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Abstract

We have observed both minor-arc (R1) and major-arc (R2) Rayleigh waves for the largest marsquake (magnitude
of 4.7 £ 0.2) ever recorded. Along the R1 path (in the lowlands), inversion results show that a simple, two-layer
model with an interface located at 21 - 29 km and an upper crustal shear-wave velocity of 3.05 - 3.17 km/s can fit the
group velocity measurements. Along the R2 path, observations can be explained by upper crustal thickness models
constrained from gravity data and upper crustal shear-wave velocities of 2.61 - 3.27 km/s and 3.28 - 3.52 km/s in the
lowlands and highlands, respectively. The shear-wave velocity being faster in the highlands than in the lowlands

indicates the possible existence of sedimentary rocks, and relatively higher porosity in the lowlands.

Plain Language Summary

The largest marsquake ever recorded occurred recently and waves propagating at the surface, called surface waves,
have been observed. Owing to the relatively large magnitude (i.e., 4.7 = 0.2) of this event, surface wave energy is
still clearly visible after one orbit around the red planet. The shortest path taken by the wave propagating between
the source and the receiver is located in the northern lowlands, near the boundary with the southern highlands (called
dichotomy). The surface wave traveling in the opposite direction, following the longer distance between the quake
and the seismic station, mostly passes through the highlands. Analyses of these two paths reveal that the average
shear-wave velocity is faster in the highlands than in the lowlands near the dichotomy boundary. This lower velocity

in the lowlands may be due to the presence of thick accumulations of sedimentary rocks and relatively higher porosity.

Key Points:

®  Analyses of the minor-arc and major-arc Rayleigh waves reveal different Martian crustal structures across the
dichotomy boundary

® The average shear-wave velocity is faster in the highlands than in the lowlands near the dichotomy boundary.

® The lower shear-wave velocity in the lowlands may be due to the presence of sedimentary rocks and relatively

higher porosity.
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1. Introduction

The InSight (Banerdt et al., 2020) mission landed a very broadband seismometer (Lognonné et al., 2019), on Mars
in Nov 2018 to better understand the structure, evolution, and differentiation of the Martian crust. In nearly three and
a half years, more than one thousand marsquakes and several impact events have been recorded (Clinton et al., 2021;
Garcia et al., 2022; Posiolova et al., 2022). So far, multiple body-wave signals have been clearly recorded (Clinton
et al., 2021), but observable surface-wave signals were only recently reported for two impact events (Kim et al.,
2022).

Due to the lack of surface wave observations, previous seismological studies of the Martian crust and the topmost
mantle were mainly based on body waves and ambient noise correlations (e.g., Lognonné et al., 2020; Knapmeyer-
Endrun et al., 2021; Compaire et al., 2021; Schimmel et al., 2021; Li et al, 2022a and 2022b). Since the ray paths of
the above-mentioned signals are nearly vertically incident beneath the seismometer, most of the sampled sub-surface
structures are limited to the vicinity of the InSight landing site (i.e., within a radius of ~ 50 km). Nevertheless, there
were attempts to constrain the crustal structures at other locations (e.g., Li et al., 2022c¢).

On the 1222 Martian day (sol) of the InSight mission, the largest marsquake (S1222a) ever recorded occurred
with a magnitude of 4.7 £ 0.2, which corresponds to energy five times greater than the second-largest event
(Kawamura et al. 2022; InSight Marsquake Service, 2022). For the first time, both Rayleigh and Love waves were
observed on a planet other than Earth (Kawamura et al. 2022; Beghein et al. 2022; Xu et al., 2022).

On a radially stratified, laterally homogeneous sphere, a surface wave travels along the great-circle path. The wave
that travels along the shorter path between the source and the receiver is named the minor-arc Rayleigh wave (R1).
The wave that travels in the other direction, along the longer path, is named the major-arc Rayleigh wave (R2). The
Rayleigh wave arrival is called R3 when the minor-arc wave circuits the globe and eventually reaches the station
again. On Earth, R2 and R3 can fill the gap of poorly covered areas in tomographic models (constrained by R1 alone)
and thus enhance the resolution (e.g., Trampert and Woodhouse, 1996). On Mars, the R2 and R3 observations are
very important since there is only one station and thus there are lots of gaps to cover.

