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ABSTRACT : In contrary to the Earth, the interior of terrestrial planets is
poorly known. This is mainly related to the lack of seismic data and of
planetary seismic networks on these planets. So far, despite several
attempts, only the Apollo seismic network has returned seismic information
from the Moon. But even in this case, no seismic signal was recorded after a
propagation path through the deep interior and core, due to a hemispheric
distribution of the stations on the near side. This review presents the main
results achieved by the analysis of the Apollo seismic data and the
associated constraints on the internal structure of the Moon. It then presents
the seismic apriori for future Martian seismic network missions, as well as a
short review on possible seismic missions towards other telluric bodies,
such as Venus or the giant planets satellites.
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INTRODUCTION

Since the beginning of space exploration, successful missions
performing planetary and small bodies seismology have been limited to the
Apollo program, with the deployment of a network of 4 seismic stations
[Latham et al., 1969, 1970a, 1970b, 1971] in addition to the Apollo 11
seismometer, which stopped operations after one lunation. The eleven other
seismometers having left the Earth never recorded any quakes. This includes
the two Viking seismometers: operators failed to unlock the first
seismometer and the second one provided no convincing event detection
after 19 months of nearly continuous operation [Anderson et al., 1977]. The
nine other instruments never reached their target, due to the failure of their
missions. These were the seismometers onboard the 3 Ranger Lunar probes,
in the early 60" [Press et al., 1960, Lehner et al., 1962], the two short
period seismometers onboard the Phobos landers [Surkov, 1989] and lastly
the two Optimism seismometers [Lognonné et al., 1998a] and the two short
period seismometers respectively onboard the Small Surface Stations
[Linkin et al., 1998] and the penetrators of the Mars 96 mission. For an
historical review on planetary seismology, excluding the Mars96 mission
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and other later attempts, see Toksoz [1975, 1979] and Lognonné & Mosser
[1993]. The later covered also giant planets seismology, which will not be
addressed in this paper.

Despite these unmotivating records, international efforts for the
deployment of seismometers on the other terrestrial planets continue. The
example of Mars shows indeed that most of the recent geochemistry theories
in terrestrial planets formations or mineralogical models of Mars are unable
to explain the few geophysical data gathered by the recent missions. Martian
seismic data, by testing the detailed structure of the Martian mantle, the core
size and its seismic activity, will therefore provide key data for assessing the
validity of the planetary formation models, for constraining the type of
material which have built terrestrial planets and testing theories of planetary
evolution.

This review is focusing on the most recent results in planetary
seismology of terrestrial planets. With the exception of the Moon, only a
few pieces of geophysical information about the inner structure of the
planets in the solar system were returned from spacecraft explorations: they
are listed in Table 1. The Moon case is therefore the only successful
example of planetary seismology. It will be reviewed in details, with a rapid
description of the results of the Apollo seismic experiment from the 70" and
early 80" and a detailed review of the works published more recently after
different reprocessing of the Apollo seismic data [ Vinnick et al., 2001, Khan
et al., 2001, Lognonné et al., 2003, Nakamura, 2003, 2004, Gagnepain-
Beyneix et al., 2004] or re-analysis of the Apollo travel times [Khan et al.,
2000, Khan and Mosegaard, 2002]. For a more detailed review of the
Apollo seismic experiment, see Toksoz et al. [1974], Lammlein et al. [1974]
and Nakamura [1983]. We will then draw the present view of the Moon
interior obtained from the confrontation of these results with other
geophysical and geochemical data. For Mars, we then review the present
knowledge of their interior structure and describe the perspective of their
future seismic exploration. A priori on the seismic activities, seismic noise
and seismic propagation properties of these bodies is first given and the
exploration strategy is then precised, including future programmatic issue
and instrumentation constraints. The state of the art in the development of
space seismometers is briefly presented. We finally present the future
challenge in planetary seismology, which will be associated to the seismic
exploration the Moon, Mars and of new planets and bodies, especially
Venus and the Jovian satellite Europa.

LUNAR SEISMOLOGY
The Apollo Seismic Experiment

The first seismometer on a planetary body other than the Earth was
installed in July 1969 by the Apollo 11. See instruments details in Latham et
al. [1969, 1970]. It was a prototype instrument operated by solar panel and
stopped after 21 days [Latham et al., 1969, Latham et al., 1970a, 1970b].
Later, with the other Apollo missions, a network of 4 seismometers,
continuously powered by RTG, was deployed and turned off after command
from the Earth in September 1977. The huge amount of data collected along
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the 26.18 active station years is now available in raw format in the IRIS
DMC center and also in the IPGP data center in mini-SEED format
[Gagnepain-Beyneix et al., 2002]. Recorded seismic events are either
impacts (meteorites and artificial impacts) or quakes (deep and shallow also
named HFT events). During the 7 years of the Apollo seismic network
operation, more than 10000 seismic signals were observed.

Figure 1 show typical example of the deep Moonquakes. Their depth
is ranging from 700 km to 1000 km, and they occur repeatedly on a small
number of distinct foci with periodicity related to the Moon orbits,
especially periods of 27 and 206 days. Latham et al. [1971], Lammlein,
[1977], Goins et al. [1981a] have performed detailed analysis of these
events, in term of magnitude, location, stress drop and proposed mechanism
They have shown that their maximum amplitude, typically of only a few
digital units on the LP records, and initial polarity appear to be correlated
with the tidal cycle [Lammlein, 1977] and that the largest deep Moonquake
nest in term of magnitude, the Al site, releases events with seismic moment
of about 5 10!* N m, caracterised by corner frequency of about 1 Hz and a
stress drop of 0.1 bar. Further source studies have shown that the radiation
patterns of deep moonquakes from a single source region was rotating with
changes in tidal stress [Nakamura, 1978]. By using single link cluster
analysis, Nakamura [2003] has more recently increased the number of
detected deep moonquakes signal to more than 7200. More than 160
moonquakes epicenters have been found, and associated to signals observed
at several Apollo stations, and this number might increase with further
studies, especially with the search of deep moonquakes originating from the
far side of the Moon [Nakamura, 2004, Oberst and Mizutani, 2003].
Stacking methods have been used to generate better seismograms from all
events originating from a given source (See Figure 1), not only in the
original studies (e.g. Nakamura, 1983), but also in the more recent studies
[Lognonné et al., 2003, Nakamura, 2003]. More detailed analysis however
shows that the events have slightly different positions for the epicenter, and
that stacking methods are less efficient for the short period data
[Gagnepain-Beyneix et al., 2004].

Figure 3 shows the compilation of the natural impacts, while an
example of artificial impact is shown on Figure 2. Apart informations on the
internal structure, these events have been also used for the determination of
the orbital characteristics of the meteoroid impacting the Moon [Oberst &
Nakamura, 1987, 1991] and the mass of meteorite has been estimated
[Oberst & Nakamura, 1991, Lombardi et al, 2002]. The last signals are the
HFT moonquakes. They are much stronger [Nakamura, 1977] but only 28
such events were observed in 5 years.

