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New Information on the Deep Lunar Interior from an
Inversion of Lunar Free Oscillation Periods

A. Khan and K. Mosegaard

Dept. of Geophysics, Niels Bohr Institute, University of Copenhagen, Denmark.

Abstract. We have obtained crucial information on the
deep lunar interior through a Monte Carlo inversion of a
number of fundamental lunar spheroidal free oscillations.
The results indicate a homogeneous upper mantle with a
velocity and density of 3.75±1.1 km/s and 3.3±0.5 g/cm3.
A transition between the upper and middle mantle in the
range 520-580 km depth also seems to be implied. Mid-
dle mantle velocities and densities are 5.4±1.2 km/s and
3.5±0.2 g/cm3. Moreover, a velocity decrease is seen in the
lower mantle (1150-1450 km depth) consistent with earlier
inferences of partial melt in this region. The density seems
to increase gradually from 1250 km depth to the center of
the moon, where it reaches values indicative of an FeS or
silicate composition.

Introduction

Seismology has so far provided the most detailed infor-
mation on the lunar interior of all geophysical methods used
to sense its structure. However, the analysis of the seimic
data, obtained from a four-station array placed on the lu-
nar surface during the Apollo missions, was beset by nu-
merous problems, notably the complexity of the seismic sig-
nals caused by intense scattering and the small number of
usable events [Lammlein et al., 1974; Toksöz et al., 1974].
The analysis of these data throughout the 70ies and early
80ies led to models of the lunar interior velocity structure
[e.g. Goins et al., 1981; Nakamura et al., 1974, 1976, 1982;
Toksöz et al., 1974] with details remaining perfunctory. Re-
cently, we reanalysed the seismic data using a statistically
more rigorous Monte Carlo method [Khan et al., 2000], to
constrain velocity variations in the mantle. However, as
was the case with previous studies information was limited
to a depth of roughly 1100 km, because of the distribu-
tion of the seismic sources, leaving the question concerning
the structure of the lower mantle and central region unan-
swered. Given the ingrained complexity of the lunar seismic
signals a full wave form analysis is currently not feasible,
thus leaving few other alternatives. The studies mentioned
above used ray theory as an approximation to the wave equa-
tion in order to invert the only unambiguously decipherable
phases, namely the first P and S-wave arrivals. This ob-
viously represents the high frequency aspect of the seismic
signals. In this study, we investigate free oscillation peri-
ods corresponding to the low frequency part of the signals.
An earlier attempt at identifying lunar free oscillations, us-
ing two of the events considered here, suggested that some
of the Moon’s spheroidal free oscillations had been observed
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[Loudin, 1979]. However, no attempt at inverting the data
was made. The study was essentially limited to forward
modeling, i.e. the velocity model by Nakamura was em-
ployed to predict free oscillation periods which were then
matched up with the observed spectral peaks. The assumed
velocity model was then modified so as to agree with as
many peaks as possible and in this manner a number of
structural-compositional models were analysed. A prelimi-
nary inversion conducted by us [Khan and Mosegaard, 2000]
using exactly those periods designated by Loudin resulted in
the Nakamura velocity structure, which was to be expected
since, as mentioned, it was employed to predict periods of
normal modes in the first place. Here, we have inverted a
number of fundamental lunar spheroidal modes to obtain
information on the central parts of the moon and further-
more to prevent the introduction of any subjective bias in
this study, we have abstained from assigning normal modes
to observed spectral peaks. Also, the periods of free oscilla-
tions of the moon are relevant to the question of a possible
core, since the state of the core profoundly affects the fun-
damental modes of free oscillation of the moon, with the
gravest spheroidal mode (0S2) being the most sensitive.

Analysis

In the last years of the lunar passive seismic experiment
the long period instruments at station 12, 15 and 16 were
operated in the flat mode, i.e. instrumental response ex-
tended to low frequencies. We searched through the entire
data set [Nakamura et al., 1981] in this interval (1975 day
180 to 1977 day 86) and the largest events to occur in this
period were a number of meteoroid impacts of which 5 were
selected for analysis (impacts on day 13, 25, 121, 137 and
319 of 1976). Only the vertical components at each sta-
tion have been used, however, because of non-seismic dis-
turbances in the horizontal components of the seismometers
which are believed to be caused by thermal expansions co-
inciding with lunar sunrise and sunset [Latham et al., 1972].
This eliminates the possibility of examining toroidal modes
of free oscillation, thus leaving only the spheroidal modes.
Initially, impacts on day 149 and 235 had also been selected,
but were discarded because in these cases even the vertical-
component data were contaminated with non-seismic inter-
ference. The time series analysed were approximately 163
min long, starting about 5 min before the first P -wave ar-
rival. Any obvious errors in the data (see Nakamura (1992)
for details) were removed by suppressing these to the mean
level of the signal. The records were subsequently zero-
meaned and Hann-tapered at both ends using a 3000-sample
(sampling rate 151 ms) window. Normalised amplitude
spectra were then obtained using the Yule-Walker autore-
gressive method, which derives an all-pole model to repre-
sent the spectrum. Since we chose the number of poles to be
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Figure 1. The stacked amplitude spectrum (blue line) and an
example of a synthetic amplitude spectrum (red line), depicting a
data fit. The uncertainty on an observed spectral amplitude was
estimated by noting the standard deviation for that given ampli-
tude among the individual spectra of the five meteoroid impacts
prior to stacking.

