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[1] We have inverted the most recent set of geophysical
observations pertinent to lunar interior properties, including
mass M and moment of inertia / as determined by Lunar
Prospector, the two Love numbers k, and %, as well as
monthly tidal dissipation Q obtained from more than
35 years of lunar laser ranging data. In wanting to assess
the ability of these parameters to constrain lunar mantle and
core structure, we have used a stochastically based sampling
algorithm to invert the geophysical data to obtain radial
density and shear wave velocity profiles. The results
indicate a small liquid Fe core (» < 400 km), with a shear
wave velocity close to 0 km/s and a density of around 7 g/cm®.
This is further corroborated by calculating the Bayes factor
for the hypothesis that the lunar core is fluid against the
hypothesis that it is solid, which is >1, thereby favouring
the fluid core hypothesis. In addition, shear wave velocities
for the lower mantle region (depths > 1100 km) are
generally found to be lower than upper mantle velocities
and can be interpreted as implying the presence of partial
melt, which can explain the unusually low lunar monthly
tidal O of ~30. Citation: Khan, A., and K. Mosegaard (2005),
Further constraints on the deep lunar interior, Geophys. Res. Lett.,
32, 122203, doi:10.1029/2005GL023985.

1. Introduction

[2] The, by now, widely accepted giant impact scenario
for lunar formation has the Moon forming largely out of the
silicate debris that comes to lie in a circumterrestrial ring
containing little iron (in comparison to bulk Earth) [Canup,
2004]. As a consequence, if a lunar Fe core is subsequently
formed, it should be very small (<1-3% by mass). What
this tells us is that the possible existence of a lunar core,
whatever its constitution, is an important parameter, as
it holds the potential of providing key constraints on
hypotheses of lunar origin and thus evolution [e.g., Canup
and Righter, 2000].

[3] Over the years, beginning in the time of the Apollo
era and up until very recently, the evidence based on several
investigations, of geophysical as well as of geochemical
nature, has converged upon the most likely existence of a
small lunar Fe core [e.g., Russell et al., 1981; Hood and
Jones, 1987; Mueller et al., 1988; Hood et al., 1999;
Williams et al., 2001; Righter, 2002; Khan et al., 2004].

[4] Of most interest here are the analyses by Williams et
al. [2001] and Khan et al. [2004]. Williams et al. [2001]
claimed to determine that the present core of the Moon is
liquid, contrary to many expectations. Using more than
30 years of lunar laser ranging (LLR) data, Williams et al.
[2001] detected a displacement of the Moon’s pole of
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rotation, indicating that dissipation is acting on the rotation
arising from a fluid core. Using the approximate bound-
ary layer theory of Yoder [1995], (1-sigma) limiting radii of
352 km for a liquid Fe core and 374 km for a eutectic Fe-FeS
core, respectively, were found.

[5] In wanting to assess the geophysical implications of
the solution parameters determined by Williams et al.
[2001], Khan et al. [2004] undertook a rigorous inversion
using a Monte Carlo based sampling algorithm of the
second degree lunar tidal Love number k,, mass //, moment
of inertia / and tidal dissipation factor Q. Their study, based
on Bayesian hypothesis testing, used the data to distinguish
between two competing hypotheses concerning core state,
size and constitution. One hypothesis had the Moon
containing a liquid core whereas the other one considered
the core to be solid, with no bounds put on either size or
composition (density). Their results indicated that a liquid
Fe core with a density of ~7 g/cm® and a radius of about
350 km was the most likely solution.

[6] In the present study we shall continue along the lines
of Khan et al. [2004], that is, by inverting a set of
geophysical solution parameters in order to further constrain
the deeper structure of the Moon. The approach taken here
distinguishes itself from the one by Khan et al. [2004] in
that, 1) we have added the information provided by the
second degree displacement Love number /,, measuring the
vertical displacement of the lunar surface, which is sensed
by the laser ranges as the Moon flexes due to the varying
tides [Williams et al., 2005] and 2) no prior assumptions are
presently invoked about the state of the core as in the study
of Khan et al. [2004], meaning that all possible combinations
of core state, size and composition are equally probable and
that only data are used to constrain the outcome.

2. Method of Analysis

[7] The specific goal of the present study is to infer
information about the lunar radial S-wave velocity vg(r) and
density profile p(r) by inverting the second degree tidal
Love number k,, displacement Love number #/,, global
monthly tidal dissipation O, mass M and moment of inertia
1. The measured values are k, = 0.0227 + 0.0025, h, =
0.045 £ 0.01, Q = 30 = 4 [Williams et al., 2005], M =
73.477 + 0.033 x 10 kg and I/MR* = 0.3935 + 0.0002
[Konopliv et al., 2001; M. A. Wieczorek, personal commu-
nication, 2004], where R is the mean radius of 1737.1 km
[Smith et al., 1997].

