
1. Introduction
One of the science goals of the NASA InSight mission is to better understand how rocky planets form and evolve 
by investigating the interior structure of Mars (Banerdt et al., 2020). Since the landing in November 2018, the 
Seismic Experiment for Interior Structure (SEIS, Lognonné, et al., 2019) Very Broadband (VBB) seismometer 
has recorded more than one thousand events (InSight Marsquake Service, 2020, 2021a, 2021b, 2022a, 2022b). 
Preliminary models of the crust and mantle structure, as well as core size, have been obtained with receiver func-
tion analysis (Kim, Lekić, et al., 2021; Knapmeyer-Endrun et al., 2021; Lognonné et al., 2020), P- and S-wave 
differential travel-times and surface-reflected body-wave phases (Khan et  al.,  2021), and ScS waves (Stähler 
et al., 2021), respectively.

Abstract The shallowest intracrustal layer (extending to 8 ± 2 km depth) beneath the Mars InSight Lander 
site exhibits low seismic wave velocity, which is likely related to a combination of high porosity and other 
lithological factors. The SsPp phase, an SV- to P-wave reflection on the receiver side, is naturally suited for 
constraining the seismic structure of this top crustal layer since its prominent signal makes it observable with 
a single station without the need for stacking. We have analyzed six broadband and low-frequency seismic 
events recorded on Mars and made the first coherent detection of the SsPp phase on the red planet. The timing 
and amplitude of SsPp confirm the existence of the ∼8 km interface in the crust and the large wave speed (or 
impedance) contrast across it. With our new constraints from the SsPp phase, we determined that the average 
P-wave speed in the top crustal layer is between 2.5 and 3.2 km/s, which is a more precise and robust estimate 
than the previous range of 2.0–3.5 km/s obtained by receiver function analysis. The low velocity of Layer 1 
likely results from the presence of relatively low-density lithified sedimentary rocks and/or aqueously altered 
igneous rocks that also have a significant amount of porosity, possibly as much as 22%–30% by volume 
(assuming an aspect ratio of 0.1 for the pore space). These porosities and average P-wave speeds are compatible 
with our current understanding of the upper crustal stratigraphy beneath the InSight Lander site.

Plain Language Summary The NASA InSight mission sent a seismometer to Mars in 2018. One of 
the science goals of the mission is to better understand how rocky planets form and evolve by investigating the 
interior structure of Mars. Previous seismological studies with InSight data have revealed a shallow crustal layer 
(i.e., Layer 1, extending to 8 ± 2 km depth) with low seismic wave speed under the instrument. In this study, 
we have identified a new seismic signal on the seismograms recorded on Mars. The existence of this seismic 
phase confirmed the low speed of compressional (P) waves in Layer 1 and provided additional constraints on 
the average P-wave speed, that is, between 2.5 and 3.2 km/s. Based on these low speeds, we found that the 
seismic properties of Layer 1 likely result primarily from the presence of sedimentary rocks and/or aqueously 
altered igneous rocks that also have a significant amount of porosity, possibly as much as ∼30% by volume. 
These porosities and average P-wave speeds are compatible with our current understanding of the upper crustal 
stratigraphy beneath the InSight Lander site.
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(Layer 1, above 8 km) is between 2.5 
and 3.2 km/s

•  The average P-wave speed in Layer 
1 is consistent with the current 
understanding of the upper crustal 
stratigraphy beneath InSight
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Using P-to-s receiver functions, Knapmeyer-Endrun et al. (2021) found two possible sets of crustal models at 
the lander site: a 2-layer model with a crustal thickness of 20 ± 5 km and a 3-layer model with a thickness of 
39 ± 8 km depth (with a weaker impedance contrast across it). Kim, Lekić, et al. (2021) subsequently found that 
both S-to-p receiver functions and receiver functions constructed from free-surface P-wave multiples (PPs) favor 
the 3-layer model. Durán et al. (2022) also supported the 3-layer model using a more complete marsquake cata-
log and phase picks, though with slightly different average interface depths of 10 km, 20 km, and 45 km. Using 
ambient noise auto-correlation, Deng and Levander (2020), Kim, Davis, et al. (2021), and Schimmel et al. (2021) 
observed the strongest signal at a lag time of 10.6 s, which corresponds to a discontinuity at about 21 km depth, 
in agreement with the observed receiver function amplitudes.

Another prominent teleseismic signal well-recorded on Earth and often used to constrain the depth of the Mohor-
ovičić discontinuity (hereafter referred to as Moho) is the SsPp phase, an SV- to P-wave reflection off the free 
surface on the receiver side. For incoming S-waves (i.e., SV-wave) polarized in the P-SV plane containing the 
event and the receiver, phase conversion occurs at the free surface and the converted P-waves reflect at the Moho 
(or any other intracrustal discontinuity) before being recorded by the seismometer (Figure 1b). On Earth, this 
SsPp phase has been analyzed in data from isolated stations (e.g., Owens & Zandt, 1997; Zandt & Randall, 1985; 
Zhou et al., 2000) and seismic arrays (Chen & Jiang, 2020; Tseng et al., 2009; Yu et al., 2012) to constrain crustal 
thickness. Cunningham and Lekic (2019) and Liu et al.  (2019) additionally showed that SsPp phases provide 
complementary constraints that remove the trade-off between velocity and thickness inherent in receiver func-
tion analysis. Because there is a near-critical (sometimes post-critical) reflection within the top layer, the SsPp 
phase is usually stronger than an SV- to p-wave transmission in the conventional S-wave receiver function (Chen 
& Chen, 2020), and has been observed in several regions on Earth. For example, SsPp phases arrive at 4–11 s 
after the direct SV-phase in the western United States (Yu et al., 2016), 7–12 s across the North China craton (Yu 
et al., 2012), and 12–18 s across the Himalayan-Tibetan orogeny (Tseng et al., 2009).

