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Abstract We report observations of Rayleigh waves that orbit around Mars up to three times following the
S1222a marsquake. Averaging these signals, we find the largest amplitude signals at 30 and 85 s central period,
propagating with distinctly different group velocities of 2.9 and 3.8 km/s, respectively. The group velocities
constraining the average crustal thickness beneath the great circle path rule out the majority of previous crustal
models of Mars that have a >200 kg/m? density contrast across the equatorial dichotomy between northern
lowlands and southern highlands. We find that the thickness of the Martian crust is 42-56 km on average, and
thus thicker than the crusts of the Earth and Moon. Considered with the context of thermal evolution models,

a thick Martian crust suggests that the crust must contain 50%—70% of the total heat production to explain
present-day local melt zones in the interior of Mars.

Plain Language Summary The NASA InSight mission and its seismometer installed on the
surface of Mars is retired after ~4 years of operation. From the largest marsquake recording during the entire
mission, we observe clear seismic signals from surface waves called Rayleigh waves that orbit around Mars up
to three times. By measuring the wavespeeds with which these surface waves travel at different frequencies, we
obtain the first seismic evidence that constrains the average crustal and uppermost mantle structures beneath
the traveling path on a planetary scale. Using the new seismic observations together with gravity data, we
confirm that the density of the crust in the northern lowlands and the southern highlands is similar, differing by
no more than 200 kg/m?. Furthermore, we find that the global average crustal thickness on Mars is 42-56 km,
much thicker than the Earth's and Moon's crusts. By exploring Mars' thermal history, a thick Martian crust
requires about 50%—70% of the heat-producing elements such as thorium, uranium, and potassium to be
concentrated in the crust in order to explain local regions in the Martian mantle that can still undergo melting at
present day.

1. Introduction

After more than 4 Earth years (~1,450 sols) of operation on the Martian surface monitoring the plan-
et's ground vibrations, the InSight mission (Banerdt et al., 2020) is now retired and its seismometer (SEIS,
Lognonné et al., 2019) is no longer operating. Throughout the mission, analyses of body waves from marsquakes
(Ceylan et al., 2022; Giardini et al., 2020; InSight Marsquake Service, 2022) and impacts (Garcia et al., 2022;
Posiolova et al., 2022) have led to important discoveries about the planet's crust (Kim, Lekié, et al., 2021;
Knapmeyer-Endrun et al., 2021; Lognonné et al., 2020), mantle (Drilleau et al., 2022; Duréan et al., 2022; Khan
etal., 2021), and core (Irving et al., 2023; Khan et al., 2022; Stihler et al., 2021). Recent detection of fundamental
mode surface waves and overtones, together with gravimetric modeling enabled the characterization of crustal
structure variations away from the InSight landing site and showed that the average crustal velocity and density
structure is similar between the northern lowlands and the southern highlands (Kim, Banerdt, et al., 2022; Kim,
Stéhler, et al., 2022).
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Figure 1. (a) Top diagram describes the direction of propagation and number of cycles for those surface waves orbiting around Mars in S1222a. Bottom shows 1-D
interior models of Mars explored in this study. The crustal velocity profile constrained by previous surface wave studies are expanded to the existing mantle models of
KKS21 (solid) and Duran2022 (dashed). For 3-D wavefield simulations, the two composite profiles are extrapolated by the thickness ranges shown in panel (b). Gray
profiles are the posterior distribution of models in Durén et al. (2022). (b) Crustal thickness distribution between the northern lowlands and southern highlands on Mars.
S1222a and the lander locations are denoted by yellow and white symbols, respectively. Background colormap denotes the crustal thickness used for generating our 3-D
crustal velocity model of Mars. Dichotomy boundary (yellow line) is based on Andrews-Hanna et al. (2008). SEIS = InSight seismometer and GCP = Great circle path

(white line).

Earlier in the mission, the InSight science team produced 1-D models of Mars' interior (KKS21; named after the
three publications of Knapmeyer-Endrun et al. (2021), Khan et al. (2021), and Stihler et al. (2021)) by inverting
travel times of the body wave arrivals together with geophysical and geodynamical parameters as a function of
composition, temperature, and pressure at depth. Recently, cosmochemical constraints on the nature of the mantle
(e.g., Khan et al., 2022) have been used to construct a unified description of the planetary structure that can
explain both observed geophysical measurements as well as the major element distribution. Using an expanded
body wave data set and the new mantle composition of Mars, updated 1-D interior models of the planet are now
available (e.g., Duréan et al., 2022).