To observe the R2 and R3 Rayleigh waves, which are of much smaller amplitude than R1, the minimum moment
magnitude was estimated to be Mw 6.0 for quiet stations on Earth (Panning et al., 2005). On Mars, the minimum
requirement for marsquakes is between Mw 4.6 and Mw 5.3, mainly due to Mars’s smaller radius (Panning et al.,
2005). As predicted, the large magnitude of event S1222a enabled observations of R2 and R3 on Mars (Panning et

al., 2022).
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The epicentral distance of event S1222a is 37.0 + 1.6 degrees, and the back azimuth is estimated to be between 96
and 112 degrees (Kawamura et al. 2022), placing the location of S1222a in the lowlands and near the dichotomy
boundary. The dichotomy boundary separates the northern lowlands and southern highlands and has highly debated
origins (Zhong and Zuber, 2001; Marinova et al., 2008; Andrews-Hanna et al., 2008; Frey, 2006). The R2 and R3
Rayleigh waves pass through both the lowlands and the highlands (Fig. 1), which are far from the InSight lander and
were scarcely sampled by seismic waves with the previously recorded marsquakes. These observations allow us to
put new constraints on the crustal structure away from the lander in both the lowlands and the highlands.

In this paper, we first measured the group velocity of the Rayleigh waves along the R1, R2, and R3 paths. Then,
we performed inversions for R1 and R2 (the R3 measurements are less reliable, as explained below) to derive seismic
velocity models that could explain the observations. After comparing the seismic velocity profiles in the lowlands
and highlands, we discuss the possible effects of the crustal variations on the observed group velocities of the minor-

and major-arc Rayleigh waves.
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Figure 1.

(@) MOLA (Mars Orbiter Laser Altimeter, Smith et al., 2001) map. The red star marks the optimal hypocenter of
event S1222a (Kawamura et al., 2022), and the black triangle indicates the broadband seismometer of the InSight
mission. The red and blue curves denote the great-circle paths of R1 and R2, respectively. The shaded grey areas
illustrate all possible paths for R1 and R2 based on the back azimuth uncertainty of the event location (Kawamura
et al., 2022).

(b) Elevation variations along the Rayleigh wave paths shown in (a). Regions within 10 degrees of the optimal great-
circle path are displayed to account for the finite frequency effect (e.g., Zhou et al., 2004).

(c) Lateral variations of the upper crust along the Rayleigh wave great-circle path in (a). The depth of the interface
at the InSight lander site is fixed at 26 km from the R1 inversion (in Fig. 3c), and the relative variations are
constrained by gravity data (Wieczorek et al., 2022). The location of the dichotomy boundary is from Tanaka et
al. (2014).
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2. Data

The minor arc Rayleigh wave, which travels 2,193 + 95 km (using an equatorial radius of 3396.2 km), arrives
around 800 s after the origin time on the vertical component of the seismogram and can be observed over a relatively
broad frequency band on both the vertical (i.e., 10 to 60 s, in Fig. 2a) and the radial components (Fig. S1). Since the
seismometer is in an extremely harsh environment, the diurnal temperature variations could generate one-sided pulses
(hereafter referred to as glitches) that can contaminate the seismic signals. A comparison between the raw data and
the deglitched data (Scholz et al., 2020) shows that there is no significant glitch near the R1 arrival time (Fig. S1).

R2 travels a much longer distance of about 19,146 + 95 km and arrives around 6,650 s after the origin time (Fig.
2b). R2 is observed within a relatively narrow frequency range (i.e., 25 to 35 s), and the amplitude is only about one-
fourth of that of R1. Although there is no glitch near the R2 arrival, another signal of a slightly smaller amplitude
occurs at about 6,800 to 7,000 s. Panning et al. (2022) excluded this signal as being the R2 phase since this later
arrival does not show strong and consistent elliptical particle motions at different frequency bands (which is expected
for the Rayleigh wave), and the corresponding marsquake location would be highly inconsistent with the one
constrained by body waves (Kawamura et al. 2022). Therefore, we prefer selecting the R2 signal at around 6,650 s.

