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Abstract.

Seismic observations on Europa have the potential to greatly expand our

knowledge of the structure and tectonic activity of the satellite. Surface fracturing sug-
gests that Europa may be tectonically active, and based on the geometry of observed
faults, faulting events of M5 or larger may occur regularly. While previous studies have
documented the potential for using relatively short-period body waves and intermedi-

ate period surface waves to explore the structure of Europa, long-period measurements
(0.001 to 0.1 Hz) are very promising because they may have large amplitudes of displace-
ment (millimeters to centimeters) and potentially be measurable from orbit without re-
quiring a lander. To accurately model the long-period response of Europa, we use nor-
mal modes calculated from physically consistent models of Europa’s structure developed
in part I (Cammarano et al., 2006). Based on seismograms calculated from these mod-
els, long-period displacement measurements with millimeter accuracy may be able to in-
form us on the current tectonic activity of Europa’s surface, the presence of a liquid ocean,
and the thickness of the ice shell. Determination of deeper structure with seismic mea-
surements, however, is much more difficult in the presence of a global liquid subsurface
ocean, which acts to decouple deeper seismic energy from the surface.

1. Introduction

Seismological observations provide unparalleled capabil-
ity for studying planetary interiors. While seismological
studies of the Earth and, to a lesser extent, the Earth’s
Moon have placed strong constraints on the internal struc-
ture and dynamics of these bodies, the absence of seismic
measurements on other planetary bodies has stymied anal-
ysis of their detailed structures. Given the wide variety of
internal compositions and structures hinted at by recent ex-
ploration of the Jovian and Saturnian systems, determining
what observations hold potential for answering outstanding
questions concerning planetary interiors is not necessarily
obvious.

Physically consistent models of planetary bodies, con-
strained by moment of inertia measurements and by well-
characterized elastic and anelastic properties of relevant
minerals, make possible the study of the seismic response
of planetary bodies, even when seismic measurements are
not yet available. In particular, physically consistent mod-
els of Jupiter’s moon Europa developed in our companion
paper (Cammarano et al., 2006; hereafter referred to as Pa-
per I) allow us to explore which seismic measurements of
FEuropa have the potential to answer the many outstanding
questions about the moon’s structure and current thermal
state. Accurate predictions concerning the seismic response
of Europa to various proposed sources are essential for plan-
ning missions aimed at taking seismic measurements.

The dominantly water ice surface of Europa is highly frac-
tured. In combination with the relatively young age of ap-
proximately 60 Myrs derived from crater counts, this sug-
gests recent tectonic activity. Therefore, the first question
we can pose for seismological measurements on Europa is
whether there is any current tectonic activity. If there is, we
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would like to know the nature of the seismic sources. Can we
detect ice-cracking events, such as tensile cracks (Lee et al.,
2003), normal faulting (Nimmo and Schenk, 2005), or mo-
tion on one of the many observed strike-slip faults (Schenk
and McKinnon, 1989; Hoppa et al., 2000)? Can we observe
deeper seismic events in the rocky portion of Europa anal-
ogous to the deep quakes observed on Earth’s moon (Naka-
mura, 1978)7?

Magnetic induction measurements (Kivelson et al., 2000)
also strongly suggest the presence of a liquid ocean beneath
the solid ice shell. Seismic measurements should be able to
confirm or disprove the presence of this liquid ocean, and
determine the thickness of the ice shell. Characterizing the
depth to Europa’s ocean would have strong implications for
the possibility of life related to the liquid ocean, and the
practicality of mission planning for penetrating this ice shell.

Seismic measurements may also make it possible to an-
swer questions about the deeper structure. Mass and mo-
ment of inertia measurements from the Galileo mission place
broad constraints on the radial structure of Europa. These
suggest that it is differentiated with an ice/water layer, a
rocky layer, and a denser core (e.g. Anderson et al., 1988),
but seismic measurements could better constrain the radii
of these divisions and, therefore, the chemistry and thermal
state of the interior.