All these seismic data show an intense scattering and reverberation
in the crust and subsurface. This is characterizing the records by a linear rise
of the seismic energy with time after the beginning of the signal, typically
during 10 mn, a stationary maximum and then a slow decreases. An exact
description of the scattering process from the elastic wave equation seems to
be extremely difficult, and thus only approximations have been used, such
as diffusion theory [Dainty et al., 1974, Nakamura, 1976, 1977a]. Both
experiments [Dainty et al., 1974] and observations [Toksoz et al., 1974]
show that the scattering zone, probably related to the fracturation of the
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crust, must be located within a near surface zone between 1 and 20 km
thick, and that below 20 km the scattering is much weaker. Nakamura
[1977a] has however shown that the size distribution of scatters is very
close to those of craters on the Moon, and that cratering is probably one of
the principal causes of scattering, by creating irregularities of the surface
and associated subsurface fracturations. Only a few attempt in the waveform
modeling of these waves have been done, mainly due to the lack of available
models but normal modes technics, even up to frequencies of 0.3Hz, can
provide rough estimate of the mean amplitudes of the P and S pulse which
are typically found within 20-30% of those of the data [Lombardi et al.,
2002].

The lack of broadband performances of the Apollo seismometers, the
low amplitudes of the quakes and the intense diffraction have severely
limited the analysis of the seismograms. Practicaly, with the exception of
crustal phases, tentatively identified on single records by Tokséz et al.
[1972a,1972b] and Goins et al. [1981a] and of more recent receiver function
analysis based on the P to S conversion at the crust [Vinnick et al., 2001],
only direct P and S arrival times have been used for the determination of
seismic models. 81 sources were compiled and used at the end of the
experiment for global seismic velocities inversion by Nakamura [1983] with
18 meteorites impacts, 8 artificial impacts, 14 shallow events and 41 deep
Moonquakes but without a systematic record for all the arrival times. These
81 sources provided 203 P and 243 S leaving 162 degree of freedom
available for the internal structure, apart the time and locations of the
sources, unknown for all but the artificial impacts. Due to the probable
presence of a few bad pics in this data set [Khan and Mosegaard, 2002,
Nakamura, 2003] and of data with large errors (some times more than a few
10s of second between different authors reading), Lognonné et al. [2003]
and Gagnepain-Beyneix et al [2004] did a new arrival time picking and
selected 59 events with the smallest errors (19 natural impacts, 8§ artificials,
24 deep Moonquakes and 8 shallow quakes, with a mean error of about 2
sec), leading to 183 P and 136 S arrival times, with 17% less (134) degrees
of freedom for the internal structure despite 27% less quakes used. Other
studies where done with the same data set as Nakamura [Khan et al., 2000,
Khan and Mosegaard, 2002] or with less events, as for Goins et al. [1981b]
who have used 40 events (8 natural impacts, 8 shallow quakes and 24 deep
Moonquakes) or for Koyama and Nakamura [1979] who used 25 events.
The low number of degree of freedom for internal structure (134-162) and
the low quality of the data is the main limitation in the proposed models of
the Moon interior. It leads to a large trade-off between depth resolution and
a posteriori uncertainties, as we will see below.

Subsurface And Crustal Thickness Determination

Very low seismic velocities are observed in the regolith subsurface (see
Cooper et al. [1974] for a review). They produce an amplification of short
period seismic waves by reverberations and a lost of the seismic pulse
coherency. The subsurface structure has been studied with active seismic
experiments, on the 14, 16 and 17 sites [Cooper et al., 1974], with the
passive seismometers and signal of the lunar module lift-off at the 11, 12,
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14, 15 [Nakamura et al., 1975], by frequency analysis of the horizontal-to-
vertical amplitude ratio of natural events at 12, 14, 15 and 16 [Horwath et
al., 1980] and lastly by the receiver function method at the 12 landing site
[Vinnick et al., 2001].

The first 10 to 20 meters have shear velocities below 100 m/s while S
velocities higher than 300 m/s are found deeper than 100-200 m. Such
structures are producing resonances at frequencies higher than 1-2 Hz,
making the analysis of arrival time difficult. Below these layers and up to 1-
1.5 km a layer with V, from 1000 m/s to 2000 m/s was generally found,
interpreted as a fractured and broken zone extending to the lower crust
discontinuity, where Vy rises respectively up to 4.7-4.9 km/s [Cooper et al.,
1974; Nakamura, 1983]. The Apollo 12 landing site has the smallest
thickness of regolith [Horwath et al., 1980, Mark and Sutton, 1975] and is
of particular interest for the future Lunar-A mission, which will deploy one
of the two penetrators in its vicinity. Vinnick et al [2001] suggested that the
high-velocity basement (i.e. shear velocities higher than 1000 m/s) at station
12 should be about 150 m deep, a depth twice smaller than the one proposed
by Mark and Sutton [1975]. A correlation between the horizontal
components of motion at station 12 was also found, with a stable
polarisation of the waves with a -60° North azimuth, pointing out toward the
100km near Lansberg impact crater (42 km in diameter) [Vinnick et al.,
2001, Chenet, 2003] which might be explained by reverberations between
the impact generated fractures.

The volume of the lunar crust is directly related to the depth of the
post-accretional magma ocean and of the efficiency of the primary crust
differentiation. Moreover, due to the concentration of radiogenic elements in
the crust, its thickness is constraining strongly the bulk inventory of U and
Th of the planet [e.g. Taylor, 1984]. Its determination is therefore a key
objective of seismology. A thickness of 65 km was proposed after the
pioneer work of Toksoz et al. [1972a, 1972b] developed later by Toksoz et
al. [1974]. But such estimation has been questioned recently with the works
of Khan et al. [2000], Khan and Mosegaard [2002] and Chenet et al.
[2000], Chenet [2003], Lognonné et al. [2003], who have independantly
proposed a much thinner thickness. Using the same data than Nakamura
[1983], Khan and Mosegaard [2002] performed indeed a Monte-Carlo
inversion. They got a rapid increase between the surface and 20 kilometers
and then a slower increase down to a 40 kilometers discontinuity [Figure
4a]. After an earlier estimate of 45+5 km [Khan et al., 2000], they consider
a shallower crust-mantle boundary, around 38+3km deep, to be 4 times
more likely than a discontinuity between 50km and 70km deep. Lognonné et
al [2003] and Gagnepain-Beyneix et al. [2004] have found a velocity
increase at a depth of about 30 km and even with a joint inversion travel
times and of S to P converted phase, obtained from a receiver function
analysis [Vinnick et al., 2001], found no major discontinuity at 45 or 58 km
compatible with both the travel times and the amplitude of the SP converted
phase [Figure 4b]. By taking into account the crustal lateral variations
Chenet [2003] and Chenet et al. [2004] obtained a mean crustal thickness on
the near side, in PKT terranes of 34+5 km, a value close from the transition
observed by Khan et al [2002], who took some of the lateral variations into
account by inverting also a delay time at all Apollo stations.
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All these recent estimates are therefore significantly smaller than the
original 65 km, a value also challenged by Koyama & Nakamura [1979]
with a 45 km crustal thickness from a global inversion of travel times,
explained mainly by smaller velocities in the lower upper mantle (V,=7.85
+ 0.04 km/s, Vs=4.31 £ 0.03 km/s) as compared to previous results (V,=8.10
km/s, Vs=4.70 km/s). Let us go back to the Toksoz [1972a] paper with its 60
km wvalue estimation. The main argument used was the amplitude
amplification at an epicentral distance of about 170 km. Toksoz et al.
[1974a,1974b] explain this amplification by a ray focusing at this distance.
This was however strongly dependant on the velocity value used below the
boundary and values as high as 8.9 km.s*! were necessary. But as noted by
Toksoz et al. [1972a] in a “Note added in proof”:”The first detectable
motion at the Apollo 15 seismometer indicates an average velocity of at
least 8 km/s near a depth of 130km. Whether the high velocity (9km/s) zone
in the uppermost portion of the mantle (reported above) is a universal
feature or not cannot be determined from the new data”. None of the further
studies have found such high values and only velocities in the range 7.6-7.9
km.s™! where reported [Goins et al., 1981, Nakamura, 1983; Lognonné et al.,
2003, Gagnepain-Beyneix et al., 2004].

