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B Abstract Contrary to 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, very few seismic
signals were recorded after a propagation path through the deep interior and core
owing to a hemispheric distribution of the stations on the near side and to a probably
strongly attenuating lower mantle. 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 current knowledge on the Martian interior,
the seismic activity of the planet, and possible source of seismic noise. This information
can be used for preparing future Martian seismic network missions. A short review
on existing space-qualified instruments and on possible seismic missions toward other
telluric bodies, such as Venus, the giant planets’ satellites, or small bodies, is then given.

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 four seismic stations (Latham et al. 1969, 1970, 1971)
in addition to the Apollo 11 seismometer, which stopped operations after three
weeks. The 12 other seismometers onboard launched missions 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 ten
other instruments never reached their targets owing to the failure of their missions.
These were the seismometers onboard the three Ranger lunar probes in the early
1960s (Press et al. 1960, Lehner et al. 1962), the Apollo 13 seismometers, the two
short-period seismometers onboard the Phobos 1 and 2 landers (Surkov 1989),
and the two Optimism seismometers (Lognonné et al. 1998a) and the two short-
period seismometers onboard the small surface stations (Linkin et al. 1998) and
the penetrators of the Mars96 mission, respectively. For a historical review on
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planetary seismology, excluding the Mars96 mission and other later attempts, see
Toksoz (1975, 1979) and Lognonné & Mosser (1993). The latter also covered giant
planet seismology, which is not addressed in this review.

Despite these discouraging records, international efforts for the deployment of
seismometers on other terrestrial planets continue. The example of Mars shows
indeed that most of the recent geochemistry theories in terrestrial planet formations
or mineralogical models of Mars are unable to explain the few geophysical data
gathered by the recent missions. The analysis and inversion of Martian seismic
data will provide the first map of the seismic activity, as well as detailed models
of the structure of the Martian crust, mantle, and core. They will therefore provide
key constraints for assessing the validity of the planetary formation models, deter-
mining the types of material that have built terrestrial planets, and testing theories
of planetary evolution.

This review focuses on the most recent results in planetary seismology of ter-
restrial 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 re-
turned from spacecraft explorations. For the deep interior structure of Mars, these
are limited to the mean density, moment of inertia, and to one of the Love numbers
characterizing the tidal response of the planet. The corresponding data are avail-
able also for the Moon, but no direct measure of the moment of inertia is available
for all other telluric planets. The Moon case is therefore the only example where
seismic data complement this basis information. It is presented in detail, with a
description of the results of the Apollo seismic experiment from the 1970s and
early 1980s and a detailed review of the works published more recently after new
analysis of the Apollo seismic data (Vinnik et al. 2001; Khan & Mosegaard 2001;
Lognonné et al. 2003; Nakamura 2003, 2004) or reanalysis of the Apollo travel
times (Khan et al. 2000, Khan & Mosegaard 2002). For a more detailed review of
the Apollo seismic experiment, see Toksoz et al. (1974), Lammlein et al. (1974),
and Nakamura (1983). I then draw the present view of the Moon interior obtained
from the joint analysis of these results with other geophysical and geochemical
data. For Mars, I first review the present knowledge of the interior structure and
describe the perspective of future missions performing seismic exploration. The a
priori description of the seismic activity, seismic noise, and seismic propagation
properties is first given and then exploration strategy is detailed, including future
programmatic issues and instrumentation constraints. The state of the art in the
development of space seismometers is briefly presented. I finally present future
challenges in planetary seismology, first for the Moon and Mars, and then for
Venus, the Jovian satellite Europa and small bodies.

LUNAR SEISMOLOGY

The Apollo Seismic Experiment

The first seismometer working on a planetary body other than Earth was installed
in July 1969 by the Apollo 11 crew (see instruments details in Latham et al. 1969).
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It was a package of two seismometers: a three-axis long-period (LP) and a short-
period (SP) vertical axis. Both had peaked sensitivities of 5 x 10~!! m in ground
displacement at 0.45 Hz and 8 Hz for the LP and SP respectively. The Apollo 11
package was operated by solar panels and worked for 21 Earth-days, excluding
the night-time stand-by. It stopped during the second lunar day, 37 days after the
initial activation (Latham et al. 1969, 1970). Later, with the other Apollo missions,
a network of four seismometers, continuously powered by a radioactive thermal
generator, was deployed and turned off from the Earth in September 1977. The
huge amount of data collected during the 26.18 active station years is now avail-
able in raw format in the Data Center of the Incorporated Research Institutions
of Seismology (IRIS) (http://www.iris.edu/data/data.htm) and also in the author’s
institution data center, in a Standard for the Exchange of Earthquake data (SEED)
(http://ganymede.ipgp.jussieu.fr/GB/donnees/; Gagnepain-Beyneix et al. 2002).
Remote recorded seismic events are either impacts (meteoroids and artificial im-
pacts) or quakes [deep and shallow, the later named High Frequency Teleseismic
(HFT) events]. Local events, called thermal Moonquakes, were also recorded after
sunrise or sunsets, probably generated by near surface thermal cracks and deforma-
tions (Duennebier & Sutton 1974). During the seven years of the Apollo Seismic
Network operation, approximately 12,500 seismic signals were detected on the LP
instruments and cataloged, and many times more remain uncataloged with the SP
instruments. The most recent LP catalogue of events is available on line at the
University of Texas at ftp://ig.utexas.edu/pub/PSE/catsrepts (Nakamura, 2004).
Figure 1 shows a typical example of deep Moonquake records. Their depth
ranges from 700 km to 1000 km, and they occur repeatedly on a small number of
distinct foci, with periodicity related to the Moon orbit perturbations, especially pe-
riods of 27,206 days, and 6 years. Latham et al. (1971), Lammlein (1977), Cheng &
Toks6z (1978), and Goins et al. (1981a) performed detailed analysis of these events,
in terms of magnitude, location, stress drop, and proposed mechanism. They have
shown that the maximum amplitude of the Moonquakes is typically of only a few
digital units on the LP records; initial polarity appears to be correlated with the
tidal cycle (Lammlein 1977); and that the largest deep Moonquake nest in terms of
magnitude, the Al site, releases events with a seismic moment of approximately
5 x 10'3 Nm, characterized by a corner frequency of approximately 1 Hz and a
stress drop of 0.1 bar. Further source studies have shown that the radiation pat-
terns of deep Moonquakes from a single source region were rotating with changes
in tidal stress (Nakamura 1978). By using single-link cluster analysis, Nakamura
(2003) recently increased the number of detected deep Moonquake signals to more
than 7200. More than 160 Moonquake epicenters have been found and associated
with signals observed at several Apollo stations, and this number might increase
with further studies, especially with the search for deep Moonquakes originating
from the far side of the Moon (Nakamura 2004, Oberst & Mizutani 2003). Stacking
methods have been used to generate better seismograms from all events originat-
ing from a given source (see Figure 1 for stacked data), not only in the original
studies (e.g., Nakamura 1983) but also in recent studies (Lognonné et al. 2003,
Nakamura 2003). Detailed analysis, however, shows that the events have slightly
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Figure 1 Stacked seismograms for the A33 deep Moonquake source and for all Apollo
stations. Arrivals of P and S waves identified after stacking are plotted. The number is
associated with the error range in the arrival time picking. 0, 1, 2, and 3 are for errors below
1s,3s,10s, and 30 s, respectively.

different epicentral positions, and that stacking methods are less efficient for the
SP data.