Some work has already been carried out on the predic-
tions of relatively high-frequency body waves (Lee et al.,
2003) and intermediate-frequency surface waves (Kovach
and Chyba, 2001), but including the long-period response
and considering the full range of expected internal struc-
tures provides a complementary approach for answering the
outstanding questions, and for overcoming some of the chal-
lenges that might be faced in obtaining the body-wave mea-
surements. In fact, obtaining suitable measurements poses
many technical challenges. Installing a seismometer on the
surface requires a lander mission, and the strong radiation
due to Jupiter’s magnetic field places strict limits on the op-
erational lifespan of surface instruments. However, as Eu-
ropa has little atmosphere, orbital-based measurements of
ground displacement might be possible if the ground mo-
tion is large enough.
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Figure 1. Synthetic displacement seismograms at a dis-
tance of 30° (820 km) from the MW5 normal event. Seis-
mograms are calculated for the cold chondritic model
with ice shell thicknesses (from top) of 5, 20, 40, and
a solid 130 km thick ice layer model. Seismograms are
bandpass filtered between 0.001 and 0.1 Hz.

2. Calculation of the broadband seismic

response

In order to predict the seismic observations, we must first
know the radial structure of Europa. To this end, we devel-
oped a range of physically consistent models by assuming
a range of initial core and mantle compositions, as well as
a range of plausible thermal structures. The details of the
methodology are discussed in detail in Paper I, but, in sum-
mary, we produce a range of models consistent with the
mass and moment of inertia constraints, as well as mineral
physics constraints which are well known for the relatively
small pressure range of Europa’s interior.

Given a radial model of Europa’s structure, we can cal-
culate the normal modes of the spherical body. This is ac-
complished using a code derived for the specifics of Europa
models from the well-developed MINOS code ( Woodhouse,
1988). Seismograms for any proposed source and receiver
configuration can then be modeled using normal mode sum-
mation, which models the complete broadband seismic wave-
field. These mode catalogs are calculated for the entire range
of models, allowing comparisons of seismic response between
different models. These comparisons are then used to deter-
mine what measurements need to be made to decide which
model best matches the real Europa.

3. Expected sources of seismic energy

Europa has many surface features (ridges, bands, cy-
cloids, etc.) indicative of tectonic action in the past 60
million years. Because of the eccentricity of Europa’s orbit
around Jupiter, there are significant tidal stresses in the ice
shell. Estimates of the magnitude of tidal stress range from
40 kPa (Hoppa et al., 1999) to 100 kPa (Leith and McKin-
non, 1996; Greenberg et al., 1998). Additionally, although
Europa’s rotational period is nearly synchronous with its
orbit around Jupiter, there is evidence of non-synchronous
rotation (Geissler et al., 1998), which would cause stresses
approximately a factor of 30 larger over longer time-scales
(McEwen, 1986).

3.1.

In extensional regimes, owing to tidal stresses, it is likely
that tensile cracks will open, potentially on a diurnal ba-
sis (Lee et al., 2003). Tensile cracks can be expected to

Tensile cracks
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open to depths where the forcing stress is compensated by
the pressure due to the overburden. Given Europa’s grav-
ity (g=1.3 m/s?) and the density of ice, we can expect the
diurnal stress to open cracks to a maximum depth of 50-
100m. Assuming a square crack 100m on a side, the model
of Lee et al. (2003) suggests an opening width of 1-2 mm,
which produces a seismic moment of ~2 x 10" Nm (Aki
and Richards, 2002). This corresponds to a an event with
moment magnitude ~Mw 2. While this may be sufficient to
produce low-amplitude and high-frequency data measurable
with a surface seismometer installation, it is unlikely to pro-
duce displacements measurable from orbit. However, more
recent work suggests that the theory outlined above, which
assumes cracks in an elastic half-space, may underestimate
cracking depths when the finite thickness of the ice shell is
considered (Lee et al., 2005). Therefore, deeper cracking
may occur diurnally, thus producing larger events.