[8] Our model of the Moon is assumed to be spherically
symmetric and divided into 5 shells of variable thickness. In
addition to layer thickness d, each shell is described by
shear modulus p, bulk modulus k, density p and local
dissipation ¢, resulting in a 25-dimensional model space.
The parametrisation of our model into 5 layers follows the
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Figure 1. Sampled 1D marginal prior and posterior
S-wave velocity models depicted using log(vs/v,), where
v, = 1 km/s. The five figures are obtained by sequential
analysis of the data set. A. prior information, B. inversion of
only M and /, C. inversion of only k,, D. inversion of only
h, and E. joint inversion of all data. The figures have been
put together by analysing sampled S-wave velocities at
every kilometer and then combining these to produce radial
profiles. The different shades of gray are directly related to
the probability of occurrence with black as most probable
and white as least probable. Focusing on sampled prior
information in the central region (near-homogeneous), the
chosen parametrisation is seen to concentrate, a priori, a
significant part of the probability mass at low S-wave
velocities. However, as is apparent in E, data translate
(constrain) an even larger part of the probability mass to
very low velocities, signaling data sensitivity in this
region.

general division of the lunar interior into crust, upper,
middle and lower mantle as well as a core. All sampled
models are models with relatively high likelihood values
that fit data within uncertainties, thereby allowing a suffi-
cient sampling of the posterior distribution. A model
containing more layers could obviously also have been
chosen, although at the expense of increasing model solu-
tion complexity. Given radial profiles of these parameters
we can calculate model values of k», 4y, O, M and I.
Estimating Love numbers for a given model of p, k and p
is done by solving six linear differential equations using
appropriate boundary conditions [Alterman et al., 1959]
ay!

1l

where the y;’s correspond to harmonic deformations of degree
n and the €2;’s are functions of the rheological parameters,
harmonic degree and frequency of the deformation. Love
numbers of degree n are then 4, =y, [, = 13, k, = 5. Global
tidal dissipation is calculated using O~' = Im(k,)/Re(k,),
whereas M and / are easily evaluated by simple integration of
the density profile.

[¢] The stochastic sampling algorithm operates by
sampling solutions to the inverse problem that fit the
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observed data within their error bars and at the same time
satisfies known or assumed physical a priori constraints. We
have used a Markov chain Monte Carlo (MCMC) method
designed to sample the model parameter space according to
the posterior probability density (posterior pd), which is
mathematically given by the conjunction of the various
probability density functions (pdf), describing prior infor-
mation, data uncertainties and the physical laws governing
the relationship between data and model parameters [e.g.,
Mosegaard and Tarantola, 1995; Mosegaard, 1998].

[10] As the results are conditioned on data and any prior
assumptions made, let us briefly enumerate these (for details
see Khan et al., 2004). Except for the crustal layer, the
physical extent of a given shell d;, defined by the radii of the
layer boundaries 7; and 7.1 can assume any value within
the confines of the boundaries ultimately above and below
the boundary under consideration, while lunar surface and
center are anchored at » = 1737 km and 0 km, respectively.
As the data studied here are not really sensitive to crustal
structure, we constrained crustal thickness to vary between
30 and 60 km depth. The parameters p, K, p and ¢ are
parametrised using their logarithms and these are assumed
to be uniformly distributed within some large intervals,
corresponding to p varying from 3 to 7.5 g/em’, ¢ from 1
to 200 and vg from 0.001 to 10 km/s. In addition we are only
interested in sampling density models that increase with
depth and thus require that p satisfy the sequence .. .p;_; <
pi < pi+1- - -- As concerns data distribution, we assume these
to be individually independent and described using gaussian
uncertainties, resulting in a likelihood function of the form

J J 2
cm) <[] p{w} o

20’12

where d,;s denotes observed data, d.,(m) synthetic data
computed using model m with ; alluding to the particular
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Figure 2. Sampled prior and posterior p models depicted
in the form of 1D marginals. The five figures are, as in
Figure 1, obtained by sequential analysis of the data set.
A. prior information, B. inversion of only M and I,
C. inversion of only k,, D. inversion of only /4, and
E. joint inversion of all data. Shades of gray as in Figure 1.
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Figure 3. The Bayes factor as a function of radius for two
different hypothesis tests. The first test (thick line) aimed at
distinguishing between a fluid (hypothesis 1: vg < 0.5 km/s)
and a solid core (hypothesis 2: vg > 3.5 km/s). The second
test (thin line) measured the relative importance of a high
density core (hypothesis 1: p > 7 g/em®) versus a core made
of troilite (hypothesis 2: p € [5.1;5.3] g/cm?). In both cases
B;; > 1 for the central region, implying that a small high
density fluid core is favoured by data.

geophysical observation and o is the uncertainty on either of
these.