Figure 2 (see color insert) shows the compilation of the natural impacts, whereas
an example of artificial impact is shown in Figure 3. In addition to providing infor-
mation on the internal structure, these events have been used for the determination
of the orbital characteristics of the meteoroid impacting the Moon (Oberst &
Nakamura 1987, 1991), and the mass of the meteoroid has been estimated (Oberst
& Nakamura 1991, Lombardi et al. 2002). The last signals are the HFT Moon-
quakes: They are much stronger (Nakamura 1977b), but only 28 such events were
observed during the nearly 8 years of network operation.

The seismic data show an intense scattering and reverberation in the crust and
subsurface. This is characterized in the records by very long reverberations and
coda for the P and S waves and a slow decrease of the amplitude during several
tenths of minutes (Figure 3). An exact description of the scattering process from
the elastic wave equation is extremely difficult, and thus only approximations have
been used, such as the 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 crust, must
be located within a near surface zone between 1 and 20 km thick, and below
20 km, the scattering is much weaker. Nakamura (1977a) has, however, shown
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Figure 3 Seismic records from the Apollo Seismic Network of the impact of the Apollo
17 Saturn V upper stage (Saturn IVB) on the Moon on December 10, 1972, at distances of
338, 157, 1032, and 850 km from the Apollo 12, 14, 15, and 16 stations, respectively). X, Y,
and Z are the long-period seismometers; z is the short-period seismometer. These amplitudes
are mainly related to S waves trapped in the regolith. The first P arrival is typically 10 times
smaller. The X and Y channels of the Apollo 14 station were operated at —10db gain at the
time of the impact and have amplitudes decreased by 3.16 as compared to other channels
with the nominal gain. Numbers at the right are peak amplitudes in digital units.

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 faults. Only few attempts to
model these waves have been done, mainly owing to the lack of available models;
however, techniques based on normal mode summation, even up to frequencies of
0.3 Hz, can provide rough estimates of the mean amplitudes of the P and S pulses.
With artificial impacts (for which the amplitude of the source is known), the mean
amplitudes of synthetics are typically found within 20%-30% of those of the data
(Lombardi et al. 2002).

The very low quake’s magnitude and the intense diffraction on the Moon re-
quire very sensitive broadband LP instruments to record waves with wavelengths
comparable or larger than the crust. However, the broadband mode of the LP
seismometers, despite a flat response in displacement between 1 s and 20 s,
was much less sensitive (2-3 x 107'° m in ground resolution) and more noisy
than the peaked mode and was therefore rarely used. This lack of broadband
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performances has severely limited the analysis of the seismograms. Practically,
with the exception of crustal phases, tentatively identified on single records by
Toksoz et al. (1972a,b) and Goins et al. (1981b), only direct P and S arrival times
have been used for the determination of seismic models and the waveforms have
been rarely used. Eighty one sources were compiled and used at the end of the
experiment for global seismic velocity inversion by Nakamura (1983), with 18 me-
teoroids impacts, 8 artificial impacts, 14 shallow events, and 41 deep Moonquakes.
All the theoretical 324 P or 324 S arrival times were not determined, and these 81
sources provided only 203 P and 243 S measured arrival times. When the origin
time and locations coordinates of the sources, unknown for all but the artificial
impacts, are subtracted from the number of data, 172 degrees of freedom remain
available for the internal structure. Due to the probable presence of a few bad picks
in this data set (Khan & Mosegaard 2002, Nakamura 2003) and of data with large
errors (sometimes more than a few tens of seconds between different author’s read-
ings), Lognonné et al. (2003) give a new arrival time picking with data’s individual
error estimates and select 59 events with the smallest errors (19 natural impacts
plus the Apollo 16 S-IVB impact, for which both the time and location of impact
are unknown due to telemetry lost, 7 artificial controlled impacts, 24 deep Moon-
quakes, and 8 shallow quakes). This data set has a mean error of approximately
2 s and is leading to 183 P and 136 S arrival times and to 131 degrees of freedom
for internal structure. For the 142 common arrival times between Nakamura (2004)
and Lognonné et al. (2003), a root mean square difference of 6.8 s is found when
all data are equally weighted and only 2.8 s is found when the weight proposed by
Lognonné et al. (2003) is used, showing the importance of weighted data. Other
studies were done with the same data set as Nakamura (Khan et al. 2000, Khan &
Mosegaard 2002) or with fewer events, as for Goins et al. (1981c), who have used
40 events (8 natural impacts, 8 shallow quakes, and 24 deep Moonquakes), or for
Koyama & Nakamura (1979), who used 25 events. The low number of degrees of
freedom for internal structure (131-172) and the low quality of the data are the main
limitations in the proposed models of the Moon interior. This leads to a large trade-
off between depth resolution and a posteriori uncertainties, as discussed below.

Subsurface and Crustal Thickness Determination

In the subsurface, very low seismic velocities are observed due to the lunar re-
golith, a loose particulate rock material layer produced by the impacting history
on the Moon surface (see Cooper et al. 1974 for a review). This low velocity zone
produces an amplification of SP seismic waves by reverberations and a loss 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 pas-
sive seismometers and signal of the lunar module lift-off at the 12, 14, and 15 sites
(Nakamura et al. 1975); by frequency analysis of the horizontal-to-vertical ampli-
tude ratio of natural events at the 12, 14, 15, and 16 sites (Horvath et al. 1980); and,
finally, with the receiver function method at the 12 landing site (Vinnik et al. 2001).
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The first 10 to 20 m have shear velocities below 100 m/s, whereas S veloci-
ties 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 times difficult. A large V,,/V of approximately 1.9 & 0.3 is found near the
surface and a more classical value of 1.70 & 0.04 is found at the base of the crust.
Below these layers and up to 1-1.5 km, a layer with V,, from 1000 to 2000 m/s
was generally found, interpreted as a fractured and broken zone extending to more
concrete crustal materials, where V,, rises, respectively, up to 4.7—4.9 km/s (Cooper
etal. 1974, Nakamura 1983). The Apollo 12 landing site has the smallest thickness
of regolith (Horvath et al. 1980, Mark & Sutton 1975) and is of particular interest
for the future Japanese Lunar-A mission, which will deploy one of its two pene-
trators in its vicinity (see section on Planned Missions). Vinnik et al. (2001) sug-
gested that the high-velocity basement (i.e., shear velocities higher than 1000 m/s)
at station 12 should be approximately 150 m deep, a depth twice smaller than
the one proposed by Mark & Sutton (1975). A correlation between the horizontal
components of motion at station 12 was also found, with a stable polarization of the
waves with a —60° North azimuth, pointing out toward the 100 km near-Lansberg
impact crater (42 km in diameter) (Vinnik 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 the efficiency of the primary crust differentiation.
Moreover, owing to the concentration of radiogenic elements in the crust, its thick-
ness should strongly constrain the bulk inventory of U and Th of the planet (e.g.,
Taylor 1986). Its determination is therefore a key objective of seismology. A thick-
ness of 65 km was proposed after the pioneering work of Toksoz et al. (1972a,b)
and developed later by Toksoz et al. (1974). But this estimate has been questioned
recently in the works of Khan et al. (2000), Khan & Mosegaard (2002), Chenet
(2003), and Lognonné et al. (2003), who have independently proposed a much thin-
ner crust. Using the same data as Nakamura (1983), Khan & Mosegaard (2002)
performed a Monte-Carlo inversion. They obtained a rapid increase between the
surface and 20 km and then a slower increase down to a 40 km discontinuity
(Figure 4a, see color insert). After an earlier estimate of 45 £+ 5 km (Khan et al.
2000), they considered a shallower crust-mantle boundary, approximately 38 £
3 km deep, to be four times more likely than a discontinuity between 50 and
70 km deep. Lognonné et al. (2003), in a study later detailed and improved by
Gagnepain-Beyneix et al. (2004) (J. Gagnepain-Beyneix, P. Lognonné, H. Chenet,
D. Lombardi, T. Spohn, submitted manuscript), have found a velocity increase at
a depth of approximately 30 km. The used data were direct P and S waves travel
times and the differential travel time of S to P crustal converted phases obtained
from a receiver function analysis (Vinnik et al. 2001). No major discontinuity at
45 or 58 km, compatible with both the travel times and the amplitude of the S and
P converted phase (Figure 4b) was found. By taking into account the crustal lateral
variations, Chenet (2003) and Chenet et al. (2004) obtained a mean crustal thick-
ness on the near side, in the Procellarum KREEP Terrane (PKT), of 34 £ 5 km,
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a value closer to the depth observed by Khan & Mosegaard (2002), who take some
of the lateral variations into account by inverting a delay time at all Apollo stations.

