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Abstract

Seismic waves generated by meteoroid impacts have been detected by the Apollo lunar seismic network. These waves are
sensitive to the crustal structure beneath both the seismic stations and the impact sites. We use a Markov chain Monte-Carlo
algorithm in order to invert for lateral variations of crustal thickness on the Moon. The inversion uses travel times of seismic waves
originating from multiple meteoroid impact locations. Previous seismic investigations constrained the crustal thickness solely for
Apollo stations 12, 14 and 16, whereas our approach enables to estimate the crustal thickness at locations far from the Apollo
network, and to build a first crustal thickness map based on seismic data. Here we compare our crustal thickness estimates based on
seismic travel times to those based on inversions of the topography and gravity field. Both methods turn out to be coherent in the
sense that highland sites possess a thicker crust than mare sites.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The Moon is believed to have its origin in a giant
impact event between the proto-Earth and an approxi-
mately Mars-sized body (e.g., [1–3]). The extreme
amount of energy released during this catastrophic impact
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and the later reaccretion of debris in circum-terrestrial
orbit was likely sufficient to melt a major portion of both
bodies. Therefore, the Moon likely formed with a magma
ocean whose depth could have ranged from ∼250 km to
the entire Moon [4,5]. One of the main outcomes of the
Apollo sample analyses was to show that the lunar crust is
anorthositic in composition, consistent with the differen-
tiation of a magma ocean (e.g., [4,6]). While the resulting
primary crust should be global in extent, its thickness was
subsequently locally modified bymajor meteoroid impact
events. As no Earth-like plate tectonic activity ever
occurred after the formation of the lunar crust, these
impacts are the main crustal reorganization process in the
Moon's geologic evolution.
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Another significant modification of the lunar crust
occurred with mare volcanism, which filled many of the
near-side impact basins and the extensive region of
Oceanus Procellarum. These flows are relatively thin
and do not affect strongly the crustal thickness, having
an average thickness of less than a kilometer exterior to
basins, and possibly up to 6 km within the largest basins
[7,8]. As elements such as aluminum, calcium, thorium
and uranium were strongly partitioned into the crust
during magma ocean crystallization, its mean thickness
is a key parameter used to infer the global composition
of the Moon (e.g., [9–13]).

To characterize the lunar crustal thickness, one
typically makes use of the Apollo seismic data, or
combined gravity and topography data. Previous inves-
tigations using seismic methods showed that the artificial
impacts are the most convenient events to study the
internal structure of the crust, as their source parameters
are generally well known and because most of the
corresponding seismic rays have their bottom point inside
the crust. As a result of the sequential emplacement of the
seismic stations, the number of data constraining the
crustal structure beneath the Apollo sites decreases for
Apollo 12, 14, 15 and 16. In addition, as a consequence
of the relative proximity between the Apollo 12 and 14
stations (∼180 km), these sites probably have a similar
crustal structure. Based on these data, studies from the
Apollo era proposed ∼60 km crustal thickness estimates
for the region of the Apollo 12 and 14 sites [14,15],
which have since been used in almost all geophysical and
geochemical models. However, this reference thickness
was recently called into question by Khan et al. [16],
Khan and Mosegaard [17] and Lognonné et al. [13], who
proposed much thinner values of 45±5 km, 38±3 km
and 30±2.5 km respectively, using different subsets of
Fig. 1. Schematic seismic ray path from a meteoroid impact to an Apollo sta
represents the constant P and S seismic velocities in the crust and mantle. Th
receiver.H0 is the reference crustal thickness. The depth of the crust–mantle in
arrival times. The topography of each site is explicitly considered in the calc
data (different events and arrival times were used in [13])
and different inversion techniques. Nevertheless, in these
three 1-D models the artificial impacts near the Apollo
12 and 14 stations offer the tightest constraints on
crustal structures and hence the above quoted values
should be considered as being representative of this
region only, and not of the bulk Moon. On the other
hand, local investigations were performed at the Apollo
12 station with a receiver function method [13,18], and
at the Apollo 16 station by analysis of multiple
converted phases [19]. With the exception of the latter,
none of these studies have addressed the issue of lateral
crustal thickness variations.

In contrast to the previously mentioned seismic
investigations, gravity and topography data obtained
from the Clementine and Lunar Prospector missions
allows one to address the question of lateral crustal
thickness variations on a near-global scale (polar regions
are not constrained). To construct such a crustal thickness
map, the gravity signature due to the topography is
subtracted from the observed field, yielding the Bouguer
anomaly, and the remaining signal is then interpreted as
relief along the crust–mantle interface, or lunar “Moho”.
However, such an inversion is non-unique in that one
must assume values for the crustal and mantle density,
as well as the crustal thickness at a single location.
Typically, this anchoring point was taken to be ∼60 km
at the Apollo 12/14 site [20–22].

Lateral variations of topography and crustal thick-
ness have not been simultaneously taken into account in
previous seismological studies of the lunar interior. The
only work which considered possible lateral hetero-
geneities was conducted by Khan and Mosegaard [17],
where a time correction was considered at each station
and impact site. Such corrections were introduced to
tion in a model consisting of a single layer constant velocity crust. Vp,s

e crust is sampled twice, once beneath the source and once beneath the
terface is varied at the two sites toH1 andH2 in order to fit the observed
ulations.