In continental regions on Earth, the Moho lies between depths of about 15 and 75 km (e.g., Brown & Mussett, 1993; 
Chen et al., 2013; Laske et al., 2013). When there are no sedimentary basins, the Moho is usually where the most 
significant jump in seismic wave speed occurs within the lithosphere of the average Earth model (e.g., Kennett 
& Engdahl, 1991). At the Mars InSight lander site, the situation is different, and the interface with the largest 
wave speed change corresponds to the shallowest intracrustal layer, hereafter referred to as Layer 1, at 8 ± 2 km 
(Knapmeyer-Endrun et al., 2021). The velocity contrast is estimated to be up to +40% due to the relatively low 
wave speed within Layer 1.

The low velocity and recently discovered seismic anisotropy of Layer 1 (Li et al., 2022), make it an important 
region to study since both features are likely related to high porosity in the Martian crust (Knapmeyer-Endrun 
et al., 2021; Li et al., 2022). The low observed velocities could potentially be a result of sedimentary or volcanic 
ash and pyroclastic deposits that have intrinsically high porosity, or a high density of fractures in the upper crust 
generated by impact cratering events, such as is observed on the Moon (e.g., Milbury et al., 2015; Soderblom 
et al., 2015; Wieczorek et al., 2013). Alternatively, the low velocities could be the result of a high quantity of 
aqueously altered materials (Lognonné et al., 2022). Understanding the origin of the low seismic velocity in this 
layer would not only provide clues to the origin of this layer but would also provide useful information for future 
studies of the deeper crustal layers (e.g., Wieczorek et al., 2022).

The large amplitude characteristics of SsPp and the previously observed large wave speed jump across the base 
of Layer 1 make the SsPp an ideal phase to further constrain the properties of Layer 1. In addition, because it can 
be observed with a single station without the need for stacking, this phase is naturally suitable for seismic studies 
on Mars where we only have one instrument at a single location on the planet.

2. Data and Methods
There are two main criteria for SsPp data selection on Earth. First, the epicentral distance should be larger than 
30° to avoid mantle triplications generated by the 410-km and 660-km discontinuities (Kang et al., 2016). On 
Mars, the ideal epicentral distance to detect SsPp should be smaller than 60°, since the phase transformation of 
olivine to its higher-pressure polymorphs occurs at around 1,000 km depth (Huang et al., 2022).

Second, the source wavelet should be simple. Deep earthquakes are therefore usually preferred (e.g., Tseng 
et al., 2009) since their source time function is often simple, and the depth phases from deep earthquakes, which 
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arrive later, do not interfere with SsPp. This criterion could have been a problem to detect SsPp on Mars since 
most of the events detected so far likely originate from depths shallower than 40 km (Drilleau et al., 2021; Durán 
et al., 2022). Nevertheless, Yu et al. (2013) showed that this problem could be mitigated by removing the source 
wavelet complexity resulting from source-side scattering. Specifically, analyses of particle motion provide clues 
for deriving a "pseudo-S" wave train, which contains information about both the source time function and depth 
phases. After the deconvolution of this "pseudo-S” wave train, the authors showed that shallow events with 
complex source wavelets display signals in the seismic data of similar clarity to those from deep earthquakes (Yu 
et al., 2013). This method thus greatly increases the number of earthquakes that can be used to study SsPp phases 
and makes it possible to look for them on Mars.

In addition to these two criteria, we found that the duration of the source wavelet, which is measured based on the 
direct SV phase (Ss), plays a crucial role in reliably detecting SsPp phases on Mars, and that it needs to be rela-
tively short. On Earth, the SsPp phase is mostly used to study the Moho and arrives at relatively large differential 
travel times to the Ss phase (e.g., 4—11 s in the western United States (Yu et al., 2016)). This implies that even a 
relatively long source wavelet duration does not affect the SsPp detection. On Mars, however, the base of Layer 
1 is located at about 8 km depth and synthetic waveforms (where the source time function has a short duration of 
1 s) predict differential arrival times of only about 4 s (Figure 1c). This means that if the source time function has 
a relatively long duration, the SsPp phase will likely be buried in the Ss phase source wavelet, making it undetect-
able directly (Figure S1 in the Supporting Information S1). We verified that as long as the duration of the source 
wavelet is less than 𝐴𝐴 𝐴𝐴𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 − 𝐴𝐴𝑆𝑆𝑆𝑆 , the particle motions show linear trends and the source-normalization technique 
(Yu et al., 2013) can effectively obtain the corresponding SV- to P-phase (e.g., Figure S1f in the Supporting 
Information S1). On the contrary, if the duration of the source wavelet is larger than 𝐴𝐴 𝐴𝐴𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 − 𝐴𝐴𝑆𝑆𝑆𝑆 , the particle 
motions no longer exhibit linear trends (Figures S1d and S1e in the Supporting Information S1), and the  short 
time function approximation cannot be applied, in which case the derived SsPp phase is unreliable (Figure S1c 
in the Supporting Information S1).

Figure 1. (a) Topographic map from the Mars Orbiter Laser Altimeter (MOLA, Smith et al., 2001) near Seismic Experiment for Interior Structure (SEIS) (black 
triangle). The red stars mark the six events used in this study. The red and black error bars indicate the uncertainties in epicentral distance and back azimuth, 
respectively (see Supporting Information S1, Section 1.1). (b) Ray paths of the SsPp phase from a planar, incident teleseismic SV-wave near the SEIS instrument. The 
S-waves are shown as dashed red lines and the converted P-waves are in blue. (c) Synthetic waveforms on the radial and vertical components. Colorscales correspond 
to the arrival time of the traces. (d) Particle motion analysis for part of the waveforms (−1 to 5 s) on the radial and vertical components shown in (c). Colorscales 
correspond to the arrival time of the traces, and are the same as in (c). Oblique lines indicate the estimated direction for the pseudo-P (in blue) and pseudo-S (in red) 
components. (e) Synthetic waveforms on the pseudo-P (in blue) and pseudo-S (in red) components, derived from the particle motion analysis in (d).
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Locating marsquakes using a single station is challenging because both the arrival times of P- and S-waves and 
P-wave polarization information are needed to determine the epicentral distance and the back azimuth, respec-
tively. During 1,133 Mars solar days (i.e., over three Earth years), SEIS has recorded 32 broadband (with energy 
up to 2.4 Hz) and 52 low-frequency (with energy below 1 Hz) marsquakes, and only 11 of them are labeled 
“quality-A” by the InSight Marsquake Service (MQS)  2020,  2021a,  2021b,  2022a,  2022b. To be designated 
quality A, an event needs to have both clear back azimuth and epicentral distance. Quality-A marsquakes, in most 
cases, are ideal candidates for many seismological studies due to their strong seismic energy, high signal-to-noise 
ratio, and well-constrained event location. However, most of the quality-A events happen to have relatively long 
source wavelets (Figure S2 in the Supporting Information S1), therefore, are not necessarily ideal for analyzing 
SsPp phases.