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, V; = 4.31 &+
0.03 km/s) as compared to previous results (V, = 8.10 km/s, V, = 4.70 km/s).
The main argument used in the Toksoz et al. (1972a) paper, with its 60 km value esti-
mation, was the amplitude amplification at an epicentral distance of approximately
170 km. Toksoz et al. (1972a,b) explain this amplification by a ray focusing at this
distance. Their interpretation, already discussed by Khan & Mosegaard (2002), is
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 in the note added in proof
of Toksoz et al. (1972a), “The first detectable motion at the Apollo 15 seismometer
indicates an average velocity of at least 8§ km/s near a depth of 130 km. Whether the
high velocity (9 km/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 either in the range
7.6-7.9 km/s (Goins et al. 1981, Nakamura 1983, Lognonné et al. 2003) or in the
range 8.0 £ 0.8 km/s (Khan et al. 2000, Khan & Mosegaard 2002) were reported.

The comparison of the different seismic V, models with those extrapolated
from the lunar samples, as shown in Figure 4, may support models with smaller
velocities in the crust. The Toksoz (1974) values and even the Khan & Mosegaard
(2002) values appear to be high with respect to experimental ones, in opposition
to values proposed by Lognonné et al. (2003), more in the range of the crustal
velocities extrapolations. Further seismic investigations are however needed to
confirm in-situ such values, as well as works on the impact of the trade-off between
the seismic velocity profile in upper crust and the mean crustal thickness. However,
a depth ranging from 30 to 45 km in the PKT from the more recent reprocessing or
inversion of the Apollo seismic data is challenging the previous crustal thickness
determinations. Such a range is also supported by other seismic arguments, such
as the lunar mantle temperature as constrained by the lunar upper mantle seismic
data (Lognonné et al. 2004).

The Moon Mantle: A Pyroxenite Upper Mantle
with a Primordial Lower Mantle?

Figure 5 (see color insert) shows the different seismic models of the mantle, found
by various studies, with values summarized in Table 1. Two approaches were cho-
sen: The first is an inversion for a model with only a few layers and generally
for both V,, and V, (Goins et al. 1981c, Nakamura 1983, Lognonné et al. 2003).
Typically, 3—4 layers have been inverted in the mantle and 46 layers in the crust,
leading to approximately 20 parameters in the inversion, as compared to 130-
160 degrees of freedom of the data set. Such an approach reduces the number of
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parameters of the inversion and takes into account the low sensitivity of travel
times to gradients. It leads to the determination of the mean velocity in each layer
while reducing the a posteriori error by approximately /(130/20 — 160/20) =
/(6 — 8), as compared to the a priori errors associated with the travel time read-
ings and mislocation of the events. In contrast, Khan et al. (2000) and Khan &
Mosegaard (2002) used many more layers (56 with the two V,, and V parameters)
and a Markov Chain Monte Carlo technique for the inversion. Larger errors in the
a posteriori velocities are found, leading to weaker constraints in terms of miner-
alogy (Figure 5). Moreover, as noted by Kuskov et al. (2002), the velocities with
the highest marginal probabilities shown in Figure 5 are not within the range of
seismic velocities obtained by mineralogical considerations. We therefore mainly
discuss the seismic values of the Goins et al. (1981c), Nakamura (1983), Lognonné
et al. (2003), and Gagnepain-Beyneix et al. (2004) models, and use the results of
Khan & Mosegaard (2002) for the relative variations of velocities with depth.

These models agree fairly well in the upper mantle (i.e., the first 300 km in
depth), 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 V;
velocities, with a low velocity zone between depths of 270 km and 500 km. Such a
feature is not observed in the models of Goins et al. (1981c), Lognonné et al. (2003),
and Gagnepain-Beyneix et al. (2004), but as discussed by Nakamura (1983), this
variation is purely a consequence of parameterization, and could very well be a
gradual decrease without any sharp discontinuity. No decrease is observed for P
velocities by Khan & Mosegaard (2002) either in the upper mantle with quite
constant velocities in the mantle, down to a depth of 500 km. A minor S velocity
decrease is, however, found between depths of 280 km and 320 km.

An increase of the seismic velocities is found by Nakamura (1983) at a depth
of 500 km and by Gagnepain-Beyneix et al. (2004) at a depth of 738 km. Khan
& Mosegaard (2002) also found an increase of velocities in the lower mantle,
but large uncertainties are found for P down to 800 km depth. More constrained
S velocities are, however, found at a depth of 550 km. This increase in the seismic
velocities is probably the signature of a transition between the upper and the lower
mantle. But more data will be necessary to obtain an accurate depth estimate (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) and by Lognonné
et al. (2003), who have shown that the inverted values at this depth are constrained
mainly by a few rays. Such poor resolution of the structure between 400 km and
800 km depth probably explains the absence of a clear maximum in the marginal
probabilities of P velocities found by Khan & Mosegaard (2002).

These models have led to several interpretations in terms of mantle mineralogy.
Whereas Buck & Toksoz (1980) discussed earlier results, Hood & Jones (1987),
Mueller et al. (1988), Kuskov (1995, 1997), Kuskov & Fabrichnaya (1994), and
Kuskov & Kronrod (1998) discussed mainly the Nakamura (1983) model. Hood &
Zuber (2000) and Kuskov et al. (2002) interpreted the models of Nakamura (1983)
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and Khan et al. (2000). Lognonné et al. (2003) provided a mineralogical interpre-
tation of their models based on Kuskov’s papers. In the upper mantle, as noted by
Kuskov (1995) and Lognonné et al. (2003), these velocities are compatible with
pyroxenite compositions. Two possible compositions, with rather different FeO
proportions (13.8% and 17.6%) and Mg numbers of 75 and 72, respectively, fit the
seismic velocities fairly well. The first was proposed by Ringwood & Essene (1970)
as apossible source of mare basalt originating from depths of 200-500 km. The sec-
ond was proposed by Kuskov (1995) 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 given by the inertia factor and mean density.
In contrast, both the geochemical (Taylor 1987) and the geophysical arguments
support the first composition (i.e., FeO approximately 13% and Mg number of 75).
The increase in velocity, found deeper by Nakamura (1983), Gagnepain-Beyneix
et al. (2004), and Khan & Mosegaard (2002), 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) proposes
a depth of 500 km and Khan & Mosegaard (2002) propose 560 £ 15 km. For
Gagnepain-Beyneix et al. (2004), the data are too sparse to distinguish a gradual in-
crease of the velocity between 400 and 750 km from a discontinuity. Hood & Jones
(1987) and Mueller et al. (1988) proposed an increase in the Mg number in this
transition zone relative to the upper mantle, related to the primordial magma ocean
of the Moon, a result confirmed also by Gagnepain-Beyneix et al. (2004). Kuskov
& Fabrichanaya (1994), Kuskov (1995), and Kuskov et al. (2002) confirmed that
no mineralogical transformation can produce such an increase in the seismic veloc-
ities. These mineralogical interpretations 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 terms of
mineralogy (e.g., Verhoeven et al. 2004; A. Khan, J. Maclennan, S.R. Taylor, K.
Mosegaard, J. Gagnepain-Beyneix, and P. Lognonné, submitted manuscript).