Despite different approaches and the new compositional constraints incorporated into the modeling, more than
75% of the seismic body wave measurements are predominantly sensitive to the lithospheric structure between
Elysium Planitia and Cerberus Fosse where most of the planet's seismicity (Stéhler et al., 2022) and small mete-
orite impacts have been observed (Garcia et al., 2022). Similarly, in those 1-D models, crustal structure directly
beneath the landing site of InSight is assumed to be representative of average Martian crust. These observational
limitations and modeling choices can significantly bias our inferences of the global interior structure and dynam-
ics of Mars.

In this study, we identify Rayleigh waves that orbit around Mars up to three times (up to R7; Figure 1a) and report
their group velocity measurements for the largest seismic event recorded by InSight. By analyzing long- (LP) and
very-long-period (VLP) R2-R7 energy and three-dimensional (3-D) wavefield simulations, we measure seismic
wavespeeds in average crustal and mantle structures and improve previously reported estimates on global crustal
thickness of Mars. We highlight the implications of the new constraints from our analysis for the planet's interior
structure and thermal evolution.

2. Data and Methods
2.1. Seismic Analysis of S1222a

The largest seismic event detected during the InSight mission is the My} 4.6 marsquake S1222a (InSight
Marsquake Service, 2023; Kawamura et al., 2022 ) (Figure 1b). The seismic waveforms of S1222a contain both
minor-arc Rayleigh and Love waves (e.g., Beghein et al., 2022), overtones (Kim, Stdhler, et al., 2022), and
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Rayleigh waves that propagate around Mars for one cycle (R2 and R3) (e.g., Panning et al., 2023). To extend our
analysis and search for Rayleigh waves traveling multiple times around Mars, we consider a 10-hr long seismic
recording of S1222a (InSight Marsquake Service, 2023) (Figure S1 in Supporting Information S1). We apply
marsquake seismic data processing techniques to remove electro-mechanical noise by the sensor and the lander
(Scholz et al., 2020), to suppress spurious signals and to avoid misinterpretation of the SEIS data (Kim, Davis,
et al., 2021). We restrict our analysis to the 25-100 s period range because seismic energy observed outside
this frequency range can be affected by atmospheric turbulence at various scales at longer periods (Banfield
et al., 2020) or overprinted by strong scattering at shorter periods (Karakostas et al., 2021; van Driel et al., 2021).
We correct for the presence of scattered waves in the seismic coda by examining frequency dependent polari-
zation attributes (FDPAs) (e.g., Park et al., 1987) (see Text S1 in Supporting Information S1 for more details).
To further enhance the signal-to-noise ratio of our data, we take +200 s of the predicted R2-R7 arrival times
and perform a Nth root stacking (N = 4) assuming that waves propagate along the great circle path (GCP), a
commonly made assumption in surface wave analysis on Earth (e.g., Moulik et al., 2022). We consider a range of
GCPs based on the back azimuth uncertainties of the direct P-, S-waves, and minor-arc surface waves (Kawamura
et al., 2022; Kim, Stéhler, et al., 2022; Panning et al., 2023). Prediction windows for Rayleigh wave travel times
are computed according to the depth sensitivity for each period range and the KKS21 model. The minor-arc
Rayleigh wave (R1) is not included in the analysis to avoid producing a bias toward the minor-arc path. Here, we
use the envelope rather than the waveform to prevent distortion of seismic signals produced by nonlinear process-
ing (e.g., Rost & Thomas, 2002).