Table 1
Reference velocity model after Gagnepain-Beyneix et al. [28], with
Vp /Vs=1.75

Depth A B C

Vp Vs Vp Vs Vp Vs

(km) (km/s) (km/s) (km/s)

0 4.6 2.63 1.0 0.57 1.0 0.57
1 4.6 2.63 1.0 0.57 1.0 0.57

1 4.6 2.63 5.22 2.98 4.15 2.37
10 4.6 2.63 5.22 2.98 4.15 2.37

10 4.6 2.63 5.22 2.98 5.04 2.88
17 4.6 2.63 5.22 2.98 5.04 2.88

17 4.6 2.63 5.22 2.98 6.00 3.43
24 4.6 2.63 5.22 2.98 6.00 3.43

24 4.6 2.63 5.22 2.98 6.85 3.92
30 4.6 2.63 5.22 2.98 6.85 3.92

30 7.57 4.33 7.57 4.33 7.57 4.33
500 7.57 4.33 7.57 4.33 7.57 4.33

500 8.26 4.65 8.26 4.65 8.26 4.65
1738 8.26 4.65 8.26 4.65 8.26 4.65

(A) Single layer crust; (B) single layer crust which considers a
superficial low velocity layer; (C) crustal model consisting of 4 layers
below the low velocity layer. Model B is used in the forward modeling.

Table 2
Parameters and crustal thickness results for the Apollo stations and the
artificial impacts

Site Lat
(deg)

Lon
(deg)

Rtopo

(km)
ndata H̄crust

(km)
σ

(km)

1 (A12) −3.04 −23.42 1736.1 24 33.4 5.3
2 (A14) −3.65 −17.48 1736.2 21 31.1 6.8
3 (A15) 26.08 3.66 1736.1 20 35.1 8.0
4 (A16) −8.97 15.51 1737.6 19 38.0 6.8

5 (15 S-IVB) −1.51 −11.81 1736.3 1 30.5 10.0
6 (17 S-IVB) −4.21 −12.31 1736.2 3 39.9 5.6
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compensate for the different elevations of the sites as
well as possible lateral variations in thickness of the low
velocity surficial layer.

In this paper, we propose to retrieve information
about the thickness of the crust at different locations on
the Moon by the use of the Apollo seismic data. To this
end, we will make use of the artificial and natural
meteoroid impacts. As these events occur at the surface,
their seismic rays travel through the crust twice: once on
the way down, and once on the way up (Fig. 1). The
seismic signal generated by an impact thus contains
information about the crustal structure beneath both the
receiver and the impact site. The arrival time estimation
for these events is not trivial because of the weak
amplitude of the seismic wave arrivals, which is
primarily a result of strong scattering processes in the
upper crust [23,24]. Moreover, because seismic arrivals
are not always discernible at all stations, the source
location can not always be determined. As a conse-
quence, only 19 of the 1743 events identified as
meteoroid impacts in the Apollo data set [25] are usable
in this study. Furthermore, we use here 7 of the 9
catalogued artificial impacts. Based on the limited
number of suitable data, in the present study we choose
to investigate only the lateral variations of crustal
thickness, and not the velocity structure of the crust. The
proposed strategy is thus to use a mean velocity model
for the crust and mantle, and to model the arrival times
by varying the thickness of the crust beneath the seismic
stations and impact sites.

2. The data

The data employed here are the travel times of the
impact events recorded during the Apollo Passive
Seismic Experiment between 1969 and 1977 [25], as
determined by Lognonné et al. [13]. The Apollo Seismic
Network consists of four stations, one at each of the
Apollo 12, 14, 15 and 16 sites. Detailed descriptions of
the Apollo seismic data set and lunar seismology can be
found in the extensive literature (e.g., [15,25–27] and
references therein). Here we are interested in the impact
data because their rays sample regions of the crust far
from the Apollo sites, which is not the case of the deep
moonquakes. Some shallow moonquakes may have
occurred in the crust, but the depth uncertainty is too
large to use these events in this study. The artificial
events were generated by the impact of the Lunar
Modules and the upper stage S-IVB of the Saturn V
rockets with the lunar surface, and most of these
correspond to relatively short epicentral distances
(b10° or ∼300 km). While the artificial impacts all
occurred close to the Apollo stations, many of the
meteoroid impacts occurred at larger epicentral
distances from the Apollo network (see Fig. 6B).

Our study uses 7 artificial impacts, 19 meteoroid
impacts, and 4 seismic stations. Dates, locations and
arrival times for these impacts can be found in Tables 1
and 2 of Lognonné et al. [13]. The impact of the Apollo
16 S-IVB is not taken into account because its location
was not accurately determined. For each ray path, the
first P wave arrival is considered, as well as the S wave
arrival when discernible. Because of the explosion-type
source of the meteoroid impacts, the energy is released
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primarily as compressional waves, i.e., P waves. Shear
waves are weaker and thus fewer S wave arrivals are
identified. In the best case scenario 208 arrival times
would be available. However, our data set consists only
of 102 readings, among which only one fifth are S wave
arrivals. The reading errors attributed to the arrival time
estimates are 1, 3 or 10 s [13] (cf. Fig. 3).

Of these 102 rays, those from impacts closest to the
Apollo stations (b10°) do not sample the crust–mantle
discontinuity because they are too shallow. 18 such
arrival times of close impacts, concerning 11 sites, are
thus excluded from our data set. As a consequence, the
crustal thickness at five impact sites is not constrained at
all by our data set and will not be investigated in the
following. For one of the two artificial impacts
remaining, only one useful arrival time exists, which
makes the crustal thickness beneath these sites the least
resolved of all in this study. This leaves us with a total of
25 sites and 84 useful arrival times at our disposal. The
mean error of arrival time pickings for these is 4.6 s (cf.
[13]). We label these sites as 1–4 for the Apollo stations,
5–6 for the artificial impacts and 7–25 for the natural
impacts.