The Seismically Unknown Lower Mantle and Core

All Apollo seismic stations were located on the near side of the Moon, and
no seismic signals associated with rays propagating through the core were de-
tected (Figure 6, see color insert) with the exception of a single meteoroid impact
(Nakamura et al. 1974). No events from within about 40 degrees of the center of
the far side of the Moon have been identified by the most recent search (Nakamura
2004). Both studies suggest therefore that the very deep Moon mantle below the
deep Moonquakes sources (at depth larger than 1000 km) strongly attenuates or
deflects seismic waves; however, its seismic velocities remain unconstrained. The
existence for a low velocity core presented by Nakamura et al. (1974) also needs
to be confirmed, as already noted by Goins et al. (1981) and Sellers (1992).
Many studies do, however, support a small core (see Hood & Zuber 2000 for
a review). Some arguments from geochemical analysis and mare basalt samples
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indeed show a depletion of highly siderophile elements (e.g., Righter et al. 2000)
but could be attributed to the formation of the proto-Moon core. Most geophysical
arguments are stronger. Hood & Jones (1987) and Bills & Rubincam (1995) showed
that a priori mantle density profiles cannot explain alone the mean density and
inertia factor. A small core is strongly supported by these data, and explains also
the induced magnetic dipole moment produced by the interaction of the Moon with
Earth’s geomagnetic tail, which requires a 340 4+ 90 km conductive core (Hood
etal. 1999). Finally, Williams et al. (2001) have shown that the rotation of the Moon
was influenced by a dissipation source, interpreted as the signature of a liquid core.

A few researchers have searched in the Apollo seismic record of large events
for low angular order free oscillations, which are very sensitive to the core struc-
ture. A first unsuccessful attempt was performed by Loudin & Alexander (1978).
More recently, Khan & Mosegaard (2001) performed an inversion of the deep
lunar structure with Apollo broadband data below 11 mHz, taking for the seismo-
grams a summation of free oscillations. Both the frequencies and the amplitudes
of the normal modes were inverted. The seismograms used by Khan & Mosegaard
(2001) are indeed the strongest natural impacts of the profile shown in Figure 3.
The seismic signals are however 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 x 107 Ns, and an impulse 25 times larger (i.e., 10° Ns)
will generate seismic waves saturating all Apollo seismometers in the 0.3—1 Hz
frequency range (only 1024 DU of dynamic were available on the Apollo seis-
mometers). This upper estimate of the impacts obtained by Khan & Mosegaard
(2001) can be used to model the amplitude of seismograms for a spherical Moon
model and with normal mode seismograms (Lognonné & Clévédé 2002). Figure
7a clearly shows 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~°
ms~2/Hz'/? at frequencies smaller than 10 mHz. If we furthermore consider that
the three-dimensional 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 approximately 3 x 10% Ns (Lombardi et al. 2002),
the signal-to-noise ratio achieved in the normal mode bandwidth (1-10 mHz) is
smaller by two to three orders of magnitude than one for the Apollo data used by
Khan & Mosegaard (2001).

The other candidates for such normal mode excitation are the HFT events with
seismic moments up to 1.6 x 10'> Nm (Oberst 1987). A scaling of the ampli-
tude of Figure 7b, computed for a shallow quake with moment of 10'® Nm shows
amplitudes in the range of 1071°-5 x 107! ms=2/Hz'/? in the normal mode band-
width. If such amplitudes are still too small for the Apollo seismometer noise, they
could be detected with modern very broad band seismometers or superconducting
gravimeters, if continuous operation during 5-10 years is possible (Gudkova &
Zharkov 2002).

In the absence of normal modes and core phases, the density, moment of inertia,
Love number k,, and magnetic properties of the core are the only parameters able
to constrain the core. They can however be jointly inverted with seismic constraints
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Figure 7 (a) Amplitude spectral density of a one-day seismic signal recorded on
the vertical component at an epicentral distance of 90°. The source is an impact
source with an impulse of 10° Ns. Below 10 mHz, the amplitudes are smaller than
2 x 107'2 ms=2/Hz!/? and therefore at least 100 times smaller than the instrument
noise at this frequency. (b) Spectral amplitude on the Moon for a 24-h record and at fre-
quencies below 20 mHz for a synthetic quake releasing a moment of 10'® Nm at 30 km
depth with strike, deep, and rake angles of 45°, 45°, and 45°, respectively. Such a
quake is approximately three orders of magnitude greater than the strongest HFT
quake. Azimuth is 20° and the epicentral distance is 90°. (¢) Same synthetic quake,
epicentral distance, and azimuth, but on Mars. At 5 mHz, the amplitudes exceed
1 ng/sqrt(Hz) and are a factor of four greater than those observed on Earth for an
equivalent quake at equivalent epicentral distances. Note that below 10 mHz, most of
the signal is in the fundamental modes.
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on the mantle and crust. Such joint analysis was done first by Bills & Ferrari (1977)
with the density, moment of inertia, and a preliminary seismic model and remains
to be performed with the most recent seismic models. More recent estimates are
from Kuskov & Kronrod (1998) and Kuskov et al. (2002) with the Nakamura
(1983) seismic models and with the improved density and inertia factors. A pure
y-Fe core with density of 8100 kg/m? 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/m?® were proposed. With the same inertia factor
and mean density, but with their seismic model, Lognonné et al. (2003) have found
densities in the range of 7000 kg/m? to 8000 kg/m? for a 350 km core, 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 data performed by Khan et al.
(2004), for which a core with a radius of approximately 350 km and a density of
7200 kg/m3 is found from the inversion of the density, moment of inertia, and of
the real and imaginary parts of the Love number k5.

MARS SEISMOLOGY

The past 15 years have been rather disappointing for Mars seismology. The early
1990s indeed started with great prospects for the seismic exploration of Mars,
with the ambitious Soviet Mars94 mission with a very large orbiter, two small au-
tonomous stations equipped with the short-period optimism seismometers
(Lognonné et al. 1998a), and two penetrators. At the same time the assessment
phase of the joint Mesur-Marsnet project (Solomon et al. 1991; Chicarroetal. 1991,
1993) started, with a goal of up to 12—16 seismic and meteorological stations from
the U.S. Space Agency (NASA) in addition to the four stations of the European
Space Agency (ESA). However, budgetary and programmatic problems in 1993
led to the postponement of the Mars94 mission to 1996, and the loss of the Mars
Observer mission forced NASA to cancel Mesur. In 1996, hope returned with the
last preparation for the Mars96 launch and with a new ESA-NASA InterMarsnet
phase A, with a more reasonable network of four stations (Banerdt et al. 1996).
But again, InterMarsnet did not make it through the ESA’s selection process, and
a few months later, after a successful launch, Mars96 failed its insertion into a
trans-Mars trajectory and fell into the Pacific Ocean.