2.2. 3-D Wavefield Simulation of S1222a

Previously, little deviation for R1-R3 travel times in S1222a between the GCP and the ray theoretical path has
been reported for existing crustal thickness models of Mars (Kim, Stihler, et al., 2022). To account for more real-
istic volumetric sensitivities for higher-orbit Rayleigh wave propagation with existing crustal thickness variations
on Mars, we carry out a 3-D wavefield simulation using the spectral-element code by Afanasiev et al. (2019).
For our input model, we employ the 3-D crustal velocity modeling scheme used in the analysis of 3-D ray tracing
by Kim, Stihler et al. (2022). The initial crustal velocity profile is characterized by a positive velocity gradient
of 0.02 km/s per km with an average shear velocity (V) of 3.2 km/s based on previous surface wave analyses
of S1222a and the two large impacts, S1094b and S1000a (Figure 1a). Within the crustal layer, we extrapolated
and vertical scaled the velocity profile based on the distribution of crustal thicknesses (e.g., Figure 1b). For
the mantle, we consider: (a) the 1-D reference velocity model of KKS21 (solid, Figure 1a) and (b) the recently
updated 1-D models that have a 5% faster uppermost mantle velocity resulting from a reduced mantle FeO content
(hereafter Duran2022; dashed, Figure 1a). See Text S2 in Supporting Information S1 for more details.

3. Results and Discussion

Our LP (~30 s) vertical-component envelope shows strong amplitude signals in the predicted time windows for
R1, R2, and R3 traveling with an average group velocity range of 2.4-3.0 km/s (black curve, Figure 2a). We
observe weaker and more localized later-arrivals within the predicted time windows for R4-R7, which appear
to have relatively large elliptically polarized energy in the vertical plane in the same period range as expected
for Rayleigh waves (dashed brown, Figure 2a). Conversely, linearly polarized signals such as a small amplitude
glitch (gray, Figure 2a) or other body wave arrivals show a negative correlation between envelope amplitude
and the polarization. In the case of VLP (~85 s), the envelope amplitude and the corresponding FDPA curve is
highly correlated and both data show distinctive peaks observed across the predicted windows with a higher trav-
eling speed of 3.6—4.0 km/s (Figure 2b). For both period ranges, we observe statistically significant correlations
between seismic observables within the R2-R7 windows above 99% confidence level (Figure S2 in Supporting
Information S1) (see also Text S3 in Supporting Information S1 for more details). Arrivals outside the predicted
windows for LP and VLP data could be due to multipathing of the propagated surface waves in 3-D crustal
structure or body-to-surface wave conversion. Averaging across the R2—R7 signals, we observe the strongest
amplitude signals at 30 and 85 s central periods, propagating with distinctively different group velocities of 2.9
and 3.8 km/s, respectively, in both amplitude and polarization stacks (Figures 2¢ and 2d).

Although similar group velocities have been independently reported by other studies for R2 and R3 arrivals in
S1222a at 30 s (Kim, Stihler, et al., 2022; Li et al., 2022; Panning et al., 2023), the observed group velocities
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Figure 2. Vertical-component envelopes of the S1222a deglitched waveform (black) and the FDPAs for elliptically polarized particle motion in vertical plane (dashed
brown) filtered between (a) 25-35 s (LP) and (b) 70-100 s periods (very-long-period [VLP]). Shaded areas indicate the predicted time windows of R1-R7 arrivals base
on the group velocities ranging from 2.4 to 3.0 to 3.6-4.0 km/s for LP and VLP data, respectively. Glitches are shown by gray lines. Envelopes in magenta are based

on a 3-D wavefield simulation using the model with crustal thickness variation shown in Figure 1. Group velocity measurements of R2—-R7 are obtained by Nth-root
stacking of the time-series in (a, b) for (c, d) data and (e) synthetics. White crosses are from independent analyses of R2 and R3 by Kim, Stihler et al. (2022). White
and magenta circles denote the largest amplitude signals observed at the center of 400 s long stacking window for data and synthetics, respectively. See Figure S3

in Supporting Information S1 for the complete analysis between 25 and 100 s with narrow-band filters. G = glitches and FDPA = frequency dependent polarization
attribute.
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show an apparent jump at intermediate periods between 20 and 100 s (Figure S3 in Supporting Information S1),
unlike typical, smoothly varying surface wave dispersion curves, as predicted by the existing 1-D models (e.g.,
Drilleau et al., 2022; Duran et al., 2022) (Figure S4 in Supporting Information S1). Such abruptness in disper-
sion and the observed low and high velocities from the R2-R7 signals (Figure S3 in Supporting Information S1)
cannot be solely attributed to elliptically polarized martian wind (e.g., Stutzmann et al., 2021) contaminating the
data which is unlikely to be recorded with the apparent periodicity for both LP and VLP data. At much longer
periods between 100 and 200 s, a similar group velocity close to 3.8 km/s for the excitation of R2 has been
reported by using ambient noise correlations (Deng & Levander, 2022). A normal mode study on Mars has also
shown some potential excitation of the fundamental mode surface waves in comparable period ranges between
120 and 300 s (Lognonné et al., 2023).

