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Surface waves and crustal structure on Mars
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We detected surface waves from two meteorite impacts on Mars. By measuring group velocity
dispersion along the impact-lander path, we obtained a direct constraint on crustal structure away
from the InSight lander. The crust north of the equatorial dichotomy had a shear wave velocity of
approximately 3.2 kilometers per second in the 5- to 30-kilometer depth range, with little depth
variation. This implies a higher crustal density than inferred beneath the lander, suggesting either
compositional differences or reduced porosity in the volcanic areas traversed by the surface waves.
The lower velocities and the crustal layering observed beneath the landing site down to a 10-kilometer
depth are not a global feature. Structural variations revealed by surface waves hold implications for
models of the formation and thickness of the martian crust.

he martian crust exhibits substantial
variations in topography, inferred thick-
ness, age, cratering, resurfacing, and vol-
canism (7). Constraining the variation
of the crust’s properties and composition
with depth is crucial for understanding its
origin and evolution (2). Inferences of crustal
thickness and density variations, which are
derived from joint analysis of topography and
gravity data, suffer from substantial trade-offs
(3). For example, the ~5-km topographic dif-
ference between the highly cratered southern
highlands and the low-lying, less-cratered north-
ern plains can be explained by differences in
crustal thickness, by large variations in crustal
density (4), or by a combination thereof.

The InSight mission to Mars (5) has provided
direct constraints on the layering of the crust
at the landing site (6). Analyses of body wave
conversions and ambient noise wave field
have constrained the crustal thickness
beneath the InSight lander in Elysium Planitia
as being 39 + 8 km (7-9), providing a key
anchoring point for global models of crustal
thickness and density variations. Looking deeper,
travel times of body waves from several
marsquakes have enabled the determination
of seismic velocity profiles of the upper mantle
(10), core radius (8, 1I), and mean density (12).
Despite these achievements, the competing

effects of epicentral distance, source depth,
and radial structure on body wave travel times
(13) have stymied efforts to constrain lateral
variations in structure using a single seismom-
eter on Mars.

The velocity of surface waves, unlike that
of body waves, depends on frequency, with
lower-frequency waves sensitive to greater
depths. The measurement of surface wave
dispersion therefore provides a direct obser-
vation of the depth-dependent variation of
seismic velocities averaged along the path
from source to receiver (14). Until now, surface
waves had not been observed on any mars-
quake records. Their absence could be due to
the relatively small magnitude of the recorded
seismic events (15), large source depths (8),
and/or contamination of seismic data by long-
period wind noise and atmospheric pressure
waves (16). Strong crustal scattering on Mars
(6, 17) can also impede the propagation and
affect the visibility of surface waves, as was the
case on the Moon (I8).

We report here the first detection of sur-
face waves on Mars in the seismic waveforms
of events S1094b and S1000a. S1094b, which
occurred on 24 December 2021, is the fourth
largest seismic event [moment magnitude
(MM2) = 4.0 + 0.2] and has one of the longest-

w
duration seismic signals recorded to date by

InSight (19), with coda energy persisting for
>135 min. On the basis of the differential
travel time of the direct P- and S-wave arrivals
and the measured P-wave polarization, the
initial distance and back azimuth estimates
provided by the Marsquake Service were 59.7 +
6° and 40° (-9° +18°), corresponding to a
source region in Amazonis Planitia ~3460 km
northeast from InSight (Fig. 1). The Mars
Reconnaissance Orbiter (MRO) images taken
between 24 and 25 December 2021 revealed
a large impact crater in Amazonis Planitia
3532 km away from the lander and consistent
with the source location estimated for S1094b
(20). With broad frequency content and M
similar to those of S1094b, event S1000a has
also been identified as atypical on the basis of
its seismic characteristics (19), and it was re-
cently associated with an impact crater near
the Tharsis province ~7460 km away from the
InSight lander (20). The ground-truth identi-
fication of the two events as impacts removes
all uncertainties related to hypocentral depth.

