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1.  Introduction
Since its deployment, the SEIS (Seismic Experiment for Interior Structure) instrument (Lognonné et al., 2019) 
as part of the InSight (Interior Exploration using Seismic Investigations, Geodesy and Heat Transport) lander has 
been passively recording marsquakes (Banerdt et al., 2020) for over 1300 Sols (a Sol is a Martian day and corre-
sponds to ∼24 hr 40 min) since landing, including ∼90 marsquakes at teleseismic distances with moment magni-
tudes (Mw) in the range 2.5–4.2 (Ceylan et al., 2022; Clinton et al., 2021; InSight Marsquake Service, 2022). The 
analysis of marsquakes has resulted in a significant improvement in our understanding of Martian seismicity 
(Giardini et al., 2020) and interior structure (Lognonné et al., 2020), including crustal and lithospheric thickness, 
crustal and mantle velocity structure, and core size and mean density (Drilleau et al., 2022; Durán et al., 2022; 
Khan et  al., 2021, 2022; Kim, Lekić, et  al., 2021; Kim et al., 2022; Knapmeyer-Endrun et  al., 2021; Stähler 
et al., 2021). Yet, because of the absence of P-waves that have traversed the lower mantle (below ∼800 km depth), 
the deep mantle P-wave velocity structure remains unconstrained. In contrast, the detection of core-reflected 
S-waves (Durán et  al.,  2022; Stähler et  al.,  2021) helped constrain the S-wave velocity profiles down to the 
core-mantle-boundary (CMB).

To determine lower mantle P-wave velocity structure, we consider a recent event that occurred on Sol 1000 with 
one of the highest signal-to-noise ratios (SNRs) observed thus far (Sol 1189) by InSight (Horleston et al., 2022; 
InSight Marsquake Service, 2022). This second-most distant event has been matched with an impact on the surface 
of Mars at an epicentral distance and back-azimuth of ∼126° and 34.5°, respectively (Posiolova et al., 2022). The 
event occurred in Tempe Terra to the East of the Tharsis rise and North of Valles Marineris. Because of the 
farside location, S1000a (marsquakes are labeled by mission Sol of occurrence and sub-labeled alphabetically 
for Sols with more than one event) provides a unique opportunity to study the deep structure of Mars. Here, 
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we provide an in-depth analysis of S1000a with the aim of presenting the first observation of a core-diffracted 
P-wave (hereinafter labeled Pdiff).

We first provide an overview of the event, after which we apply a number of processing steps to the waveform 
data that have been developed specifically for the purpose of detecting seismic body wave arrivals in the relatively 
strong scattering coda of marsquakes (Durán et al., 2022; Khan et al., 2021). Application of these methods to 
S1000a allows us to pick the main P- and S-wave arrivals (PP and SS) and the lower mantle traversing seismic 
phase Pdiff. Finally, we perform an inversion of the phases picked here with the body-wave travel time data set of 
Durán et al. (2022) to obtain improved models of Mars's P-wave velocity structure and test the capabilities of our 
joint seismic event-location and structure-inversion scheme on the basis of a known event location.

2.  Event Overview
The Mars-calibrated moment magnitude Mw for event S1000a (Böse et al., 2021) is 4.1 ± 0.2 and one of the larg-
est marsquakes to have been recorded to date. An overview of the event is shown in Figure 1. A scalogram of the 
event, computed as the absolute value of the continuous wavelet transform of the signal, is shown in Figure 1a and 
illustrates the temporal change in signal frequency content. As described in Horleston et al. (2022), and following 
the classification of Clinton et al. (2021), this event is a broadband event because of its frequency content ranging 
from 10 s to over 5 Hz (Figure 1a).