3. Results and Discussion

[11] In order to provide the reader with a sense of the
resolution, that is, how well the model parameters
are resolved from data, we have displayed prior next to
posterior as a direct comparison reflects how much infor-
mation is contained in the data. Furthermore, to address the
question of resolution, which from our point of view
amounts to asking what sort of information is actually
contained in the individual data and moreover how much
can these individually resolve, we have split up the data and
inverted these separately. In displaying the results we
therefore show prior and several posteriors, including those
obtained from an inversion of 1. only M and 7, 2. only k,,
3. only %, and finally 4. all data. Figures 1 and 2 display
marginal 1D prior and posterior pd’s depicting the radial
variation of sampled vg and p models. What can be extracted
from Figures 1 and 2 is the probability for obtaining certain
model parameter values at a given depth. The sequential
analysis of the data nicely portrays the increased amount of
information obtained as we add more data in the inversion.
Most importantly, data are seen to constrain the deep
structure. For the central part of the Moon the most probable
shear wave velocity is ~0 km/s, while density is ~7 g/cm”.
Figure 1 shows that the fluid core conclusion is largely
based on the LLR data. These results are in line with earlier
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results and interpretations, as discussed in the introduction,
of a small liquid Fe core. Concerning solid cores, these are
seen to be much less probable than their liquid counterpart,
which, it should be reminded is not because of prior
restrictions as S-wave velocities up 10 km/s are allowed.
Thus, the fact that models with solid cores are less probable
is related to data, since neither prior information nor
physical theory preclude such models from being sampled.
The solid-body part of the mantle (upper and middle
mantle), down to a depth of roughly 1100 km, is preferen-
tially characterised by S-wave velocities of ~4.5 km/s and
densities of ~3.3 g/cm’, also in agreement with our earlier
results. For the lower mantle most probable solutions seem
to imply lower velocities than the upper mantle, also in
accordance with our derivations. Furthermore, for the lower
mantle the solution is in-between the values obtained in the
layers above and below and is presently interpreted as
implying the presence of partially molten material. This
interpretation is in line with inferences drawn from the
analysis of the Apollo lunar seismic data which led
Nakamura et al. [1973] to postulate the possible existence
of a region of partial melt constituting the lower mantle.
Further evidence for the presence of a partially molten
region, although indirect, also comes from the low monthly
0. As noted by Williams et al. [2001] the monthly O of the
Moon is surprisingly low by terrestrial standards and could
possibly be explained as being due to the presence of an
attenuating zone.

[12] As numerical modeling experiments usually require
a minimum number of assumptions, the results are of course
to be viewed in the light of these. This is especially true
when having to draw inferences from inverse calculations.
The approach adopted here was to assume as few prior
constraints as possible on model parameters and to let data
be the constraining factor. This is reflected in the broad
homogeneous prior pd’s used here. Should it happen that
data cannot constrain the model parameters to any appre-
ciable degree, because of a lack of information, i.e. exces-
sively large error bars, then the posterior pd’s will resemble
the prior pd’s. This is seen not to be the case for any of the
layers considered here, implying that data are indeed able to
provide information on mantle as well as core structure (see
Figure 1 for further discussion). Also, as we have made the
assumption of spherical symmetry, effects of asymmetrical
contributions to data are not accounted for.

[13] In wanting to quantitatively assess our results
concerning the core we use the standard Bayesian approach
to hypothesis testing in the form of the Bayes factor, which
is a summary of the evidence for one hypothesis against
another one. The Bayes factor B;; for model M, against
model M; given data and prior information is defined as the
ratio of posterior to prior odds, or equivalently as the ratio
of likelihoods, signaling the effect of data on changing
relative prior beliefs into relative posterior beliefs [e.g.,
Khan and Mosegaard, 2002]

Figure 3 shows the results for two such hypothesis tests
where we tested for most probable core state and density. As
B;; > 1 for both tests in the central region, the low velocity
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nature of the core (v ~ 0 km/s) as well as its high density
p~7 g/cm3) are to be considered as most likely results.

[14] Ongoing analyses of LLR data [Williams et al.,
2005] have strengthened the case for a fluid core. As
discussed in detail by Williams et al. [2005], the variations
in lunar rotation and orientation measured by LLR are
sensitive to a number of effects, including tidal Love
number k,, solid-body tidal dissipation and dissipation at
the fluid-core/solid-mantle boundary. Core-mantle boundary
(CMB) flattening and fluid core moment of inertia are less
well sensed. The interpretation of the dissipation results
invoked both strong tidal dissipation and interaction at the
CMB. The LLR determined value of &, has decreased from
previous estimates which were based on a spherical core
and from the value determined due to the fact that core
oblateness has been taken into account (larger core oblate-
ness results in a smaller k). Spacecraft-determined tidal
variation of the gravity field gives a value of &, = 0.026 +
0.003 [Konopliv et al., 2001]. Independent evidence for a
liquid core would stem from the detection of any oblateness
of the CMB as it should influence the tilt of the lunar
equator to the ecliptic plane [Dickey et al., 1994]. Core
oblateness depends on the fluid core moment and the CMB
flattening. Recent progress in the determination of CMB
flattening has improved and now seems significant, which
together with the present results strengthens the case for a
fluid core. Finally, a solid inner core existing inside the fluid
core might also be a distinct possibility. However, the
current analysis is not able to detect it and we have to rely
on future measurements to reveal any gravitational inter-
actions between it and the mantle.
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