The comparison of Vp of the different seismic models with those
extrapolated from the lunar samples, as shown on Figure 4b is also
supporting models with smaller velocities in the crust. The Tokséz values
and even the Khan values appears to be high with respect to the
experimental ones, in opposition of Lognonné et al [2003] and Gagnepain-
Beyneix et al. [2004] values, more in the range of the crustal velocities. In
conclusion and from the most recent studies, a depth ranging from 30 to 40
km in the PKT terranes seems likely from the more recent reprocessing or
inversion of the Apollo seismic data. Such range is also supported by other
seismic arguments, such as the mantle temperature, as constrained by the
upper mantle seismic data [ Gagnepain-Beyneix et al., 2004]

The Moon Mantle : A Pyroxenite Upper Mantle With A Primordial
Lower Mantle ?

Figure 5 shows the different seismic models of the mantle, found by various
studies with values summarized in Table 1. Two approaches were choosen.
The first is an inversion of a models with only a few layers and generaly for
both Vp and Vs [Goins et al., 1981, Nakamura, 1983, Lognonné et al., 2003,
and Gagnepain-Beyneix et al, 2004]. Typically, 3-4 layers have been
inverted in the mantle and 4-6 layers in the crust, leading to about 20
parameters in the inversion, as compared to 130-160 degree of freedom of
the data set. Such approach takes into account the low sensitivity of travel
times to gradient and allows the determination of the mean velocity in each
layer while reducing the a posteriori error by about V(6-8) compared to the
a priori errors associated to the travel times readings and mislocation of the
events. It moreover allows a systematic exploration in the model space, as
performed by Lognonné et al. [2003] and Gagnepain-Beyneix et al. [2004].
Khan et al. [2000], Khan and Mosegaard [2002] in contrary used much
more layers (56 with the two Vp and Vs parameters) and a Markov Chain
Monte Carlo technique for the inversion. Larger errors in the a posteriori
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velocities are found, leading to weaker constraints in term of mineralogy
[Figure 5]. Moreover, as noted by Kuskov et al [2002], the velocities with
the highest marginal probabilities are not within the range of seismic
velocities obtained by mineralogical considerations. We will therefore
mainly discuss the seismic values of the Goins et al. [1981], Nakamura et al
[1983] and Gagnepain-Beyneix et al [2004] models and will use the results
of Khan and Mosegaard [2002] for the relative velicities variations with
depth.

These models agree fairly well in the upper mantle (i.e. the first 300 km
deep), with a mean value of 4.47 km/s and 7.70 km/s between the three
models and maximum differences of 0.05 km/s and 0.10 km/s, comparable
to the proposed errors. Deeper, Nakamura ‘s model shows a strong decrease
of both V) and Vs velocities, with a low velocity zone between depth of 270
km and 500 km. Such feature is not observed with the models of Goins et al
[1981] and Gagnepain-Beyneix et al. [2004]. No decrease is also observed
by Khan and Mosegaard [2002] in the upper mantle with quite constant
velocities in the mantle, up to a depth of 500 km.

Deeper, an increase of the seismic velocities is found by Nakamura et al.
[1981] at a depth of 500 km and at a depth of 738 km for Gagnepain-
Beyneix et al. [2004]. Khan and Mosegaard [2002] found also an increase
of velocities in the lower mantle but no stable velocities are found for P up
to 800 km deep. Stable velocities for S are however found at depth of 550
km. This increase in the seismic velocities is probably the signature of a
transition between the upper’s Moon mantle and the lower ones. But more
data will be necessary for precising its depth (in the case of a rapid
discontinuity) or the depth and extension of the gradient zone (for a more
gradual discontinuity) as pointed out by Hood [1986]. Indeed, Lognonné et
al. [2003] have shown that the inverted values at this depth depend mainly
on a few rays. Models closer from Nakamura’s one are found when the five
deepest rays are excluded from the data set. Such poor resolution of the
structure between 400 km and 800km deep is probably explaining the
absence of clear maximum in the marginal probabilities of P velocities
found by Khan and Mosegaard [2002].

These models have led to several interpretation in term of mantle
mineralogy. If Buck and Toksoz [1980] discussed earlier results, Hood and
Jones [1987], Mueller et al. [1981] , Kuskov et al [1994,1995, 1997, 1998]
discussed mainly Nakamura [1983] model. Hood and Zuber [2000] and
Kuskov et al [ 2002] interpreted both the models of Nakamura [1983] and of
Khan et al. [2000]. Lognonné et al. [2003] and Gagnepain-Beyneix et al.
[2004] provided a mineralogical interpretation of their models based on
Kuskov’s papers. In the upper mantle, as noted by Kuskov et al. [1995],
Lognonné et al. [2003] and Gagnepain-Beyneix et al. [2004], these
velocities are compatible with pyroxenite compositions. Two possible
compositions, with rather different FeO compositions (13.8% and 17.6%)
and Mg# number of 75 and 72 respectivelly fit fairly well the seismic
velocities. The first was proposed by Ringwood and Essene [1970] as a
possible source of mare basalt originating from depth of 200-500 km. The
second was proposed by Kuskov et al. [1995] in order to explain the lower
bound of the Nakamura model. If both fit the seismic velocities, the density
of the second is too high to fit the density constraints of the upper mantle
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given by the inertia factor and mean density. Both the geochemical
[Taylor,1987] and the geophysical arguments in contrary support the first
composition (i.e. FeO around 13% and Mg# of 75).

The increase of velocity, found by Nakamura et al [1983], Beyneix et al.
[2004] and Khan and Mosegaard [2002] deeper has been interpreted as the
signature of a discontinuity in the composition of the Moon mantle,
separating an upper differentiated mantle from a lower primordial mantle.
Nakamura [1983] propose a depth of 500 km and Khan and Mosegaard.
[2002] 550 £20 km. For Gagnepain-Beyneix et al. [2004] the data are too
sparse for resolving a gradual increase of the velocity between 400 and 750
km from a discontinuity. Hood and Jones [1987] and Mueller et al [1981]
proposed an increase in the Mg# in this transition zone relative to the upper
mantle, related to the primordial magma ocean of the Moon. Kuskov and
Fabrichanaia [1994], Kuskov [1995] and Kuskov et al [2002] confirmed that
no mineralogical transformation can produce such increase in the seismic
velocities. Note that the same argument is however true for the decrease in
seismic velocities proposed by Nakamura [1983] at the top of their low
velocity zone (at a depth of 300km). These mineralogical interpretation of
the seismic profiles are however not well adapted to the low quality velocity
models: future steps are necessary with direct inversions of the seismic
travel times and other geophysical data in term of mineralogy [e.g.
Verhoeven et al., 2004].

