
1. Introduction
Investigation of Martian crustal and uppermost mantle structure is important for studying the planet's crustal 
geology and interior evolution. For example, studying the lithospheric structure beneath the Martian dichotomy 
may shed light on its origin. Before NASA's Interior Exploration using Seismic Investigations, Geodesy and 
Heat Transport (InSight) mission (Banerdt et al., 2020), measurements of the Martian gravity and topography 
were used to constrain the crustal structure (e.g., Nimmo & Stevenson, 2001; Zuber et al., 2000). The seismic 
observation conducted through InSight's seismometer (Lognonné et al., 2019) provided new insight into Martian 
seismicity and interior (e.g., Banerdt et al., 2020; Giardini et al., 2020; Lognonné et al., 2020). This revealed a 
first view of the subsurface/crustal structure at the InSight landing site (Lognonné et al., 2020), later improved 
using various methods such as ambient-vibration H/V (Hobiger et  al.,  2021), marsquake-coda H/V (Carrasco 
et  al.,  2022), compliance (Kenda et  al.,  2020; Onodera,  2022; Xu et  al.,  2022), receiver function (e.g., Kim 
et al., 2021; Knapmeyer-Endrun et al., 2021; Shi et al., 2022), and autocorrelation (e.g., Compaire et al., 2021; 
Deng & Levander, 2020; Schimmel et al., 2021).

Martian crustal structure varies globally. Knowledge of the seismically derived structure beneath the InSight 
lander is a point measure of the whole Martian crust and has been used as an important constraint on global 
crustal thickness models (e.g., Wieczorek et al., 2022). To investigate the crustal structures of regions away 
from the InSight landing site, one can utilize bouncing waves (Li, Beghein, McLennan, et  al.,  2022) and 
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surface waves. Surface waves can provide information of the crustal structure along the path from the quake 
epicenter to the seismic station (e.g., Spetzler et al., 2002; Zhou et al., 2004). In the InSight seismic catalog 
(InSight Marsquake Service, 2023), only three have shown convincing Rayleigh-wave signals: the S1222a 
marsquake and two large impacts S1000a and S1094b (Posiolova et  al.,  2022). The signals from the two 
impacts are from ∼10 to 20 s in period, and the surface-wave paths of these two events are far away from the 
dichotomy (Kim et al., 2022b). The S1222a marsquake was detected after these two events and is the largest 

𝐴𝐴
(

𝑀𝑀
𝑀𝑀𝑀𝑀

𝑊𝑊
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)

 seismic event ever recorded during InSight mission. This event provides both Love- and Rayleigh-
wave signals (Kawamura et al., 2022). The S1222a surface-wave data can be observed in a wider frequency 
band (from ∼15 to 40  s, Section  2) compared to the two previous Rayleigh-wave signals. Furthermore, 
the S1222a epicenter is estimated to be near the Martian dichotomy (Kawamura et  al.,  2022). Therefore, 
by utilizing the S1222a surface-wave data, we investigate the average crustal structure from the epicenter 
to the InSight lander (Figure 1a), which could aid us understanding the lithospheric structure beneath the 
dichotomy.

Figure 1. The map of the S1222a surface-wave sensitivity area on Martian ground surface and the inversion result of the surface-wave group-velocity measurements. 
We compute the sensitivity area (a) following Yoshizawa and Kennett (2005), and the details are in Section S1 and Figure S3 in Supporting Information S1. The upper 
and lower vertical bars (b) are the Love- and Rayleigh-wave group-velocity measurements, respectively. Each gray curve (b) is the synthetic Love-/Rayleigh-wave group 
velocity from the corresponding VS model (gray lines in panel (c), Table S1 in Supporting Information S1 and Xu et al. (2023)), where the group-velocity forward 
modeling is from Herrmann (2013). The blue dashed line (c) is from Stähler et al. (2021) and is a characteristic VS model of the crustal structure beneath the InSight 
lander (e.g., Knapmeyer-Endrun et al., 2021). The stress curve (c) is the averaged stress from 135° to 170°E and from −10°S to 10°N. The stress field estimate is from 
Broquet and Andrews-Hanna (2022) and represents the loading-induced regional stress field. Positive stress values mean compression.
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Both Love and Rayleigh waves are sensitive to shear-wave velocity (VS) structures (e.g., Aki & Richards, 2002), 
and the group/phase velocities can be used to estimate the crustal VS models. Based on the assumption that the 
crust is isotropic, a joint inversion of both Rayleigh- and Love-wave group/phase velocities can be applied to 
estimate a VS model (e.g., Aki, 1968; Brune & Dorman, 1963). However, one problem of the joint inversion is 
that 1D isotropic models may fail to explain both waves' dispersion curves (i.e., group/phase velocities) simul-
taneously (e.g., McEvilly, 1964; Shapiro et al., 2004). This phenomenon is called Rayleigh-Love discrepancy 
and could be due to the existence of anisotropic layers (e.g., Anderson, 1961) and/or thin isotropic layers (e.g., 
Backus, 1962), where the thickness of the thin layers is smaller compared to the wavelengths used in the inversion 
(e.g., Capdeville & Marigo, 2007).

