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Abstract. When NASA’s InSight lander touched down in Elysium Planitia,
Mars, in November 2018 and deployed its seismometer SEIS, it ushered in a new
age for planetary seismology - more than 40 years after the first attempt to record
marsquakes with the Viking missions. SEIS, an extremely sensitive instrument,
has by now provided near continuous seismic records for more than 3 years. Its
rich dataset shows Mars to be seismically active, with over 1,300 marsquakes
detected so far, mostly with magnitudes below 4. Despite their small size, these
quakes provide important and unprecedented constraints on the interior structure
of the planet, from the shallow subsurface via the crust, the lithosphere, and the
mantle transition zone down to the core, and allow to study Martian tectonics and
thermo-chemical evolution. Single-station seismology has answered some of the
big questions about the interior of our planetary neighbour, and this contribution
gives an overview of results and surprises so far.
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1 Introduction

1.1 A planet’s interior from seismology

When seismic waves traverse a planetary body, they gather information on the media
they travel through on their way. The ability to extract this information from seismo-
grams has allowed seismology to play a major role in constraining the interior structure
of planet Earth, including the variable thickness and structure of the crust, the depth of
phase transitions in the mantle, and the state and size of the outer and inner core. While
interior models get more and more refined for Earth and focus on 3D or even 4D vari-
ations, comparable knowledge for other planets is much more limited. This impedes
our understanding of the thermal and geodynamical evolution of terrestrial planets in
general, including the prerequisites required for and significance of a geodynamo and
plate tectonics. Comparative planetology is an important tool to understand the Earth,
its uniqueness in the solar system, and how it became what it is.

Seismology was an integral part of the initial scientific exploration of the Moon,
from three seismometers on the unmanned Ranger missions in 1962, none of which
managed a successful lunar landing [1], to the seismometers deployed by the astronauts
of Apollo 11, 12, 14, 15 and 16 between 1969 and 1972 that recorded thousands of
moonquakes during eight years of operation [2]. Most recorded moonquakes belong to
a type of seismicity unknown on Earth: deep moonquakes forming clusters at 800 to
1100 km depth in the lunar mantle that are periodically active, depending on tidal



stresses [2]. The Apollo seismic data allowed to constrain the Moon’s crustal thickness,
the velocity structure of the mantle, and the size and state of the lunar core [for a recent
summary, see 4].

After the success of the Apollo passive seismic experiments, seismometers were also
included in the next step of the exploration of the solar system, i.e. the two Viking
landers going to Mars in 1976. Being the first lander missions to Mars, they were de-
signed to investigate many different scientific questions about our neighboring planet,
seismology not being a priority. The short-period seismometers on each of the Viking
landers were thus placed in a less-than-ideal location, i.e. on the lander deck about 1 m
above ground, and data transmission was severely constrained [8]. The Viking | seis-
mometer failed to uncage and thus to record any meaningful data, but Viking Il regis-
tered more than 500 sols of Martian seismic data. However, due to the location of the
sensor on the lander deck, those data were heavily contaminated by wind [6], and after
analysis, only one possible, but unconfirmed, seismic event remained within this data
set [5].

This result somewhat dampened the enthusiasm for extraterrestrial seismology, and
it took more than 40 years and numerous efforts to send another seismometer to Mars
on NASA’s InSight (Interior Exploration using Seismic Investigations, Geodesy and
Heat Transport) mission in 2018. Based on the Viking experience, InSight was the first
mission to remotely deploy a seismometer on the surface of an extraterrestrial body
with the help of a robotic arm [7], a procedure that took more almost three months to
accomplish (Fig. 1). The seismometer, SEIS (Seismic Experiment for Internal Struc-
ture), is a highly sensitive six-axes sensor, consisting of a three-component very broad-
band (VBB) and a three-component short-period (SP) seismometer [8].

1.2 Knowledge on the interior of Mars prior to InSight

Early on, Mars as a terrestrial planet was expected to have undergone similar processes
of accretion and differentiation as Earth, resulting in a buoyant crust, silicate mantle,
and iron-rich metallic core [9]. However, the exact thickness of these layers and details
on their properties were not well known before InSight, as summarized by [10]: Orbital
measurements of gravity and topography can accurately constrain relative variations in
crustal thickness, but rely on assumptions on crustal and mantle densities and minimum
crustal thickness. Depending on these assumptions, and not considering any lateral var-
iations in crustal density, average crustal thickness estimates for Mars varied between
39 and 110 km, with no information on internal structure or layering of the crust.