Here, we do not consider reflected or converted
phases due to the crust–mantle or any other possible
interfaces. This is in contrast to Toksöz et al. [14,15]
whose main argument for a 60 km thick crust was in the
interpretation of multiple P and S reflected waves. These
identifications are controversial, as are the reflected
phases identified in Goins et al. [19].

3. Monte-Carlo inversion

3.1. Forward modeling

Our goal is to define the best geometry of the lunar
Moho relief explaining both the arrival time data of
impact generated seismic waves and a mean velocity
model of the crust and mantle. As previously mentioned,
we use the same constant velocities for the crust and
mantle at all the different impact sites and Apollo
stations, and explore the effect of crustal thickness on the
P and S wave arrival times. Of course, with such strong a
priori information concerning the velocity structure, our
results will therefore have to be considered in terms of
crustal thickness variations relative to a mean thickness
defined for a given velocity model. Another velocity
model would lead to a different crustal thickness model.

In order to simplify the calculations of travel times,
we define a single layer crustal model with a slowness
equivalent to the slowness of the crustal model with a
fixed Vp/Vs ratio proposed by Gagnepain-Beyneix et al.
[28] (Vp=4.6 km/s and Vs=2.63 km/s) in an article
following the paper by Lognonné et al. [13]. The
mantle consists of two layers separated by a velocity
discontinuity at 500 km depth. We fix the upper and
lower mantle velocities to Vp=7.57 km/s, Vs=4.33 km/s,
and Vp=8.26 km/s, Vs=4.65 km/s respectively (Table
1). These velocities correspond to an impedance ratio of
Vp/Vs=1.75. Nevertheless, this ratio value for competent
unfractured rocks might be inappropriate for the lunar
crust, as the fractures caused by impact cratering are
believed to increase the Vp/Vs ratio as deep as 30 km
or more [13]. Therefore, we carried out inversions for
different ratios in the crust, from Vp/Vs=1.75 to 2.0
(cf. Section 4). Moreover, other velocity models have
been tested and will be discussed in the following
section.

It is important to note here that we do not consider
any lateral variations of seismic velocities in either the
crust or mantle. While these might be present, the
Apollo seismic database is too limited to place any
meaningful limits on this parameter.

For the sites in our study, there is an almost 6 km
range in surface elevations which corresponds to a
maximum delay of ∼1 and∼2 s for P and S wave travel
times respectively. We therefore take the surface relief
into account, using the absolute radii as measured by the
LIDAR altimeter experiment onboard the Clementine
spacecraft [29]. It is believed that the first few
kilometers below the surface are composed of highly
fractured materials that possess extremely slow seismic
velocities [30]. Therefore, the mean crustal velocity is
substantially diminished by the effect of these surficial
layers, and this affects the geometry and travel times of
non-vertical rays. In order to take this effect into
account, we introduce a low velocity layer characterized
by Vp=1.0 km/s. The Vs value depends on the Vp/Vs

ratio chosen for the crust, and can possess values
between 0.50 and 0.57 km/s. As no data exist that
globally constrain the lateral variations of regolith
thickness, we assume that the regolith layer (here
“megaregolith”) is uniform and parallel to the surface
with a constant thickness of 1 km. Data obtained from
the SELENE radar sounding experiment [31] may allow
this effect to be taken into consideration in future
models. Due to the large velocity gradient between the
regolith layer and the basement, rays are almost vertical
in this upper layer. We treat this effect by subtracting 1
km from all altitudes as well as 2 s from the P travel
times. Depending on the Vp/Vs ratio, S travel times are
reduced by 3.5 to 4 s. The P and S wave velocities of the
remaining crust are then 5.22 km/s and 2.61≤Vs≤2.98
km/s, respectively.
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In contrast to this simple 1 layer crustal model, the
seismic velocity is expected to increase with depth as
a result of the closure of micro-fractures with
increasing lithostatic pressure [14,32], possibly bias-
sing the calculated raypaths. For rays with small
epicentral distances, the assumption of a constant
velocity crust could be grossly in error. Nevertheless,
this error is likely to decrease with epicentral distance
since the seismic rays will become increasingly more
vertical within the crust. To quantify this effect, we
computed the travel times in a single layer constant
velocity crust and a more realistic crustal model
possessing four layers (Table 1). We see in Fig. 2 that
the travel time differences are small compared to the
smallest arrival time error of 1 s for epicentral
distances greater than 5°. Therefore, our single crust
assumption will not affect significantly the computa-
tion of travel times for these epicentral distances.
Moreover we simply ignore those impacts with
epicentral distances smaller than 10°, because the
seismic ray paths do not sample the crust–mantle
discontinuity.

Given our assumption of constant velocity spherical
shells, the raypaths are rectilinear. The travel times are
analytically computed in each layer for a set of ray
parameters and then summed. We use the relevant
impact locations and origin times calculated from the
velocity model of Lognonné et al. [13]. The typical
error in the impact locations and time origins are
Fig. 2. Difference in travel times between a single layer crust and a
crustal model with 4 homogeneous layers possessing a realistic
positive velocity gradient with depth. Time differences between these
two models are plotted as a function of epicentral distance, for both P
(blue) and S (green) waves. The discontinuity at 75° is related to a
sharp change in velocity at 500 km depth in the mantle. For epicentral
distances above 5°, the time differences are smaller than the smallest
arrival time uncertainty of 1 s.
approximately 3° and 3 s respectively (see Table 2 in
[13]). We have performed an inversion with reloca-
tion, where the impact coordinates were explored
together with crustal thickness, but this did not
achieve a better fit to the data. Consequently final
inversions described in next section do not relocate the
events.