But the strikingly consistent “Phoenix” character of Network mission was ready
for a rebirth in 1997 with the NetLander mission (see Sotin et al. 2000 and in the
following papers a complete description of the payload of the mission). Despite
two attempts for an ESA launch (on the MarsExpress mission or the possible
F2/F3 MASTER mission), the European and U.S. Netlander team had to rely on
the major collaboration between the United States and French space agencies for
reaching Mars as a piggyback passenger of a Mars Sample Return orbiter. But
again, programmatic and budgetary problems led to the project’s collapse in 2003
during phase B of the mission (Butler 2003), two years after the cancellation of
the sample return efforts.
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Interior Structure of Mars

The interior of Mars remains, therefore, largely unconstrained, and only the four
geophysical numbers (mean density, inertia factor, real, and imaginary k, value)
are available in addition to the constraints put by Martian meteorites and by min-
eralogical or cosmochemical models. See Spohn et al. (1998) for a review on the
Mars interior and Khan et al. (2004) for an inversion of these geophysical data.
Seismic models of Mars were, however, proposed by several authors already
after the Viking mission. Okal & Anderson (1978) based their model on the Pre-
liminary Reference Earth Model (PREM) of Dziewonski & Anderson (1981) and
adjusted the core size to the sole mean density. Sohl & Spohn (1997) and Zharkov
& Gudkova (2000) used an estimated value of the inertia factor (C = 0.365 Ma?
instead of the observed C = 0.366 £ 0.0018) corrected for the nonhydrostatic
contribution of the Tharsis bulge as well as geochemical constraints (Figure 8). The
latter were based on the Dreibus & Winke (1985) mixture models in which Mars is
a mixture of 40% volatile rich and 60% volatile depleted C1 material constrained
by the composition of the SNC meteoroids. But other mixtures models have been
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Figure8 Models of Sohl & Spohn (1997) (dashed line) and three models of Gudkova
& Zharkov (2004) (solid, dashdotted, and dotted lines). The solid line and dotted line
are for a hydrogen content in the core of 50% (model M6) and 70% (model M7),
respectively, with 14% sulfur in both cases, whereas the dashdotted line is for a sulfur
content of 36% without hydrogen. The Sohl & Spohn (1997) model A has no hydrogen
and 14% sulfur. *Erratum

*Erratum (18 April 2005): See onlinelog at http://arjournals.annualreviews.or g/errata/earth
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proposed to match the §'70/8'30 ratio between H and enstatite EH chondrites
(Sanloup et al. 1999) or CI, CV, and H chondrites (Lodders & Fegley 1997).
However, these geochemical models generally do not agree with geophysical
data, even for the mean density and inertia factors. The Sanloup et al. (1999)
model, for example, provides an inertia factor of C = 0.365 Ma?, whereas the
Dreibus & Winke (1989) model gives C = 0.357 Ma? (Sohl & Spohn 1997).
Although this discrepancy might be related to the inadequacies of the geochemical
models, Gudkova & Zharkov (2004) further considered light elements in the core,
especially hydrogen, 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 a sulfur rich core, very few constraints
on the amount of hydrogen are indeed available, as well as for other light elements.
Hydrogen was, however, available during the formation of the planet in enough
amounts to build a pure FeH core. Other arguments support 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 a high value requires models with a
large core radius, as shown by van Hoolst et al. (2003). Figure 9 shows that the best
fit is achieved with those models with hydrogen, whereas those without hydrogen

Mars Models versus Geophysical constraints
T T

018 T T T
0.17} b
GZ S: 36% H 0%

0.16 o b

0.15F o G7S:14%H70% g
o
E
S 0.14f 4
<
[ L
3 043F . GZ S: 14% H: 50% J
g0
~ GW S: 14% H 30% Fe#0.2
x~ ® GW S:14% H:30% Fe#0.22

0121 L] . GW $:14% H:30% Fe#0.24

GZ S:20% H: 0% .
GW 8:14% H:30% Fe#0.25
0.11F 4
0.1f b
ol 0Y,
GW.S'O/" H:0% Sohl and Spchn, 1997, model A
0.09 - ' —+— . '
0.364 0.365 0.366 0.367 0.368

Intertia factor

Figure 9 Fit of the observed and computer k, and inertia factors for the model A
of Sohl & Spohn (1997) (+) and several models of Gudkova & Zharkov (2004) (o).
Values within the box fit to the observed values within their error bars.



Annu. Rev. Earth Planet. Sci. 2005.33:571-604. Downloaded from arjournals.annualreviews.org
by Meteorologisches Institut - University Muenchen on 01/31/07. For personal use only

PLANETARY SEISMOLOGY 587

[Model M8 of Gudkova & Zharkov (2004) or model A of Sohl & Spohn (1997)] do
not explain k,. Although 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 core mantle boundary are 6936 kg m=3, 6279 kg m 3,
and 5901 kg m~>. The second is related to the a priori liquid state of the core. A li-
quid core is indeed supported by both the Phobos tidal acceleration value and by the
large k, value. As noted by Lognonné & Mosser (1993) and Zharkov & 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 contrast, Q corresponding to silicate material slightly colder
than the Earth mantle is found for a liquid core (Lognonné & Mosser 1993). But as
for Earth (Hillgren et al. 2000), hydrogen and sulfur are not the only candidates, and
other elements could be advocated for a lighter density of a liquid core, especially
silicium (Stevenson 2001, Sanloup et al. 2002), oxygen, or carbon. A low shear
velocity zone at the base of the mantle could also impact the Love number value.

From a geochemical point of view, a large core increases the Fe/Si ratio to
values closer to the 1.71 of the Martian meteorites. Indeed, the Fe/Si ratio for the
two best models, M6 and M7, are 1.55 and 1.68, respectively, much larger than
the 1.35 of model A from Sohl & Spohn (1997). But a larger core also has major
consequences on internal structure and planetary evolution. One consequence is
to make a perovskite-bearing lower mantle impossible owing to insufficient pres-
sures in the present mantle. If such an endothermic phase transition from spinel
to perovskite has been proposed as the driver of a one-plume convection pattern,
resulting in the formation of the Tharsis bulge during the first billion of years
(Harder & Christensen 1996), other explanations are however possible, such as an
hemispheric dichotomy in the crustal insulation (Stegman et al. 2004). A determi-
nation of the core size and better constraints on the temperature of the core-mantle
boundary will therefore allow researchers to determine if a geodynamical evolu-
tion of Mars with an initial hot mantle and such a discontinuity was ever possible
and if the vanishing of this discontinuity with the mantle secular cooling might
have influenced the planetary evolution.