In previous studies of the S1222a surface-wave data, Rayleigh-Love discrepancies were encountered and aniso-
tropic models were adopted into the inversion (Beghein et al., 2022; Kim et al., 2022a). Here, instead of anisotropic 
models, we investigate if we could use isotropic thin-layer models to explain both the Rayleigh and Love wave 
dispersion curves (Section 3). The surface-wave wavelengths of S1222a are generally over 45 km (by assuming 
the phase velocity of 3 km/s). The Martian crust beneath the surface-wave sensitivity region is roughly from 30 
to 40 km in thickness (Wieczorek et al., 2022) and the intra-crustal layers are thus even thinner compared to the 
wavelengths. Note that the goal of this study is not to distinguish which factor, anisotropy or thin layers, causes 
the discrepancy, because this is challenging even for terrestrial seismology (e.g., Alder et  al.,  2021; Fichtner 
et  al.,  2013; Wang et  al.,  2013). Here, we instead focus on the crustal structures from our inverted isotropic 
models and discuss the implications (Section 4).

2. S1222a Surface-Wave Data and Measurement
The S1222a epicenter is estimated to be about 37° away from the InSight landing site, and the back azimuth is 
∼101° (Kawamura et al., 2022). We remove the instrument response and the glitches from the S1222a raw data 
(e.g., InSight Mars SEIS Data Service, 2019a, 2019b; Scholz et al., 2020). We then rotate the north and east 
components to the radial and transverse components based on this event back azimuth (Figure 2). We bandpass 
filter these data between 10 and 100 s.

We observe the Rayleigh waves on the vertical and radial components (Figures 2a and 2c). These two component 
data indicate the retrograde-ellipse particle motion (Figures 2h and 2i), a classical property of fundamental-mode 
Rayleigh waves (e.g., Aki & Richards, 2002). The Love waves possess an almost linear particle motion along the 
transverse direction (Figures 2g, 2j, and 2m). We notice that in the transverse-radial plane, the dominate orien-
tation of the Love- and Rayleigh-wave particle motions are tilted from the transverse and radial directions by an 
angle (∼20°), respectively (Figures 2m–2o). Note that this angle is within the error bar of the back azimuth esti-
mation (Kawamura et al., 2022). The origin of this angle is not clear yet, which may be due to the local anisotropy 
beneath the seismometer (e.g., Crampin, 1975; Li, Beghein, Wookey, et al., 2022) or to the lateral heterogeneities 
along the surface-wave propagation path (e.g., Kobayashi, 1998; Levshin et al., 1994). Further work on this angle 
is essential (e.g., Panning et al., 2023), as well as the Rayleigh-wave ellipse sloping (Figures 2h and 2i) and tilt 
(Figure 2l). For our study, we have checked that this angle does not affect our velocity measurements significantly.

We apply frequency-time analysis (e.g., Dziewonski et  al.,  1969) to the Rayleigh-wave vertical- and 
radial-component data to measure the group velocity. To avoid the source spectrum biasing the measurement (e.g., 
Cara, 1973), we adopt the correction proposed by Shapiro and Singh (1999). We plot the measurement results 
in the period-velocity domain (Figures S1a and S1b in Supporting Information S1). At each period, we pick the 
maximum as our group-velocity measurement, and we set the velocity difference between the group-velocity 
measurement and the maximum absolute values of the gradients around the measurement to be the uncertainty. 
From 17 to 35 s, the Rayleigh-wave group-velocity measurements from the vertical and radial components agree 
within the corresponding uncertainty at each period. Over 35 s, the Rayleigh-wave group-velocity differences 
between the two components are larger than the uncertainties. This could be due to the Rayleigh-wave signal 
amplitudes becoming comparable to the noise in the periods over 35 s (Figures 2b and 2d). Below 17 s, the trends 
in the Rayleigh-wave group-velocity measurements do not converge (Figures S1a and S1b in Supporting Infor-
mation S1). Thus we use the Rayleigh-wave group-velocity measurements between 17 and 35 s for the following 
inversion.