3.2. Inverse problem

Our parameterization consists of a set of 25 sites, each
defined by a different surface elevation and a variable
depth of the crust–mantle boundary. Our inversion for
the crustal thickness at each site Hcrust

i , is based on a
Markov chain Monte-Carlo algorithm (MCMC), similar
to the one used by Khan and Mosegaard [17] in their 1D
inversion of the lunar velocity structure (see also
Tarantola and Valette [33] and Mosegaard and Tarantola
[34]). In essence, the method extensively explores the
model space accordingly to the posterior probability
distribution, via a random walk. Further details can be
found in Appendix A.

Let mcur be the current set of 25 crustal thicknesses
Hcrust
i at the start of the random walk, and letmpert be the

model vector after a perturbation of one of its
components. The selection of the site to be perturbed
is random, as well as the perturbation of the depth of the
crust–mantle interface. The upper limit of the Moho is
constrained to be less than the surface elevation, i.e.,
Hcrust
i ≥0. Discrepant crustal thicknesses of neighboring

sites are further penalized through a correlation function
that is controlled by a correlation length of 5°, and a
mean crustal thickness of 40±15 km. The effect of the
mean crustal thickness penalization is to weaken the
probability of models where all the stations are on a
thick crust and impacts sites on a thin crust or vice versa.
By exploring various values of correlation length and
mean crustal thickness, and by running an inversion that
did not employ the correlation in the misfit function, we
have found that this a priori information precludes the
sampling of unrealistic models and reduces the
uncertainty for crustal thickness estimates (as measured
by the marginal posterior probability distributions) by
∼3 km.

Each iteration consists of a perturbation of one Hcrust
i ,

followed by the computation of the travel times dcalc
corresponding to the set of model parameters mpert. The
likelihood function is then calculated, which is a
measure of the misfit between dcalc and observed data,
dobs. Then the perturbation is accepted with a prescribed
probability that depends on the improvement this model
brings to the data fit (cf. Appendix A).
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4. Results

In order to test the sensitivity of our modeling
procedure to crustal thickness variations, we first invert
synthetic crustal thickness data for the 25 sites (2
artificial impacts + 19 meteoroid impacts + 4 Apollo
stations). The four Apollo stations are much better
sampled than the impact sites (21 times more on
average), and each impact does not possess the same
number of arrival time readings (between 1 and 6).
Moreover, as the reading uncertainties can be high, the
model resolution is expected to be highly variable among
the sites. Many synthetic inversions were performed in
order to calibrate the random walk parameters correctly.
We show here the results of a particular test where
synthetic data were perturbed from the original data
using the measured observational errors of observed
arrival times.

Results are expressed as crustal thickness marginal
posterior probability distributions, and represented with
a color-scale in Fig. 3. The marginal probability of a
particular event mj=Hcrust

j is the probability that mj
Fig. 3. Effect of the number and quality of data on the robustness of the inver
crustal thicknesses for a synthetic test where “observed” arrival times were pe
represent the Apollo stations 12, 14, 15 and 16, whereas sites 5–25 are for
thickness inputs at each site. Foreground: table displaying the observed arri
seismic wave (P or S). Arrival times corresponding to epicentral distances s
occurs regardless of all possible values of other
parameters m′=Hcrust

i≠j , i.e.

PðmjÞ ¼
Z l

0
Uðmj;m VÞdm V ð1Þ

(Φ(m) is explained in Appendix A).
Fig. 3 shows the uncertainties of the arrival time

readings for all impact sites and stations, demonstrating
how both the number of readings and their associated
uncertainties affect the posterior probability distribu-
tions. As expected, this test shows that the sites
constrained by fewer arrival time readings and/or large
reading errors generally possess the largest posterior
errors (see Fig. 3). This is especially the case of impacts
11, 12, 16, 18, 21, 25, which show relatively uniform
probability distributions. While the inversion results for
sites 18 and 25 are not concordant with the input values,
synthetic tests show that the agreement is improved for
these two sites by using smaller perturbations.

We now discuss the results of our inversion of real
data, having used the velocity model “B” described in
sion. Background figure: marginal posterior probability distributions of
rturbed according to the actual arrival times reading errors. Sites 1 to 4
the 21 impact sites. Green stars circled in black represent the crustal
val time uncertainties, for each impact relative to stations and type of
horter than 10° were discarded.
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Table 1 (Vp/Vs=1.75). Fig. 4 shows the obtained
marginal posterior probability distribution for each
site, whose details are reported in Tables 2 and 3.