The Seismicaly Unknown Lower Mantle And Core

All Apollo seismic stations were located on the near side of the Moon
and no seismic signal associated to ray propagating through the core were
detected [Figure 6] with the exception of a few meteorite impacts
[Nakamura, 1974]. No events on the far side of the Moon have been
identified so far despite recent search for the identification of such quakes
[Nakamura, 2003, 2004]. Both studies suggest therefore that the very deep
Moon mantle below the deep moonquakes sources (1000km) strongly
attenuates or deflect seismic waves. But its seismic velocities remain
unconstrained.

Many studies are however supporting a small core (see Hood and Zuber
[2000] for a review). Some arguments are from geochemical analysis and
mare basalt samples show indeed a depletion of highly siderophile elements
[e.g. Righer et al, 2000] but could be attributed to the formation of the
proto-Moon core. Most geophysical arguments are stronger. Hood and
Jones [1987], Bills and Rubincam [1995] showed that apriori mantle density
profiles cannot explain alone the mean density and inertia factor. A small
core is mandatory for these data, as well for explaining the induced
magnetic dipole moment produced by the interaction of the Moon with the
Earth’s geomagnetic tail, which need a 340+90 km conductive core [Hood,
1999]. Finaly, Williams et al. [2001] have shown that the rotation of the
Moon was influenced by a dissipation source, which can be interpreted as
the signature of a liquid core.

Due to the sensitivity of the low angular order normal modes to the core
structure, the search for free oscillations in the Apollo data has been
performed by a few authors. After a first unsuccessful attempt of Loudin
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and Alexander [1978], Khan and Mosegard [2001] claimed recently a
successful detection of free oscillations from large band Apollo signals
generated by meteorites impacts. The seismograms used by Khan and
Mosegard [2001] are the strongest natural impacts of the profile shown in
Figure 3. The seismic signals are still weak and these impacts can be
compared in magnitude to the impacts of the Saturn IVB (Figure 2). The
mass and velocity give an impulse of 3.82 107 Ns and an impulse 25 time
larger (i.e. 10° Ns) will generate seismic waves saturating all Apollo
seismometers in the .3-1Hz frequency range (only 512 DU of dynamic were
available on the Apollo seismometers). This upper estimate of the impacts
used by Khan and Mosegaard [2001] can be used to model the amplitude of
seismograms, for a spherical Moon model and with normal modes
seismograms [Lognonné and Clévédé, 2002]. Figure 7a shows clearly that
even in this upper case, the spectral amplitude of the signals are two orders
of magnitude smaller than the instrument noise, greater than 10~ ms2/Hz"?
at frequencies smaller than 10 mHz. If we furthermore consider that the 3D
structure and the scattering of the crust and upper mantle are reducing these
amplitudes and that a more precise analysis of these large events gives an
upper limit of about 3 x 10® Ns [Lombardi et al., 2001], the signal to noise
ratio achieved in the normal mode bandwidth [1-10 mHz] is by 2 to 3 orders
of magnitudes smaller than 1 for these Apollo data.

The other candidates for such normal mode excitation are the HFT
events with seismic moments up to 1.6 10'> Nm [Oberst, 1987]. A scaling
of the amplitude of Figure 7b, computed for a shallow quake with moment
of 10'"® Nm shows amplitudes in the range of 10-1°-5x10-'° ms-?/Hz'"? in the
normal mode bandwidth. If such amplitudes are still too small for the
Apollo seismometer noise, they could be detected with modern VBB
seismometers or superconducting gravimeters, if continuous operation
during 5-10 years is possible [ Gudkova and Zharkov, 2002].

In the absence of Normal modes and of core phases, the density,
moment of inertia, Love number k2 and magnetic properties of the core are
the only parameters able to constrain the core but can be jointly inverted
with the seismic constraints on the mantle and crust. Such joint analysis was
done first by Bills and Ferrari [1977] with the density, moment of inertia
and a preliminary seismic model. More recent are from Kuskov and
Kronrod [1998], Kuskov et al. [2002] with the Nakamura [1983] seismic
models and with the improved density and inertia factors. Either a pure y-Fe
core with density of 8100 kg/m3 and a radius of 350 km, or a core with
smaller densities and larger radius, including the largest troilite FeS core
with a radius of 530 km and a density of 4700 kg/m3 were proposed. With
the same inertia factor and mean density, but with their seismic model,
Lognonneé et al. [2003] have found for a 350 km core, densities in the range
of 7000 kg/m? to 8000 kg/m?, depending on the thickness of a 2910 kg/m?
dense crust. These results can be compared to the latest results performed
without seismic a priori and based on a 5 shells model of Khan et al. [2004],
for which a core with a radius of about 350 km and a density of 7200 kg/m?
is found.
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MARS SEISMOLOGY

The last 15™ years have been rather disappointing for Mars seismology.
The early 1990 indeed started with great prospects for the seismic
exploration of Mars, with the ambitious soviet Mars94 mission, the latter
with a very large orbiter, two small autonomous stations equipped with the
short period Optimism seismometers [Lognonné et al., 1998] and 2
penetrators. At the same time started the assessment phase of the joint
NASA-ESA Mesur-Marsnet [Solomon et al., 1991, Chicarro et al., 1991,
1993] with a goal of up to 16-20 seismic and meteorological stations,
including the 4 ESA’s Marsnet ones. However, budgetary and programmatic
problems in 1993 lead to the postponement of the Mars94 mission to 1996
and the lost of the Mars Observer mission forced NASA to cancell Mesur.
In 1996, hope was back with the last preparation for Mars96 launch and
with a new ESA-NASA InterMarsnet phase A, that time with a more
reasonable network of 4 stations [Banerdt et al., 1996]. But again,
InterMarsnet did not went thrue the ESA’s selection processes and a few
months later, Mars 96, after a successful launch, failed its insertion into a
trans-Mars trajectory and fell down in the Pacific.

But the strikingly consistent “Phoenix” character of Network
mission was ready for a new re-birth in 1997 with the NetLander mission
[see Sotin et al., 2000 for a special PSS issue]. Despite two attends for an
ESA launch (on the MarsExpress mission or the possible F2/F3 MASTER
mission), the European and US Netlander team had to rely on the major
collaboration between NASA and CNES for reaching Mars as a piggyback
passenger of a Mars Sample Return orbiter. But again, programmatic and
budgetary problems lead the project to collapse in 2003, during the phase B
of the mission [Butler, 2003], two years after the cancellation of the sample
return efforts.

Interior Structure Of Mars

Mars interior remains therefore largely unconstrained and only the 4
geophysical numbers (mean density, inertia factor, real and imaginary ko
value) are available in addition to the constraints put by SNC meteorites and
by mineralogical or cosmochemical models. See Spohn et al. [1998] for a
review on the Mars interior and the use of these constraints.