Seismology therefore will be required to improve our knowledge of 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 possible differences in the different seismological observations. The simplest
seismological secondary data that can be extracted from seismic data are the travel
times of P and S waves, the group and phase velocities of surface waves (in the long-
period range, 10 m—0.1 Hz), and the frequencies of the fundamental spheroidal
modes. The latter two are shown in Figure 11, and differences of several tens of
percents can be observed among these models. Such zero-order differences will be
easily constrained as soon as seismic signals are successfully recorded. Therefore,
I detail in the following section the a priori seismic signals, noise, and propagation
properties on Mars and estimate the prospects of a future seismic experiment on
this planet.
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Figure 10 Mantle models of Mars in terms of density and seismic velocities for
the model M7 of Gudkova & Zharkov (2004) (continuous line) and the four mod-
els of Mocquet et al. (1996). Models of Mocquet et al. (1996) have an increasing
content of iron of 10%, 20%, 30%, and 40% represented by the dotted, dashdot-
ted, dashed, and solid lines, respectively. The main effect of an increase in iron is to
smooth the seismic discontinuities associated with «-olivine to 8-spinel and S-spinel
to y-spinel. The Gudkova & Zharkov model has a 22% iron content in the man-
tle. The difference in depth of the discontinuities is mainly related to change in the
core mantle boundary temperature. A temperature of approximately 2100 K is taken
at the core mantle boundary for the model of Gudkova & Zharkov (2004), whereas
a more complex model, with temperature inversion in the mantle and mantle tem-
perature approximately 500 K colder at the depth of the discontinuities, is taken by
Mocquet et al. (1996). These colder temperatures shift the discontinuity to a shallower
depth. *Erratum

Seismic Activity and Seismic Noise

A mission deploying a single or two very broad band (VBB) seismometers has
never been successfully performed on Mars, leaving the seismic activity and seis-
mic 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), then such noise was clearly related to the vibrations of the lander in the
wind (see Lognonné & Mosser 1993 for a detailed explanation). But during the
windy periods, however, the seismometer was unable to resolve the local seismic

*Erratum (18 April 2005): See onlinelog at http://arjournals.annualreviews.or g/errata/earth


http://arjournals.annualreviews.org/errata/earth

Annu. Rev. Earth Planet. Sci. 2005.33:571-604. Downloaded from arjournals.annualreviews.org

by Meteorologisches Institut - University Muenchen on 01/31/07. For personal use only.

PLANETARY SEISMOLOGY 589

Group velocity

Frequency perturbation
45 T T r T

Group velocity km/s
perturbation with respect to mean %

25 1’0 2'0 3‘0 40 5‘0 1 (I)O 1 .;:0 Z(‘)O

Frequency mHz angular order
Figure 11 Primary long-period seismic observables for different Mars models. Left:
the group velocities of Rayleigh waves with respect to frequency. Right: the fundamen-
tal spheroidal relative frequencies perturbations. The perturbations are computed for
the mean values of all models listed. The dotted line is for model A of Sohl & Spohn
(1997), the continuous line is for model M7 of Gudkova & Zharkov (2004), and the
two dashed and two dashdotted lines are for the four models of Mocquet et al. (1996)
with increasing content of iron from 10% to 40%. Note that the crustal structure is also
different for all models.

noise, and we can therefore expect quite low noise levels (Nakamura & Anderson
1979), especially compared to Earth, where oceans are the major source of the
so-called micro-seismic noise.

For the seismic activity, in addition to meteoroid impacts (Davis 1993), we
expect natural quakes related to at least the thermoelastic cooling of the litho-
sphere. Estimates by Golombek et al. (1992) from surface fault observations and
by Philipps et al. (1991) from a theoretical estimate of the thermo-elastic cool-
ing of the lithosphere provide some idea of the seismic activity. It was found
to be 100 times greater than the shallow Moonquake activity detected by the
Apollo seismometers. But amplitudes of the largest Mars seismic signals will
still be approximately four orders of magnitude (about 2.5 in My magnitude)
lower than those of the largest earthquakes at long periods, i.e., at frequencies
below the source cutoff of the largest quakes. More in detail, the Martian activ-
ity 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 a moment of 10'8—
10" Nm per year. The distribution of this seismic activity has been studied in more
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detail by Oberst et al. (2004). With a total of approximately 7000 faults with a
cumulated length of 600,000 km found, they confirmed the higher seismic activity
of Tharsis.

Martian noise has been estimated by Lognonné & Mosser (1993) for wind-
generated noise, and by van Hoolst et al. (2003) for the temperature-generated
noise. The 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~ ms~2 in the range of 0.1 to 0.01 Hz
during relatively calm conditions, with wind speed of the order of 4 m/s (Lognonné
& Mosser 1993). Moreover, Lognonné et al. (1996) have shown that even on Earth,
seismometers can resolve such noise levels in quiet sites if protected by a light wind-
shield. In contrast 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 with the daily cycle and can be approximated by a Fourier series with
the fundamental (of 24 h 56 min) and its harmonics. Moreover, thermal insulation
of space-qualified seismometers can reach time constants of approximately 4 h and
will reduce, therefore, the temperature variations by a factor of approximately 15
at 1 mHz, and approximately 150 at 10 mHz, leading to temperature fluctuations
smaller than a fraction of a degree in the seismic band. An installation with a noise
comparable to the Earth low noise model (e.g., approximately 10~ m/s?>/Hz'/? in
the seismic bandwidth) is therefore a realistic challenge, especially if an environ-
mental correction performed through a recording of the pressure and temperature
data is possible (e.g., Beauduin et al. 1996).

Normal Modes Excitation

Although the extraction of internal structure information with the direct body waves
will need a precise localization of the events and therefore at least three stations
for travel times analysis (six secondary data enabling the determination of the four
source parameters and the two mean mantle velocities), surface waves, normal
modes, and tidal analysis have the potential to provide useful information on the
interior with fewer stations. For the sensitivity of normal modes to the Martian
interior structure, see the series of papers by Okal & Anderson (1978), Lognonné
et al. (1996), Gudkova & Zharkov (1996a,b). The perspectives developed here are
important if the future missions deploy only one or two VBB seismometers on the
Martian surface for long observation periods.

A Martian activity releasing a cumulated activity of 10'8-10'" Nm per year of-
fers statistically 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 & Zharkov (2004),
who both concluded that the observation of normal modes between 5 mHz and
20 mHz will be possible with a noise level of 10~° ms~2/Hz!/? by stacking methods
on quakes with a cumulative 10'® Nm moment or by single record analysis of the
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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 smaller by a factor of
two to three than Earth values, and are therefore typically a fraction of nanogals
(Lognonné et al. 2000, Tanimoto 2001). These early studies, however, have not
fully taken the properties of the Martian atmosphere into account. They might also
be considered with some caution, with the recent claims for an oceanic origin for
Earth excitation of continuous oscillations (Rhie & Romanowicz 2004, Tanimoto
2005). Improved analysis, performed by Suda et al. (2002) by using Pathfinder
data, have indeed obtained very low amplitude for the excitation, typically of the
order of 3 x 107'° ms~2/Hz!/? for a correlation length of approximately 2 km for
the atmospheric turbulences. Only correlation length of 10 km or more could lead
to observable signals. Future works therefore will have to estimate the continuous
and more coherent (on a large scale) excitation associated with the atmospheric
global circulation winds and pressure using an explicit computation of the pres-
sure glut (Lognonné et al. 1994) and with global circulation models. Even though
the search for continuous excitation will be challenging due to the low level of
excitations, it might open exciting perspectives for the detection of the lowest an-
gular order normal modes and must be taken into account for the specification of
instruments’ noise levels.