We applied standard marsquake data-
processing methodologies (19) to the S1094b
waveform data. An unusually large-amplitude
seismic arrival was observed 800 s after the
P-wave in the S-wave coda in the vertical
component spectrogram (Fig. 2). The arrival’s
frequency content was considerably lower
than typical P- and S-wave arrivals in the low-
frequency family marsquakes (8, 10). Narrow-
band filter banks of the raw vertical component
data showed dispersion in the 6- to 18-s period
range (Fig. 2). Frequency-dependent polar-
ization analysis confirmed that particle motion
was strongly elliptically polarized in the vertical
plane (fig. S1E). The systematic phase shift
between the vertical and horizontal components
suggests that the arrival had a predominantly
retrograde particle motion and arrived from
51° due northeast, consistent with the polar-
ization of the direct P-wave (fig. S6).

Taken together, these characteristics allow
the positive identification of this phase as the
minor-arc Rayleigh wave (R1). Although strong
elliptical polarization has been previously ob-
served in the 3- to 30-s period range of the
ambient seismic noise recordings, they were
strictly polarized in the horizontal plane (16)
and correlated with daytime wind direction
on Mars. Despite heavy late afternoon winds,
a comodulation analysis of the potential wind
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injection during the R1 arrival documented
excess seismic energy over that generated by
wind between 8 and 15 s at the time of the
observation (fig. S3). Moreover, we confirmed
that the seismic data recorded during the sur-
face wave arrival were not contaminated by
any known electromechanical artifacts asso-
ciated with the seismic sensor or the InSight
spacecraft system (21).

We found no evidence for Love waves in the
S1094b records. This observation is consistent
with an impact origin for S1094b, because an
isotropic source would primarily excite Rayleigh
waves. The detection of Rayleigh waves from
this impact source, but not from other low-
frequency marsquakes, supports the argument
that the marsquakes recorded to date are
generally too deep to effectively excite surface
waves (22). Our waveform simulation con-
firms that surface waves from shallow seismic
sources are far more likely to be detectable,
given the diurnal ambient noise level on Mars
(fig. S15).

We observed an additional anomalous seis-
mic arrival ~75 min after the identified R1
(fig. S2). As for the R1 observation, the time
of this arrival was far outside the time window
for a potential direct or ground-coupled infra-
sound wave originating from the impact source
region (20, 23). However, the timing was con-
sistent with that expected for the major-arc
Rayleigh wave (R2) that propagated in the
opposite direction around Mars. Dispersion
and enhanced elliptical polarization in the
vertical plane in the 6- to 11-s period range
supports the R2 interpretation. Although the
frequency content of this arrival was compa-
rable to that of R1, broadband environmental
injection in the analysis window was also
evident (fig. S4). Because of the low signal-to-
noise ratio, the direction of propagation and
particle motion of this phase were unclear,
and thus the identification of R2 is not de-
finitive. We found no evidence for the arrival
of surface wave overtones or multi-orbiting
Rayleigh waves in the S1094b waveforms (19).

Surface wave data on Earth are typically
interpreted assuming that propagation occurs
along the great circle path from source to
receiver and that it can be related to the aver-
age flat-layer structure along that path (24).
Using a number of crustal thickness models
constructed on the basis of gravimetric data
and the extrapolated crustal thickness estimates
from the InSight location (25), our kinematic
ray tracing predicted negligible deviations from
great circle paths for R1 and R2 that were <0.2%
of the total travel time (79). We measured the
group velocities of R1 and R2 and obtained
average values of 2.77 and 3.14 km/s, respec-
tively, which implies structural differences
along their propagation paths (fig. S7). Indeed,
whereas the R1 path traverses only the northern
lowlands, a large fraction of the R2 path crosses

Kim et al., Science 378, 417-421 (2022)

Hellas InSight $1094b Alba Valles
10 Planitia v Patera
B _,% --------------------------
''''' __ sensitivity depths
~ s1000a

E—10 Elevation [km]

T — S
PIEEM  Geological units T . ?g oho depth [km]
90°N
70°N
50°N ... A o7 =
o Elysium () = fisieesc, S ﬁ,ﬁ
SN Rise $1094b P, 151000a
= Isidis 2 o
10°N Basin = Cerberus Olympus B e
K . i -9
Elysium _Plains Mons (g)
10°S 5 \ &
30°S
50°S
70°S
90°S
0°E 30°E 60°E 90°E 120°E  150°E 180° 150°W  120°W  90°W 60°W 30°W 0°wW