For each location, the mean and standard deviation
of the crustal thickness is determined from the posterior
probability distribution. H̄crust varies between ∼23 km
and ∼66 km, and the average crustal thickness seen by
the 25 sites is 38.3±12.6 km. As explained earlier, the
Apollo sites are the best constrained among the sites in
this study as a result of being sampled by a larger
number of seismic rays. From our exploration, we can
propose crustal thicknesses of 33±5 km, 31±7 km,
35±8 km, and 38±7 km respectively for Apollo
stations 12, 14, 15 and 16 (sites numbered 1, 2, 3 and
4). Crustal thickness variations are indeed present
within the region of the crust spanned by the four
Apollo stations. As suspected because of their
proximity (∼180 km), the Apollo 12 and 14 station
sites do not differ appreciably in terms of their crustal
thickness. The Apollo 15 site has a slightly larger
value than the 12 and 14 sites. The Apollo 16 site
possesses the thickest crust (38±7 km) among the four
stations, which is consistent with its higher elevation
Fig. 4. Results of the inversion of 84 real data for the 25 sites, expressed as c
distributions, the magenta crosses depict all the gravity models coherent with
squared analysis (see Section 5 and Fig. 5).
and the hypothesis of Airy compensation. A similar
relative pattern was proposed by Goins et al. [19] with
a crustal thickness of ∼75 km at this site as opposed
to ∼60 km for Apollo 12 and 14, based on the
putative identification of converted phases. Consider-
ing the modest crustal thickness variations that we
find for the Apollo 12, 14 and 15 sites, and the fact
that the Apollo 16 site possesses the shortest span of
data due to its time of emplacement, we finally note
that the hypothesis of a constant crustal thickness
beneath the Apollo zone, as was used in previous
seismic studies, is likely to be a decent approximation.

Among the 21 impact sites, we can distinguish some
particular sites (such as 7, 11, 12, 13, 15, 16, 18, 21, 25)
which show relatively uniform probability distributions
(cold blue colors). This was expected based on our
synthetic tests (Fig. 3), and is a result of both the limited
number of data and the large uncertainties in the arrival
time readings. Site 6 is seen to have the most peaked
distribution among the impacts, and is characterized by
a 40±6 km crustal thickness. This is considerably
thicker than the Apollo 14 site (31±7 km), which is only
155 km away.
rustal thickness marginal probability distributions. Superposed to these
the seismic data within two standard deviation as determined by a chi-



Table 3
Results for the meteoroid impacts (sites 7–25)

Site Year/month/day Lat
(deg)

Lon
(deg)

Rtopo

(km)
ndata H̄crust

(km)
σ

(km)

7 1972/01/04 74.10 2.60 1736.7 5 60.8 16.8
8 1972/05/13 1.50 –17.10 1736.4 2 23.0 10.0
9 1972/07/17 32.80 137.60 1740.7 4 53.2 12.9
10 1972/07/31 24.00 10.10 1734.8 3 31.3 12.1
11 1972/08/29 15.80 22.90 1736.3 5 27.9 17.1
12 1973/09/26 28.70 41.10 1738.0 5 29.5 17.7
13 1973/12/24 −24.80 −25.10 1735.4 4 40.8 16.5
14 1974/04/19 7.40 −33.60 1736.3 4 40.3 9.7
15 1974/07/17 20.30 6.50 1736.5 3 32.4 17.1
16 1974/11/21 −7.30 19.90 1738.1 3 37.9 19.9
17 1974/12/15 1.60 −8.20 1736.5 5 32.8 8.4
18 1975/03/05 −52.40 4.20 1736.5 5 28.5 17.5
19 1975/04/12 2.00 43.20 1737.7 4 26.7 10.3
20 1975/05/04 −36.40 −121.30 1739.3 4 59.8 15.9
21 1976/01/13 −39.40 62.80 1736.3 5 50.0 19.3
22 1976/05/28 −16.80 −10.00 1735.4 6 32.5 12.1
23 1976/11/14 23.80 −73.90 1736.0 4 34.8 9.4
24 1977/04/17 −20.50 −63.80 1737.1 4 66.3 11.4
25 1977/06/28 −13.50 −75.0 1740.8 5 41.1 17.5
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Finally, we show our results on a lunar map, in Fig.
6A. Here, the color represents the crustal thickness, and
the size of each point is inversely proportional to its
uncertainty. We remark that those sites which are
located in the highlands possess the largest crustal
thicknesses, and that the thinnest values are found in the
lunar maria.

As explained previously, the inversion that we just
described considers a Vp/Vs ratio of 1.75. However, this
ratio could possibly have a higher value in the crust
[13]. Therefore we carried out two other inversions
using the same Vp model, but with Vp/Vs ratios of 1.875
and 2.0. In both cases, the results are not substantially
different, essentially because our data set mainly
consists of P wave arrivals. The estimates of crustal
thickness do not deviate much from the Vp/Vs=1.75 run,
and stay largely within the error bars of the previous
inversion. The mean difference of crustal thickness
between the Vp/Vs=1.75 run and the Vp/Vs=1.875 run is
1.1 km, while it reaches 2.3 km for Vp/Vs=2.0. The only
significant difference is for site 7, where the crust is seen
to be 40±20 km for Vp/Vs=2.0 compared to 61±17 km
thick for Vp/Vs=1.75. The great similarity between these
tests shows that our results are not significantly affected
by this assumed impedance ratio.

On the other hand, to take into account the
uncertainties of the different models proposed by
Gagnepain-Beyneix et al. [28], we also carried out
inversions with higher velocities in the upper mantle and
lower velocities in the crust. We used a model with
Vp=4.65 km/s and Vs=2.66 km/s in the crust, and
Vp=7.7 km/s and Vs=4.4 km/s in the upper mantle (to
be compared with Vp=5.22 km/s and Vs=2.98 km/s in
the crust, and Vp=7.57 km/s and Vs=4.33 km/s in the
mantle for the model described in the previous section).
Using this model produces similar distributions than the
first model we used. Differences in posterior probability
distributions of crustal thickness are minor in compar-
ison with the standard deviations. However, lower
mantle velocities appear to control the determination of
crustal thickness at distant sites. We tested several
velocities and it is clear that the crustal thickness of far
side highland sites is significantly larger than for the
mare sites only if the lower mantle P velocities are larger
than Vp∼8.15 km/s.