Surface Waves

At higher frequencies and in the band 5 mHz-50 mHz, surface wave analysis
can also be performed for the large quakes, including in the limited case of a
two-station network equipped with three axis seismometers and therefore able to
determine the back-azimuth of surface waves. The simple model shows that rela-
tive errors in the 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 bulge when back-azimuth errors of 15° are assumed. Such measure-
ments could constrain the major differences of the already proposed models of
the mantle but they will be limited by the sensitivity of surface waves azimuth
with respect to lateral variations and therefore unable to get the precision neces-
sary to resolve smaller differences, such as those related to the FeO content in
the mantle (Mocquet et al. 1996). On Earth, back-azimuth perturbations related
to asphericity 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 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 2001, Wieczorek & Zuber 2004), we can expect future developments
for the simulation of surface waves in complex three-dimensional crustal models of
Mars.
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Detection of Body Waves

Large differences in the travel times of body waves exist between the models pro-
posed by Gudkova & Zharkov (2004), Sohl & Spohn (1997), and Mocquet et al.
(1996). For P waves, they can reach approximately 10 s for epicentral distances
up to 40° and can be a few tens of seconds for larger distances. Being excited
by relatively low magnitude quakes, body waves will therefore be, as in the case
of the Moon, the primary source of information on the deep interior. The main
limitation for the detection of body waves on Mars is related to attenuation and to
the scattering in the crust owing to the impacting history, especially in the south-
ern hemisphere highlands. The importance of attenuation on Mars was originally
pointed out by Goins & Lazarewicz (1979), who have shown that the Viking seis-
mometer with a 4 Hz central frequency was unable to detect remote events owing
to attenuation. Low Q factors of the Martian mantle are indeed supported by the
high secular acceleration of Phobos, which is explained by a shear quality factor
of approximately 100 at the tidal period of Phobos and of approximately 200 in
the seismic band (Lognonné & Mosser 1993, Zharkov & Gudkova 1997) for liquid
core models. These values can be compared to Earth, where body waves are mainly
attenuated in Earth’s upper mantle due to shear attenuation (Qgpeor = 150) and
encounter a smaller attenuation in the lower mantle (Qgpear = 300, Dziewonski &
Anderson 1981). In the upper mantle and for 5 km/s S waves, this gives a reduc-
tion of amplitude by 10 after approximately 550 km of propagation at 1 Hz, and
only 137 km at 4 Hz. More specifically, the amplitudes of body waves on Mars
are plotted by Figure 12a,b (after Mocquet 1998). The amplitudes are computed
for two frequency bands (0.1-1 Hz and 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.
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Figure 12 (a) Fourier transformed amplitude of the P and S body wave packet.
The amplitude is plotted with respect to frequency for different epicentral distances.
(b) Maximum peak-to-peak amplitude in the frequency band with respect to epicentral
distance. Figures after Mocquet 1998 for a quake with a seismic moment of 10'> Nm.
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The amplitudes at frequencies higher than 0.5 Hz (0.5-2.5 Hz) decrease strongly
with epicentral distance. P waves in the frequency band 0.1-1 Hz are less sensi-
tive. This frequency bandwidth was chosen for the Optimism seismometer on-
board the lost Mars96 mission (with a 1 ng resolution in that bandwidth). At
higher frequencies (0.5-2.5 Hz bandwidth), however, amplitudes decrease rapidly
with the distance, and for S waves are even below the longer period 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 time during the up-
ward 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 ampli-
tudes owing to the length of the coda. Body waves below a frequency of 1
Hz 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 moments greater
than 10'* Nm, i.e., corresponding to Earth magnitude greater than 3.2, can be de-
tected by a four-station network. This might provide approximately 100 detected
quakes out of the 140 quakes that are expected in one Martian year of Network
operation.

INSTRUMENTATION AND PLANNED MISSIONS

We focus here on the missions and instruments under development. For a review
on the planetary seismometers developed before 1990, see Lognonné & Mosser
(1993). Since 1990, the development of new seismometers has been done mainly
for the Moon, with the Lunar A two-axis seismometer (Mizutani et al. 1995, 2003),
and for Mars, with the Mars96 Optimism vertical axis seismometer (Lognonné
et al. 1996) and with the Mars Ultra-broadband seismic package (Lognonné
et al. 1996) developed for future network missions. The latter is based on a two-
axis VBB seismometer (Lognonné et al. 2000) and on a three-axis short-period
microseismometer (Banerdt & Pike 2001), and can be adapted to a Lunar mis-
sion by a change of the spring. Table 2 provides the main characteristics and
performances of the seismic instruments, whereas Figures 13a—d show the sen-
sors heads and associated pendulum. The main difficulties in the construction of
space-qualified seismometers, especially for broadband instruments, are related
to the constraints in mass, shock/g-load (typically 200 g for a semi-hard lander
and 1000-10000 g for a penetrator), and power allocation (<500 mW). For Mars,
seismometers must in addition be protected against the fluctuation in the atmo-
spheric pressure, the large daily temperature variations, and even local magnetic
fields. Although a mass of approximately 2 kg for a complete broadband instru-
ment (sensors, thermal protection, installation, leveling, acquisition, and command
systems) is small compared to the Apollo instruments (11.5 kg; Latham et al. 1969)
or to Earth instruments (13 kg for a STS2 without data logger and cables), it is
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TABLE 2 Main performances and characteristics of the different developed or in-development

seismometers
Lunar A Optimism VBB-SEIS SP-SEIS
Number of One vertical, One vertical ~ Two oblique Three oblique
sensors and one horizontal, 2 Hz axis 0.5 Hz axis 10 Hz
free period 1-1.2 Hz
Complete mass 3500 g 840 g 2000 g
Ground 1.25x107%m  5x107"m  <0.125x <125%x107""m
displacement 0.20 x 1079 m 107 m <0.05x 1071 m
resolution at (5 Hz) (5 Hz)
1 Hz and 5 Hz
Bandwidth (Hz) 0.8-10 0.2-2 0.003-10 0.02-50
Maximum 16 sps, 12 bits 4 sps, 16 bits 20 sps, 24 bits 100 sps, 24 bits

sampling rate
and dynamic

Consumption

175 mW

67,5 mW

450 mW

g-load

10000 g 200 g-20ms 200 g—20 ms 100 g-20 ms

The sensor mass is the mass of the pendulum, whereas the complete mass is for all the instrument, including its installation
mechanism (when available, as for the VBB-SP SEIS package), control and acquisition electronics and hardness.

Bandwidth is defined as the frequency domain where the resolution is greater than 1/10 of the peaked resolution.

a significant fraction of the overall payload of a planetary lander, typically 6 kg
for Network oriented landers. These mass constraints are particularly strong for
LP instruments for which large mechanical amplification as well as a low ther-
mal sensitivity (and therefore a large thermal inertia and protection in addition
to thermal compensation) are needed. For details on the technical solutions see
Mizutani et al. (2003), Lognonné et al. (1996), Banerdt & Pike (2001), and
Lognonné et al. (2000).

