* = 30.6 + 1.2%, SiO} = 49 + 1.5%,
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Fig. 7. Frequency distributions of seismic velocities and concemtrations in the lower mantle of the Moon for different models.
(a) S velocities; (b) P velocities; (c) Al,O3; (d) FeO. (/) MI model with the constraints on the mass and the moment of inertia;
(2) MIS model with the constraints on the mass, the moment of inertia, and the seismic velocities, according to [Gagnepain-
Beyneix et al., 2006]; (3) MISC model with the constraints on the mass, the moment of inertia, and the seismic velocities, accord-
ing to [Gagnepain-Beyneix et al., 2006], plus the conditions of equal concentrations in the upper and the lower mantle. Concen-
trations of the main oxides in the lower mantle correspond to the bulk composition of the silicate portion of the Moon (the mantle

plus the crust).

MG*#84.5, Table 3 and Fig. 7. It is worth noting that
this chemical composition of the Moon well agrees
with the models of Kuskov [1997] and Kuskov and
Kronrod [1998a], although the MI model does not
invoke seismic information.

The distributions of the permissible values of den-
sity for different mantle zones are shown in Fig. 6. The
mean values for the upper, the middle, and the lower

mantle are, respectively, p* = 3.291 g/cm?, pZ =
3.375 g/cm?, and p; = 3.389 g/cm?, which is very
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close to the MIS model. The mean radius of the lunar
core is R* =375+ 55 km.

6. RESULTS AND DISCUSSION
6.1. Basic Model Assumptions

The interpretation of the results of inversion largely
depends on the assumptions adopted in the formula-
tion of the problem, on the errors in the input data,
and on the uncertainties in the solution. The basic
assumptions in the model of Magma Ocean are the
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following. The outer lunar shells undergo melting,
which is followed by the subsequent differentiation of
the Moon into the crust, the upper mantle, and the
middle mantle. The Moon is assumed to be a perfect
sphere with a radially symmetric multilayer structure.
The asymmetry of the Moon is ignored. The thick-
ness, the density, and the chemical composition of the
crust are specified according to the data provided by
the Apollo mission and subsequent geophysical inves-
tigations. The density and the chemical composition
of each mantle layer (the upper, the middle, and the
lower mantle) are assumed to be constant throughout
the entire interval of corresponding depths; the same
applies to the core as well. The local seismic informa-
tion and other data inferred from the samples taken at
the Apollo landing sites are assumed to apply for the
global Moon. The temperature distribution in the
lunar interiors is specified according to the models
based on the seismic information, which has signifi-
cant uncertainties at a depth below 500 km [Kuskov
and Kronrod, 2009]. Each of the listed assumptions
contains errors that affect the output results, which
should be taken into account when interpreting the
results of modeling. For example, the mass and the
moment of inertia of the Moon can be estimated with at
least the same error as that in the calculation of density.

In terms of the statement of the problem, the
present work has many aspects in common with our
previous investigations [Kronrod and Kuskov, 1997;
Kuskov and Kronrod, 1998a; 1998b]. The main differ-
ences are the method of solution and the range of
models to be studied. The approach applied in the
present work offers a remarkable advantage: it yields
the entire range of all possible solutions instead of a
single optimal solution, as provided in our previous
works. This technique ensures a more adequate and
reasonable evaluation of the possible lunar models. By
applying the advanced numerical methods and by
using the modern data on seismic velocities, we were
able to outline the ranges of geophysically and
geochemically permissible seismic velocities and con-
centrations of the main rock-forming oxides in the
lunar mantle. It is notable that the mean values of the
studied parameters in the histograms of the frequency
distribution correspond, in some sense, to the opti-
mum solutions, i.e., to those best fitting all the con-
straints imposed on the model under consideration. In
terms of qualitative assessment, the increased number
of successful solutions (the variants that satisfy all
posed constraints) indicates their smaller deviation
from the optimal solution. At the same time, it is very
likely that there are some additional geochemical and
thermophysical constraints inherent in the nature of
the Moon which do not correlate to the mean values of
the inferred distributions. The additional constraints
not considered in our present work may shift the mean
values of the distributions relative to the estimates we
obtained here. However, in any case, the values of the
sought parameters should fall within the limits of the
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obtained distributions (Figs. 3, 5, and 7). These con-
siderations apply for all sought parameters in all the
models discussed above.