Likewise, estimates for the lithospheric thickness of Mars had been based on gravity
and topography as well as deflection due to polar ice cap loading, resulting in estimates
for the elastic lithospheric thickness of more than 150 km, and more than 300 km be-
neath the north polar cap. Depending on composition and areotherm, the seismic ve-
locity of the mantle could a priori only be constrained to within + 1km/s.



Fig. 1. Robotic deployment of SEIS on the surface of Mars as witnessed by the Instrument Con-
text Camera (ICC). The instrument deployment arm (IDA) lifted SEIS off the lander deck (a) and
put it on the ground at a pre-defined location (b). Afterwards, the tether was dropped (c) and,
after leveling SEIS close to the ground, adjusted via the pinning mass with the IDA (d). Finally,
the IDA deployed the Wind and Thermal Shield (WTS) above SEIS (e), finalizing the installation
(). Images credit: NASA/JPL-Caltech

Geodesy provides constraints on the mass distribution within planets and, via the
moment of inertia-factor and the k. Love number, give estimates for the core size of
Mars. These, however, also depend on assumptions on the mantle mineralogy and show
a trade-off between core density and size, with best pre-landing estimates of the core
radius between 1500 and 1900 km [11]. The measured k, Love number indicates that
the core of Mars is likely liquid. Uncertainties on properties of both mantle and core
meant that it was also unclear at which depth phase transitions might occur in the man-
tle.

Estimates for seismic attenuation in the Martian interior were mostly based on ex-
trapolations or conceptual models and mainly vary in the exponent used to describe the
frequency-dependence of Q to relate constraints by Phobos tidal period to the seismic
frequency band. In addition, mantle temperatures play an important role, meaning that
Q might be larger than on Earth to a depth of about 300 km, but, due to higher temper-
atures, significantly smaller than on Earth at larger depths.

While it was assumed that Mars is seismically active, the level of this activity was
uncertain by a factor of 10 [12], and the seismically active regions on Mars could not
be predicted with any confidence.



2 Seismic environment of Mars

Due to the absence of oceans and anthropogenic activity, the background noise on Mars
is mainly driven by the atmosphere. This results in a marked diurnal variation in the
seismic noise level depending on wind conditions, with the highest noise level during
the day linked to thermally-driven convective turbulence, and the lowest noise levels
encountered in the evening after sunset, when activity in the thermal boundary layer is
low [13,14,15,16]. Additionally, the prevailing wind directions and wind speeds change
with season [17,18], which leads to increased night-time noise levels in fall and winter
(Fig. 2). Even during the windy periods, the background noise level between 0.1 and
0.6 Hz is low compared to Earth on all three components, i.e. below the New Low
Noise Model [19], whereas during the quietest times, the instrument self-noise is de-
tectable [20]. The low-noise evening and night-time is the primary period during which
the weak marsquakes are detected with SEIS [14].

The atmosphere influences the noise level of SEIS in various ways, e.g. through
direct forcing on the ground, mechanical vibrations of the lander structure at about 1.8
m distance from SEIS transferred through the shallow subsurface, and forcing on the
WTS deployed over the seismometer (Fig. 1) and the tether linking SEIS to the lander.
Wind-induced vibrations of the lander lead to a number of narrow-band signals at fre-
quencies above 1 Hz with amplitudes increasing with wind speed, and significantly
larger on the horizontals than on the vertical component [14,15,21]. The peak frequen-
cies of these lander modes are temperature-dependent. Besides, temporary modes
linked to changes in the occupation — and hence position — of the IDA have also been
documented [21]. Additionally, resonances within the SEIS sensor assembly, i.e. re-
lated to the load shunt assembly on the SEIS tether, might also influence polarization
measurements near the frequencies concerned, though they do not dominate the spectra
[22]. At frequencies below 1 Hz, polarization analysis of the background noise shows
a correlation of azimuth with wind direction variations, both diurnally and with season
[20]. At frequencies above 0.3 Hz, the observed polarization along an inclined ellipse
in the vertical plane can be explained by pressure waves propagating along the surface
of Mars, or acoustic emissions from high altitudes in the atmosphere.