Lunar A (Mizutani et al. 1995, 2003), the only remaining planetary seismology
mission in development, will be launched probably in 2005-2006 after several
delays. It will deploy two penetrators equipped with two axis seismometers. Its
main goal will be the determination of the size of the lunar core. The first landing
site will be close to the Apollo 12 site, whereas the other will be at the antipode.
Seismic signals will be detected by a long-term/short-term average detection al-
gorithm and will be stored in the penetrator’s memory for telemetry through the
Lunar A orbiter during one year. The size of the core will be characterized through
its focusing effect on body waves. However, owing 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.
Indeed, the deep Moonquake sources, already detected by the Apollo seismic sta-
tions, are probably still active. For each deep Moonquake, the Apollo stations
will indeed provide eight arrival times, whereas the two penetrators will add four
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Cc D

Figure 13 (a) Lunar A vertical and horizontal sensor head. The diameter is 5 cm and the
mass is 354 g. (b) Optimism sensor head. Diameter is 8 cm and mass is 120 g. (¢) VBB-
SEIS sensor head (177.2 g). (d) SP suspension (mass is 35 g per axis). Mass is for the
pendulum, the velocity or displacement transducers, and feedback coils and their mounting
structure.

new arrival times to the data set associated to this given deep Moonquake. Af-
ter estimation of the position and of the two source times, this will almost dou-
ble the amount of data available for internal structure studies from four (8—4) to
seven (12-5).

SUMMARY AND POSSIBLE FUTURE MISSIONS

The summary below is given for the Moon and Mars. In addition, brief information
on proposed seismic missions to new planets (Venus, Europa, and small bodies)
is given.
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Moon

The Apollo Seismic Network was unable to determine the deep interior of the
Moon and the size of the core and did not provide detailed models of the crust
and Moon mantle. Stable velocities are found mainly for the upper mantle, and
recent estimations of the crustal thickness (35-45 km) differ from previous ones
(60-70 km). Although all models show a pyroxenite upper mantle, a more primor-
dial lower mantle is tentatively proposed, with higher Mg numbers. The Japanese
Lunar A mission, expected to launch before 2006, will therefore constrain the
size of the core by direct seismic observations and will also greatly improve the
velocity models of the deep mantle. The next step will be a network of VBB seis-
mometers on the Moon (Neal et al. 2004) for future high-resolution seismic explo-
ration of the Lunar three-dimensional internal structure with possibly six to eight
landers.

Mars

The internal structure of Mars will remain unconstrained before the deployment
of seismometers by future missions (Lognonné et al. 2003). Scientific objec-
tives have been identified for single-station pathfinder observation (Banerdt &
Lognonné 2003, Lognonné & Banerdt 2003), for two stations performing sub-
surface cryolithosphere exploration (Grimm 2002), and for a network mission
such as the Netlander mission (Lognonné et al. 2000, Dehant et al. 2004). A
seismic mission to Mars is therefore crucial to our understanding of the internal
structure of the planet and must be proposed for the future mission opportunities
to Mars.

Jovian and Saturnian Satellites

The exploration of the outer planets has revealed the complexity of the internal
structure of the giant planets’ satellites. See Kuskov & Kronrod (2001) and 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 satellite Titan (e.g., Grasset et al. 2000, Sohl et al. 2003), in both
of which the existence of an ocean covered by a icy crust is probable. Kovach &
Chyba (2001) and Lee et al. (2003) have studied in 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,
or to natural impacts, and that the recording of ice-shell trapped surface waves in
the frequency band 0.1-10 Hz will allow the determination of the thickness of the
solid ice crust.

Venus

Some estimation of the seismic activity, done for the past NASA Venus Inter-
nal Structure Mission study (Stofan et al. 1993), suggested a seismically active
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planet. With a seismogenic layer of 30 km, more than 100 quakes of surface wave
magnitude greater than 5, and approximately 25 quakes greater than 6, could be
released by an intraplate activity with a strain rate of 107" s~!. Instead of deploy-
ing a seismic network designed to survive the surface temperature of the planet
(500°C), Lognonné et al. (2003) proposed to use the coupling between the solid
planet and its atmosphere. As shown by Lognonné et al. (1998b), a significant
coupling is found on 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 owing to the better acoustic adaptation of the atmosphere with respect
to the interior. The surface pressure (90 bars), density (60 kg/m3) and acoustic
velocities (410 m/s) provide a ground impedance approximately 60 times 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 approximately
500 larger than on Earth, where the wave reaches altitudes with similar densities.
ESA’s Venus Express mission, expected to launch in 2005, will therefore search,
with its VIRTIS instrument, for atmospheric temperature anomalies related to the
release of seismic energy (Marinangeli et al. 2004).

Small Bodies

Active seismology (with explosive or impactors) or passive seismology (with nat-
ural impacts) has been proposed several times for the exploration of the interior of
asteroids (e.g., Walker & Huebner 2004) or for an optimization of deflection strate-
gies in asteroid mitigation (Ball et al. 2004). As noted in the Introduction above, a
first unsuccessful attempt was performed with the two SP seismometers onboard
the Phobos landers (Surkov 1989). Asteroids, owing to their limited size and low
gravity are strongly influenced by seismic waves: Free oscillations are typically
observed between 0.1 and 10 Hz (Ball et al. 2004) and minor impacts on a asteroid
may produce ground accelerations higher than the local gravity: seismic rever-
beration has therefore a major impact in the morphology of the asteroid regolith,
including in the shape and density of small craters (Richardson et al. 2004). We
therefore can expect that future missions toward asteroids will seriously consider
the inclusion of seismic experiments in their payload.
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Figure 2 Profile of the vertical component of the meteoroid impacts, as listed and
used by Lognonné et al. (2003). Note that a few of these events were observed at epi-
central distances greater than 90°, including a few with more than 120°. Red circles
are the P arrival times and green circles are for the S arrival times. Time is in
seconds.
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Figure 4 (a) Crustal models from Khan & Mosegaard (2002) for a crust in the
range of 40 = 5 km (A) and in the range of 60 = 10 km (B). As seen in the figure,
the models found in case A correspond to a more realistic structure from a geophys-
ical point of view. The upper part of the crust—to-mantle transition for the models in
case A is located at a depth of 38 = 3 km. (b) Crustal models of Toksoz (1974) (dark
blue line), of Lognonné et al. (2003) (red and light blue lines), and of Koyama &
Nakamura (1979) (green line). The crust/mantle discontinuity is, respectively,
65 km, 30 km, and 45 km deep and velocities below are those of the mantle. In the
background are the seismic velocities extrapolated from crustal lunar samples after
Toksoz (1974). Toksoz (1974) and Koyama and Nakamura (1979) velocities in the
crust between 30 and 60 km are high with respect to the extrapolated velocities.

Figure 6 Left hemisphere: Polar view of the Moon with the distribution of the sta-
tions (squares) and the deep interior structure after Nakamura (1983). The stars are
for shallow Moonquakes, whereas the dots are for deep Moonquakes. Green, blue,
and red rays are for deep quakes, shallow quakes, and impact meteoroids, respec-
tively. Areas I, II, III, IV, and V are the crust, upper mantle, middle mantle, lower
mantle, and core, respectively. Right hemisphere: Plot of all rays used by Lognonné
et al. (2003). Rays are shown for a hypothetical station for simplicity, and their three-
dimensional distribution is not taken into account. The core is not covered by any ray
and only a few propagate through the deep lower mantle.
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Figure 5 (a) Mantle models of the Moon for P velocities. Left figure shows the lay-
ered models of Goins et al. (1981c) (green), Nakamura (1983) (blue), and Lognonné
et al. (2003) and Gagnepain-Beyneix et al. (2004) (red). The gray zone is for geo-
chemical admissible models, following Kuskov et al. (2002). The dashed lines are
associated to the error bars of the models. Right figure shows the probability distri-
butions of Khan et al. (2002), with contours describing nine equal-sized probability
density intervals. (b) Same as (a) for S velocities. All models have large errors and
the latter must be taken into account in the interpretation of seismic velocities in
terms of mineralogy and interior structure.
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