6.2. Effects of the Variations in the Input Parameters

The effects, which the variations in the input param-
eters relative to the reference model (see Table 2) pro-
duce in the bulk composition of the Moon and in the
seismic Pand Svelocities in the lower mantle, are esti-
mated in Table 4. The numerical experiments for the
model with seismic constraints according to [Gagne-
pain-Beyneix et al., 2006] have shown that tempera-
ture variations alone (A7 %+ 50°C) or variations in the
positions of the boundaries between the upper—mid-
dle mantle (AH,,_, = +50 km) and the middle—lower
mantle ((AH,,_;= %125 km) within the indicated lim-
its only slightly affect the results. The total effect of
variations in crustal thickness, crustal density, and the
depth of the seismic boundaries on the bulk composi-
tion of the silicate Moon and on the seismic velocities
in the lower mantle is negligible, as the variations in
the different input parameters cause opposite-sign
(mutually annihilating) effects in the calculation. The
main effects of the increasing concentration of Al,O;
in the crust up to 30 wt % are the ~0.5 wt % increase in
ALO; in the bulk composition and the ~0.6 wt %
decrease in SiO, relative to the reference solution
(Table 4). The variations in the mean concentrations
of the main oxides in the lower mantle relative to the
reference solution, which are caused by the simulta-
neous changes in all four input parameters, are at most
1 wt %. All this indicates that the obtained solutions
are rather conservative to relatively small variations in
the input parameters of the models.

6.3. MI Models and the Symmetry of the Internal
Structure of the Moon

The MI model, the coarsest one, is based on the
information on the moment of inertia and the mass of
the Moon and the balance equations (6). No con-
straints are imposed on the profiles of seismic veloci-
ties. By comparing the mean seismic velocities and
bulk silicate Moon in the MI model with the geo-
physical and geochemical models, we see that the
constraints on the mass and the moment of inertia
alone provide quite reasonable results (Fig. 4,
Tables 1 and 3).

To date, there is no reliable evidence for the full
central symmetry of the internal constitution of the
Moon. Strictly speaking, the seismic velocities in the
lunar interiors are determined only locally, at the
Apollo landing sites. In the majority of the existing
models of the internal lunar composition, the local
seismic data provided by the Apollo mission are
extended onto the whole Moon. Wieczorek et al.
[2006] in their review discuss a model with a seismic
boundary at a depth of 500 km, which has been formed
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Table 4. Effects produced in the lower mantle seismic velocities and in the bulk composition of the silicate portion of the
Moon by the variations in the input parameters of the model relative to the reference' model (see Table 2)

Variation in the Velocities in the lower mantle Bulk composition, wt %

model parameter Vp, km/s Vs, km/s MgO FeO Al O3 SiO,
Hir—u +125km +0.004 —0.004 +0.08 +0.13 —0.14 —0.03
H,,. ) — 125 km +0.017 +0.013 —0.46 —0.48 +0.38 +0.25
HgH + 10 km +0.029 +0.003 —0.160 +0.26 +0.45 —0.91
pj, +0.1g/cm? —0.005 +0.009 —0.21 —0.75 —0.02 +1.0
Alzogcr +5wt % +0.034 +0.009 —0.05 —0.18 +0.45 —0.56
H,,_;+ 125 km
H, ,+10km
Per+ 0.1 g/cm? +0.018 +0.007 —0.05 —0.21 +0.23 —0.15
H, ;+125km
H, ,+10km
Per+ 0.1 g/cm?
ALO; .+ 5wt % +0.052 +0.027 —0.15 —0.28 +0.72 —0.87
Notes: ' Reference model: ALO3,,.=25wWt %, po-= 2.9 g/cm?, H,._,=50km; H, ;=625km.