To date, nine quality-A events have an epicentral distance smaller than 60° (Figure S2 in the Supporting Infor-
mation S1). Four of them (S0235b, S1015f, S1022a, and S1048d) exhibit very long (e.g., larger than 5 s) and 
complex source wavelets, indicating that they are not suitable for our SsPp study. There is less low-frequency 
content in the source time function of the other five quality-A events (S0173a, S0809a, S0820a, S0864a, and 
S1133c) and although multiple peaks or oscillations are observed, they are potential candidates for this study.

Compared with quality-A events, marsquakes of quality B, in general, have shorter and simpler source wavelets. 
There are 18 marsquakes of quality B (eight broadband and 10 low-frequency), and the epicentral distances have 
been measured to be within 60° (with an uncertainty smaller than 10°) for 12 of them. However, due to their rela-
tively low signal-to-noise ratio, the MQS has not determined the back azimuth for the quality-B events. Recent 
studies by Drilleau et al. (2021) and Zenhäusern et al. (2022) with detailed analyses of the waveforms provided 
back azimuth estimates for 10 of these 12 events. After excluding event S0325a whose estimated back azimuth 
shows large discrepancies between the two studies, we are left with a total of nine quality-B events with both 
epicentral distance and back azimuth information.

In this study, we focused on seven of these nine quality-B events with back azimuths between 0 and 180° (Table 
S1 in the Supporting Information S1) and which are in the same direction (to the east of the InSight lander) as 
the events used in the receiver function study (Knapmeyer-Endrun et al., 2021). Besides these seven quality-B 
events, we also included one quality-A event S1133c, which has a relatively short source time function of ∼4 s. 
Comparisons with the other eight quality-A events can be found in the Supplementary Material (i.e., Figures S2 
and S3 in the Supporting Information S1).

2.1. Data Processing

The waveform data (InSight Mars SEIS data service, 2019) were processed by first applying a pre-filtering from 
0.01 to 8 Hz (zero-phase, second-order Butterworth filter) to the deglitched data set (Scholz et al., 2020, with a 
sampling rate of 20 samples per second), and then removing the instrument response to get the ground motion 
records. Finally, we filtered (zero-phase, second-order Butterworth filter) the data into periods from 1.5 to 5 s. 
We prefer working with the displacement record because there are fewer oscillations compared with the velocity 
record.

To analyze the SsPp, we need to use data from the radial (R) and vertical (Z) components. We thus converted the 
waveforms from the original UVW to NEZ channels using ObsPy (Beyreuther et al., 2010) and rotated the coor-
dinates from NEZ to RTZ using the back azimuth information provided by previous studies (Drilleau et al., 2021; 
Zenhausern et al., 2022) and listed in Table S1 in the Supporting Information S1.

2.2. SsPp Phase

Figure 1b illustrates the ray path of the SsPp phase, where the Ss-leg of the ray path (the dashed line in red to the 
right of the lander) is almost parallel to that of the direct SV phase (the dashed line in red below the lander). The 
major difference between the ray paths is the near- or post-critical Pp reflection at the base of Layer 1. Therefore, 
the travel-time difference between the direct Ss phase and SsPp phase can provide constraints on the average 
P-wave speed and thickness of Layer 1:

𝑇𝑇𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆−𝑆𝑆𝑆𝑆 = 2𝐻𝐻𝐻𝐻𝛽𝛽 = 2𝐻𝐻

√

1

𝑉𝑉 2

𝑆𝑆

− 𝑆𝑆2
𝛽𝛽
, (1)
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where 𝐴𝐴 𝐴𝐴𝛽𝛽 and 𝐴𝐴 𝐴𝐴𝛽𝛽 are the vertical and horizontal slowness (i.e., ray parameter) of the incident SV wave, respectively. 
𝐴𝐴 𝐴𝐴𝑃𝑃 is the average P-wave speed in the layer, and H is its overall thickness.

We first calculated synthetic seismograms for the radial (R) and vertical (Z) components using a MATLAB 
package (Yu et al., 2017) based on the propagator method (Kennett, 2009) with a planar incident SV-wave (with 
a delta source wavelet, filtered between 1.5 and 5 s). Using one of the models from the receiver function study 
(Knapmeyer-Endrun et al., 2021) with a Layer 1 thickness of 8 km and an average P-wave velocity of 3.0 km/s, we 
found that the simulated SsPp phase arrives about 4 s after the direct SV phase for marsquakes with an epicentral 
distance of 30° (i.e., a ray parameter of 13.3 s/deg). This SsPp phase is observable on both the radial and vertical 
components (Figure 1c).

Particle motion analysis of the radial and vertical components of the synthetics shows that the first signal (at −1 
to 2 s) and the second signal (at 3–5 s) have distinctive particle motions. Specifically, the first signal follows a 
linear trend in the second and fourth quadrants, and the second signal is polarized in the first and third quadrants 
(Figure 1d). We can define pseudo-S and pseudo-P components according to the direction of these two sub-linear 
particle motions (Yu et al., 2013). On the pseudo-S component, the main phase is the direct SV phase at 0 s 
(Figure 1e). On the pseudo-P component, there is no direct SV phase at 0 s, but a strong SsPp phase is visible at 
around 4 s (Figure 1e).