The R3 wave, which travels 23,532 + 95 km, overlaps with a glitch in the raw data (Fig. 2b). R3 is still visible on
the deglitched data and exhibits arrival times of about 8,100 s. However, since the deglitching procedure may not
perfectly fit the real glitch and thus could also remove some seismic signals, the R3 signals (e.g., the arrival time and
amplitude) are less reliable than R1 or R2. Therefore, in the following analysis, we mainly focus on R1 and R2 and

consider R3 as auxiliary data for benchmarking purposes.
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(@) Seismic waveforms (after removing the instrument response and bandpass filter from 10 to 60 s) on the vertical

component near the arrival times of the S wave and R1. The black and red waveforms are the velocity records

from the raw dataset and deglitched dataset, respectively. The shaded gray region marks the time window in

which we performed the multiple filter analysis in (c).

(b)
(©)

Waveforms on the vertical component near the arrivals of R2 and R3 with a filter band of 25 to 35 s.

Multiple filter analysis (Herrmann, 2013) for R1 on the vertical component. The x- and y-axes are the period and

group velocity, respectively. Color scales represent the energy contours (in dB) of the waveform envelope. The

black circles indicate the preferred group velocity measurements. The vertical grey error bar spans 1 dB. Note

that at periods greater than 32 s, the R1 measurements show discrepancies between the vertical and radial

components (see Fig. S2) and thus are less reliable (denoted by the dashed error bars).

(d) Similar to (c) but for R2 on the vertical component.
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3. Method and Results

3.1 Group Velocity Measurements

To measure the Rayleigh wave group velocity, we first performed a multiple filter analysis (Herrmann, 2013) to
calculate the energy of the waveform envelope at different periods (Fig. 2c and d). Then, we selected the optimal
group velocity at each period corresponding to the maximum energy (in dB) of the waveform envelope. Finally, we
defined the uncertainty of the measurements using a 1dB threshold (Beghein et al., 2010), i.e., group velocities with
amplitudes within 1dB of the maximum amplitude are viewed as acceptable measurements.

The reliable period range for the R1 signal on the vertical component is from 17 s to 32 s, where the group velocities
are consistent with those measured on the radial component (Fig. S2). For the average group velocity along the R1
path, there are clear signs of positive dispersion, i.e., the group velocity increases with the period. Given the origin
time 0f 2022-05-04 23:23:06.5 (UTC) and the epicentral distance of 37 degrees (Kawamura et al. 2022), the R1 group
velocity increases from 2.70 + 0.05 km/s at 17 s to 2.95 + 0.05 km/s at 41 s (Fig. 2¢, see Text S1 for discussions on
the location error).

We applied the same analysis to the R2 signal and found that it exhibits little dispersion between periods of 23 s
and 39 s, with a nearly constant group velocity of 2.90 km/s + 0.01 km/s (Fig. 2d). It is worth mentioning that the
uncertainty of the R2 group velocity is much smaller (less than one-fifth) than that of R1 due to its longer travel time
(See Text S1 for details).

Fig. 2b shows that R3 is significantly affected by a glitch. Nevertheless, based on the deglitched data, the multiple
filter analysis shows little dispersion and a nearly constant group velocity of about 2.90 km/s £ 0.02 km/s (Fig. S3).
This similar value of the R2 and R3 group velocities confirms the reliability of the R2 measurements given their

similar paths (i.e., they share the same path for about 19,000 km or about 80% of the R3 path length).

3.2 Inversion Along the R1 Path

We inverted the group velocity measurements to constrain the average seismic velocity profile along the R1 path
using a Niche Genetic Algorithm (Koper et al., 1999; Li et al., 2021) to sample different possible models and the CPS
code package (Herrmann, 2013) to calculate the group velocities predicted by these models at different periods.