1/5 the number of spectral features that we want to fit, the
spectra are smoothed. All spectra were ensuingly stacked
and these spectral peaks comprise the observed data, whose
signal-to-noise ratio was estimated to be 1.9. As in our pre-
vious analysis [Khan et al., 2000] we use an inverse Monte
Carlo (MC) sampling method to solve the non-linear inverse
problem, although slightly refined in that a Gibbs sampler
is employed [Gelfand and Smith, 1990; Geman and Geman,
1984]. The forward routine which calculates the periods of
a given set of normal modes uses as input a parametrised
density, P and S-wave velocity model. This being an itera-
tive process, oscillation periods for a given number of normal
modes are being calculated for every density, P and S-wave
velocity model proposed by the MC algorithm. Synthetic
spectra are calculated as a superposition of spectral peaks
using functions of the form k1/(1+k2 ·f

2), where k1 and k2
are constants and f is the frequency. In the absence of infor-
mation regarding the focal mechanism synthetic amplitudes
of individual spectral peaks cannot be estimated. There-
fore, we have chosen to fit to a given calculated frequency
the most optimal amplitude, corresponding to the observed
amplitude at that particular frequency. This is considered
an adequate approximation to the actual synthetic spectrum
(the actual synthetic spectrum is distinguished from the one
we are using by also containing the corresponding proper
amplitudes) for a given lunar density and velocity model in
that errors in our synthetic spectrum are confined to the am-
plitudes of the rather narrow spectral peaks, and these errors
contribute little to the calculated misfit. The amplitude of
a given calculated mode is obtained by solving the following
equation for the coeffecients bj : aobs(fi) =

∑
j
bjMij , where

aobs(fi) is the observed amplitude for frequency or mode i
and Mij = k1/(1 + k2 · (fi − fj)

2), with the sum extending
over all calculated modes j. This is a linear problem, which
is easily solved using standard techniques and whose solution
is given by b = (MTM)−1MTaobs. The main advantage of
this method is that the subjectivity in indentifying spectral
peaks is bypassed, by not having to assign a certain mode to
a peak beforehand, since the period of a given mode is highly
dependent on the velocity model, of which we essentially as-
sume ignorance. This leads to an overall more consistent
analysis. At every step then, that the MC algorithm pro-
poses a new density, P and S-wave velocity model, the misfit

is simply given by ‖aobs(fi)−
∑
j
Mijyj‖

2/σ2i , where the yj
now represent the solutions of the above equation and σi is
the uncertainty on the ith spectral amplitude. This means
that models resulting in a good agreement between observed
and calculated spectral peaks are more likely to be sampled
than others. It should be added that sampled density mod-
els were at the same time made to fit the constraints of total
lunar mass and moment of inertia (henceforth abbreviated
M and I). As regards the errors mentioned above, their ac-
tion is to bias the misfit toward smaller values, in the sense
that our synthetic spectral peak amplitudes always fit the
observed perfectly, whereas the actual synthetic amplitudes
would either be higher, equal to or smaller than the observed
ones. The sampled posterior distribution will, as a conse-
quence, deviate from the true posterior distribution, which
we would be sampling if we were able to calculate the actual
synthetic spectrum, by being more broad and flat (a direct
outcome of less information). Ultimately, this means a more
conservative estimate of model parameter uncertainties.
The first 29 fundamental spheroidal oscillations, starting

with the gravest mode 0S2 and up to 0S30 are modeled in the
range 0.86 mHz - 11.0 mHz, corresponding to the observed
frequency range. Fig. 1 shows the stacked spetrum as well
as an example of a synthetic spectrum.