5. Comparison between seismic and gravity based
crustal thicknesses

As mentioned in the Introduction, an alternative
method of estimating the thickness of the lunar crust is
based upon the analysis of gravity and topography data.
While methods do exist for estimating the average
crustal thickness using these data sets (e.g., [35]), most
investigations simply fix the average thickness such that
the seismically measured value at the Apollo 12/14 site
is satisfied. The purpose of this section is to determine
which sets of parameters employed by the gravity-based
models most accurately fit the seismic constraints
calculated in the previous section.
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Similar to our seismic models, the gravity models
consist of a single layer crust overlying a mantle, each of
which possesses a constant density. While more
complicated crustal models could be envisioned,
Wieczorek and Phillips [22] have found that the total
crustal thickness of a dual layered-crust does not differ
significantly from a single layered model. The crust and
mantle densities, as well as the assumed average crustal
thickness, uniquely determine the Moho relief in the
models. As one uses thinner average crustal thicknesses,
the density contrast between the crust and mantle
generally needs to be larger in order to obtain physically
reasonable solutions (i.e., the crustal thickness can not
be negative). While the crustal and mantle densities of
the Moon are not perfectly known, a variety of sources
of information can be used to place reasonable limits on
these parameters.

For a set of parameters ρC (crustal density), ρM
(mantle density) and Hcrust

0 (mean crustal thickness), we
construct a crustal thickness map following the
methodology of Wieczorek and Phillips [22]. The
mare basalts within the large basins are taken into
account, being based upon the model of Solomon and
Head [36] and modified by the maximum basalt
thicknesses of Williams and Zuber [8]. Contrary to
previous studies, the Bouguer correction is not
filtered, as the power spectrum of the LP150Q [37]
gravity model is realistic up to degree 65. The gravity
and topography fields are only used up to degree 65,
and in inverting for crustal thickness, the downward
continuation filter of Wieczorek and Phillips [22] is
used such that this filter has a value of 0.5 at degree
30. The relief of the crust–mantle interface is
calculated in an iterative manner until the maximum
difference between iterations is less than 75 m (see
[22] and [38] for more details).

We construct a large set of gravity based crustal thickness
maps that evenly sample the ρC, ρM and Hcrust

0 parameter
space. In particular, crustal density is varied from 2600 to
3200 kg/m 3 in steps of 50 kg/m 3, mantle density from
3250 to 3450 kg/m 3 in steps of 50 kg/m3, and Hcrust

0 from
25 km to 70 km in steps of 2.5 km.We then compare the 25
crustal thicknesses found in our previous seismic inversion
with the values predicted from each gravity inversion.
Those models that yield unphysical solutions, such as
negative crustal thicknesses, were ignored. In all, this leads
to the consideration of a total of 545 individual gravity-
based models.

We quantify the misfit between the gravity and
seismic models by use of a chi-squared function.
For each set of parameters used in constructing a
gravity-based crustal thickness map (here indexed
by j=1 to 545), the chi-squared misfit is calculated
according to

v2j ¼
Xn¼25

i¼1

½HsðiÞ � Hj
gðiÞ�2

r2s ðiÞ
ð2Þ

where Hs and σs are the average crustal thickness and
standard deviation at the 25 impact sites based on our
seismic inversion (Tables 2 and 3), and Hg

j are the
corresponding values from the gravity inversions. The
number of degrees of freedom is given by ν=n−M,
where n is the number of sites (n=25) and M is the
number of free parameters (M=3). If the uncertainties
for the seismic-based average crustal thicknesses, Hs,
are Gaussian distributed, then the expectation of χ2 is
ν, with a standard deviation of rv2 ¼

ffiffiffiffiffi
2m

p
(e.g., [39],

p. 654). Equivalently, the expectation of the reduced
chi-squared, χν

2 =χ2 /ν, is 1 with a standard deviation
of rv2=m ¼

ffiffiffiffiffiffiffi
2=m

p
. For our case with n=25 and M=3,

σχ
2
/ν=0.3.
Fig. 5 shows the reduced chi-squared as a function of

ρC and H0, plotted separately for the different values of
ρM. The minimum χ2 /ν is 0.7. As an estimate of the
uncertainty on the parameters ρC, ρM and H0, we take
those models with χ2 /ν≤χmin

2 /ν+2σχ
2
/ ν=1.3 as

being acceptable. This corresponds to H0 spanning
from 32.5 to 45 km, with a best fit of H0=40 km. ρC is
constrained to be less than 2900 kg/m3, with the lower
values being preferred. This is consistent with the
composition of central peaks which sample materials up
to 30 km below the surface [10]. In particular,
Wieczorek and Zuber [10] estimated the pore-fee
density of the upper and most mafic portions of the
lower crust to be about 2855 and 3038 kg/m3,
respectively. Reducing these by 5% to take into account
porosity gives 2710 and 2885. All values of ρM give
acceptable solutions. All of the acceptable models are
plotted for our 25 sites in Fig. 4, over the results
obtained from the seismic analysis.