The predicted dispersion curves using a suite of 1-D models with varying crustal thickness illustrate that the
two end-member group velocities at LP and VLP appear as a type of stationary phase or “Airy-phase” (Aki
& Richards, 2002) across different periods (Figure S5 in Supporting Information S1). Depending on crustal
thickness in a model, however, the shape of group velocity dispersion curves at intermediate periods will vary
substantially and would not allow seismic signals associated with the surface waves to constructively interfere
across multiple orbits of Mars. Such Airy-phase is often associated with the amplification of Rayleigh waves on
Earth that can propagate for considerable distances across the continental crust (Ewing & Press, 1956) and mantle
(Ewing & Press, 1954), mainly observed at 15-20 and 140-200 s, respectively. The observation of Rayleigh
waves traveling over multiple orbits on the seismic recording of a relatively small-magnitude quake (Mg 4.6)
suggests those stationary values of group velocities on Mars could be occurring close to 30 and 85 s central
periods.

Our 3-D wavefield simulations also show that large-scale variations in crustal thickness across the equatorial
dichotomy are necessary to reproduce this behavior (Figures S6 and S7 in Supporting Information S1). Using
our 3-D model, we find that the spectrum of the R2-R7 arrivals in synthetic waveform is largely discontinuous in
time and frequency. This feature becomes more evident for Rayleigh waves propagating in higher-orbits beyond
R3. The variation in amplitude of surface waves propagating toward the minor-arc versus major-arc directions

(i.e., R 44 vs. R,,.,) also supports the evidence for lateral variation in crustal structure, likely due to (de)focus-

even
ing of those waves (e.g., Romanowicz, 1987). Therefore, our observation of the absence of dispersion between
~30-85 s for R2-R7 in S1222a and their associated amplitude change substantiate the choice of our 3-D model
with large variation in crustal thickness (i.e., 20-90 km) (Figure 1b) as these observations cannot be explained by

existing 1-D models assuming a constant crustal thickness (Figure S4 in Supporting Information S1).

The group velocity obtained for the largest amplitudes seen in the synthetic LP stack is consistent with our
R2-R7 measurement of ~2.9 km/s at ~30 s (with a small uncertainty of <2%; c. f., white and magenta symbols)
(Figure 2e), indicating that the average speed at which R2—-R7 travel within the crust can be well-recovered with
our 3-D model even with a large variation in crustal thickness (e.g., Figure 1b). For the synthetic VLP stack,
we find that the observed group velocity is strongly dependent on the versions of 1-D mantle models imple-
mented in our analysis since the sensitivity of 70-100 s Rayleigh waves on Mars is predominantly between 75
and 115 km, a depth range in the uppermost mantle (Figure S8 in Supporting Information S1). For example, the
recent 1-D models produced by Duran et al. (2022) or Drilleau et al. (2022) have a 5% faster uppermost mantle
than KKS21 (Figure 1a). Our R2-R7 measurements are better fit by the newer sets of models that are based on a
lower mantle FeO content compared to the KKS21 model that uses Wénke-Dreibus (Winke et al., 1994) or Taylor
compositions (Taylor, 2013) (c.f., Figure 2e and Figure S9 in Supporting Information S1). This difference in
seismic wavespeeds in existing models of the uppermost mantle, however, does not significantly affect body wave
travel times with limited sensitivity and geographical coverage nor the estimated event locations (Figure S10 in
Supporting Information S1) (See also Text S4 in Supporting Information S1). Therefore, the new observations
of R2-R7 provide a promising means of refining the 1-D models of the planet's radially symmetric structure,
verifying the major element distribution of the Martian mantle and determining the crustal thickness variations.