Results and Discussion

The resulting lunar S-wave velocity and density structure
are depicted in fig. 2. Before delineating the results, a num-
ber of points related to the numerical modeling in this study
should be asserted. First of all it is to be noted that the den-
sity structure has been regularised in such a way that models
with density increases rather than decreases are favored, al-
though the latter are not excluded by the algorithm. This
is justified given that density inversions in the lunar mantle
are unlikely to persist, since subsolidus convective mixing
has probably been a significant process in early lunar his-
tory [Hood and Jones, 1987]. The inevitable assumption of
radial symmetry has been invoked, implying a laterally ho-
mogeneous moon and moreover since normal modes involve
movement of the whole body, the results are to be viewed
as average velocities for the entire moon. The outcome,
nonetheless provides independent evidence and further con-
straints on the interior velocity and density structure to our
model obtained through arrival time inversion. Specifically,
the results indicate a homogeneous upper mantle comprising
a roughly constant S-wave velocity around 3.75±1.1 km/s
down to a depth of about 500 km. A transition in the depth
range 520-550 km between the upper and middle mantle
seems furthermore to be implied by the results here. Contin-
uing, the velocity seems to increase to about 5.4±1.2 km/s
at 780 km depth. This value seems to persist throughout
the middle mantle down to about 1150 km depth. These
results are in rough agreement with those from our earlier
study [Khan et al., 2000]. From hereon the results are in-
dicative of a decrease in S-wave velocity to 4.5±1.4 km/s in
the lower mantle, comprising the depth range 1150-1450 km.
The transition at 1150 km depth is taken to be the inter-
face between the middle and lower mantle. This decrease is
probably due to the presence of some partial melt. A partial
melt of a few percent in the lower mantle material had been
infered earlier to explain the absence of shear wave arrivals
at two of the four stations from the relatively strong deep
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Figure 2. (A) Marginal posterior velocity distributions and (B) marginal posterior density distributions depicting the velocity
and density as a function of depth. For every 100 kilometers a histogram reflecting the marginal probability distribution of sampled
velocities and densities has been set up. By lining up these marginals, the velocity and density as a function of depth is envisioned
as contours directly relating their probability of occurence. The contour lines define 8 equal-sized probability density intervals for
the distributions. P -wave marginal posterior velocity distributions are not shown given that for spheroidal modes the compressional
wave energy is confined to the upper part of the mantle, as our analysis demonstrated.

moonquake focus A33, the only far-side moonquake observed
which is situated just over the limb [Nakamura et al., 1973].
In the central region S-wave velocities are 4.7±1.5 km/s.
Concerning the density structure variations are less ap-

parent, although the constant homogeneous upper man-
tle also seems to be implied by the sampled density mod-
els. More specifically, the density appears to increase from
2.8±0.3 g/cm3 at the surface to 3.1±0.2 g/cm3 at the
crust-mantle interface. From about 80 km and down to
roughly 150 km depth, the density increases to 3.3±0.1
g/cm3. This value seems to remain constant down to
550-580 km depth. The results indicate a further den-
sity increase to 3.5±0.2 g/cm3 at a depth of 650 km con-
tinuing down to 850 km. In addition, the results ap-
pear to imply an further increase to 3.7±0.3 g/cm3 in the
lower part of the middle mantle at 950 km depth extend-
ing into the upper part of the lower mantle to 1250 km
depth. Finally, the density in the remaining lower man-
tle and central region seems to increase gradually toward

the center, where it assumes a value of 4.7±0.4 g/cm3.
A few remarks concerning the derived density and ve-

locity structures are appropriate at this point. The velocity
models presented here are in rough agreement with those
obtained from our arrival time inversion. The uncertain-
ties, however, are larger directly reflecting that the partic-
ular aspect of the seismic data considered here contain less
information than those considered previously. This was to
be expected given that the response of the long-period in-
struments even while operated in the flat mode was poor
for normal mode determinations. When evaluating the den-
sity structure it must be remembered that the sampled den-
sity models not only had to fit the long-period seismic data,
but also the constraints of lunar mass and moment of iner-
tia, which are very well determined, thereby obviously con-
straining sampled densities more than velocities. The long-
period seismic data limited information on density structure
down to the middle mantle, while the remaining lower man-
tle and central region are being constrained by M , I and
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the additionally introduced regularisation inclined towards
increasing densities with depth. As is apparent densities
appropriate for an iron core are not achieved in the cen-
tral region. Densities seem to be more in the realm of an
FeS or silicate core, although an Fe core cannot rigorously
be excluded. The mean moment of inertia and mass den-
sity calculated using the density models from this study are
0.3931 (I/MR2) and 3.344 g/cm3 in agreement with the lat-
est values obtained from Lunar Prospector [Konopliv et al.,
1998].
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