Fig. 1. Locations of two large meteorite impacts (yellow circles) identified in MRO images. The

great circle paths for S1094b R1 (solid) and R2 (dashed) are shown in white, and the R1 path for S1000a
is shown in yellow. Background topographic relief is from the Mars Orbiter Laser Altimeter (47). The
distribution and sequence of major geological unit groups of Hesperian and Amazonian age (32) are overlaid.
Global elevation (orange) and the crust-mantle boundary depth profiles (25) along the R1 and R2 paths

(dashed blue) are shown at the top.

the southern highlands, and between 12 and 17%
of the path passes through the Hellas impact
basin, where the crust has been largely removed
and replaced by uplifted mantle (26). Therefore,
the crustal thickness within the Hellas impact
basin could be as low as a few kilometers (25),
and R2 would travel at a seismic velocity of the
uppermost mantle (corresponding to S-wave
velocities, Vg = 4 to 4.5 km/s) at periods of
10 to 16 s. The observed higher value in the
average group velocity of R2 with respect
to R1 could then be accounted for by Hellas
alone, and as a result the average crustal veloc-
ity of the southern and northern hemispheres
would be very similar (fig. S19).

Both phases showed little dispersion in the
observed frequency range, which is primarily
sensitive to crustal structure between ~5- and
30-km depth (Fig. 2C). Path-averaged radial P-
and S-wave velocity profiles were inverted using
the R1 measurements with multiple approaches
(Fig. 2C, and figs. S9 to S11), and regardless
of the parameterization strategies considered
(19), we obtained a uniform Vg of ~3.2 km/s,
with a slight linear increase down to a 30-km
depth. At greater depths, we lose sensitivity
because of the lack of dispersion measure-
ments at long periods (Fig. 2). At the shallowest
depths, we cannot rule out a thin slow layer;
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however, because of the nonlinear relationship
between V5 profiles and surface wave sensitiv-
ity kernels (Fig. 2C), the greatest permissible
thickness of such a layer depends on its Vg,
The uniform Vg in the 5- to 30-km crustal depth
range is different from the three-layer crustal
structure observed beneath InSight (7-9). The
obtained Vg was substantially higher in the
upper 10 km and was similar to the average
velocities of the second and third layers be-
neath the lander (Fig. 2D), but did not show the
same velocity jump around the 20-km depth.
From the comparison of the local and the R1
path-average velocity structures, we concluded
that the low Vg observed down to the 8- to
10-km depth below the lander was a local fea-
ture, and if it is present in other parts along
the path, it must be restricted to only few kilo-
meters below the surface. We cannot exclude
the presence of deeper layering in the crust,
but this would have to occur at varying depths
along the path to be averaged in the observed
linear V5 increase with depth.

The high crustal seismic velocities inferred
from the S1094b dispersion analysis were sup-
ported by S1000a data. Two distinct long-
period arrivals, at the ~20-s and ~30-s periods,
were visible in the vertical component spec-
trogram of S1000a in the R1 group arrival time
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are computed using the average model in (D). (D) Posterior distribution of Vg structure inverted from the group velocity measurements of S1094b R1 (K1094bR1).
Posterior distribution and prediction are based on the best-fitting 10,000 models after one million iterations. Depths where sensitivity is inadequate (<40% in
cumulative kernel strength) are muted. The range of Vs in the three-layer crustal models beneath the lander (7) are indicated by gray dashed lines. (E) Posterior
distribution of the Vs structure inverted with the group velocity measurements of the S1000a R1 (K1000aR1) at ~20-s and ~30-s periods (fig. S13). Blue and
yellow horizontal error bars denote the interquartile ranges of the posterior distributions in (D) and (E), respectively.

range predicted on the basis of the posterior
distribution of Vg (fig. S12). Although R1 in
S1094b showed clear polarization, the com-
parative strength of the environmental injec-
tion during the expected R1 window of S1000a
prevents a definitive identification. The inferred
Vs structure using the S1000a group velocity
measurements at the ~20-s and ~30-s periods
(2.73 and 2.83 km/s, respectively) overlaps with
our posterior Vg distribution for S1094b down
to 30-km depth, and provides additional con-
straints to image a slowly increasing Vg in the
lower crust down to 45-km depth (Fig. 2E).
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This agreement suggests a high degree of sim-
ilarity in the average crustal structure along the
two R1 paths.