We applied the same particle motion analysis and the pseudo-P and S separation technique to the real data. 
Figure 2 shows examples of quality-A event S1133c, quality-B events S0105a, S0407a, S0484b, S0784a, and 
S0918a. In Figure 2, the start time (0 s) is selected based on the arrival time of the S-wave measured by MQS 
(Table S2 in the Supporting Information S1), where the signal envelope is analyzed in multiple narrowband filters 
and the coherent start time in the largest possible bandwidth is selected (Clinton et al., 2021). In all cases, there 
are two linear trends in the particle motion analysis and there is a strong signal at around 4 s on the pseudo-P 
components. The following analysis is based on these six events, and we excluded the other two quality-B events 
due to no clear pseudo-P and S separation (S0409d, in Figure S4a in the Supporting Information S1), and no clear 
direct-SV arrival (S0802a, in Figure S4b in the Supporting Information S1).

Figure 2. (a1) Raw displacement waveforms on the radial and vertical components for event S0407a. The layout is the same as Figure 1c. (a2) Particle motion analysis 
for event S0407a. The layout is the same as Figure 1d. (a3) Separated waveforms on the pseudo-P and pseudo-S components for event S0407a. The peak on the 
pseudo-S component (at around 0 s) and the trough on the pseudo-P component (at around 4 s) are indicated by black dots. Same analysis for event S1133c (b1-b3), 
S0105a (c1–c3), S0484b (d1–d3), S0784a (e1–e3), and S0918a (f1–f3). Note that the waveforms are flipped if needed to make the amplitude at 0 s on the pseudo-S 
component to be positive for better illustration.
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Although the arrival times of the signals on the pseudo-P components are coherent, their waveforms vary between 
different events. This is mainly due to the different source time functions, which are indicated by the phase at 
0 s on the pseudo-S components. To consider the effect of different kinds of source wavelets, we followed Yu 
et al. (2013) to assume the waveforms on the pseudo-S component to be an approximation of the source wavelet 
and then convolved the assumed source wavelet (from −5.0 s to +2.5 s) with the synthetic Green's function to 
simulate the pseudo-P component (Figure 3).

3. Results
3.1. Waveform Comparison and Misfit Map

In the SsPp phase, there is a near- or post-critical Pp reflection at the base of Layer 1, and thus a phase shift might 
occur. When such a phase shift happens, it prevents us from accurately picking the arrival time of SsPp (e.g., 
Figure S6 in the Supporting Information S1). Therefore, we prefer to perform a waveform comparison (between 
the data and the synthetics) rather than refer to Equation 1, to constrain the model parameters (i.e., the average 
P-wave speed and thickness of Layer 1).

Figure 3. (a) L2-norm misfit map for event S0918a. The red star marks one of the acceptable models within the strict 
threshold of Figure 4b, and the P-wave speed of the second layer is shown in the lower right corner. The corresponding 
synthetic waveforms are shown in (d) in the same color. (b) L2-norm misfit map for event S0105a. (c) L2-norm misfit map 
for event S0407a. (d) Comparison between data (in black) and synthetics (in red) on the pseudo-P components. (e) L2-norm 
misfit map for event S0484b. (f) L2-norm misfit map for event S1133c. (g) L2-norm misfit map for event S0784a.

 23335084, 2023, 3, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022E

A
002416 by C

ochrane France, W
iley O

nline L
ibrary on [07/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Earth and Space Science

LI ET AL.

10.1029/2022EA002416

7 of 16

To compare the synthetic SsPp waveforms with the real data, we first applied 
the same particle motion analysis to the synthetic vertical and radial Green's 
functions to separate the synthetic pseudo-P and pseudo-S components, then 
we convolved the synthetic pseudo-P waveforms with the source wavelet 
(derived from the real data) to simulate the observations. We found that the 
simulated waveforms (i.e., the red waveforms in Figure 3d), generated by the 
acceptable models (i.e., corresponding to the red stars in Figure 3), match 
the  pulse at around 4 s in the data well.

Although these models predict waveforms that are similar to the data, 
trade-offs between model parameters (the average P-wave speed and layer 
thickness) exist as shown in Equation 1. To find all acceptable models, we 
performed forward modeling and sampled the average P-wave speed (from 
1.3 km/s to 4.2 km/s with an interval of 0.02 km/s) and layer thickness (from 
4 to 14 km with an interval of 0.05 km) of Layer 1. Since the velocity of 
the second layer will affect both the amplitude and the phase of the SsPp 

signal (Figure S6 in the Supporting Information S1), we also varied the velocity of the second layer (from 1.1 to 
1.8 times the velocity of Layer 1 in 0.1 intervals). Of these three parameters, the Layer 1 thickness and average 
P-wave speed are more directly related to the differential arrival time (e.g., Equation 1), and the velocity of the 
second layer affects the possible phase shift of the SsPp (i.e., the waveform of SsPp, also see Figure S6 in the 
Supporting Information S1). Therefore, although we simultaneously searched for three parameters to better fit 
the  waveforms, we only aimed to constrain the thickness and average P-wave speed of Layer 1, whereas the 
velocity of the second layer is more difficult to constrain given the relatively low signal-to-noise ratio on Mars 
compared with that on Earth (e.g., Liu et al., 2019).

At each grid cell, we calculated synthetic Green's functions, performed the particle motion analysis, separated the 
synthetic pseudo-P and pseudo-S components, convolved the assumed source wavelet (i.e., S wave, from −5.0 s 
to +2.5 s, on the pseudo-S or the tangential component), and then compared the simulated waveforms with the 
data. To quantify the waveform similarity between the data and the synthetics, we selected a misfit window from 
−5.0 to 6.0 s. We chose the L2-norm of the waveform differences (after normalization) in the time domain as the 
misfit function. The misfit maps are shown in Figure 3. Models in the dark regions have smaller misfits and are 
thus more acceptable than models in the bright area. We found that the average L2-norm misfit along the approx-
imate diagonal (i.e., regions close to the predictions from the ray theory with Equation 1) is systematically lower, 
confirming our identification of the SsPp phase.

We note that there is another signal at around −2.5 s in the data which is also fitted by the synthetics. This phase 
is likely to be the S-to-p transmission at the base of Layer 1 (i.e., the S-to-p receiver function), and could provide 
additional constraints on the properties of Layer 1 (e.g., Chen & Chen, 2020). However, due to its relatively 
smaller amplitude compared with the SsPp, this phase has a limited contribution to the total misfit.