The large temperature variations of 80-100 K on the surface of Mars are the likely
cause of a prominent disturbance in the SEIS data, the so-called glitches, which are
one-sided pulses that can be modeled as instrument response to a step function in ac-
celeration, often accompanied by high-frequency spikes that can be described by a sim-
ultaneous step functions in displacement [23]. The resulting signals affect all frequen-
cies below 1 Hz and, due to amplitudes of up to 10" m/s and more, cannot be ignored
when analyzing seismic data in this frequency range. Though the SEIS installation
reduces the daily temperature cycle directly affecting the instrument to about 15 K,
most glitches can be attributed to thermal conductivity gradients and stresses between
various parts of the sensor assembly. About a third of the glitches could be caused by
actual rigid tilting of the SEIS instrument as a whole. Some glitches show repeating
patterns over days, and occur at specific temperatures within the instrument, further
pointing to a thermal origin. Glitch sequences with stable time offsets that repeat every
day [24] can strongly affect results of autocorrelation analyses, if not properly corrected



for [25]. At higher frequencies above 10 Hz, short duration pulses of energy form an-
other type of transient signal likely also related to temperature cycling on the lander,
the tether or SEIS, so-called “donks” that are less predictable in timing and reproducible
in signal shape, and thus harder to correct for, than glitches [15,25].
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Fig. 2. Daily and seasonal variations of the background noise level at SEIS.

Another type of non-seismic transient signals are pressure drops associated with the
passage of convective vortices (“dust devils”). They pull up the ground and thus create
a tilt away from the vortex measurable with SEIS [26,27]. Whereas these observations
can be used to constrain the Young’s modulus of the ground (see 4.1), they also show
up as broad-band non-seismic events in the SEIS data [15].



3 Seismic activity of Mars

Not surprising for a planet without plate tectonics, the seismicity of Mars is weak com-
pared to Earth [26]. Only recently, after more than 900 sols of registration, the first
events with moment magnitudes larger than 4.0 were detected [28]. The more than
1,3000 smaller events recorded so far, however, provide a rich and valuable data set to
study both the interior of Mars and its tectonics. Due to the extremely low night-time
noise levels (see 2), marsquakes with moment magnitudes as small as 3.1 could be
recorded and analyzed at distances of more than 3500 km, something impossible on
Earth.

Based on their frequency content, marsquakes are sorted into two main groups, the
low frequency family, consisting of low-frequency (LF) and broad-band (BB) events,
and the high frequency family, consisting of high-frequency (HF), very high frequency
(VF) and 2.4 Hz events [14] Fig. .

LF and BB events, of which 90 have been identified in the data so far, dominantly
contain energy below the 2.4 Hz resonance, with the BB events extending to (and some-
times above) 2.4 Hz, and usually contain two clear phases identified as P- and S-arri-
vals, similar to teleseismic earthquakes. Those events for which a stable backazimuth
could be determined from the P-wave arrival have been located. The majority of avail-
able hypocenters are located about 1200 km to the northeast of InSight, at the giant
fractures of the Cerberus Fossae region. This area of relatively recent volcanic activity
had been postulated to be seismically active before the landing [30]. However, pre-
landing models had also predicted seismic activity to be concentrated around Tharsis
based on faults identified in orbital imagery and models of flexural loading, or, assum-
ing global differential cooling of the lithosphere and thermal contraction as main cause
of marsquakes, a rather homogeneous distribution [12]. The concentration of hypocen-
ters in Cerberus Fossae now suggests recent tectonics as a major driver for marsquakes.
Fault plane solutions for two of these events show normal faulting on fault planes with
steep dips of larger than 75°, indicating an extensional tectonic regime with an E-W to
NE-SW orientation [31], in keeping with the interpretation of Cerberus Fossae as a
graben system [30]. For two atypical events of the LF family, with less pronounced P
and S arrivals and persistent spectral peaks below 1 Hz, generation by a volcanic
tremor-like mechanism has been investigated [32]. While it cannot be excluded, it
would require low-viscosity magma and a high flux volume just within the inferred lim-
its for Cerberus Fossae. The seismograms of the LF family events have been used to
study the interior structure of Mars, from crustal layering to core size (see 4). While
only events up to about 100° distance from InSight had been detected for most of the
mission, two more recent events occurred at significantly larger distances, up to 146°,
allowing more detailed studies of the structure of the Martian mantle and core [28].

HF family events are dominated by energy at 2.4 Hz and above [29]. The most ubig-
uitous event type are the 2.4 Hz events, making up about three quarters of all detected
events. They are characterized by an amplitude increase centered around the 2.4 Hz
resonance, and little excitation above and below, and are likely weak HF events [33].
HF events predominantly show energy at 2.4 Hz and above, with limited energy below.
VF events are special in that they extend to higher frequencies and contain significantly



more energy on the horizontal components than on the vertical. HF and VF events often
show two separate broad arrivals of seismic energy that have been interpreted as crustal
P and S phases [14,33]. In their frequency content, duration and signal shape, the event
recordings are distinct from both earth- and moonquake seismograms, but can be mod-
eled by the propagation of guided waves within the Martian crust that contains a very
heterogeneous, scattering layer at the top [33]. Depending on the velocities assumed
for these guided waves, the majority of HF events might also originate near Cerberus
Fossae, whereas the VF events show no clear spatial clustering and occur over a wide
range of distances. The occurrence of HF events shows a temporal pattern that is not an
artefact of the variable detection efficiency due to the changing noise level [34]. Possi-
ble causes are solar illumination, the CO; ice evaporation cycle of Mars, or annual solar
tides, which HF observations from a second Martian year will hopefully help to con-
strain further.