Unlike dispersion, the frequency dependence
of Rayleigh wave ellipticity, expressed as the
ratio of horizontal-to-vertical amplitude (H/V),
is strongly sensitive to the structure directly
beneath InSight. We found that the H/V mea-
surements made on R1 were consistent with
previous models of crustal layering beneath
the lander (figs. S16 and S17), as were P- to
S-wave conversions in the P-wave coda of
S$1094b, which showed prominent arrivals at
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2.4, 4.8, and 7.2 s after the direct P arrival
(figs. S20 and S21). Even with a single event,
we can confirm that the shallow crustal struc-
ture at the landing site down to 10-km depth
was substantially slower than the average crustal
velocity sampled by the R1 path.

The observed surface waves allowed us to
expand the current understanding of crustal
structure on Mars beyond the crustal layering
inferred beneath the InSight landing site (7).
We found that the low Vg layer extending
down to 10-km depth in the shallow crust of
Elysium Planitia does not exist globally on
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Mars. Instead, the average crustal velocities
along the R1 paths of S1000a and S1094b
(Fig. 3) were considerably faster and are likely
to be more representative of the average crustal
structure. Large geographic variations in upper
crustal structure hold implications for inter-
preting waveforms of surface-bouncing seis-
mic waves such as PP and SS and must be
explicitly accounted for when constructing
models of the spherically symmetrical struc-
ture of Mars. These structural variations hold
clues for the deeper signature of surface geologic
units and for interpretations of gravity data.

A large portion of the R1 paths between
Elysium and Amazonis Planitiae passes through
the Elysium rise, the largest volcanic province
in the northern lowlands (Fig. 1). Its surface
geology is characterized by lava flows of
Hesperian to Amazonian age, reaching up to
several kilometers of thickness and repre-
senting a history of major resurfacing (27).
Beyond Elysium, the S1000a R1 path again en-
counters extensive regions covered by Hesperian
and Amazonian volcanics in Amazonis Planitia
and north of Alba Patera. By contrast, the plains
around the InSight lander are composed of
Early Hesperian and Early Amazonian lava
flows (28, 29), and their limited thickness is in-
sufficient to affect R1 dispersion. Below ~200 m,
weaker sedimentary material is suggested to
extend in places at least to 5- to 6-km depth on
the basis of the phyllosilicate signatures and
layered sedimentary rocks brought up in the
central peaks of large impact craters (30).

Similar constraints are provided by density
inferred from gravity data. The maximum per-
missible density of the overall crust on Mars
(2850 to 3100 kg/m®) is lower than the density
of most martian basaltic materials found at
the surface, as estimated by gamma-ray com-
positional mapping (31) and by mineralogical
norms for SNC meteorites of predominantly
Amazonian age [see summary in (25)]. The
two factors contributing to a layered crustal
density structure on a global scale could be
of a less mafic (less dense) composition and/or
an elevated porosity (6, 7, 25) (Fig. 3).

Most of the R1 paths pass through regions
resurfaced by relatively young volcanic rocks,
and this results in similar, higher densities of
the upper and lower crust. Although Elysium
volcanic cumulates are only a few kilometers
thick (32), and thus within the uppermost
zone of poor seismic sensitivity (Fig. 2), their
magmatic history influenced the nature of the
whole crust in this region (33, 34). The average
ratio of intrusive to extrusive magmatism on
Mars (35, 36) implies that intrusives account
for >5 km of average crustal thickness in-
tegrated over the entire Elysium rise and even
more near the volcanic centers traversed by R1
(Fig. 1). One proposal for Mars is that intrusive
rocks (i.e., magma chamber centers) would con-
centrate at greater depths than on Earth (33).