To suppress the data noise, we averaged the L2-norm misfit maps (with the same weight) to get the final misfit 
map in Figure 4a. We first found the best-fitting model with the smallest misfit, then defined the range of accept-
able models using a misfit threshold (i.e., strict and loose thresholds were set for misfits within 130% and 150% 
of the minimum misfit, respectively). Those strict and loose thresholds were set to extract the acceptable region of 
the model space (i.e., Figure 4b). We also see that there are other sets of solutions (e.g., near the lower left corner 
and near the top in Figure 4b) in addition to the one along the approximate diagonal. Nevertheless, those solutions 
are of relatively larger misfits and are only observed with the loose misfit threshold.

Although the choice of the L2-misfit threshold is somewhat subjective, we are confident our analysis is robust 
because we tested several thresholds and compared them with predictions from ray theory. For example, if we 
consider an even smaller threshold value of 110% of the minimum misfit, there are very few acceptable regions, 
indicating that this threshold is too strict to be used in practice (in Figure S7a in the Supporting Information S1). 
We also compared the acceptable regions (derived from the L2-norm misfit maps) with the ray-theory-based calcu-
lation using formula 1. The first-order trends are similar between these two approaches (Figure S7 in the Support-
ing Information S1). In addition, the choice of the misfit function (e.g., L2-norm, L1-norm, or cross-correlation 
coefficient) does not affect the pattern of the misfit map (Figure S8 in the Supporting Information S1).

Figure 4. (a) Summed L2-norm misfit map for the SsPp data. (b) Acceptable 
model regions defined by the loose (in gray) and strict (in blue) thresholds 
extracted from (a).
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We note, however, that there are discrepancies between our derived acceptable regions and the ray-theory-based 
predictions (Figure S7 in the Supporting Information S1). These arise because, when the velocity of the second 
layer is large enough, the SsPp is a post-critical reflection and a phase shift occurs. In such a case, the location 
of the negative pulse deviates from the actual arrival time of the SsPp phase (Figure S6 in the Supporting Infor-
mation S1). Therefore we trust the results from the misfit map since the possible phase shift (for the critical P-p 
reflection off Layer 1) is included in the synthetics calculations. In addition, multiple sources of uncertainties are 
automatically included in the final misfit map such as the noise in the data, the duration of the pulse, and even 
finite-frequency effects.

3.2. Constraints From SsPp

Our study provides constraints on the average P-wave velocity in Layer 1 using the SsPp phase, which can be 
compared to the acceptable models in the receiver function study (Knapmeyer-Endrun et al., 2021). In Figures 5a 
and 5c, we first plotted the distribution of the average P-wave speed and thickness of Layer 1 from the receiver 
function study (Knapmeyer-Endrun et al., 2021), for the 2-layer and 3-layer crust cases, respectively. In each case, 
there are 20,000 acceptable models, and most of those models are located along a sub-linear trend reflecting the 
trade-offs between the wave speed and layer thickness.

Then, we superimposed the acceptable model space regions determined from our SsPp analysis for the strict and 
loose thresholds (blue and gray regions, respectively). For both the 2-layer (Figure 5a) and 3-layer (Figure 5c) 
cases, acceptable regions derived from the SsPp analyses intersect with the models from Knapmeyer-Endrun 
et al. (2021). Because the acceptable ensemble of models derived from the SsPp analysis has a different slope 
compared to the models obtained with receiver functions, the trade-offs between model parameters and the 
number of possible models can be reduced. That is, models located at the intersection of the two regions are 
accepted by both the receiver function and the SsPp data. When they are outside the loose threshold contours, 

Figure 5. (a) Colored dots represent the original 20,000 models from the receiver function study (Knapmeyer-Endrun 
et al., 2021) for the 2-layer crustal case. The color scale indicates the number of models at each grid point. The acceptable 
model regions with the loose (in gray) and strict (in blue) thresholds derived from the SsPp data in this study are 
superimposed. (b) Reduced models for the 2-layer crustal case with the constraint from the SsPp phase in this study. (c) Same 
as (a) for the 3-layer crustal case. (d) Same as (b) for the 3-layer crustal case.
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those models are rejected. Models lying in between the two thresholds have a certain chance of being accepted, 
according to their misfit (e.g., smaller misfits correspond to larger acceptance possibilities).

With this new constraint, the total number of possible models is reduced from 20,000 to 8,100 for the 2-layer 
crustal case, and from 20,000 to 9,982 for the 3-layer crustal case (Figures 5b and 5d). The most prominent 
feature of these smaller model sets is a cut-off P-wave speed of about 3.2 km/s.

3.3. Average P-Wave Speed and Thickness of Layer 1

In Knapmeyer-Endrun et al.  (2021), two ensembles of crustal models were shown to be compatible with the 
receiver function data: a 2-layer model and a 3-layer model. However, discrepancies were found between the two 
sets of models, for both the average P-wave speed and the thickness of Layer 1 (i.e., gray histograms in Figure 6): 
the preferred thickness for Layer 1 is 8.5–9.0 km for the 2-layer case and 7.0–7.5 km for the 3-layer case, and the 
preferred average P-wave speed for Layer 1 is 3.0–3.5 km/s for the 2-layer case and 2.5–3.0 km/s for the 3-layer 
case. These discrepancies might be because the properties of Layer 1 (e.g., velocity and thickness) have to be 
able to explain both the Ps phase and its multiple PpPs phase for the 2-layer crustal case (Knapmeyer-Endrun 
et al., 2021).