Seismic models of Mars were however proposed by several authors
since the Viking mission. Okal & Anderson [1978] based their model on the
future PREM [Dziewonski and Anderson, 1981] and with a core size
adjusted to the sole mean density. Sohl and Spohn [1997] and Zharkov and
Gudkova [2000] used an estimated value of the inertia factor (C=0.365 Ma?
instead of the observed C=0.366+0.0018) corrected from the non-
hydrostatic contribution of the Tharsis buldge as well as geochemical
constraints (Figure 8). The later were based on the Dreibus and Winke
[1989] mixture models which Mars is a mixture of 40% volatil rich and 60%
volatile depleted C1 material constrained by the composition of the SNC
meteorites. But other mixtures models have been proposed in order to match
the 8'70/d180 between ordinary chondrite H, enstatite chondrite EH and H
chondite, [Sanloup et al., 1999, Lodders and Fegley, 1997]
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However, these geochemical models generally do not agree with
geophysical data, even for both the mean density and inertia factors.
Sanloup et al [1999] model for example provides an inertia factor of
C=0.365 Ma?, while Dreibus and Winke [1989] model gives C=0.357 Ma?
[Sohl and Spohn, 1997]. While this discrepancy might be related to
inadequations of the geochemical models, Gudkova and Zharkov [2004]
proposed to further consider light elements in the core, especially Hydrogen,
in order to decrease the density of the core and therefore to increase the
inertia factor (i.e. by reducing the density contrast between mantle and core)
while keeping the mass of the planet constant (i.e. by increasing the core
size). If the chalcophile depletion of SNC indicates probably a sulfur rich
core, very little constraints on the amount of hydrogen are indeed available,
as well as for other light elements. Hydrogen was however available in great
amount during the formation of the planet in enougth quantities to built a
pure FeH core. Other arguments are supporting a large core with light
elements. The first one is the newly determined value of tidal k> Love
number of Mars (0.153 £0.017, [Yoder et al., 2003]). Such high value needs
models with large core radius as shown also by van Hools et al. [2003] and
Figure 9 shows that that the best fit is achieved with those models with
hydrogen, while the other without hydrogen (Model M8 of Gudkova and
Zharkov [2004] or model A of Sohl and Spohn [1997]) do not explain ko.
While the core radius is 1468 km for model A, it is 200-300 km larger for
the preferred models M6 and M7 (1662 km and 1753 km respectively).
Corresponding density at the CMB are 6936 kg m>, 6279 kg m™, 5901 kg
m-3. The second is related to the apriori liquid state of the core. A liquid core
is indeed supported by both the Phobos tidal acceleration value and of the
large k2 value. As noted by Lognonné & Mosser [1993] and Zharkov and
Gudkova [1997], a low Martian Q at the Phobos tidal period will imply
unrealistically low intrinsic Q of the planet if the core is solid and tidal
stresses are distributed along the full solid planet. In contrary, Q
corresponding to silicate material slightly colder than the Earth mantle are
found for a liquid core [Lognonné & Mosser, 1993]. But as for the Earth
[Hillgren et al., 2000], Hydrogen and Sulfur are however not the only
candidate and other elements could be advocated for a lighter density of a
liquid core, especially Si [Stevenson, 2001, Sanloup et al., 2002], O or C.

From a geochemical point of view, a large core increases the Fe/Si
ratio to values closer from the 1.71 of SNC’s. Indeed, Fe/Si ratio for two
best models M6 and M7 arel.55 and 1.68, much larger than the 1.35 of
model A from Sohl and Spohn [1997]. But a larger core has also major
consequences on the internal structure and planetary evolution. The first one
is to make a perovskite-bearing lower mantle impossible, due to insufficient
pressures in the present mantle. An endothermic phase transition from spinel
to perovskite has been proposed as the driver of a one-plume convection
pattern, with consequence for the formation of the Tharsis buldge during the
early eons [Harder and Christensen, 1996]. A determination of the core size
and better constraints on the temperature of the core-mantle boundary will
allow therefore to precise if a geodynamical evolution of Mars with an
initial hot mantle with such discontinuity was ever possible and if the
vanishing of this discontinuity with the mantle secular cooling might have
influenced the planetary evolution.

11
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Seismology will be therefore mandatory in order to improve our
knowledge on the Martian structure and our understanding of its evolution.
Let us consider the different existing models proposed for the Mars mantle,
shown in Figure 10 and address the variability of the different seismological
observations. The simplest seismological secondary data, which can be
extracted from seismic data are the travel times of P and S waves (in the sort
period range, 0.1-5Hz for remote events), the group and phase velocities of
surface waves (in the long period range, 10mHz-0.1 Hz) and the frequencies
of the fundamental spheroidal modes. These observable are shown on
Figure 11 and differences of several 10 of pourcents can be observed among
these models. Such zero order differences will be easily constrained as soon
as seismic signal are successfully recorded. We detail therefore in the
following section the apriori on seismic signal, noise and propagation
properties on Mars and estimate the prospects of a future seismic
experiment on this planet.

Seismic activity and seismic noise

A mission deploying a single or two VBB seismometers has been never
successfully performed on Mars, leaving the seismic activity and the seimic
noise of the planet unknown. If wind-generated noises were indeed the
main source of external noise during the Viking Seismic experiment
[Anderson et al., 1977], such noises were clearly related to the vibrations of
the lander in the wind [see Lognonné and Mosser [1993] for a detailed
explanation]. But during the now windy periods however, the seismometer
was unable to resolve the local micro-seismic noise and we can therefore
expect quite low noise level [Nakamura and Anderson, 1979].

For the seismic activity, in addition to meteorite impacts [Davis, 1993],
we expect natural quake related at least to the thermoelastic cooling of the
lithosphere. Estimates by Golombek et al. [1992] from surface fault
observations and by Philipps et al. [1991] from a theoretical estimate of the
thermo-elastic cooling of the lithosphere provide some idea on the seismic
activity. It is found 100 times greater than the shallow moonquake activity
detected by the Apollo seismometers. But amplitudes of the largest Mars
seismic signals will still be about 4 orders of magnitude (about 2.5 Ms
magnitude) lower than those of the largest earthquake at long periods, i.e. at
frequencies below the source cutoff of the largest quakes. More in detail, the
Martian activity might provide about 50 quakes of seismic moment 10!°> Nm
per year, with an increase/decrease of the frequency by 5 for a
decrease/increase of the seismic moment by 10, which represents a seismic
activity releasing of 10'8-10' Nm per year. The distribution of this seismic
activity has been studied in more details by Oberst et al. [2004] With a total
of about 7000 faults with a cumulated length of 600,000 km found, they
confirmed the higher seismic activity of Tharsis.

The Martian noise has been estimated by Lognonné and Mosser [1993]
for the wind generated noise, and by van Hoolst et al. [2003] for the
temperature generated noise. Typical estimate for the ground accelerations
produced by the direct deformation of the Martian surface by the wind
pressure fluctuation could have peak to peak amplitudes of the order of 10~
m/s? in the range of 0.1 to 0.01 Hz during relatively calm conditions with
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wind speed of the order of 4 m/s [Lognonné and Mosser, 1993]. Moreover,
Lognonné et al. [1996] has shown that even on the Earth, seismometer can
reach such noise level in quite site, if protected by a light windshield. In
contrary to the Viking case, the temperature variations might therefore be
the major source of noise for surface installed VBB seismometers.
However, as shown by van Hoolst et al. [2003], most of the temperature
variations on Mars are associated to the daily cycle and can be approximated
by a Fourier series with the fundamental (of 24h56min) and its harmonics.
Moreover, thermal insulation of space qualified seismometers can reach
time constant of about 4 hours and will reduce therefore the temperature
variations by a factor of about 15 at 1mHz, and about 150 at 10 mHz,
leading to temperature fluctuations smaller than a fraction of degree in the
seismic band. An installation with a noise comparable to the Earth Low
noise model (e.g. about 10° m/s*/Hz!? in the seismic bandwidth) is
therefore a realistic challenge especially if an environmental correction
performed through a recording of the pressure and temperature data is
possible [e.g. Beauduin et al, 1996].