Following the same processing, we measure the Love-wave group velocity between 15 and 40 s, where the Love-
wave amplitude is larger than the noise (Figure 2f). The measurement indicates a divergence at 15 s (Figure S1c 
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Figure 2.
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in Supporting Information S1); indeed, in the time domain, the waveforms with periods ∼15 s still exist after the 
Love-wave time window (Figure 2e). Thus, to avoid this ringing, we do not pick the short-period (<15 s) Love-
wave group velocities. Note that both our Rayleigh- and Love-wave group-velocity measurements agree well with 
the measurements from Beghein et al. (2022) between ∼15 and 35 s (Figure S2 in Supporting Information S1).

3. Inversion Method and Results
We apply trans-dimensional Markov-chain Monte Carlo inversion to our surface-wave group-velocity measure-
ments. To implement the inversion, we make use of the BayHunter (Dreiling & Tilmann, 2019) open-source 
inversion package. This package is developed for 1D isotropic velocity models, and the forward modeling module 
is from Computer Programs in Seismology (Herrmann, 2013). For each model, the package allows the number of 
layers, the VS of each layer, and the layer thickness to evolve iteratively. We set the minimum layer thickness to be 
2 km, as Shi et al. (2022) report a ∼2-km-thickness layer beneath the InSight lander. We set one VP/VS ratio for 
each model, and this ratio is allowed to vary between 1.70 and 1.85 during the inversion. The density of each layer 
is determined by the VP-density relationship proposed by Berteussen (1977). We focus on the velocity model of 
the upper 70 km depth range because the surface-wave sensitivities are almost zero beneath this depth (Section 
S2 and Figure S4 in Supporting Information S1). We set the model parameters (i.e., VP, VS, and density) beneath 
70 km to be the same as the parameters at the same depth from Stähler et al. (2021), assuming the Martian mantle 
beneath 70 km depth is laterally homogeneous.

We simultaneously invert the observed Rayleigh- and Love-wave group velocities. We restrict the first layer to 
possessing VS lower than 3 km/s, because the surface-wave sensitivity region overlaps with Medusae Fossae 
Formation (MFF) which possesses low densities (e.g., Ojha & Lewis, 2018). We notice that beneath the first 
layer, our velocity models exhibit a high-velocity layer at ∼7 km depth (Figure 1c); we discuss the origin of 
this layer in Section 4. The third layer (from ∼12 to 20 km depth), which is beneath this high-velocity layer, 
possesses ∼3 km/s Vs (Figure 1c), similar to the structure in this same depth range beneath the InSight lander 
(e.g., Knapmeyer-Endrun et al., 2021). At ∼20 km depth, our VS models present a velocity contrast, consistent 
with the previous study using the S1222a Rayleigh-wave data (Li, Beghein, Lognonné, et al., 2022). This velocity 
contrast also corresponds well with the interface at ∼20 km depth beneath the InSight lander (e.g., Compaire 
et al., 2021; Knapmeyer-Endrun et al., 2021; Schimmel et al., 2021) and could be due to a pore closure process 
beneath that depth (e.g., Gyalay et al., 2020; Li, Beghein, McLennan, et al., 2022).

Beneath the velocity contrast, our velocity models agree with the previous studies about the crustal structure 
beneath the InSight lander (e.g., Durán et al., 2022; Knapmeyer-Endrun et al., 2021; Stähler et al., 2021) until the 
crust-mantle interface (from ∼40 to 50 km depth) reported before. The absence of this interface in the regions 
away from the InSight landing site has been reported and is interpreted as the thicker crust in the these regions 
than beneath the InSight lander (Kim et al., 2021, 2022a; Li, Beghein, McLennan, et al., 2022).

4. Discussion and Conclusion
Our inversion provides the isotropic velocity models satisfying our Rayleigh- and Love-wave group velocity 
measurements within the uncertainties. These models share a similar structure (from ∼12 to 40 km depth) as the 
crust beneath the InSight lander, indicating that this structure may exist regionally along the dichotomy.

The high-velocity layer from ∼3 to 12 km depth in our models has not been observed before in the crustal struc-
ture beneath the InSight lander (e.g., Knapmeyer-Endrun et al., 2021). This high-velocity layer could be due to 
a rigid layer (e.g., a regional flood basalt during the Hesperian period, even late Noachian). The region between 
InSight and the epicenter of S1222a (Figure 1a) is mostly covered by the MFF unit. This unit overlies the adjacent 
early Hesperian transition unit (Tanaka et al., 2014) which is the same unit as beneath the lander. One possibility 