We chose to represent the model with a layered crustal parameterization because previous receiver function studies
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(Lognonné et al., 2020; Kim et al., 2021; Knapmeyer-Endrun et al., 2021) exhibited the presence of sharp interfaces
in the crust. In addition, we preferred to set the number of layers to two because this model setting with only three
free parameters (i.e., the depth of the interface, and the shear-wave velocities above and below this interface) is less
likely prone to overfitting the data. If this simplified model fails to fit the observed group velocities, we can then
consider a more complex model. Based on the sensitivity curves of the Rayleigh waves at periods shorter than 40 s
(Fig. S4), we only constrained the structure above 80 km depth. At greater depths, we used the values of the
InSight KKS21GP model (Knapmeyer-Endrun et al., 2021; Khan et al., 2021; Stdhler et al., 2021a and 2021b), which
was constructed from teleseismic body waves (See Text S2 for the model setup). We also tested a smoothed model
setting with eight third-order B-splines (Fig. 3d) and found that the average velocities above (or below) the interface
are similar between the discontinuity and the smoothed model settings (Fig. S5).

Fig. 3c shows that a simplified model with two layers in the top 80 km can reproduce the R1 dispersion curve.
Specifically, the shear-wave velocity is estimated to be 3.05 - 3.17 km/s in the top layer, and 3.50 - 3.78 km/s in the
bottom layer. The interface depth estimation is 21 - 29 km. Fig. 3f shows that the depth of the inverted interface along
the R1 path overlaps with the depth of the intra-crustal interface beneath the InSight lander constrained by the receiver
function (Knapmeyer-Endrun et al., 2021), although the mean value deviates (possibly due to the difference in the
regions to which those two methods are sensitive).

We note that Knapmeyer-Endrun et al. (2021) provided two possible crustal thicknesses beneath the lander: a
thinner crustal model with a shallow Moho depth of 20 + 5 km, and a thicker crustal model (where the interface at
around 20 km is interpreted as an intra-crustal interface) with a deeper Moho depth of 39 + 8 km (though with a
smaller impedance contrast across this deeper Moho). Here, we prefer to refer to the interface at 21- 29 km (inverted
in this study) as the intra-crustal interface since subsequent studies from Kim et al. (2021) and Durén et al. (2022)
favored the thicker crustal scenario. We also want to note that we cannot resolve the deeper Moho (if it exists) since

only the discontinuity with the most significant velocity jump will be detected with the current one-interface setting.



211

212

213
214
215
216
217
218
219
220
221
222
223
224
225
226

227

228

229

T 0 0
(©)
) 1 10 10
= {20 20
R3]
=
S 130 30 &
: )
1 40 40 €
S 2
a
1 50 1 50
e} 1 60 160
=
& 170 / 170
% —— R1 models —— R1 models @
z —— R2 models —— R2 models
s P— P— L P— 72 L G\
g 15 20 25 30 35 40 283.03234363840 28303234363840
Periods (s) S-wave velocity (km/s) S-wave velocity (km/s)
= (® upper crust () lower crust (mantle) (2) crustal interface
= g
£ 5
i
=
=]
EE:
8
8 A
3.0 31 32 33 35 3.6 37 15 20 25 30 35 40
S-wave velocity (km/s) S-wave velocity (kin/s) Depth (ki)
R1 path average [ R2 path average InSight landing site
Figure 3.

(@)

(b)

(©)

(d)
(€)

(f)
)

Group velocity measurements (grey circles), uncertainties (vertical bars), and synthetic group velocity dispersion
curves (in red, corresponding to the models shown in (c) with the same color) along the R1 path. The range of
the y-axis (i.e., group velocity) in the shaded gray region is the same as that in (b).

Similar to (a), but for the R2 path, and the corresponding models (in blue) shown in (c).

Shear-wave velocity profiles for all the acceptable models along the R1 (in red) and R2 (in blue) paths from the
inversion for the discontinuity model setting.

Similar to (c), but for the smoothed (i.e., third-order B-splines) model setting.

Normalized probability density functions of the shear-wave velocities in the upper crust for all the acceptable
models (R1 models in red, and R2 models in blue) in (c).