The larger stress from non-synchronous rotation should
also allow deeper cracking on the order of 1-3 km. This
depth is roughly consistent with estimates of the brittle-
ductile transition in the ice shell (Pappalardo et al., 1999).
Using the Lee et al. (2003) model, we would predict open-
ing widths of approximately 10 cm for these larger cracks,
producing a quake of ~Myy 4.

3.2. Normal faults

Nimmo and Schenk (2005) identify two normal faults in
a region where high resolution topography is available from
Galileo measurements. The fault scarps have lengths of 11
and 30 km. The two faults are modeled to have total dis-
placements of 200 m and 600 m. Nimmo and Schenk (2005)
estimate quakes of Mw 5.3 on the larger fault assuming it
ruptures to the brittle ductile transition and releases a crit-
ical strain of 0.05% based on terrestrial analogues, and the
shear modulus of the near-surface ice is reduced from unfrac-
tured ice by a factor of 10 due to the presence of an extensive
regolith as suggested by other studies (Nimmo et al., 2003;
Eluskiewicz, 2004). If the regolith is not as well-developed
as assumed and the event ruptures ice with a shear mod-
ulus closer to that of pure unfractured ice at the pressure
and temperature conditions of Europa’s near-surface, the
expected magnitude increases to ~My/6. While we have no
direct information on the frequency of such events, the to-
tal displacement of the modeled fault suggests ~400 events
have occurred on this fault, although the age of the feature
is unknown (Nimmo and Schenk, 2005). It is also not un-
reasonable to expect that many more such faults exist in
regions where the Galileo data lacks the resolution to dis-
cover them, so it is possible that such an event could occur
during a mission.

3.3. Strike-slip faults

The surface of Europa shows many fractures with resolv-
able strike-slip deformation. Strike-slip faults greater than
20 km in length have been observed in Voyager data (Schenk
and McKinnon, 1989), and more recent studies of Galileo
data (Hoppa et al., 2000) have imaged more than a hundred
strike-slip faults with lengths ranging from a few kilometers
to many hundreds of kilometers, and total displacements
ranging from hundreds of meters to tens of kilometers. The
longest fault, Astypalaea Linea, is 800 km long, comparable
to the San Andreas fault system on Earth. One model put
forth for the mechanism for these faults is diurnal ”walk-
ing” (Hoppa et al., 1999), which suggests that these faults
are activated during the tensile portion of tidal stressing and
slip freely while unclamped, allowing shear motion. The re-
turn motion is inhibited during the compressional portion
of the tidal cycle and net displacement is achieved through
anelastic deformation. This model correctly predicts the
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Figure 2. Theoretical phase (A) and group (B) velocity dispersion curves for fundamental mode Rayleigh
waves for chondritic models for ice shells ranging from 5 to 60 km in thickness, as well as the solid ice

layer model.

hemispherical distribution of right and left-lateral faulting.
While this model is developed assuming either a state of
free slip or locked fractures, it is likely that frictional sliding
would occur when such a fracture is unclamped. Given the
extensive length of many of the faults that are modeled to
activate on a diurnal basis, it might be reasonable to observe
an event that ruptures a 20 km length segment extending
down to a depth of 1 km. Assuming the same slip scaling as
for the normal faults discussed above, and the shear modu-
lus of unbroken ice, this would produce a My 5.2 event. An
upper bound estimate for strike-slip events that might occur
could be a 100 km long rupture to 3 km depth, which would
produce an M 6.4 event, although it would of course be
possible to generate even larger events using the geometry
of Astypalaea Linea, the largest observed surface strike-slip
feature.

3.4. Deeper events

Apollo seismic data has shown that deep quakes occur in
clusters on Earth’s moon due to tidal stresses (Lammlein,
1977, Nakamura, 1978). The largest of these clusters has
events with moments of ~5 x 10" Nm (Mw3). Because
tidal stresses on Earth’s moon are only ~5kPa (e.g. Min-
shull and Goulty, 1988), it might be reasonable to expect
analogous but larger events in Europa’s rocky mantle.