A final class of seismic events recorded by SEIS are super high frequency (SF)
events, which only last for about 20 s, have energy at frequencies between 5 and 30 Hz,
and occur in repeatable patterns [35]. Since the majority of the events occurs within +
2 hours of sunset and close to, but not at, the lander, their suggested origin is thermal
cracking, similar to thermal events observed on the Moon.

4 Interior structure of Mars

4.1  Shallow subsurface

Geological interpretation of orbital data, available measurements from the Moon and
Earth and laboratory experiments resulted in detailed expectations for the properties of
the shallow-most part of the subsurface at InSight [36,37]. Comparing those to direct
in-situ measurements is important to improve the predictions from orbital constraints
elsewhere on Mars, where they may be the only data available to assess trafficability
and suitability for landing instruments or astronauts. Besides, low-velocity near-surface
layers as expected on Mars due to the regolith cover can have an important influence
on seismic recordings, and a better understanding of the elastic properties of the sub-
surface will also help to enlighten the penetration failure of InSight’s heat flow probe
HP? (Heat Flow and Physical Properties Package).

First constraints on the shallow sub-surface of the InSight landing site have been
derived from an active seismic experiment: SEIS recorded the hammering of the unfor-
tunate HP® experiment. The timing of the recordings could be used to determine the P-
wave velocity of the regolith between HP® and SEIS to 118 + 34 m/s [13,38], consistent
with unconsolidated cohesionless sand. Information on larger depths could be derived
from the recordings of the passage of convective vortices both with InSight’s pressure
sensor and SEIS by compliance analysis [26,27,39]. Those data allow to estimate the
Young’s modulus and its variation with depth down to about 20 m and found a strong
increase in the values consistent with a discontinuity between the regolith and a stiffer
layer below interpreted as blocky ejecta based on pre-landing models, with transition
at a depth between 0.7 and 7 m. With plausible assumptions on the density and Pois-
son’s ratio, the inverted Young’s moduli can be converted to P-wave velocities, which



lie in the range of 136-152 m/s for the regolith layer, slightly higher than the values
derived by hammering. However, these values integrate over the whole regolith layer
and over larger distances from SEIS (i.e. over the ground properties up to the distance
of the convective vortex when passing InSight) compared to the HP® measurements.

Analysis of horizontal-to-vertical spectral ratios of the ambient wavefield in the fre-
quency range between 1.5 and 8 Hz has been used to constrain the subsurface structure
to around 200 m depth [40]. The main feature in his frequency range is the 2.4 Hz mode
that results in a trough in the H/V curve and can be explained by a low-velocity layer,
something that was not predicted prior to landing [41]. Inversion places this layer at 30
to 75 m depth, with the layers above and below interpreted as Hesperian and Amazo-
nian basalts and the low-velocity layer as sediments deposited between those lava
flows. Ongoing analysis over a broader frequency range using seismic event coda will
refine these results.

Temporal variations in the elastic properties of the shallow subsurface have also
been studies using both coda wave interferometry of SF events and passive image in-
terferometry of the background wavefield [42]. The measured velocity perturbations
can be explained by the thermoelastic response of the shallow subsurface, down to
about 20 m depth, to the seasonally variable solar insolation, where the spatial and tem-
poral variations of the surface temperature induce stresses in the subsurface that lead to
changes in the seismic velocities. The velocity changes show a positive correlation with
the surface temperature with a delay on the order of 60 to 100 sols.

4.2  Crust

Much of the Martian crust formed relatively early during the planet’s history during
widespread melting, with incompatible elements, such as radioactive elements and vol-
atiles, concentrating in the melt. These elements are accordingly sequestered in the
crust, with consequences for the thermal and magmatic evolution of Mars. Models for
the chemical composition of the Martian crust are generally based on orbital data that
are at best sensitive to the upper few kilometers of the planet, and sometimes only to
centimeters or micrometers. Extrapolated these data to the whole crust might thus be
misleading. Besides, large uncertainties on the average crustal thickness of Mars re-
mained before InSight (see 1.2).