Kim et al., Science 378, 417-421 (2022)

Fig. 3. Cross section of the S1094b surface wave path through Mars. Surface topography (47) and
crustal thickness (25) with a 20x vertical exaggeration are shown along the path of R1 and R2, with major
geological provinces labeled at the surface and potential subsurface structures that affect surface wave
velocity. The approximate sampling depth of the observed surface waves is indicated by a gray dashed line.
The inset context map shows the topography along the surface wave paths. The colored arcs indicate the
path length(s) through provinces with surface volcanism (red), ice stability at latitudes >30° (cyan), and
cratered highlands (gray).

These intrusive magmas represent, at least in
part, residues of the partial melting giving rise
to surface lavas, and thus they are likely of
greater density (37) and have elevated seismic
wave speeds closer to values typical of basaltic
volcanic rocks, consistent with the path-average
velocity profiles that we observed below a 5-km
depth (Fig. 2).

Substantial porosity is also likely to be present
in the upper crustal layers beneath the lander
(6, 7, 25). Their low Vg is compatible with
fractured basalt having, for example, 10% poros-
ity, although the exact amount depends strongly
on both the aspect ratio of the pore spaces and
material contained therein (fig. S22). However,
the higher path-averaged velocities that we
observed in the upper 10 km would require
lower porosity, which could result from vis-
cous closure of pore spaces caused by the
thermal annealing expected to accompany

28 October 2022

volcanic resurfacing processes (25, 38), par-
tial filling of pore spaces by the deposition of
precipitated minerals from a briny ancient
aquifer system (39), or the presence of a deep
cryosphere or substantial water table beneath
the thick Amazonian lava flows along the R1
path (19, 40, 41) (Fig. 3). Images from the High
Resolution Imaging Science Experiment of
the S1094b impact crater show large blocks
of pure ice ejected from the shallower layers
(20). This would not be expected to be the
case near InSight, because the shallow crust
with a V5 of 1.7 to 2.1 km/s in the upper 8 to
11 km (7) rules out an ice-saturated cryo-
sphere (39).

Another possibility is that a low-density, high-
porosity layer beneath InSight results from
ejecta deposited by the Utopia impact (25).
Because ejecta thickness is a strong function
of radial distance, one would expect the ejecta
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thickness averaged along the R1 path to be
much less than that beneath InSight, which is
consistent with observations.

Regardless of the exact origin, composition,
and/or porosity, the variations of the martian
crustal seismic structure presented here are
likely correlated with density variations, be-
cause both temperature and compositional
variations increase density together with V.
Therefore, our results imply greater crustal
densities between Elysium and Amazonis
Planitiae than directly beneath the lander.
This result is consistent with previous esti-
mates of higher crustal density beneath the
Elysium rise of 3100 + 100 kg m™ (42) and
lower density beneath the lander (43) from
gravity topography measurements. Density
variations would also affect inferences of
crustal thickness from topographic and gravity
signals associated with the crustal dichotomy
(4, 25). Currently, both exogenic processes [i.e.,
one or more large impacts (44)] and endogenic
processes [i.e., mantle convection (45)], or a
combination thereof (46), continue to be de-
bated as the origin of the dichotomy. Both
processes would be expected to generate a
basaltic secondary crust in the northern low-
lands, consistent with the R1 observations from
the two recent impacts. However, if confirmed
by further analyses or other events, the S1094b
R2 observation of similar group velocities across
the southern hemisphere (once corrected for the
path in the Hellas impact basin) preliminarily
indicates that the crustal structure at relevant
depths could be substantially similar north and
south of the dichotomy (Fig. 3).
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An insightful impact

On 24 December 2021, the seismometer for the InSight mission on Mars detected a large seismic event with a distinct
signature. Posiolova et al. discovered that the event was caused by a meteor impact on the surface of Mars, which was
confirmed by satellite observations of a newly formed 150-kilometer crater. The surface nature and size of the impact
allowed Kim et al. to detect surface waves from the event, which have yet to be observed on Mars. These surface
waves help to untangle the structure of the Martian crust, which has various amounts of volcanic and sedimentary
rock, along with subsurface ice, in different regions of the planet (see the Perspective by Yang and Chen). The
characteristics of the impact itself are important because they provide a seismic fingerprint of an impact event that is
different from the marsquakes observed so far. —BG
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