Normal Modes Excitation

While the extraction of internal structure information with the direct
body waves will need a precise localization of the events and therefore at
least 3 stations for travel times analysis (6 secondary data enabling the
determination of the 4 sources parameters and of two mean mantle
velocities), surface waves, normal modes and tidal analysis have the
potential to provide useful information on the interior with less stations. See
a series of papers for the sensitivity of normal modes to the Martian interior
structure [Bolt and Derr, 1969, Okal and Anderson, 1978, Lognonné et al,
1996, Gudkova and Zharkov, 1996a, 1996b]. We develop here these
perspectives, important if the future missions deploy only a single or two
seismometers on the Martian surface for long periods.

A Martian activity releasing a cumulated activity of 10'3-10!° Nm
per year leaves statistically indeed the possibility to detect large quakes if
the monitoring is performed during one or more Martian year. The
excitation of normal modes by such quakes was studied by Lognonné et al.
[1996] and later by Gudkova and Zharkov [2004] who both conclused than
the observation of normal modes between 5 mHz and 20 mHz will be
possible with a noise level of 10 ms?/Hz!?by stacking methods on quakes
with a cumulative 10'® Nm moment or by single record analysis of the
greatest quakes [Figure 7c]. The observation of normal modes below 5 Mhz
will be more challenging with such quakes and the search for continuous
excitation of normal modes by the atmosphere is a possible alternative.
Originally proposed by Kobayashi & Nishida [1998], the expected
amplitudes are by a factor 2-3 smaller than the Earth values, and therefore
typically a fraction of nanogals [Lognonné et al., 2000, Tanimoto, 2001].
These early studies however have not fully taken the properties of the
atmosphere into account. A first improved analysis was performed by Suda
et al. [2002] by using Pathfinder data and provided very low amplitude for
the excitation, typically of the order of 3x10-' ms?/Hz!? for a correlation
length of about 2 km for the atmospheric turbulences. Only correlation

13



14 Lognonné, P.

length of 10km or more could lead to observable signals. A second
estimation, unpublished by the author, estimated the continuous and more
coherent (on large scale) excitation associated to the atmospheric global
circulation winds and pressure using an explicit computation of the pressure
glut [Lognonné et al., 1994] and with global circulation models [Forget et
al., 1999]. Figure 12a shows for example the sensitivity kernel of the
excitation term related to the pressure field, at a given local time and for a
classical GCM model, for wich large excitations are observed including
along atmospheric fronts in the south hemisphere. After integration, such
models provide the acceleration amplitudes of the modes [Figure 12b].
These estimates are however probably a minimum value due to missing
small scales in GCM models. They show that significant excitation by the
atmospheric global circulation. The latter being much more coherent days
after days than turbulences, we can expect an increase of signal by stacking
methods, if long duration measurements are available. Even if the search of
the continuous excitation will be therefore challenging, it might open exiting
perspectives for the detection of the lowest angular orders Normal Modes

Surface waves

At higher frequencies and in the band 5mHz-50 mHz, surface waves
analysis could also be performed for the large quakes, including in the
limited case of a two stations network equipped with 3 axis seismometers
and therefore able to determine the back-azimuth of surface waves. Figure
20 shows that errors in the relative epicentral distance of less than 2.5% can
be achieved over a wide equatorial band of the planet (£ 20° latitude), for
two typical landing sites around the Tharsis Buldge, when back-azimuth
errors of 15° are assumed. Such measurements could constrain the major
differences of the already proposed models of the mantle but it will be
limited by the sensitivity of surface waves azimuth with respect to lateral
variation and thefore unable to get the precision necessary to smaller
differences, such as those related to the FeO conteft in the mantle [Mocquet
et al., 1996]. On the Earth, the later indeed can reach typically 10° and very
likely, the relatively larger crustal variations on Mars will lead to larger
effects [Larmat et al., 2002]. However, as observed on the Earth, a large
part of the lateral variations of surface waves can be modeled with a priori
on the lithosphere and upper mantle [Nataf & Ricard, 1996]. With the
increasing constraints on the crustal and lithosphere thickness [e.g. Zuber et
al., 2000, Zuber, 2001, Wieczoreck and Zuber, 2004] and crustal heating,
we can expect future development for the simulation of surface waves in
complex a priori 3D crustal models of Mars.

Body Waves Detection

The main limitation for body waves detection on Mars will be
related to attenuation and to the scattering in the crust due to the impacting
history, especially in the southern hemisphere highlands. The importance of
attenuation on Mars was originally pointed out by Goins and Lazarewicz
[1979], who have shown that the Viking seismometer with a 4 Hz central
frequency was unable to detect remote events due to attenuation. Low Q
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factors of the Martian mantle are indeed supported by the high secular
acceleration of Phobos which is explained by a shear quality factor of about
100 at the tidal period of Phobos and of about 200 in the seismic band
[Lognonné & Mosser, 1993, Zharkov and Gudkova, 1997] for liquid core
models. These values can be compared to the Earth, where body wave are
mainly attenuated in the Earth upper mantle (Qu=150) and encounter a
small attenuation in the lower mantle (Qu= 300, Anderson and Dziewonski,
1981). For 5 km/s S waves, this gives a Q-cycle of 1000km at 1 Hz, and
only 250 km at 4 Hz. More in details, the amplitudes of body waves are
plotted by Figure 13a-b, after Mocquet, 1998. The amplitude are computed
for two frequency bands (0.1-1 Hz, 0.5-2.5 Hz) and for a near surface and
isotropic source with a seismic moment of 10> Nm. The crustal
transmission is taken into account, as well as the geometrical spreading and
attenuation for a Mars model compatible with the present a-priori
knowledge.

The amplitudes at frequencies higher than 0.5 Hz (0.5-2.5 Hz) decreases
strongly with epicentral distance. P waves in the frequency band 0.1-1 Hz
are less sensitive. This frequency bandwidth was choosen for the Optimism
seismometer onboard the lost Mars96 mission (with a a 1 ng resolution in
that bandwith). At higher frequencies however (0.5-2.5 Hz bandwidth),
amplitude are decreasing rapidly with the distance and for S waves, are even
below the longer periods amplitudes. Moreover, scattering could be strong
at such frequencies. For shallow quakes it will reduce the amplitude of the P
waves during the downward propagation from the crust to the mantle, near
the source, and a second times during the upward propagation, from the
mantle to the surface near the receiver. The effect can lead to a reduction by
10 of the P wave energy and more for the amplitudes due to the length of
the coda. Body waves below a frequency of 1Hz are therefore best adapted
to the detection of marsquakes. Assuming total detection for signals with
accelerations greater than 10 m.s? peak-to-peak, Mocquet [1998] has
shown that 60% of quakes with seismic moment greater than 10'* Nm, i.e.,
corresponding to Earth magnitude greater than 3.2 can be detected by a 4
station network. This might provide about 100 detected quakes out from the
140 quakes that are expected in one Martian year of Network operation.