Figure 2. S1222a Rayleigh and Love waveforms on the vertical (Z), radial (R), and transverse (T) components. The positive Z direction is pointing up and the positive 
R direction is in the great circle path from the epicenter to the InSight lander. The three component data are bandpass-filtered between 10 and 100 s in period (a, c, 
and e). The x-axes of the three subplots are in the same UTC time, and we convert the UTC time (a) to the time after the source origin (c) and the corresponding group 
velocity (e). The gray areas in panel (a) (or c) and (e) indicate the Rayleigh- and Love-wave time windows, respectively. For each component, we plot the amplitude 
spectra of the corresponding time window in solid lines (b, d, and f), and we also plot the noise amplitude spectra in dashed lines. The noise at each component is the 
mean of three time windows before the P arrival, and the time window length is the same as the data time window of each component. We also plot the particle motion 
in three short time windows (from (g) to (o)). The dashed lines at each time window are the standard deviation of the corresponding component data.
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is that the emplacement of the MFF unit protected the underlying rigid layer from intense impact fracturing, while 
the medium beneath the InSight landing area was exposed to more recent impacts and thus possesses a higher 
porosity (e.g., Raducan et al., 2020). The low density MFF unit overlying the subsurface unit may have strength-
ened the velocity contrast at 2–3 km depth. To validate this hypothesis, we need simulation of impact fracturing 
the crustal media with and without a porous surface layer to better understand how the crustal fractures/porosity 
varies with depth between these two scenarios.

Another possible explanation for the high-velocity layer is related to the porosity varying with the regional stress 
field. We compare our VS models to the stress state in the surface-wave sensitivity region (Figure 1c). The stress 
estimate is from Broquet and Andrews-Hanna (2022) and represents the integrated history of ancient loading, 
brittle failure, and recent plume-induced uplift at Elysium Planitia. We notice that this high-velocity layer (from 
3 to 12 km) agrees well with the compressional stress peak at ∼7 km depth. Since the crustal material within the 
first 20 km is preferred to be fractured (e.g., Kilburn et al., 2022), the compressional stress peak indicates that 
the materials around the peak depth may possess a lower porosity and thus a higher velocity than the upper and 
lower layers (e.g., Manga & Wright, 2021). Note that our velocity models are derived from the surface-wave data 
and thus represent an averaged structure in the surface-wave sensitivity region (Figure 1). This could explain 
why the previous studies do not observe this high-velocity layer, because these studies reveal a point measure-
ment (i.e., the InSight landing site), where the local crustal porosity could be modified by the local stress or the 
nearby impacts (e.g., Gyalay & Nimmo, 2022). Validation of this hypothesis requires quantitative estimation of 
the porosity changes due to the regional stress. Given the two possibilities and lack of the validations, we cannot 
determine which possibility is preferred.

Meanwhile, because this high-velocity-layer thickness (∼9 km) is about a fifth of the minimum surface-wave 
wavelength (∼45 km) used in this study, our isotropic models can be homogenized to radial anisotropic models 
(e.g., Backus, 1962; Capdeville & Marigo, 2007). Application of the homogenization to our models indicates 

𝐴𝐴 (𝑉𝑉𝑆𝑆𝑆𝑆∕𝑉𝑉𝑆𝑆𝑉𝑉 )
2
> 1 (Figure S5 in Supporting Information S1), agreeing with Beghein et al. (2022) which interpreted 

that the radial anisotropy of 𝐴𝐴 (𝑉𝑉𝑆𝑆𝑆𝑆∕𝑉𝑉𝑆𝑆𝑉𝑉 )
2
> 1 exists between 10 and 25 km depth using the same event. However, 

compared to the anisotropic estimate from Beghein et al. (2022), our homogenization presents lower 𝐴𝐴 (𝑉𝑉𝑆𝑆𝑆𝑆∕𝑉𝑉𝑆𝑆𝑉𝑉 )
2 

ratios (Figure S5 in Supporting Information S1). Thus, further investigation of the crustal structure in this region 
is required to determine if the structure is isotropic-layered or anisotropic and which geological activity may have 
led to this structure.

Data Availability Statement
The Martian topography data are from the NASA PDS Geosciences Node (Neumann et al., 2003). The InSight 
seismic waveform data are available from the IPGP Datacenter, IRIS-DMC and the NASA PDS (InSight Mars 
SEIS Data Service, 2019a, 2019b) and secondary data of S1222a (e.g., location, arrival times) is available from 
MQS catalog (InSight Marsquake Service,  2023). The inversion package, BayHunter, is from Dreiling and 
Tilmann (2019). The velocity models from the inversion are available from Xu et al. (2023). The direct solution 
method (Geller & Ohminato, 1994) used in the Supporting Information S1 is from Fuji et al. (2016).
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