To find the average crustal thickness along the GCP from S1222a to the InSight lander, we carry out a system-
atic model-space search seeking average crustal Vg, thickness, and uppermost mantle Vj that fit the observed
velocities of R2-R7 (Figure 3a). We obtain a distribution of allowable velocities and thicknesses, with mean
Vg of 3.38 km/s and 4.41 km/s for crustal and uppermost mantle, respectively, and a mean crustal thickness of
50 km beneath the GCP with an interquartile range between 44 and 58 km (magenta, Figure 3a). This estimate
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Figure 3. (a) Posterior distribution of the crustal and mantle V and crustal thickness along the great circle path (GCP) of
S1222a. Interquartile range of the distribution is shown by red outlines. (b) Average crustal thickness of northern lowlands
versus southern highlands for global crustal thickness models with crustal densities ranging from 2,550 to 3,050 kg/m? with
(circle symbol) and without a density contrast (diamond symbol) across the dichotomy. Size of the symbol increases with
increasing background crustal density values. Dichotomy boundary is based on Andrews-Hanna et al. (2008). Colormap
denotes the mean crustal thickness along the GCP for each model. Those models within the red outline are compatible with
the posterior distribution in panel (a). (c) New global average crustal thickness range obtained by the model selection in panel
(b) in comparison to that of the Earth and the Moon where constraints based on seismic data are available. (d) Best-fitting
thermal evolution model of Plesa et al. (2018) computed with the new crustal constraint in panel (c) and contain 53% of the
total bulk content of radioactive elements in the crust. This model has average crustal densities of 2,750 and 2,550 kg/m? for
northern lowlands and southern highlands, respectively, and an average global crustal thickness of 48 km. See Figures S11
and S12 in Supporting Information S1 for the rest of models with different sets of input parameters. PREM = Preliminary
Reference Earth Model. 3-D = a global 3-D model by Huang et al. (2013).

of GCP-averaged crustal thickness and its uncertainty can be used as a robust anchoring-point and extrapolated
globally using the existing models of crustal thickness based on gravimetric modeling (Wieczorek et al., 2022),
which on their own suffer from a trade-off between average crustal density and thickness.

Crustal thickness directly beneath the lander based on RF analyses (Kim, Lekic, et al., 2021; Knapmeyer-Endrun
et al., 2021) has previously been used as an anchoring-point to yield estimates of the average crustal thickness
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on Mars in the 30-72 km range. Using the interquartile range of crustal thickness distribution along the GCP
constrained by the R2-R7 analysis (magenta lines, Figure 3a) against those from all plausible models considered
in this study (see Text S5 in Supporting Information S1), we were able to improve estimates of the average crustal
thickness by ruling out the majority of those crustal models that have a >200 kg/m? density contrast across the
dichotomy (Figure 3b). As a result, we obtain an estimate of the global average crustal thickness range between
42 and 56 km from the remaining models (symbols in magenta, Figure 3b), which is a significantly narrower
range than previously available. This implies large differences in crustal thickness between the northern lowlands
and the southern highlands (up to ~30 km), and places new constraints on the average global thickness of the
Martian crust, evidently thicker than the terrestrial (Dziewonski & Anderson, 1981; Huang et al., 2013) and the
lunar crusts (Wieczorek et al., 2013) (Figure 3c).