Mars’ crustal thickness and layering was primarily investigated using two methods,
either based on waves converted from P to S or vice versa at discontinuities in the elastic
properties beneath the landing site and extracted via the calculation of receiver func-
tions [13,43,44], or based on reflections of P-waves derived from ambient vibration
autocorrelations [43,45,46]. P-to-S receiver functions of the first few events showed
three prominent onsets within the first 8 s, something that has in the meantime been
confirmed using more data. Since a majority of events is located at Cerberus Fossae
(see 3), identifying any move out of the phases has been difficult so far. This inhibits
the interpretation of the data since the primary arrival from a third discontinuity at depth
could be hidden below a multiple reflected and converted phase of the first layer arriv-
ing at the same time [43]. Analysis of additional events as well as modeling of the S-



10

to-P receiver function of one event strongly favors the interpretation with three layers
[44], whereas autocorrelations are unable to distinguish between the two models.

Independent of the interpretation of the third signal, the crust shows rather low seis-
mic velocities. The top-most layer extends to a depth of 8 = 2 km and has S-wave ve-
locities below 2 km/s. Recently, SH-reflections within this layer have also been identi-
fied [47]. They require lower velocities to explain their timing than the P-SV conver-
sions, thus pointing to radial anisotropy in the upper-most layer that might be caused
by cracks or inclusions. The observed low velocities cannot be reconciled with pristine
basalt, but require damaged or altered material. Rock physics models show that the
observed velocities are too low for ice-saturated cracks, excluding a cryosphere confin-
ing an aquifer at depth [48]. Below the top layer, S-velocities increase to around 2.6
km/s in a layer that extends to 20 + 5 km depth [43]. These velocities could be modeled
by cemented pore space [48]. A third crustal layer would show only a slight velocity
contrast to the mantle, with S-wave velocities of 2.8 to 3.5 km/s to 39 + 8 km.

Due to the nature of the wave phases studied here, the results only image the crustal
structure in the vicinity of the InSight lander. Gravity and topography allow to extend
this point measurements to map the crustal thickness across all of Mars. Including the
measurement uncertainties, this results — for the thicker, more likely crustal model —in
a global average crustal thickness of 39 to 72 km, and 24 to 38 km for the thinner, two
layer model. This is thinner than some of the previous predictions, and also means that
the bulk crustal density has to be less than 3100 kg m-3 [43], which requires porosity,
fractures or the existence of felsic rocks not represented by surficial measurements from
the orbit within the crust. However, only additional observations, e.g. from surface
waves, could help to understand if the observed layering is ubiquitous. In addition, ge-
odynamic and geologic modeling indicate that the crustal models require an enrichment
in radioactive elements by a factor of 13 to 21 compared to the primitive mantle [43,49],
which is more than what is expected based on orbital gamma-ray mapping of the near
surface and indicates that the near surface might not be representative of the whole
crust.

Another important property of the crust, attenuation, has been investigating by stud-
ying the energy decay in seismogram envelopes [33,50,51]. The envelope shapes of HF
and VF events have been modeled by diffusion [50] and by an elastic radiative transfer
approach [51]. A diffusion model cannot be used to explain the envelope shapes of the
LF family events, though, and scattering strength has to decrease with depth [50]. The
upper-most crustal layer could thus be highly heterogeneous and support multiple scat-
tering, similar to what is observed on the Moon, although within a megaregolith of
much greater depth. Furthermore, attenuation is very low on Mars, indicating a mostly
dry medium along the propagation path of the HF family events [51].

43 Mantle

The mantle of Mars to a depth of about 800 km has been investigated with the help of
surface-reflected phases, i.e. PP, PPP, SS and SSS [49], whereas information on deeper
structure so far relies on ScS phases [52]. A negative S-velocity gradient in the mantle
indicates a lithosphere of more than 400 km thickness, consistent with a large thermal



11

gradient across the lithosphere of a stagnant-lid planet, and leads to a weak S-wave
shadow zone at epicentral distances between 40° and 60°.

Observations and modeling of triplicated phases from LF family marsquakes at 60°
to 85° epicentral distance have been used to constrain the top of the mantle transition
zone defined by the olivine-to-wadsleyite phase transition, finding a Martian mantle
colder than pre-mission estimates and a broader transition compared to Earth, consistent
with a more iron-rich mantle [53]. The phase transition to bridgemanite in the Martian
mantle is prevented by the size of the core (see 4.4).

44 Core

The observation of ScS phases constrains the size of the core to 1830 £ 40 km [52], at
the larger end of the previously assumed range. While the comparatively large ampli-
tudes of the reflected phases confirm a fluid state of the core, its large size requires a
rather low density, in the range of 5.7 to 6.3 gcm . This means that a substantial amount
of light elements, e.g. C, O and H, in addition to sulfur, is contained in the core, making
it different in composition from the Earth’s core.

5 Conclusions
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