The analyses we performed in the present work allow us to obtain new distributions (i.e., red histograms 
in Figure  6) of possible average P-wave speed and thickness for Layer 1 (Cunningham & Lekic,  2019; Liu 
et  al.,  2019) in both the 2-layer case and the 3-layer case. Using the ensemble of models obtained with our 
additional constraints from the SsPp data, we found that the preferred thickness of Layer 1 for the 3-layer crust 
case remains unchanged (7.0–7.5 km). However, the preferred thickness for the 2-layer crust case is shallower 
(7.5–9.0 km) than in the original receiver function study (8.5–9.0 km, from Knapmeyer-Endrun et al., 2021). 
The preferred average P-wave speeds in both cases are centered between 2.5—3.2 km/s, which is also seen in 
Figure 5. In addition, the estimated average P-wave speed and thickness of Layer 1 are more consistent between 

Figure 6. (a) Histograms for the thickness of Layer 1 in the original 2-layer crustal case (in gray) of Knapmeyer-Endrun 
et al. (2021) and reduced model ensemble (in red). (b) Histograms of the average P-wave speed in Layer 1 for the 2-layer 
crustal case. (c) Same as (a) for the 3-layer crustal case. (d) Same as (b) for the 3-layer crustal case.
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the two cases when adding our SsPp constraints to the original receiver function study. However, based solely on 
our SsPp analysis and the receiver function analysis of Knapmeyer-Endrun et al. (2021), we cannot distinguish 
between a 2-layer and a 3-layer crust.

4. Discussion
4.1. Method Validation

The separation of the pseudo-SV and pseudo-P wave trains is key to removing the source-side scatterings and 
enhancing the signals from the structure. In this study, we estimated those based on a particle motion analysis (Yu 
et al., 2012). This approach is fully based on the data and does not rely on a priori knowledge of the near-surface. 
However, the results could be affected by the presence of noise. To test the influence of the possible noise, we 
also applied a free-surface transform matrix (Kennett, 1991), constructed from prior information about the P- and 
S-wave speeds of the near-surface from Kim, Lekić, et al. (2021), to estimate the P- and SV-waveforms. Results 
show that the derived pseudo-S and pseudo-P wave trains from this free-surface transformation are consistent 
with those from the particle motion analysis (see Supporting Information S1, Section 1.2).

To search for acceptable models, we performed grid searches for three parameters: the average P-wave velocity 
and the thickness of Layer 1, and the P-wave velocity of the second layer. An alternative way to assess our results 
is to directly use the 40,000 receiver-function-derived models (Knapmeyer-Endrun et al., 2021) to calculate the 
synthetic SsPp waveforms and compare them with the SsPp data. Results show that both approaches exhibit the 
same first-order pattern: models with an average P-wave velocity larger than 3.2 km/s are rejected. This implies 
that the upper limit of the average P-wave velocity (at around 3.2 km/s) is required by the data and is not depend-
ent on the inversion approach (see Supporting Information S1, Section 1.3).

We further analyzed the model uncertainties resulting from location error (i.e., epicentral distance and back 
azimuth) and glitches (see Supporting Information S1, Section 1.1). We also investigated the possible interfer-
ences with other signals (see Supporting Information S1, Section 1.4), the sharpness and dip of the interface 
(see Supporting Information S1, Section 1.5), the effects of different data types (i.e., displacement or velocity 
records, see Supporting Information S1, Section 1.6), and compared our models with auto-correlation results 
(see Supporting Information S1, Section 1.7). We concluded that our derived average P-wave speed in Layer 1 
(between 2.5 and 3.2 km/s) is robust.

4.2. Origin of Layer 1

The low average P-wave speed in Layer 1 indicates the presence of materials with low seismic velocity in the 
upper crust at the InSight landing site. Low seismic velocities, in turn, imply materials with low density (compared 
to the middle or lower crust), that could result from elevated porosity (e.g., Lognonné et al., 2020), low-density 
lithologies (including chemically altered lithologies), or a combination of intrinsically low-velocity materials and 
porosity (e.g., Wieczorek et al., 2022).

The near-surface geology and stratigraphy in the vicinity of the InSight landing site are now reasonably well 
understood although the constitution of the deeper crust (i.e., >0.2  km) is less well constrained (Golombek 
et al., 2020; Pan et al., 2017, 2020; Warner et al., 2022). The subsurface at the InSight landing site includes a shal-
low impact-generated regolith (several meters thick) that grades into ∼170 m of Early Amazonian to Hesperian 
basalt lava flows that are underlain by sedimentary rocks of the Noachian age (Golombek et al., 2017, 2018; Pan 
et al., 2020; Warner et al., 2022). Orbital imaging and spectral evidence from lithologies thought to be excavated 
in nearby craters suggest that rocks at greater depth are characterized by Fe/Mg-bearing phyllosilicates and are 
interpreted to be either Noachian sedimentary rocks (Warner et al., 2022; also see Pan et al., 2020) or aqueously 
altered Noachian igneous rocks (Pan et al., 2017), or presumably some combination, and that could extend to 
depths up to 5 km—possibly the entire thickness of Layer 1.

4.2.1. Porosity Effects

Since all of the possible Layer 1 lithologies (sedimentary, volcanic, altered Noachian basement) in the vicinity 
of the landing site could contain significant porosity, we first consider the influence of porosity alone on seismic 
wave speed.
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Here, we assess how porosity affects the wave speed of typical Martian basal-
tic materials. This will provide us with a maximum allowable porosity, given 
that other materials (e.g., sedimentary rocks) have intrinsically lower wave 
speeds.

We make use of the scattering theory of Toksöz et  al.  (1976) to estimate 
the P-wave speeds of a given material as a function of porosity. As demon-
strated by Heap (2019), the bulk seismic velocity depends upon the matrix 
composition, the amount of porosity, the composition of the material filling 
the pores, and the pore aspect ratio. We have performed similar calculations 
as in that study and compared the predicted wave speeds with our average 
P-wave speed results for Layer 1 beneath the InSight lander. For the model 
setup, we assumed a basaltic composition for the matrix, given that basalts 
are the dominant rock type found near the surface of Mars (e.g., McSween 
et al., 2009). Such a composition could be representative of either basaltic 
lavas or the detrital grains of unaltered basaltic sediment (e.g., McLennan 
et al., 2019). After including a specified porosity, the pore space was filled 
with either atmospheric gas (e.g., carbon dioxide) or liquid water. Manga 
and Wright (2021) demonstrated that the observed low S-wave speeds in the 
upper 8 km beneath the InSight lander preclude the existence of water ice in 
this layer, so we did not consider this case further in our analysis.