4. Synthetic seismograms

Given the normal mode catalogs and a predicted seismic
source process, we can now compute synthetic seismograms
at any distance from the source. The seismograms presented
here assume a Mw 5 normal faulting source, as proposed in
Nimmo and Schenk (2005). We computed all modes up to
0.1 Hz, and then bandpass filtered the seismograms with
corner frequencies at 12 and 800 seconds period, and cut-off
frequencies at 10 and 1000 seconds period. Higher frequency
data, used for measurements of body wave travel times and
shorter period Love wave dispersion, have been discussed in
the literature before (Lee et al., 2003; Kovach and Chyba,
2001), but the lower frequency data discussed here can be
a complementary dataset, possibly with greater potential
for orbital observation. Seismic displacement, which may
be measured by orbital laser range-finding approaches, is

larger for lower frequencies. The surface wave energy, which
dominates at lower frequencies, also decays less rapidly with
distance due to 2D geometric spreading on the surface rather
than the 3D geometric spreading of body waves, meaning
that observations should be possible on a larger portion of
the surface for a given event. Finally, the Rayleigh wave en-
ergy we model can be measured on the vertical component,
suitable for line-of-sight orbital measurements.

Because the candidate event is shallow (hypocentral
depth of 300 m), the seismograms are dominated by en-
ergy from the fundamental mode branch (figure 1). As
these modes are trapped in the ice shell, this seismic sig-
nature is highly dependent on the thickness of the ice shell
in the model. For thinner ice shells, the surface wave train
is very dispersive, with lower frequency energy significantly
delayed relative to the higher frequency surface wave ar-
rivals. Thicker ice shell models, however, are characterized
by much more pulse-like surface wave arrivals.

Quantitatively, this is explained by the theoretical phase
and group velocity curves of the fundamental mode branch
extracted from the mode catalog calculated for each model
(figure 2). For wavelengths less than the ice shell thickness,
the surface wave is nearly non-dispersive, and is similar to a
Rayleigh wave in a homogeneous half-space. Because there
is still some interaction with the finite thickness of the ice
shell, there is a reduction of the Rayleigh wave velocity rel-
ative to the half-space model that is greater for the thinner
ice shell models than for the thicker models. Below this
frequency, the fundamental mode transitions to a flexural
mode. The analytical expression for the dispersion of a flex-
ural mode in a floating ice sheet is equivalent to that of a
bending mode in an infinite plate, modified by the density
ratio of the ice to the underlying water (Press and Fwing,
1951). In this expression, the phase velocity is proportional
to the wavenumber, which introduces a dispersion where
the phase velocity is proportional to the square root of fre-
quency, and the group velocity is twice the phase velocity.
For the 5 km thick ice shell model, the frequency band of the
synthetic seismograms is dominated by this flexural mode,
and therefore very strong dispersion can be observed. For
the thickest ice shell models, the frequency band is domi-
nated by the Rayleigh wave, and is nearly non-dispersive.