Of the major rocky bodies in the inner solar system for which constraints are available, Mars very likely has
the thickest crust (i.e., 42-56 km). Based largely on seismic data, Earth's crust averages only about 21 km
(Dziewonski & Anderson, 1981) or 27 km in thickness (Huang et al., 2013). The thickness of the lunar crust,
which is anchored by Apollo seismic data, is in the range of 34-43 km (Wieczorek et al., 2013) (Figure 3c).
For the other bodies, there are no seismic data and crustal thickness constraints are based solely on gravity and
topography measurements. Nevertheless, it is likely that on average, the thickness of the Venusian crust is in the
range of about 8-26 km (James et al., 2013; Maia & Wieczorek, 2022) and the Mercurian crust in the range of
17-53 km (Padovan et al., 2015) or possibly even thinner (15-37 km, Sori, 2018). Even the crust of 4-Vesta may
be broadly in this range with one estimate at 24 km (Ermakov et al., 2014). Accordingly, variations in crustal
thicknesses of these rocky bodies appear to be within a factor of about 3—4 (McLennan, 2022). This is in contrast
to planetary crustal masses which vary by well over an order of magnitude relative to the size of their respective
primitive mantles, between about 0.6% for Venus (and a similar value of 0.7% for Earth, Huang et al., 2013) to
as much as 9.5% for Mercury and 14% for 4-Vesta (McLennan, 2022). Our results are consistent with Mars being
intermediate among these values with the crust representing about 4%—5% of the primitive mantle mass. There-
fore, the degree of silicate differentiation into planetary crusts is more a function of overall planetary size than
of crustal thickness and smaller bodies tend to have thicker crusts and increased degrees of mantle processing to
form those crusts (McLennan, 2022; O’Rourke & Korenaga, 2012).

The tighter constraints on the crustal thickness obtained here compared to previously derived values from the RF
analysis (Knapmeyer-Endrun et al., 2021) provide important information for thermal evolution models of the inte-
rior of Mars (Khan et al., 2021; Knapmeyer-Endrun et al., 2021; Plesa et al., 2018, 2021, 2022). Together, this can
help to further refine the president-day temperature distribution and amount of heat-producing elements within
the crust. Thermal evolution models produced by using a maximum density contrast of <200 kg/m? across the
dichotomy constrained by the R2-R7 analysis show that more than half but less than 70% of the total radiogenic
heat production needs to be in the crust. The decay of radioactive isotopes of Th, U, and K is the main source of
heat in the interior of Mars today and while the models include other heat sources such as the heating by the core,
their contribution is expected to be negligible at present day for Mars and other stagnant lid planets (e.g., Breuer
& Moore, 2007). The high crustal enrichment on HPE we infer is required in order to produce local melt zones in
the mantle at present day (see Figures S11 and S12 and Text S6 in Supporting Information S1 for more details).
The inferred crustal heat production range is consistent with the study of Knapmeyer-Endrun et al. (2021). For
three end-member crustal models tested in Figures S11 and S12 in Supporting Information S1, we obtained
enrichment factors between 8.2 and 14.3 (corresponding to a crustal heat production of 46.7-64.4 pW/kg). These
enrichment factors are close to, but extend to slightly larger values than the enrichment estimated from GRS
data 8-10.3 (crustal heat production of 46-51 pW/kg; Hahn et al., 2011). Interestingly, our best-fitting model
with a 200 kg/m? density contrast favors mantle plumes that can produce melt up to the present day close to
Cerberus Fosse (inset, Figure 3d), supporting the interpretation from gravity and topography data (Broquet &
Andrews-Hanna, 2022) and from seismic observations (Stihler et al., 2022). Therefore, our study offers a prom-
ising opportunity for further evaluating the plume hypothesis beneath Cerberus Fosse.

4. Conclusions

We present the observation of Rayleigh waves that orbit around Mars up to three times (R2-R7) using the InSight
seismic recording of the largest marsquake of S1222a. Our analysis revealed that these Rayleigh waves are trav-
eling with stationary group velocities of 2.9 and 3.8 km/s at 30 and 85 s central periods, respectively; energy at
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intermediate periods does not appear to constructively interfere across multiple traveling cycles around Mars. 3-D
wavefield simulations show that the presence of large-scale variations in crustal thickness across the equatorial
dichotomy is necessary to reproduce this behavior. The observed group velocities further highlight the difference
in radial profiles of seismic wavespeeds in existing models of the uppermost mantle, which are based on body
wave travel times with limited sensitivity and geographical coverage. We find that previous crustal models of
Mars with a >200 kg/m® density contrast across the dichotomy cannot explain the average crustal thickness
beneath the GCP constrained by the R2-R7 group velocities. This implies large differences in crustal thickness
between the northern lowlands and southern highlands, with the average global thickness of Martian crust esti-
mated to be 42-56 km, which is thicker than the crusts on the Earth and Moon. Our study places new constraints
on our understanding of the internal structure and evolution of Mars, and have implications for the potential
existence of underlying plumes and local melt zones, such as Cerberus Fosse.
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