Fig. 6B displays a typical well-fitting gravity-based
crustal thickness map for the parameters ρC=2800 kg/
m3, ρM=3350 kg/m3 and H0=40 km. We note that this
model possesses minimum and maximum crustal
thicknesses of ∼2 km beneath the Crisium Basin, and
∼100 km in the far-side highlands. For comparison, the
impact sites used in the seismic investigation are shown,
and the seismic map in Fig. 6A uses the same color scale
as the gravity-based map. A visual comparison between
Fig. 6A and B shows a fairly good consistency for most
sites when the uncertainty in the seismic value is taken
into consideration.



Fig. 5. Reduced chi-squared misfit between the seismic crustal thickness estimates and a suite of gravity models that depend upon ρC, ρM and H0.
χmin
2 /ν and σχ

2
/nu are respectively equal to 0.7 and 0.3. Only models with a fit better than four standard deviations are displayed. We consider those

models that lie within two standard deviations (red to yellow colors) of χmin
2 /ν to be acceptable solutions.
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Regarding the Apollo stations (sites 1–4), which are
the best constrained sites from the seismic analysis, a
good agreement is seen between the two methods (see
Figs. 4 and 6). Our seismic inversion gives 33±5 km,
31±7 km, 35±8 km, and 38±7 km for the Apollo
stations 12, 14, 15 and 16, respectively, while the gra-
vity-based models respectively range from 28 to 41 km,
29 to 42 km, 30 to 43 km, 36 to 53 km, showing that the
two methods are consistent within uncertainties.

Sites 9 and 20 are the farthest points from the Apollo
network, located on the far side respectively at (32.8N,
137.6E) and (36.4S, 121.3W). Together with site 25,
which lies on the western limb, these highland sites are
predicted to lie on a “thick” crust by all the accepted
gravity maps. In particular for sites 9, 20 and 25, we
obtain values of 42–63 km, 44–65 km, and 43–67 km
respectively (see Fig. 4). Accordingly, seismic estimates
for sites 9 and 20 are 53±13 km and 60±16 km
respectively, but site 25, which is resolved by unclear
seismic arrival times (Fig. 3), does not show such a good
agreement (Hs=41±18 km). As a possible explanation
for this discrepancy, we note that site 25 has the largest
location uncertainty among the impacts (7°) as a
consequence of the considerable arrival time errors for
this site (Fig. 3). Thus, it is possible that site 25 in fact
lies outside of the rather isolated thick crustal region as
predicted by gravity-based model, which would solve
the discrepancy (Fig. 6).

Because the seismic rays sample deeper with
increasing epicentral distances, the crustal thickening
away from the Apollo network and the velocity increase
in the deep mantle are closely related. Tests showed that
the far side crustal thicknesses are controlled by the
lower mantle velocity: a rather large velocity (VpN8.15
km/s) gives rise to crustal thicknesses larger than for the
near side maria. If the only mantle discontinuity is at 500
km depth, then this only affects sites with epicentral
distances greater than 100° away from the Apollo
stations. If the thickening of the crust away from the
network is real, as the gravity/topography data suggest
on the far side, then it also indicates that the velocity in
the deep mantle should be significantly larger than in the
upper mantle, as explained earlier.

The strongest dissimilarities between both maps are
for sites 7 and 24: the seismic values seem relatively
thick, 61±17 km and 66±11 km respectively, compared
to the thinner values of 30–43 km and 32–44 km as
estimated from the gravity-based map. These predictions



Fig. 6. Crustal thickness maps based on A) seismic and B) gravity data. In A) the symbol size is inversely proportional to their uncertainty. Crustal
thickness map in B) corresponds to parameters ρC=2800 kg/m

3, ρM=3350 kg/m3 and H0=40 km. Squares are for the four Apollo stations (sites 1, 2,
3 and 4).
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are incompatible given the uncertainties of our estimates.
Nevertheless, tests show that a higher crustal impedance
ratio (Vp/Vs=2.0) would lead to a much thinner estimate
for site 7 (40±20 km), while only having a minor affect
on the other seismic-based crustal thickness estimates.
6. Conclusion

In order to address lateral variations of crustal
thickness, we used the seismic wave arrivals of the
meteoroid impacts, which carry a unique signature of



12 H. Chenet et al. / Earth and Planetary Science Letters 243 (2006) 1–14
the crust at sites far from the Apollo stations. The major
limitation of such a study comes from the problematic
detection of these meteoroid impacts, whose seismic
arrivals are often highly uncertain. The utilization of
other kinds of events such as the shallow and deep
moonquakes, as was done by Toksöz et al. [15], Goins et
al. [40], Nakamura [41], Khan and Mosegaard [17] and
Lognonné et al. [13] to build up mean velocity models,
is complementary to our approach, and in some sense
necessary as our assumed constant seismic velocity
layers for the crust and mantle are based upon these
previous studies. This analysis yielded 25 crustal
thickness estimates, some of them located more than
3000 km from the Apollo stations.

In contrast to the seismic method, lateral variations in
crustal thickness can be estimated from the inversion of
gravity and topography fields. This approach has the
main advantage of being able to estimate crustal
thickness everywhere, but suffers from both the non-
unicity of the interpretation of potential fields and to a
lesser extent the reliability of the lunar gravity and
topography fields. In particular, it is necessary to assume
constant densities for the crust and mantle, as well as an
average crustal thickness. For this purpose, a compar-
ison between the gravity based method and seismic data
was used to constrain these three parameters. A good
first order agreement was found between the two
methods, with coherent relative thicknesses for the
Apollo 12, 14, 15 and 16 sites: 33±5 km, 31±7 km,
35±8 km, and 38±7 km respectively, according to the
seismic analysis. The crust beneath the Apollo 12, 14,
and 15 sites appears to have similar thickness, whereas
station 16 exhibits a thicker crust, as might be expected
given its higher elevation. Nevertheless, the relative
thickness differences among the Apollo sites are rather
modest when compared to the totality of our results.