We plotted our predicted P-wave speeds in Figure 7. A seismic velocity of 
6.8 km/s was assumed for non-porous basaltic materials (Christensen, 1972), 
a pore aspect ratio of 0.1 was assumed (Heap, 2019), and properties of the 
void filling materials were also taken from Heap (2019). We see that as the 
porosity increases, the P-wave speed in the layer decreases, being reduced 
by a factor of two for porosities close to 20%–25%. The P-wave velocity is 
somewhat larger when the pores are filled by liquid water than by atmos-

pheric gas, but the difference is only moderate for the majority of the range of porosities that we consider. Our 
average P-wave speeds for the upper 8 km of Mars from InSight data (from 2.5 to 3.3 km/s) can be accounted for 
by a porosity of 25%–30% when the pores are filled by liquid water, or 22%–26% when the pores are filled by 
atmospheric gas. If the pores were more spherical than our assumed aspect ratio of 0.1, the amount of required 
porosity would be greater (see Heap, 2019). In contrast, if the seismic velocity of the matrix materials was lower 
than assumed, the amount of required porosity would be reduced.

Our computed porosities are consistent with the range of values found for a variety of typical extrusive rocks at 
volcanoes on Earth, which can approach 30% (see data tabulated in Lesage et al., 2018) and for clastic sediments 
that often exceed 30% (e.g., Boggs, 2009). On the other hand, these porosities are somewhat higher than those 
directly measured in Martian meteorites, with porosities mostly in the range of 2%–12% (Coulson et al., 2007).

Though near-surface volcanic deposits can form with high porosities over a range of length scales (from gas 
bubbles in magmas to evacuated lava tubes), impact cratering is an additional mechanism that can fracture and 
generate significant porosity in crustal materials. As an example, combined gravity and remote sensing data 
imply that the average porosity of the crust of the Moon is about 12% (Wieczorek et al., 2013) and that the poros-
ity could be even higher for the uppermost crust (Besserer et al., 2014). Analyses of feldspathic samples from the 
lunar highlands reveal impact-generated porosities that range from about 2% to 20% (Kiefer et al., 2012). Drill 
core samples from the central peak ring of the Chixulub impact basin have similar average porosities as the lunar 
samples, near 12% at depths near a kilometer, with values that reach as high as 20% at shallower depths (Rae 
et al., 2019). Drill cores from within the Reis impact crater on Earth also show the presence of up to about 30% 
porosity in the upper few hundred meters (Förstner, 1967). Given the ancient age of the surface volcanic materi-
als at the Insight landing site (from Hesperian to Early Amazonian, see Warner et al., 2022), combined with the 
presence of an about 10 m thick impact generated regolith at the surface in the vicinity of the landing site, impact 
processes could have plausibly contributed to high levels of porosity in the upper 8 km of the crust beneath the 
InSight lander.

Figure 7. P-wave speed of porous basalt with intrusions of carbon dioxide 
(in black) and liquid water (in gray) as a function of porosity (with the aspect 
ratio of 0.1). The shaded red region marks the range of the average P-wave 
speeds from this study. The derived lower and upper limits for the porosity 
estimations are also indicated.
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4.2.2. Lithological Effects

When considering lithological effects, it is also convenient to think in terms of rock density since seismic veloc-
ities for several different possible lithologies are more difficult to directly predict in any systematic manner. 
Although it is well known that there is a relationship between seismic velocities and rock density, the detailed 
nature of that relationship is less certain (e.g., Brocher, 2005). Nevertheless, values of the average P-wave speeds 
in the range of 2.5–3.3 km/s likely correspond to rock densities in the range of about 2,000 to 2,300 kg m −3 
(Brocher, 2005; Christensen & Salisbury, 1975; Gardner et al., 1974), compared with an average crustal grain 
density of <3,100 kg m −3 (Wieczorek et al., 2022; also see Taylor & McLennan, 2009).

In Figure 7, we assumed that porosity-free upper crustal basaltic rocks have a P-wave speed of 6.8 km/s which 
is broadly consistent with the average crustal bulk density that is constrained to be <3,100 kg m −3 (Wieczorek 
et al., 2022). However, recent findings from rover activities in Gale crater and lithologies preserved in the Martian 
meteorite breccia NWA7533 (and its numerous pairs) indicate that the early crust of Mars is lithologically diverse 
(e.g., Cousin et  al.,  2017; Humayun et  al.,  2013) with compositions ranging from picrobasalt (SiO2  <  45%) 
through to alkali-rich intermediate-felsic compositions (SiO2 > 60%). Wieczorek et al. (2022) estimated the grain 
densities for known igneous lithologies and found them to be in the range of 2,680–3,420 kg m −3, thus varying 
by over 25% relatively. Accordingly, there is a possibility that at least some of the igneous materials making up 
the upper crust in the vicinity of InSight have porosity-free P-wave velocities that are lower than the 6.8 km/s 
assumed here.

The favored interpretation of the presence of several kilometers of Noachian sedimentary rocks beneath the 
landing site is consistent with our current understanding of the scale of the Martian sedimentary record. Based on 
geochemical mass balance, McLennan (2012) estimated the minimum size of the Martian sedimentary mass to 
be between 5e10 22 and 5e10 23 g, which, assuming an average density of 2,000 kg m −3 (see below), corresponds 
to a global average thickness of 0.17–1.7 km. In several locations, sedimentary rock thicknesses are known to 
be very much greater. For example, the sedimentary sequence in Gale crater is measured to be 5 km (Grotzinger 
et al., 2015), the sedimentary sequence in Juventae Chasma (Valles Marineris) may be on the order of 3–6 km 
thick (Grotzinger & Milliken, 2012), and the Medusae Fossae Formation in places is up to 3 km thick (Bradley 
et al., 2002). Globally, the Martian sedimentary rock record is lithologically and mineralogically complex and 
influenced by a variety of sedimentary processes (e.g., chemical weathering, mineral sorting) and diagenetic 
processes (e.g., cementation, compaction, secondary porosity formation) (McLennan & Grotzinger,  2008; 
McLennan et al., 2019).