H m— 1s the depth of the boundary between the middle and the lower mantle.
3 H,,_, is the depth of the boundary between the crust and the upper mantley.

4 p.ris the crustal density
3 Al,O3 .,.is the concentration of Al,O5 in the crust

as a result of heating followed by a subsequent melting
and differentiation exactly in the region of the
Oceanus Procellarum. In this case, the known seismic
models should only apply for this particular region. To
elucidate the issue, one may refer to the results pro-
vided by the MI model. As these models were con-
structed without seismic constraints, the resulting dis-
tributions of the velocities and concentrations corre-
spond to the radially symmetric models of lunar
interiors. The fact that the model estimates of the
mean seismic velocities are close to the experimental
values measured by the Apollo seismographs can serve
as evidence in favor of the radial seismic symmetry of
the Moon.

In our calculations, the mean values of Vpand Vsin
the MI model practically coincide with those for the
model of Lognonné et al. [2003] in the upper mantle
and with the results of Gagnepain-Beyneix et al.
[2006] in the lower mantle. Moreover, the bulk com-
position of the silicate portion of the Moon is close to
the results obtained in [Kuskov, 1997; Kuskov and
Kronrod, 1998a; 1998b] (Table 5). In [Khan et al.,
2006b], the chemical composition of the Moon is
retrieved from the electromagnetic data, the moment
of inertia, and the mass. The results on the bulk com-
position are similar to our estimates for the MI model;
both models have the mean magnesium number
MG#84. This effect is probably due to the fact that the
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mass and the moment of inertia of the Moon are the
dominant constraints on the density distributions in
the lunar interiors and, as a consequence, on the min-
eral composition and seismic velocities. The additional
balance conditions set for the chemical composition in
our models, or the electromagnetic constraints [Khan
et al., 2006b] somewhat narrow down the intervals of
permissible values of the sought parameters.

Therefore, based on the results obtained for the MI
model (the mean seismic velocities and concentra-
tions of main oxides in the lunar mantle), we may
qualitatively conclude that the seismic models and the
zonal structure of the Moon inferred from the local
measurements by the Apollo mission apply for the glo-
bal Moon as well.

6.4. MIS Models

The MIS model, which follows the MI models in
terms of complexity and is the basic model in terms of
the statement of the problem, in addition to the
moment of inertia and the mass of the Moon, uses
information on seismic velocities in the upper and
middle mantle. A comparison between these two mod-
els shows that the interval of permissible concentra-
tions of the main oxides and the seismic velocities
becomes considerably narrower as the degree of con-
straints on the models increases (Fig. 7). The permis-
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sible ranges of seismic velocities for the lower mantle
in the MIS model of 7.84—8 km/s for the P waves and
4.36—4.46 km/s for the .S waves are noticeably nar-
rower than in the seismic models presented in [Log-
nonné et al., 2003; Gagnepain-Beyneix et al., 2006].
The mean concentrations in the upper and the middle
mantle for the MIS model are, generally, different.

The concentrations of A120;k and FeO* in the upper
mantle are lower, respectively, by 0.6—0.8%, and 1.9—
3.4% than in the middle mantle (Fig.3, Table 3).

A hint of a correlation between the concentrations
of Al,0; and FeO is perceived in the lower mantle. The
smallest concentrations of ~3% Al,O; correspond to
11—-13.5% FeO. For the highest concentrations of 5—
5.5% Al,O;, the corresponding FeO concentrations
are somewhat lower, ranging from 10.5—12.5%. The
upper mantle is represented by the phase assemblage
containing 2 mol % olivine + 93.8% orthopyroxene +
4.2% clinopyroxene. Orthopyroxene also prevails in
the middle mantle (62 mol %); the other phases here
are olivine (30%), clinopyroxene (5.8%), and garnet
(1.6%). These phase compositions were calculated for
the mean concentrations of the main oxides (Table 3).