5. Measurement requirements

Whether seismic measurements obtained from a mission
to Europa are able to answer the outstanding scientific ques-
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tions posed in the introduction strongly depends on the sen-
sitivity of the deployed instruments and the level of tectonic
activity on Europa. For surface installations, some previous
and proposed planetary surface seismometers (Kovach and
Chyba, 2001) are sensitive to displacements less than 1 nm
(107° m) in the frequency range we explore here. For an
orbital measurement, the sensitivity will be lower, but the
actual value will depend on many factors of mission design,
such as the aperture of the optics used, the orbital altitude,
and onboard noise sources. If there are Mw 5 ice shell events
observable during the course of a mission, then we can use
our synthetic seismograms to directly determine the sensi-
tivity and frequency characteristics that need to be observed
in order to use the seismic data, regardless of whether ob-
servations are made at the surface or from orbit, or whether
the measurement method is primarily sensitive to ground
displacement, velocity, or acceleration.
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Figure 3. Peak amplitude in displacement (A), veloc-
ity (B), and acceleration (C) in the first orbit Rayleigh
wave as a function of distance for models with ice shell
thicknesses ranging from 5 to 60 km.
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To inform mission design, we have computed the peak
ground displacements, velocities, and accelerations as a
function of ice shell thickness and angular distance from
source ranging from 5% to 60° (~135-1640 km) (figure 3).
To further define the frequency characteristics of the ob-
served signals, we also computed the peak time domain val-
ues after narrow bandpassing the signals with cosine taper
filters centered on frequencies from 0.001 to 0.1 Hz (figure
4). These peak values are strongly dependent on the ice
shell thickness. For ice shells thinner than 20 km, there is
considerable amplification as the ice shell becomes progres-
sively thinner. Interestingly, the broadband amplitudes are
generally smallest for the 20 km thick ice shell for velocity
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Figure 4. Peak time domain amplitude in displacement
(A), velocity (B), and acceleration (C) in the first 3800
seconds of seismograms 5° (137 km) from the source after
narrow band filtering about central frequencies between
0.001 and 0.1 Hz for models with ice shell thicknesses
ranging from 5 to 60 km.
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and acceleration measurements, but increase for thicker ice
shells because the decreased dispersion leads to construc-
tive stacking rather than the energy being dispersed across
a broader frequency band.

For displacement measurements of events of this size,
where these longer period surface wave signals have the
greatest advantage over higher frequency body wave ap-
proaches, any instrument needs to have at least millimeter-
scale accuracy from periods ranging from 10 to 500 seconds
to have a reasonable chance of observing seismic signals, al-
though much larger signals might be observed if Europa has
a thin ice shell, or if the measurements are obtained very
near a seismic source. If no events as large as Mw5 occur
during the time span of a mission, the signal amplitudes will
scale linearly with seismic moment in this frequency band,
as the periods of these signals will likely be longer than event
source time functions for all events of this size and smaller.

6. Potential for answering questions

In the scenario described above, determining whether Eu-
ropa’s ice shell is currently tectonically active is simply a
matter of having instruments sensitive enough to measure
the signal. Of course, it would be preferable to also deter-
mine the location and mechanism of any event. This would
give us further information on the driving forces of the tec-
tonic events. Ideally this could be achieved with multiple
surface seismometer installations, but this is, of course, an
extreme technical challenge given mission payload limita-
tions, and the strong radiation endured by any instrument
due to Jupiter’s strong magnetic field. It is also possible
to determine location and mechanism using waveform mod-
eling with one very high-quality 3 component broadband
instrument (e.g. Pasyanos et al., 1996), although this re-
quires adequate knowledge of the seismic structure between
source and receiver, which would be challenging with a lim-
ited dataset.

Uniquely determining the ice shell thickness would also
be easier using multiple stations, either distributed across
the surface or in a small array. In this case, we could lo-
cate the event, thus allowing direct determination of sur-
face wave group and phase velocities. While this may not
be feasible for a lander-based mission, it may be possible
to determine the propagation velocity and direction of seis-
mic energy using multiple aperture orbital instruments us-
ing small aperture array techniques (e.g. Pedersen et al.,
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Figure 5. MFT output of squared data envelope after
narrow band filtering of data 60° (1640 km) from the
source calculated in models with a 5 km and 20 km thick
ice shell. The data includes noise calculated from 20 ran-
domly distributed events with magnitudes between 2 and
3.
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2003) or other processing of large footprint observations.
Any method which can extract frequency-dependent phase
and/or group velocity across this frequency band should be
able to give a good estimate of ice shell thickness given the
strong sensitivity. With a single point measurement, how-
ever, it still may be possible to determine ice shell thickness,
even in the absence of a known source location. For example,
the data can be processed using the Multiple Filter Tech-
nique (MFT; Dziewonski et al., 1969). If the distance from
the source is known, this approach can extract group ve-
locity dispersion curves from a single measurement (figure
5). If, however, the location is unknown, the shape of the
dispersion curve can still be obtained, although the actual
values of group velocity as a function of frequency would
not be determined. However, the transition from Rayleigh
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Figure 6. Modal frequency difference (%) as function
of frequency and wavenumber for comparisons of cold
chondritic and pyrolitic models (top) and hot and cold
pyrolitic models (bottom).
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Figure 7. Phase (A) and group (B) velocity dispersion curves for models with 5 km and 20 km thick
ice shells with and without a 1 km thick regolith layer. Changes to the dispersion for the thicker model
are quite small, while somewhat more pronounced for a thinner shell.