Similar to (), but for the shear-wave velocities in the lower crust and mantle (i.e., down to 80 km).

Similar to (e), but for the depth of the crustal interface. The probability density function in gray shows the depth
of the base of the intra-crustal discontinuity beneath the lander from the receiver function study (Knapmeyer-
Endrun et al., 2021).
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3.3 Inversion Along the R2 Path

We note that it is reasonable to perform the inversion with a representative one-layer model along the entirety of
the R1 path since there are few topographic changes (e.g., Fig. 4a). However, along the R2 path, it may be preferable
to account for the significant lateral variations in both topography and crustal thickness (Wieczorek et al., 2022),
rather than simply using an average one-layer model (e.g., Fig. 3¢) to explain the R2 dispersion curve in Fig. 3b.

We thus divided the R2 path into 3,230 sub-paths, and within each sub-path (of which the length is shorter than
the wavelength) we can assume a one-layer model with a similar setup as for R1. The upper crustal thickness models
along the R2 path are modified from Wieczorek et al. (2022) as prior information (See Text S3 for the R2 model
setup). There are only three free parameters in the R2 inversion, i.e., the upper crustal shear-wave velocities in the
lowlands (V) and highlands (Vy), and the shear-wave velocity below the crustal interface (V).

Grid search results show that within the given range of V, (i.e., 3.50 - 3.78 km/s from the R1 inversion results in
Fig. 3e), a series of models (Fig. 4b), with upper crustal velocities of 2.61 - 3.27 km/s in the lowlands and 3.28 - 3.52
km/s in the highlands, can fit the R2 measurements (Fig. S6).

The probability density functions in Fig. 4c illustrate that the upper crustal shear-wave velocity in the highlands
(i.e., 3.28 - 3.52 km/s) is systematically faster than that in the lowlands (i.e., 2.61 - 3.27 km/s). We further reduced
the number of acceptable models from the R2 inversion with the extra constraint from the R1 inversion (i.e., upper
crustal velocity in the lowlands should be in the range of 3.05 - 3.17 km/s). The down-selected models, which satisfy
both the R1 and R2 observations, also demonstrate a greater upper crustal shear-wave velocity in the highlands (i.e.,

3.17 - 3.33 km/s) than that in the lowlands (i.e., 3.05 - 3.17 km/s).



249
250

251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268

269

Y

I I
0- A * A -
E 20 VL VH VL |
g 40 L —
-
.2
= 60 L = -
= V, (3.50 - 3.80 km/s)
80 ! ! I I I I ! !
150°E 160 °W 110 °W 60 °W 10 "W 40°E 90 °E 140 °E
Longitude
Lowlands Lowlands y
Upper Crust Crustal Interface i Lower Crust
Highlands Highlands and Upper Mantle
®) (©
:: 16 0 0.1 0.2 03 ] | Lowlands Highlands E §
2 Misfit 2 E
2z [ ToSight lander $10045 3 =
S 34 , 220.6kmis 32201 kmis N =
3 7 i €5
> E =
2 ]
g ; ; , , , Z
3 32 L 26 28 3.0 32 34 36
2 Y @
5 30 E % | Lowlands  Highlands =
5 . . 2 %, £ g
2 V>V % S EE
L H ¥ %, El
s ¥ 7, =
] ¢ i 5 [ InSight lander >
'g; 28 £ @4 |2 zlflclj.s ks 3 2523914‘1;155 g %‘
E g : R B ER:
K V, <V oy £
L H ¥ ., =]
26 ; . . M /S g w w . w . z
2.6 2.8 30 32 34 36 26 2.8 30 32 34 36
Highlands upper crustal S-wave velocity (km/s) Upper crustal S-wave velocity (km/s)

Figure 4.

(@)

(b)

(©)

(d)

Model setup for the R2 inversion. The upper crustal thickness models modified from Wieczorek et al. (2022) are
used as prior information and fixed in the inversion. Along the R2 path, the only three free parameters are the
upper crustal shear-wave velocities in the lowlands (V) and highlands (V}), and the shear-wave velocity (V/5)
below the crustal interface (See Text S3 for the R2 model setup).