The lower mantle is more abundant in Al,O; and
CaO compared to the upper and the lower mantle.
This manifests itself in higher concentrations of garnet
(3.9 mol %) and clinopyroxene (11.7 mol %); the
molar concentrations of olivine and orthopyroxene
are 13.7 and 70.7 mol %, respectively. The middle
mantle is to some extent enriched in FeO (~ 2 wt %)
compared to the lower mantle (Fig. 3), which qualita-
tively agrees with our previous estimates [ Kronrod and
Kuskov, 1997; Kuskov and Kronrod, 1998a; 1998b]. In
contrast to the model of Nakamura [1983] (Fig. 1),
our present calculations have not revealed any distinct
inversion of seismic velocities in the middle mantle
(Fig. 4). Solutions with the inversion of velocity in the
middle mantle are unlikely, although possible. Our
estimates of the mean S velocities in the lower mantle

(Vi =442 + 0.014 km/s) almost coincide with the
mean values in the model [Gagnepain-Beyneix et al.,

2006], and the P velocities V;F =7.91=£0.025 km/s are
close to the results presented in [Lognonné et al.,
2003].

According to our calculations, the seismic velocity

ratio V, / V;l< in the lower mantle is 1.77—1.79. To
compare with, V,/Vg=1.81 in the model [Gagnepain-
Beyneix et al., 2006], 1.88 in the model [Lognonné
et al., 2003], and 1.80—1.82 in the model [ Kuskov and
Kronrod, 2009]. Our estimates based on the histo-
grams of frequency distribution show that the permis-
sible ranges of seismic velocities in the lower mantle
are 7.82—8.08 km/s for Pwaves and 4.37—4.5 km/s for
S waves. From the comparison presented above it fol-
lows that the P velocities in the model [Gagnepain-
Beyneix et al., 2006] (8.15 £ 0.23 km/s) and S veloci-
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ties in the model [Lognonné et al., 2003] (4.20 +
0.30 km/s) meet our estimates, with mutual errors
taken into account.

6.5. MISC Models

We have also analyzed the feasibility of the models
with a nearly chemically uniform upper and middle
mantle (the chemical composition is practically con-
stant from the crust to the top of the lower mantle) and
seismic constraints of the MISC models (Figs. 4 and 7,
Tables 1 and 3). In terms of the velocities and concen-
trations of the main oxides in the lower and upper
mantle, the MISC models are close to the MIS mod-
els. It is reasonable to compare the calculations for the
MISC model with the model presented in [Khan et al.,
2007], where the chemical composition shown in the
graphs does not exhibit any variations up to a depth of
600—700 km. The difference in the mean concentra-
tions in the histograms of distribution for Al,O; and
FeO between our models and the model by Khan et al.
[2007] is insignificant. The magnesium numbers are
also almost similar: Mg#81 in our model and Mg#82
in the model [Khan et al., 2007]. One should not
expect our models to fully coincide with the results by
Khan et al. [2007], as in the present work, the geo-
physical constraints are strengthened by the condi-
tions imposed on the balance of the main oxides.

It is significant that within the given model class,
the concentrations of the main oxides, except for
Al,O; and CaO, slightly vary with depth throughout
the entire mantle including its lower layers. In contrast
to [Khan et al., 2007], we have obtained the quantita-
tive estimates for the seismic velocities in the lower
mantle, which coincide with the values reported in
[Lognonné et al., 2003] in terms of mean P velocities
and with the results of [Gagnepain-Beyneix et al.,
2006] in terms of mean S velocities (Table 1).