Although sedimentary rocks can contain large amounts of primary intergranular porosity, in many cases that 
porosity may be lost during compaction and/or filled by diagenetic cements during the lithification process 
(Boggs, 2009), and for Mars, such cements can be highly variable with respect to mineralogy (phyllosilicates, 
sulfates and chlorides of variable hydration state, amorphous silica and other amorphous, commonly hydrated, 
phases) (McLennan & Grotzinger, 2008; McLennan et al., 2019). Although such cements eliminate porosity, their 
densities can be significantly lower than the grain density of the clastic particles and so the overall effects on both 
bulk density and seismic velocities would be to lower them but it is not possible to make quantitative predictions.

There have been some attempts to independently constrain the densities of Martian sedimentary rocks. 
Using combined gravity and topography signatures, Ojha and Lewis  (2018) estimated a bulk density of 
1,765 ± 105 kg m −3 for the Medusae Fossae Formation (also see Watters et al., 2007), a notably low value that 
was attributed to the result from either high contents of water ice (Watters et al., 2007) or, more likely, elevated 
porosity (>35% averaged over 1.5 km depth) (Ojha & Lewis, 2018). Using the Curiosity rover accelerometer 
to measure the gravity field (Lewis et al., 2019), and correcting for the gravity field resulting from the Gale 
impact, Johnson et  al.  (2021) estimated the mean bulk density of the sedimentary rocks in Gale crater to be 
2,300 ± 130 kg m −3. This density was considered consistent with a porosity of 18 ± 6%, a value in turn consistent 
with lithified sedimentary rocks that have undergone about 4–5 km of burial compaction (Johnson et al., 2021).

Although considered less likely, another deep upper crustal lithology that may underlie the InSight landing site is 
aqueously altered Noachian igneous rocks, possibly similar to the rocks in the ancient highlands ∼500 km to the 
southwest. Pan et al. (2017) examined the mineralogy of deeper crustal materials exposed in craters throughout 
the northern lowland and found a variable mixture of primary volcanic mafic minerals and a variety of hydrous 
minerals, dominated by Fe/Mg phyllosilicates, interpreted to have formed by aqueous alteration processes in 
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the Noachian crust. The density of Fe/Mg phyllosilicates (e.g., nontronite, saponite) is mostly in the range of 
2,200–2,300 kg m −3 (Anthony et al., 2002) and thus are also likely to lower the density of the primary crustal 
igneous materials.

4.2.3. Synthesis

From the above analysis, it is clear that porosity alone—in both sedimentary and volcanic rocks—could poten-
tially explain the low average P-wave speed observed in Layer 1. On the other hand, it is less likely that litho-
logical factors alone, such as the presence of cemented sedimentary rocks, aqueously altered igneous rocks, or 
more felsic rocks, could do so. Nevertheless, our current understanding suggests that the upper crustal stratig-
raphy beneath the landing site is dominated by lithologies that have reduced densities related to the presence of 
secondary materials such as sedimentary cements and other hydrous alteration phases. Accordingly, our favored 
hypothesis is that a combination of low-density lithologies (cemented sedimentary rocks, intermediate-felsic 
igneous rocks, and aqueously altered Noachian igneous rocks) almost certainly played a significant role in reduc-
ing P-wave speed. However, in addition to that, it is also necessary that significant primary porosity (and for 
sedimentary rocks, possibly secondary porosity) remained in many of these rocks.

A final issue is what is the origin of the seismic discontinuity at the base of Layer 1. Given the known thicknesses 
of sedimentary rocks on Mars, a Noachian sedimentary succession on the order of ≥7 km thickness is plausible 
and so one possibility is that the base of Layer 1 is essentially the base of a sedimentary rock sequence. If, on the 
other hand, aqueously altered igneous rocks dominate at these depths, then the boundary could also correspond 
to the maximum depth of aqueous alteration and therefore fluid flow.

In either case, it is likely that porosity also plays a significant role. 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. Above this transition zone, the rocks retain their initial porosity, 
whereas below this transition zone all porosity is removed. The absolute depth of the transition zone depends 
upon the heat flow at the time when the porosity was created. If most porosities were created by impacts before 
3.9 Ga, based on reasonable estimates of the surface heat flow at that time, all porosity would have since been 
removed for depths greater than about 12–23 km (Wieczorek et al., 2022). Thus, if Layer 1 initially contained 
high porosities near 22%–30% at 3.9 Ga, this porosity would remain to the present day. If Layer 1 instead formed 
at a later date (such as from sedimentary processes), these materials would also retain their initial porosity to the 
present day.

Accordingly, a combination of lithological change and pore reduction (or elimination) is a plausible mechanism 
to explain the seismic discontinuity at the base of Layer 1 and is also consistent with the known geological rela-
tionships in the vicinity of the InSight lander site.

5. Conclusions
We have analyzed one quality-A and five quality-B broadband and low-frequency events and made the first 
coherent detection of the SsPp phase on Mars, which helps us constrain the crustal structure at the lander site. 
We found that quality-B marsquakes, with simpler source wavelets, behave better than quality-A events when 
constraining the structure of the uppermost crustal layer (at about 8 km depth) when using the SsPp phase. We 
found coherent signals that are consistent with wave reflections off the first crustal interface, and this new phase 
confirms the existence of the ∼8 km interface in the crust and the large wave speed (or impedance) contrast across 
it. The detected SsPp phase helped reduce the number of acceptable models used in the previous receiver function 
analysis of Knapmeyer-Endrun et al. (2021) from 20,000 models to about 10,000 models.

Using our new constraint from the SsPp phase, we determined that the average P-wave speed in Layer 1 is 
between 2.5 km/s and 3.2 km/s, compared to the previous range of 2.0–3.5 km/s obtained by receiver function 
analysis. Based on these low average P-wave speeds, the seismic properties of Layer 1 likely result primarily from 
the presence of relatively low-density lithified sedimentary rocks and/or aqueously altered igneous rocks that also 
have a significant amount of porosity, possibly as much as ∼30% by volume.
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Data Availability Statement
Data sets (both the raw data and the deglitched data in SAC format, after removing the instrument response) for 
this research are available on the Zenodo repository: https://doi.org/10.5281/zenodo.6784826.
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