Grid search results for the upper crustal shear-wave velocity in the lowlands (V;, the y-axis), and the upper
crustal shear-wave velocity in the highlands (V}, the x-axis) along the R2 path. The acceptable models that can
fit the R2 measurements are shown as filled circles, with color scales corresponding to the misfits (See Text S2
for the misfit function). The dashed region indicates where the models also satisfy the R1 observations (i.e., an
upper crustal shear-wave velocity of 3.05 - 3.17 km/s in the lowlands). The shaded gray area to the left of the
diagonal indicates the region where the upper crustal velocity in the lowlands is faster than that in the highlands.

Note that at each gird point, a grid search for the shear-wave velocity below the crustal interface (V) is also
performed.

Normalized probability functions of the upper crustal shear-wave velocities (lowlands models are in red, and
highlands models are in blue) for the acceptable models in (b). S-wave velocities beneath the InSight lander (in
the depth range of ~ 8 - 20 km, Knapmeyer-Endrun et al., 2021) and along the great circle path from the meteorite
impact S1094b (Kim et al., 2022) are also annotated.

Similar to (c), but for the models that satisfy both the R1 and R2 observations (i.e., in the dashed region in (b)).
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4. Discussion

4.1 Comparison with the InSight landing site

The most sensitive depth range of the Rayleigh waves analyzed is from ~ 10 to 50 km (Fig. S7), though there are
also a few sensitivities to greater depths. Therefore, we have better constraints on the upper crust (i.e., above the
crustal interface), than the lower crust and mantle.

Since Lognonné et al. (2020) and Knapmeyer-Endrun et al. (2021) obtained the first Martian crustal structure
beneath the InSight landing site, whether it represents local geologies or global features has been debated. In the
similar depth range of ~ 8 - 20 km, beneath the lander, the S-wave velocity is estimated to be 2.2 = 0.6 km/s
(Knapmeyer-Endrun et al., 2021). This upper crustal velocity beneath the lander (also located in the lowlands) is
significantly smaller than the average velocity (i.e., ~ 3 km/s, see Fig. 4c and d) along the surface wave path in the
lowlands.

Similar S-wave velocity (i.e., ~ 3.2 km/s) of the upper crust in the lowlands (along the surface wave path from a
meteorite impact) has also been recently reported (Kim et al., 2022). This faster velocity has been attributed to the
different compositions and/or reduced porosity in the volcanic areas along the path (Kim et al., 2022).

For marsquake S1222a, the surface wave path also likely traverses the volcanic units in the lowlands (Fig. S8).
Therefore, the crustal porosity may have been occluded or obscured by later magmatism (e.g., Wilson and Head,

1994), resulting in a faster S-wave velocity than beneath the lander (where there are higher porosities).

4.2 Upper Crust in the Lowlands and the Highlands

The upper crust velocity in the lowlands, though larger than the InSight landing site, is systematically smaller than
that in the highlands (Fig. 4c and d). Possible interpretations for the smaller upper crustal shear-wave velocity values
in the lowlands than in the highlands could include some combination of differing compositions, reductions in
porosity at depth, and/or the presence of sedimentary rocks.

Variations in lithology and rock compositions are a common major cause of regional variations in crustal seismic
structure (Rudnick and Fountain, 1995). The Martian crust is thought to be of basaltic composition on average (Taylor
and McLennan, 2009). Recently, using global crustal thickness and thermal evolution models, Thiriet et al. (2018)

suggested that felsic rocks were more common in the Noachian-dominated southern highlands, leading to an average
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bulk density of 480 kg/m? less than the northern lowland crust. However, this density difference should lead to lower,
rather than higher, seismic velocities (for a wide range of lithologies, e.g., Brocher, 2005) in the highlands.

Compositional differences could also affect the thermal regime and thus have an indirect influence on seismic
velocities. For example, a more differentiated southern highland crust would also be characterized by higher
abundances of heat-producing elements (Thiriet et al., 2018; Wieczorek et al., 2022) and, when coupled with a thicker
crust, higher heat flow (e.g., Hahn et al., 2011; Parro et al., 2017). A distinctive crustal thermal regime could lead to
very different depth-dependent porosity behavior.