6.6. Chemical (Concentration) Boundaries
in the Mantle

According to the modern geophysical constraints,
models of the Moon that are chemically differentiated
into the upper and the lower mantle and those with
uniform composition up to the lower mantle are both
possible. The chemical boundary at a depth of 500—
750 km is present in all our calculations. We have esti-
mated the crustal density and the depth of the chemi-
cal boundaries in the lunar shells from the relative fre-
quency of the successful solutions for the MIS models.
The studied parameters varied within the following
limits: 2.9 < p,,. < 3.1 g/cm3,40<H,,_,< 60 km, 250 <
H,_,<300km, and 500 < H,,_;< 750 km. Here, H,_,,
H,, and H, , are the depths of the boundaries
between the crust and the upper mantle, the upper
mantle and the middle mantle, and the middle mantle
and the lower mantle, respectively. Our results p,. =
29g/cm?, H,_,= 50 km, H,_,, =250 km, and H,_,=
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Table 5. Model compositions for the silicate portions (the crust plus the mantle) of the Earth and the Moon (wt %)
Source of information SiO, FeO MgO CaO Al,O4 MG#
the Earth
[Ringwood, 1979] 45.9 8.1 38.8 3.2 4.0 89.5
[Taylor, 1982] 50.1 8.0 35.3 2.9 3.7 88.8
[McDonough, Sun, 1995] 45.5 8.2 38.2 3.6 4.5 89.3
the Moon
[Ringwood, 1979] 45.1 14.1 32.9 3.7 4.2 80.6
[Jones, Delano, 1989] 46.1 12.6 35.0 2.8 3.5 83
[O’Neill, 1991] 44.9 12.5 353 3.3 4.0 83
[Wanke, Dreibus, 1986] 45.9 13.1 32.6 3.8 4.6 81.6
[Taylor, 1982] 43.9 13.1 32.3 4.6 6.1 81.5
[Galimov, 2004] 434 13 + Fe 32 10.8 (sum CaO 81.5
in the core + AL, O3)

[Lognonné et al., 2003] 53.5 13.3 21.9 4.9 6.4 74.6
[Khan et al., 2007] 46.1 12.2 34 3.6 4.1 82
[Kuskov, 1997] 49.9 10.8 27.5 4.9 6.9 82
[ Kuskov, Kronrod, 1998a]
Model 1 50.0 10.4 28.5 4.8 6.3 83
Model 2 48.5 11.7 29.6 4.3 5.9 82
Present work, MI model’ 49+ 1.5 99+ 1.1 306 1.2 4.7+0.8 58=%1 84.5
Present work, MIS model? 509+0.6 | 12.1£0.5 29.5+£0.9 34+04 4.1%+0.5 81.3

49.7+1.2 | 11.6+£0.9 30,0+ 1.2 3.9+0.5 4.84+0.65 82.3
Present work, MISC model? 523+£1.2 | 12.1£0.52 8.8+0.5 3.0+£04 3.8+0.5 81

Notes: ! MI model, constraints on the mass and the moment of inertia of the Moon

2MIS model, constraints on the mass, the moment of inertia, and the seismic velocities in the upper and the middle mantle. The
values indicated in the upper lines are the constraints according to the model of Gagnepain-Beyneix et al. [2006], and those in

the lower lines, according to the model in [ Lognonné et al.

, 2005].

3MISC model, constraints on the mass, the moment of inertia, and the seismic velocities in the upper and the middle mantle
glus the condition of similar concentrations in the upper and the middle mantle.

1.2.3 _The values of concentrations and the corresponding errors in the present models are the mean values and the standard de-
viations calculated assuming normal distributions in the frequency histograms.

625—750 km quite well correlate with the modern
models of the lunar constitution [Wieczorek et al.,
2006; Khan et al., 2007]. To compare with, H,_,, =
238 km and H,,_, = 738 km in the work [Gagnepain-
Beyneix et al., 2006]. According to the qualitative
evaluation of the depth of the boundary between the
middle and the lower mantle [Khan et al., 2007],
H,,_;=500—600 km for density and 800—900 km for
S velocity; the boundary between the upper and the
middle mantle is not recognized. Although the latter
results testify in favor of the MISC model, one can-
not definitely infer the absence of a weak chemical
boundary at a depth of about 250 km from the work
[Khan et al., 2007]. In our calculations on the MISC
models, it is shown that the models of the Moon with
a uniform chemical composition up to a depth of the
lower mantle meet all the imposed constraints, just as
the MIS models do. The mean seismic velocity pro-
files in the MIS and MISC models are almost identical
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(Table 1), which indicates that the identification of the
chemical boundary between the upper and the middle
mantle from the seismic constraints is a challenge. In
our results, the question as to whether a weak chemical
boundary exists at a depth of 250—300 km is left open.