INSTRUMENTATION AND PLANNED MISSIONS

We focuse here on the mission and instrument under development. For a
review on the planetary seismometers developped before 1990, see
Lognonné and Mosser [1993]. Since 1990, the developpement of new
seismometers was done mainly for the Moon, with the Lunar A two axis
seismometer [Mizutani et et al., 1995, 2002] and for Mars, with the Mars 96
Optimism vertical axis seismometer [Lognonné et al., 1996] and with the
Mars Ultra-broand band seismic package [Lognonne et al, 1996]
developped for future network mission. The latter is based on two axis VBB
seismometers [Lognonne et al., 2000] and on 3 axis short period micro-
seismometer [Banerdt and Pike, 2001] and can be also adapted to a Lunar
mission, by a change of the spring. Table 2 provide the main characteristics
and performances of the sensors while Figures 14a-d show the sensors.
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Lunar-A [Mizutani et al., 1995, 2002], the only remaining mission in
planetary seismology in development, will be launched probably in 2005
and will deploy 2 penetrators equipped with two axis seismometers. The
first landing site will be close from the Apollo 12, while the other will be at
the antipode. Seismic signals will be detected by a LTA/STA detection
algorithm and stored in the penetrator for telemetry through the Lunar-A
orbiter during one year. Due to the continuous activity of the deep
moonquake, these two penetrators, as well as any future lunar seismic
package, will be able to be operated in a virtual Apollo Post-Apollo
network: for each deep moonquake, the Apollo station will indeed provide 8
arrival times, while the two penetrator will add 4 new arrival times. After
estimation of the position and of the two source times, this will almost
double the number of data available for internal structure studies from 4 (8-
4) to 7 (12-5).

SUMMARY AND NEW POSSIBLE FUTURE MISSIONS

* Moon: The Apollo Seismic network was unable to determine the deep
interior of the Moon and does not provided detailled models of the crust
and Moon mantle. Stable velocities are found mainly for the upper
mantle and recent estimations of the crustal thickness (35-45km) differs
from the previous ones (60-70km). While all models show a pyroxenite
upper mantle, a more primordial lower mantle is tentatively proposed,
with higher Mg#. We are therefore expecting Lunar A to not only
constrain the size of the core by direct seismic observations but to also
greatly improve the mantle velocity models. Next step will be a network
of VBB seismometers on the Moon [Neal et al., 2004] for future high
resolution seismic exploration of the Lunar 3D internal structure.

* Mars : Internal structure of Mars will remain unconstrained before the
deployment of seismometers by future missions [Lognonné et al., 2003].
Scientific objectives have been identified, for single station pathfinder
observation [Lognonné and Banerdt, Banerdt and Lognonné, 2003], for
two stations performing subsurface cryolithosphere exploration [ Grimm,
2003] or for a network mission such as the Netlander mission [Lognonné
et al., 2000, Dehant et al., 2004]. Such missions need an implementation
in the future international opportunities.

*Jovian and Saturnian satellites : The exploration of the outer planet
has revealed the complexity of the internal structure of the giant planets

satellites. See Kuskov and Kronrod [2001], Sohl et al. [2002] for a
recent review on their interior. Of special interest for future seismic
studies will be the Jovian satellite Europa [e.g. Carr et al., 1998] and the
saturnian one Titan [e.g. Grasset et al., 2000, Sohl et al., 2003], in both
of which an ocean covered by a icy crust, is probable. Kovach et al.
[2001] and Lee et al [2003] have studied in more detail the possibilities
of seismic exploration of Europa. They have shown that a passive
seismic experiment will be able to detect natural sources, either related
to ice cracking, to tidal induced quakes and to natural impacts and that
the recording of ice shell traped surface waves in the frequency band
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0.1-10Hz will allow the determination of the thickness of the solid ice
crust.

* Venus : Some estimation of the seismicity activity, done for the past
NASA Venus Internal Structure Mission study [Stofan et al., 1993]
suggested a seismic active planet. With a seismogenic layer of 30 km,
more than 100 and about 25 quakes of Ms greater than 5, respectively 6,
could be released by an intra-plate activity with a strain rate of 10-'? sec™!.
Instead of deploying a seismic network designed to survive to the surface
temperature of the planet (500C), Lognonné et al. [2003] proposed to use
the coupling between the solid planet and its atmosphere. As shown by
Lognonne et al. [1998], a significant coupling is found on the Earth and
has been used for the detection of seismic waves in the ionosphere
[Ducic et al., 2003, Artru et al., 2004]. On Venus, the coupling will be
stronger due to the better acoustic adaptation of the atmosphere with
respect to the interior. The surface pressure (90 bars), density (60 kg/m?3,)
and acoustic velocities (410 m/s) provide a ground impedeance (pc)
about 60 greater than on Earth. Moreover, an additional amplification is
achieved by the propagation of the wave from the surface to the 1 bar
level, resulting in effects about 500 larger than on Earth when the wave
reach altitudes with similar densities. The Venus Express mission will
therefore search, with its VIRTIS instrument, for atmospheric
temperature anomalies related to the release of seismic energy

[Marinangeli et al., 2004]
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Figure 1: Stacked seismograms for the A42 deep Moonquake source and for all Apollo stations
Arrivals of P and S waves identified after stacking are plotted. The number is associated to the
error range in the arrival time picking. 0,1,2,3 are for errors below 1sec, 3sec, 10sec and 30 sec.
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Figure 2: Seismic records, from the Apollo seismic network, of the impact of the Apollo 17
Saturn V upper stage (Saturn IVB) on the Moon on 10 December 1972 at distances of 338, 157,
1032 and 850 km from the Apollo 12, 14, 15 and 16 stations, respectively). X,Y,Z are for the long
period seismometers, z is for the short period seismometer. Amplitudes at the Apollo 14 station,
157 km from impact, reach about 10~ m s> with an amplitude mainly related to S waves trapped in

the regolith. The first P arrival is typically 10 times smaller.
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Figure 3 : Profil of the vertical component of the meteorites impacts, as listed and used by
Lognonné et al [2003], Gagnepain-Beyneix et al. [2004]. Note that a few of these events were
observed at epicentral distances greater than 90°, including a few with more than 120°. Red
circles are the P arrival times, and green circles are for theS arrival times. Time is in seconds.
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Figure 4a: Crustal models from Khan and Mosegaard [2002] for a crust in the range of
40+5km(A) and in the range of 60+10km (B). As seen on the figure, the model found in case
A have not only a better variance reduction, but are corresponding to much better physical
structures. The upper part of the crust to mantle transition for models A is located at depth of

38 3 km.
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Figure 4b: Crustal models of Toksoz (dark blue line), of Lognonné et al [2003] (red and light
blue lines) and of Koyama and Nakamura [1979] (green line). Crustal thicknesses are 65 km,
30 km and 45 km respectively. In background are the seismic velocities extrapolated from
crustal lunar samples. Toksoz and Koyama and Nakamura velocities are high with respect to
the extrapolated velocities.
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Figure 5a: Mantle models of the Moon for P velocities. Left figure shows the layered models
of Goins et al. [1981] (Green), Nakamura et al [1983] (blue) and Gagnepain-Beyneix et al
[2004] (red). The grey zone is for geochemical admissible models, following Kuskov et al.
[2002]. The dashed lines are associated to the error bars of the models. Right figure shows
the probability distributions of Khan et al. [2002], with increasing probabilities with contours.
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Figure 5b: Mantle models of the Moon for S velocities. Same convention as for the P
velocities.
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Figure 6: Polar view of the Moon with the repartition of the stations (square) and the deep
interior structure. The stars are for the shallow moonquakes while the dot are for the deep
moonquakes. Green rays, blue and red rays are respectively for the deep, shallow quakes and
impact meteorites. Area LILIILIV and V are the crust, upper mantle, middle mantle, lower
mantle and core respectively. The core is not covered by any ray and only a few propagated

through the deep lower mantle.