Porosity can also significantly affect the seismic wave speed such that higher porosity results in lower shear-wave
velocity (e.g., Manga and Wright 2021). Both compaction and viscous deformation will result in porosity reduction
with depth. Gyalay et al. (2020) showed that the closure of pore space should occur over a narrow depth range of a
few kilometers and all porosity should have been removed for depths greater than about 12-23 km (Wieczorek et al.
2022). Accordingly, in the highlands, where the upper crust is thicker on average (Fig. 4a) and surface heat flow is
greater (Hahn et al., 2011; Parro et al., 2017), a larger proportion of the upper crust may lie beneath depths where
porosity has been lost, leading to shear-wave velocities that are higher than in the northern lowlands when averaged
over the thickness of the upper crust interrogated by the R2 paths.

To quantitatively assess the influence of porosity, we assumed that the velocity difference between the lowlands
and highlands is affected by porosity alone. With a pore closure depth of 23 km (Wieczorek et al. 2022) and an aspect
ratio of 0.1 (Heap, 2019), the velocity difference can be explained by a porosity reduction of 8 - 15% (Fig. S9, see
Text S4 for details).

The presence of thick accumulations of sedimentary rocks could also lead to lower density (and thus, for a wide
range of lithologies, low shear-wave velocities, e.g., Brocher, 2005) due to a variety of features/processes, including
the presence of elevated primary porosity for poorly consolidated and/or weakly cemented sedimentary rocks;
secondary porosity for diagenetically altered sedimentary rocks; low-density hydrated alteration phases, such as
phyllosilicates and amorphous silica, formed during chemical weathering and/or diagenesis (McLennan & Grotzinger,
2008; McLennan et al., 2019). However, for most locations on Mars, sedimentary rock thicknesses are on the order
of a few kilometers at most (e.g., Grotzinger et al., 2015; Grotzinger and Milliken, 2012; Bradley et al., 2002).
Therefore, based on our current knowledge of the total sedimentary mass and its distribution on Mars (e.g., McLennan,
2012, Grotzinger and Milliken, 2012), the presence of sedimentary rocks alone probably cannot explain the lower

upper crustal shear-wave velocity in the lowlands, where the crustal interface is located at ~ 26 km.
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4.3 R2 Group Velocity

Another major difference between the group velocity along R1 and R2 is that there is positive dispersion along R1
but there is almost no dispersion along R2. We found that for a typical velocity model derived for the highlands,
where the upper crustal thickness is greater than in the lowlands, the group velocity exhibits negative dispersion.
Therefore, the negative dispersion in the highlands (Fig. S7e) could cancel out the positive dispersion in the lowlands
(Fig. S7d), yielding little dispersion along the R2 path.

However, it is worth noting that long-period pressure-induced signals are also present in seismic data (Kenda et
al., 2020; Stutzmann et al., 2021) and are carried by the environmental wind, resulting in an apparent burst of noise
without dispersion. Given the relatively low signal-to-noise ratio for R2 and R3, this absence of dispersion could also

be an artifact of the wind noise.

5. Conclusion

We have observed two minor-arcs (R1, and R3) and one major-arc (R2) Rayleigh wave generated by the largest
marsquake ever recorded. The group velocities along the R1 path increase from 2.70 £ 0.05 km/s to 2.95 + 0.05 km/s
between periods of 17 s and 42 s and can be explained by a two-layer model with a crustal interface depth of 21 - 29
km and an upper crustal shear-wave velocity of 3.05 - 3.17 km/s in the lowlands. The group velocity along the R2
path exhibits a nearly constant value of 2.90 km/s and can be explained by upper crustal thickness models constrained
from gravity data and upper crustal shear-wave velocities of 2.61 - 3.27 km/s and 3.28 - 3.52 km/s in the lowlands
and highlands, respectively. The lower shear-wave velocity in the lowlands compared to that in the highlands may be

due to the presence of thick accumulations of sedimentary rocks, and relatively higher porosity.
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