6.7. The Silicate Portion of the Moon

Our results support the previous conclusions
obtained by Kuskov and Kronrod [1998a; 1998b]
about a qualitative difference between the bulk com-
position of the silicate Moon and the mantle of the
Earth (Table 5). The whole range of the models con-
sidered relates to concentrations of FeO (9.9—12.1%)
which are greater than those in the pyrolite (8.2%)
[McDonough and Sun, 1995], although the mean
concentrations of ALO; (3.8—4.8%) in the MIS and
MISC models are close to pyrolite (4.5%) [McDon-
ough and Sun, 1995]. The value of the magnesium
number, which is one of the key geochemical parame-
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ters, for the MIS models (MG#81—82) coincides with
the estimates provided by the geochemical and geo-
physical models [Winke and Dreibus, 1986; Taylor,
1982; Taylor at al., 2006; Khan et al., 2007; Kuskov,
1997; Kuskov and Kronrod, 1998a; 1998b]. This value
is lower than the estimates commonly adopted for the
Earth’s mantle (MG#89.3) [McDonough and Sun,
1995], although higher than in the models [ Lognonné
et al., 2003] (MG#74.6). The major difference from
the previous works [Kronrod and Kuskov, 1997;
Kuskov and Kronrod, 1998a; 1998b; Kuskov et al.,
2002] is smaller concentrations of Al,O; in the bulk
composition of the Moon, which is due to the partic-
ular formulations of the problem for the MIS and
MISC models.

7. CONCLUSIONS

1. The constitution of the Moon, which was ini-
tially homogeneous and then experienced differentia-
tion due to partial melting, is studied by numerical
modeling. The mineral composition and physical
properties of the lunar mantle are reconstructed by the
Monte-Carlo inversion of the gravity and seismic con-
straints. The phase composition and the physical
parameters of the mantle are calculated using the
method of the Gibbs free energy minimization and the
equations of state for the mantle material in the system
CaO—FeO—MgO—-AL0;—Si0O,. The models of the
Moon with a different degree of constraints on the
desired solution are considered. In all models, the
geophysically and geochemically permissible distribu-
tions of seismic velocities and chemical concentra-
tions are determined for three mantle zones, and the
radius of the Fe—10%S core is estimated. The effects
in the solution, which are caused by the variations in
the main input parameters of the models, are evalu-
ated.

2. Based on the analysis of the models only con-
strained by the moment and the mass of the Moon, it
has been shown qualitatively that the internal structure
of the Moon is radially symmetric. Moreover, the seis-
mic models and the zonal structure of the lunar interi-
ors, which have been inferred from the local observa-
tions at the Apollo landing sites, apply for the entire
Moon as well.

3. The main parameters of the lunar crust, the
mantle, and the core are estimated. The crustal density
is probably 2.9 g/cm?, the crustal thickness is 50 km,
and the radius of Fe—10%S core is 340 + 30 km. The
chemical boundary between the middle and the lower
mantle is identified at a depth of 620—750 km. It is
shown that the models of the Moon with and without
a chemical boundary at a depth of 250—300 km are
both possible. The seismic velocities at the depth of the
lower mantle fall within the intervals 7.88 < Vp <
8.10 km/s and 4.40 < V;<4.55 km/s.

4. The mantle of the Moon is chemically stratified,
and the concentrations of FeO, Al,O; and CaO in the
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different zones of the mantle, where orthopyroxene is
the prevailing phase, are different. The silicate portion
of the Moon (the crust and the mantle) probably con-
tains 3.5—5.5% Al,O; and 10.5—12.5% FeO.
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