mode propagation to flexural mode propagation leads to a
distinctive peak in the group velocity curve which has a fre-
quency dependent on the ice shell thickness. This means
that a technique which can adequately resolve the shape of
the group velocity curve from a single measurement, such
as the MFT, can give a good estimate of ice shell thickness,
even in the absence of location and absolute velocity infor-
mation. While the error in this estimation becomes larger
for thicker ice shells, as the frequency of this peak changes
less for thicknesses greater than 40 km, the dispersion curve
changes significantly in the absence of a liquid ocean layer
(figure 2), meaning this approach should still be able to reli-
ably differentiate between a thick ice shell, and an ice layer
extending all the way down to the rocky mantle.

A complementary tool for determining ice shell thickness
could be measurements of the frequency of mode ¢S2, the
”football” mode, which is the gravest mode with significant
surface deformation both in the Earth and Europa. The
frequency of this mode is relatively constant for thinner ice
shells, varying from 0.91 mHz for a 5 km thick ice shell
to 0.88 mHz for a 20 km thick shell, but decreases more
strongly as the shells thicken, dropping to 0.7 mHz for an
80 km thick shell and 0.63 mHz for a 94 km thick shell.
However, if there is no liquid layer, the mode’s frequency
increases to 1.26 mHz. Measurements of this mode could be
quite challenging, though, as the displacement is only a few
nanometers to a few tens of nanometers, depending on the
ice shell thickness, when excited by a Mw5 event.

Determining the deeper thermal and chemical structure
of the mantle is more problematic. In Paper I, we obtained a
range of models with different assumptions about the chem-
ical composition of the mantle and core, as well as different
proposed thermal profiles. When comparing the mode cat-
alogs for these models, it is apparent that there are many
modes that have significant sensitivity to these parameters,
primarily through the perturbations in depths of transition
between the core and mantle, and the mantle and ice-water
layer (figure 6). In general, these modes have frequencies
lower than 0.01 Hz, and are in overtone mode branches.
Unfortunately the ice-shell events only efficiently excite the
fundamental mode branch, which has no sensitivity below
the ice shell, and thus these modes will not be observable
for such an event.

It is reasonable to expect that there will also be deeper
events in the rocky mantle of Europa. Analogous events

are observed in the Apollo data on the Earth’s moon, and
the evidence suggests that they are caused by tidal stress-
ing (Nakamura, 1978). While the tidal stresses in the rocky
interior of Europa will be lower than those in the ice shell,
there will likely be stresses of a similar order of magnitude
as for the interior of Earth’s moon, and so these sources
would excite modes with sensitivity to the deep structure of
Europa. Unfortunately, the presence of an ice shell on top
of a global liquid ocean means that seismic energy at depth
is not well-coupled with the surface. For example, a can-
didate Mw4 event at 200 km depth (in the rocky mantle)
produces seismic signals 4 to 5 orders of magnitude smaller
than those observed from the candidate ice shell event de-
scribed here. This suggests that it will be extremely difficult
to measure usable seismic signals for deep events, and thus
to determine the deep thermal and chemical structure of
Europa using such an approach. An alternative might be to
use a surface gravimeter installation, which might be able
to detect the oscillations of modes with significant motion
at depth. These oscillations would perturb the gravitational
field, but produce negligible surface motion.