The majority of available data comes from impacts
on the Oceanus Procellarum region, mostly on mare
units;3 we find that the crustal thickness there is
relatively thin, with values between ∼25 and ∼40 km.
On the other hand, two impacts clearly identified as far
side highland sites4 possess a considerably thicker crust
of ∼55–60 km. This thickening of the crust away from
the Apollo network is consistent with the velocity
increase in the deep mantle.

In conclusion, we considered both the locations of
surface sources and receivers as relevant sites to
3 Sites 1, 2, 3, 5, 6, 8, 10, 11, 12, 13, 14, 15, 17, 19, 22 and 23.
4 Sites 9 and 20.
investigate the local crustal thickness. In this way, we
could address for the first time lateral variations of lunar
crustal thickness with seismic data. The picture of the
crust that we draw makes possible the first comparison
of the combined gravity/topography analysis with the
study of seismic data, and indeed we have shown that
they are generally consistent. If we consider an upper
mantle velocity of Vp=7.57 km/s, the most probable
estimate for a mean lunar crustal thickness is 40±5
km, with crustal densities less than 2900 kg/m3.
Finally, it is important to note that the major hindrance
of our seismic approach on the crustal thickness issue,
like all previous studies, is the difficulty to determine
precise seismic arrival times for a majority of seismic
events. As a consequence of this, only 19 natural impact
data were used in this study, whereas 1743 meteoroid
impacts have been identified in the Apollo data set [25].
A new extensive network on both lunar sides would
unquestionably solve the problem of identifying the
numerous seismic sources available on the Moon, those
being a key to understanding the lunar interior.
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Appendix A. Initialization of the random walk

A starting model m is introduced, defined by

m ¼ ðH1
crust; N ;H

i
crust; N ;H

n
crustÞ ð3Þ

where the Hcrust
i correspond to the depth of the lunar

Moho at the n=25 impact sites.
Appendix B. Random walk

B.1. Start of the random walk

The calculated data dcalc=g(mcur), consisting of N
travel times, are computed by a forward algorithm for
the model mcur, and then compared to observations
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dobs through the use of the likelihood function defined
as

LðmÞ ¼ kd expð�SðmÞÞ ð4Þ
where k is constant and the misfit between the model
and observation is estimated by

SðmÞ ¼
XN
i¼1

jgiðmÞ � diobsj=ri ð5Þ

where σi is the uncertainty on the ith arrival time. The
misfit function is here computed via an l1 norm, which
is more reliable than an l2 norm when outliers are
present in the data set [42].

B.2. Perturbation

One site is randomly chosen within the n=25 sites,
and the corresponding crust–mantle boundary is
randomly perturbed, giving rise to a new model mpert,
for which new travel times dcalc=g(mpert) are computed.

B.3. Correlation

We introduce a priori information through

qðmÞ ¼ fd expð�SpriorðmÞÞ ð6Þ
where ζ is a constant, in order to favor a relative
continuity of the Moho shape at short wavelengths. This
is operated via a correlation function characterized by a
crustal thickness standard deviation a and a correlation
length Lcorr

CL i; jð Þ ¼ a2exp � dði; jÞ2
2L2corr

" #
ð7Þ

where δ is the distance between two different sites i
and j.

The misfit between the model and the prior
information is then given by

SpriorðmÞ ¼ ½ðHi
crust � H0

crustÞT d C�1
L ði; jÞd ðHj

crust

� H0
crustÞ� ð8Þ

where Hcrust
0 is the mean Moho radius, and Hcrust

i and
Hcrust
j the Moho radii for the two sites indexed by i and j.

Sites that are close to each other and that have different
crustal thicknesses will therefore be penalized. The
posterior probability density Φ(m) is thus sampled (η
being a constant):

UðmpertÞ ¼ gqðmpertÞLðmpertÞ ð9Þ
B.4. Acceptance/rejection

The next step is to decide whether the perturbation
should be accepted or not, and with what probability.
The comparison between mpert and mcur is performed
using the Metropolis criterion [43], which assesses a
probability of acceptance Paccept following

Paccept ¼ min 1;
LðmpertÞ
LðmcurÞ

� �
ð10Þ

Simply, a “good” perturbation is automatically accepted
(Paccept =1), whereas a “bad” perturbation [L(mpert)bL
(mcur)] can also be accepted, but with a lower
probability equal to L(mpert) /L(mcur). If mpert is finally
accepted, the perturbed model becomes the current
model mcur to be perturbed again in step (B.2) for a next
iteration. If mpert is rejected, mcur from current iteration
is conserved for another (B.2) perturbation step.

Appendix C. Convergence

The above iterative process converges towards
models which are globally more and more coherent
with the observed data. The rate at which convergence
occurs depends on the characteristic length of perturba-
tion in the random walk steps, and optimal values were
obtained through a series of tests on synthetic and real
data (see Fig. 3 for results of a synthetic test). This
process B.2→B.4 is repeated until the model space is
sufficiently sampled; we stop the exploration after
500,000 iterations.
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