Depth Goins et al. |Nakamura |Lognonné |Beyneixet |[Khanet |Kuskov et
(km) [1981] etal [1983] |et al [2003] | al. [2004] al. [2002] |al.[2002]
Crust-300 | 4.47+£0.05  |4.49+£0.05 |4.53£0.15 |4.44+0.04 [4.0+0.4 |4.51£0.18
(1) 7.70+0.15  |7.74+0.12 |7.75+0.15 |7.65+0.06 |8.0+0.8 |7.81+0.40
(©)
300-500 [4.37+0.05 |4.25+0.10 |4.50+0.15 |4.37+0.07 [4.0+0.4 |4.42+0.19
(2) 7.65+0.15 |7.46+0.25 |7.75+0.15 |7.79+0.12 8.0+0.8 |7.85+0.40
(6)
500-750 [4.20+£0.10 |4.65+0.16 |4.35+£0.30 |4.40+0.11 5.75+0.7 |4.44+0.20
3) 7.60+0.60 |8.26+0.40 | 7.50+0.30 |7.62+0.22 11.75+1.0 | 8.01+0.38
750-1000 4.20+0.30 [4.50+0.10 |(4)
7.90+0.30 | 8.15+0.23

Table 1 : Comparison of the different seismic models of the Moon for area II, III and the top
most part of IV. All seismic velocities are in km/s. (1) Depth is 270 for Nakamura et al.
[1981], 238 km for Beyneix et al. [2004] (2) Maximum depth is 488 km for Beyneix et al.
[2004] (3) Maximum depth is 738 km for Beyneix et al [2004] (4) No clear maximum for P
velocities, except at a depth of about 800 km (5) Velocity at 230 km deep (6) velocities at 480
km deep
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] Impact 10**9 Ns at 90 degrees, Moon: All Modes
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Figure 7a: Amplitude spectral density of a one day seismic signal recorded on the vertical
component at a epicentral distance of 90°. The source is an impact source with an impulse of
10° Ns. Below 10 mHz, the amplitudes are smaller than 2x10'?> ms?/Hz!?, and therefore at
least 100 times smaller than the instrument noise at this frequency.
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Figure 7b : Spectral amplitude on the Moon for a 24 hour record and at frequencies below 20
mHz, for a quake releasing a moment of 10**18 Nm at 30 km depth with strike, deep, rake
angles of 45°, 45°, 45°. Such a quake is about 3 orders of magntitude greater than the strongest
HFT quake Azimuth is 20° and the epicentral distance is 90°
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Figure 7c: Same quake and epicentral distance and azimuth, but on Mars. At 5 mHz, the
amplitudes exceed 1 ng/sqrt(Hz) and are a factor 4 greater than those observed on the Earth for
an equivalent quake at equivalent epicentral distances. Note that below 10 mHz, the
fundamental modes are associated to most of the signal.
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Density models of Mars

Lognonné, P.

P Velocity models of Mars S Velocity models of Mars

3500 ; 3500 . : 3500 : !
_1 o T H
| \ !
3000 4 3000t \, 4 3000- l" g
| ! |
lu \ N
2500 i 1 2500t ‘L 2500 - \ g
o - |
!! 1 \.I 1
2000 \ 4 2000} 4 2000+ o
o - o R @« I
ST 3
g | g ‘ g
1500 | 4 1500t ] g 4 1500+ =
4
1
h i
i 1l
1000 "I < 1000+ i 4 1000 .
|
\
500 | 1 soof i 1 s00r 1
| I
| } f
| I
| | t
0 1 | 0 Ll 1 0 1 1
0 5000 10000 0 5000 10000 15000 O 2000 4000 6000
density kg/m**3 density kg/m™3 density kg/m*™*3

Figure 8: Models of Sohl and Spohn [1997], dashed line, and 3 models of Gudkova &
Zharkov [2004]. The solid line and dotted line are for an hydrogen content in the core of 50%
and 70%, with 14% of Sulfur in both cases, while the dashdoted line is for a sulfur content of
35% without hydrogen. Sohl and Spohn model has no hydrogen and14% in sulfur.
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Figure 10: Mantle models of Mars, in term of density and seismic velocities for the model M7 of Gudkova
and Zharkov [2004], continuous line, and the 4 models of Mocquet et al. [1996]. Models of Mocquet et al.
[1996] have an increasing content of iron of 10,20,30 and 40 %, associated to dotted, dashdot, dashed and
solid line. The main effect of an increase in Iron is to smooth the seismic discontinuities associated to o.-
olivine to B-spinel and B-spinel to y-spinel. Gudkova and Zharkov model has a 22% iron content in the
mantle. The difference in depth of the discontinuities is maily related to change in the core mantle boundary
temperature. A temperature of about 2100K is taken at the CMB for the model of Gudkova and Zharkov
[2004], while a more complex model, with temperature inversion in the mantle and mantle temperature about
500K colder at the depth of the discontinuities is take for Mocquet et al. [1996]. These colder temperatures
shift the discontinuity to shallower depth.
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Figure 11: primary seismic observables for different mars models
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Mars and Earth: amplitude at the surface
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Figure 12a: sensitivity of the normal modes Fig 12b: Simulation of the permanent
to temperature fluctuations in the boundary excitation of Normal Modes, for the

limit, for the Rayleigh fundamental normal
modes.

Figure 13a: Fourier transformed amplitude of Figure
the P and S body wave packet. The amplitude amplitude

spheroidal modes 0Si2-15 on Mars, with a
GCM model. Color are blue, green, red and
cyan respectively for increasing angular
orders. Observed amplitudes on the Earth
below angular order of 20 are 0.2 ngals.
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head. The diameter is 5 cm and sensor head cm. Sensor head mass is 120g

mass is 354¢g

Figure 14c : VBB-SEIS sensor head (177.2g)

Figure 14d : SP suspension (sensor head 15g)

Lunar A Optimism VBB-SEIS SP-SEIS
Number of | One vertical, One vertical Two obliques 3 obliques
Sensors  and | One horizontal, 2 Hz 0.5 Hz 10 Hz
free period 1-1.2Hz
Complete mass | 3500 g 840 ¢ 2000 g
Resolution atl |1.25x 10'°m 5x101%m <0.125x10°m |<1.25x10""°m

Hz and 5Hz 0.20 x 10" m (5 Hz) <0.05x 10" m (5 Hz)
Maximum 16 sps, 12 bits 4 sps, 16 bits | 20 sps, 24 bits 100 sps, 24 bits
sampling rate

and dynamic

Consumption | 175 mW 67,5mW 450 mW

g-load 10000g 200g-20 ms 200g 20ms | 200g 20 ms

Table 2: Main performances and characteristics of the different developped or in
development seismometers. The sensor mass is the mass of the pendulum, while the
complete mass is for all the instrument, including its installation mechanism (when
available, as for the VBB-SP SEIS package) and control and acquisition electronics.
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