7. Discussion

7.1. Differences from surface wave observations on
Earth

It is interesting to note that many aspects of long-period
seismology on Europa are very different from surface wave
seismology on the Earth. Surface wave dispersion on the
Earth, in general, is controlled by the depth-dependent ve-
locity characteristics. Because of Earth’s gravity, the pres-
sure gradient causes a monotonic increase of velocity with
depth, with some exceptions. This means that longer-period
surface waves, which have greater sensitivity to deeper struc-
ture, are faster than shorter-period waves leading to char-
acteristic seismograms with longer-period energy preced-
ing shorter-period energy. On Europa, however, the lower
gravity means that the pressure gradient is much less pro-
nounced, and seismic velocities are much closer to constant
with respect to depth. Dispersion is introduced due to the
physical properties of bending mode waves propagating in
a shell of finite thickness. This means that longer-period
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waves are slower than shorter-period waves, producing seis-
mograms with opposite characteristics than Earth seismo-
grams. A similar signature is predicted for Love waves in an
ice shell (Kovach and Chyba, 2001) and is observed at much
higher frequencies in seismic measurements on terrestrial sea
ice (Crary, 1955).

7.2. Effects of a deep surface regolith

Several authors have proposed an extensive regolith in the
top 1 km of the ice shell due to increased porosity and frac-
tures from micro-impacts (Nimmo et al., 2003; Eluskiewicz,
2004; Nimmo and Schenk, 2005; Lee et al., 2005). Depend-
ing on the length scale of these fractures, the regolith could
have a strong attenuating effect, particularly on higher-
frequency energy. Additionally, such a layer would have
markedly different velocities than the unfractured ice mod-
eled in Paper 1. To test the effect of such a layer, we syn-
thesized seismograms using a model with shear modulus re-
duced by a factor of 10 in the top kilometer, and 1/Q, a mea-
sure of attenuation, increased by a factor of 4. For models
with ice shells 10 km and thicker, this made little discernible
difference to the dispersion curves, while for a 5 km thick
shell, the changes were still relatively small (figure 7). For
a given seismic moment, the amplitudes of the surface wave
were amplified on the order of 10%. For a given fault geom-
etry, however, such a model will lead to decreased seismic
amplitudes, as the seismic moment scales linearly with shear
modulus in the source region. This would introduce a factor
of 10 decrease in seismic moment for near-surface fractures.
Regardless, such a regolith does not have a dramatic effect
on the observations in this frequency band, meaning that
ice shell thickness determination can be made even without
knowing the depth extent of the regolith.

7.3. Effects of seismic noise

We do not have any estimate of the level of background
seismic noise at Europa’s surface. On the Earth, the seis-
mic noise has characteristics that depend on the frequency
band. The strongest noise is for periods from 6-12 seconds,
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Figure 8. 3000 seconds of seismic displacement (in m)
for an observation point that starts 15° (410km) east of
the source at the event origin time, and moves north with
an apparent surface velocity of 1.4 km/s calculated in the
5 km thick ice shell model. The arrivals at about 120 s
and 350 s are the P and S waves respectively. Note the
resonance at approximately 25 mHz following the first ar-
riving surface wave energy at 500 s, which is a frequency
band where the group velocity is comparable with veloc-
ity of the observation point.
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and is related to excitation by the dominant period of wind-
driven waves in the ocean interacting at shorelines. Such
waves would not exist in Europa’s ocean, and it is difficult to
know what kind of noise might be generated by a global sub-
surface ocean where the wave excitation would presumably
be dominantly in the tidal frequencies. One way to estimate
the noise would be to assume many small opening crack
events due to diurnal forcing, similar to those discussed in
Lee et al. (2003). The MFT measurements in figure 5 in-
clude noise determined by 20 randomly distributed events
on the planet surface with moment magnitudes between 2
and 3 with magnitudes defined by a Gutenberg-Richter dis-
tribution with a b-value of 1. This does not have a notice-
able effect on the results, although a higher noise level could
make measurements more difficult, requiring more advanced
signal processing approaches.

In the absence of larger events, however, such sources of
systematic noise could be used as data, although it would
likely require a surface installation of more than one sensor.
The systematic noise, which would be scattered by inhomo-
geneities in the ice shell, could then be cross-correlated for
station pairs to extract information about the surface wave
propagation between the stations (e.g. Campillo and Paul,
2003).

7.4. Orbital-based measurements

The synthetic seismograms presented here were calcu-
lated assuming a fixed receiver position. Unless an orbiter
is at the correct altitude for geosynchronous orbit, however,
the seismic measurements will be made at a moving point on
the surface. This presents additional challenges. For exam-
ple, an orbiter 100 km above the surface of Europa, a target
orbit for several proposed missions to Europa, will have an
orbital velocity relative to the surface that is comparable to
the surface wave velocities. This will require careful pro-
cessing, but may provide us with interesting methods for
determining surface wave velocities from a single measure-
ment.

To test this, we adapted the mode summation code to
synthesize seismograms at a moving observation point. For
mode summation in 1D models, this is a relatively simple
modification. Following Woodhouse and Girnius (1982), we
can write a mode summation seismogram for a fixed source
and receiver configuration as

vos =Y R{'(0r, )5 (0s, 65) expliwnt), (1)

kEm

where v is the instrument vector, which is a unit vector
in the direction of motion sensed by the instrument which
can also incorporate the instrument response, s is the elas-
tic displacement field, k£ is a mode index which incorporates
all degenerate mode singlets for given angular order [ and
radial order n, m is the azimuthal order of a mode singlet,
and wy is the eigenfrequency of mode k. The amplitude of
each mode singlet is determined by the source mechanism
and the source-receiver geometry through the terms R;" and
Sy, evaluated at the receiver and source coordinates respec-
tively. These can be expressed as

1
RP(0r,60) = > RinY"™ (0r,9r) 2
N=-1
2
S{ (0 90) = 3 Sen i (0, 60), (3)
N=-2

where YlN ™ are the generalized spherical harmonics of Phin-
ney and Burridge (1973), and the coefficients Ryn and Skn
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are defined in Woodhouse and Girnius (1982) in terms of the
seismic moment tensor elements, the instrument response
vector v, and the radial eigenfunctions of mode k. The lo-
cation of the observation point only enters the expressions
in the evaluation of the spherical harmonics term in (2).
Therefore, the seismogram at an observation point whose
location is a known function of time can be calculated with
a time-dependent R}' determined by evaluating the spheri-
cal harmonics term at each point in time at the appropriate
location.

While an exhaustive study on how best to extract useful
measurements from such data has not yet been attempted,
interesting observations are possible from simple inspection
of the seismograms. For example, seismic displacement
from an event that occurs near the trajectory of the or-
biter recorded on an observation point moving away from
the source location produces a seismogram at sufficient time
after the event with a resonant frequency (figure 8). This
resonance is caused by a wavepacket of a given frequency
having a group velocity which closely matches the velocity
of the observation point. Because the frequency at which the
group velocity will match a given orbital velocity depends
on the ice shell model, an observation of this resonance phe-
nomenon may be diagnostic.

8. Conclusions

Long-period seismic observations on Europa have poten-
tial to greatly expand our knowledge of the satellite. In par-
ticular, long-period displacement measurements with mil-
limeter accuracy may be able to determine the current tec-
tonic activity of Europa’s surface, the presence of a liquid
ocean, and the thickness of the ice shell. Such displacement
measurements may be possible from orbit, but many instru-
ment design and data processing details need to be carefully
considered. Determination of deeper structure with seis-
mic measurements is much more difficult in the presence
of a global liquid subsurface ocean, which acts to decouple
deeper seismic energy from the surface.
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