Low-frequency band-pass filtered (0.1–0.8  Hz) three-component waveforms in the vertical-radial-transverse 
system and their envelopes are shown in Figure 1b. Glitches, which are easily discernible in the scalogram as 
energy spikes that are mainly present at long periods, are masked in the waveforms to avoid misinterpretation. 
The filtered waveforms exhibit two main arrivals that, based on the differential travel time, are designated as the 
surface-reflected PP and SS body waves. The phase arrivals and the initial uncertainty on the picks assigned 
by the MarsQuake Service (MQS) are represented by vertical lines and orange bars, respectively. As shown in 
Figure 1b, the PP-wave energy can be clearly identified in the time-domain waveforms, while the SS-wave arrival 
is emergent, making the identification of the onset more difficult. Also visible on the vertical-component wave-
form is an additional arrival preceding PP, indicated by a vertical dashed line. A zoom-in of the vertical and radial 
components around this arrival is shown in Figures 1c and 1d. This phase was initially labeled as a P-wave that 
diffracts along the core-mantle boundary by Horleston et al. (2022) based on travel time predictions. In line with 
expectations for a steeply-arriving phase, the Z/R amplitude ratio for Pdiff is found to be larger than for the PP 
phase. This is also observed with synthetic waveforms (Figure S1 in Supporting Information S1).

3.  Seismic Data Analysis
3.1.  PP and SS

A zoom into the band-pass-filtered waveforms and their time-domain envelopes is shown in Figures 2a and 2d 
for time windows containing the early part of the PP- and SS-wave arrivals, respectively. Synthetic waveform 
simulations computed for an inclined force supports the presence of an SS-wave arrival on the transverse compo-
nent (for details see Section S2 in Supporting Information S1). Consequently, vertical- and transverse-component 
traces are shown for PP- and SS-wave arrivals, respectively. Because they visually enhance the arrival of energy 
packages, envelopes are important for the identification of seismic phases in the low-magnitude noisy marsquake 
signals recorded so far (Durán et al., 2022; Khan et al., 2021).

As body waves are characterized by linear polarization (Haubrich et al., 1963; Tanimoto et al., 2006), we apply a 
time-domain polarization method to increase the SNR of the linearly-polarized part of the signal through principal 
component analysis (Montalbetti & Kanasewich, 1970). Filtered polarized vertical- and transverse-component traces 
and their time-domain envelopes for S1000a are shown in Figures 2b and 2E. These polarized traces, in comparison 
to the waveforms shown in Figures 2a and 2d, exhibit high-amplitude packages of energy associated with body waves.

A complementary approach that has proven helpful for the identification of seismic phases is the use of 
narrow-band-filtered time-domain waveform envelopes (filter banks) (Durán et  al.,  2022; Khan et  al.,  2021). 
To this end, we filter the velocity traces in frequency bands half an octave wide around a central frequency 
that ranges from 1/5 to 1 Hz, comprising the low-frequency energy of the signal, and compute their envelopes. 
To avoid interference from non-seismic signals, we ensure that the filter banks are devoid of glitch-, donk-, or 
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atmospheric-related artifacts (Kim, Davis, et al., 2021). Envelopes for all filters considered here are shown in 
Figures 2c and 2f. The onset of increase in energy is observed in the envelopes for most of the frequencies that 
coincides with that observed for the polarized waveforms in Figures 2b and 2e as indicated by the vertical orange 
bars across panels a–c and d–f for the PP- and SS-wave arrivals, respectively.

Based on previous identification of body-wave arrivals, we rely on the criteria detailed in Durán et al. (2022) 
for an arrival to qualify as a seismic phase: (a) arrivals should be present across different frequency bands; (b) 
arrivals should be present in both, non-polarized and polarized traces/envelopes; and (c) arrivals have to follow 
a certain sequence (e.g., differential travel time between PPP and PP has to be less than that between PP and P). 
Following this procedure, we select the arrivals that are represented by vertical orange dotted lines in Figure 2 
as our PP- and SS-wave picks. Uncertainties, which are assigned based on the energy onset observed across the 
different techniques, and typically range between 1 and 10 s, are indicated by orange bars.

3.2.  Pdiff

To enhance the Pdiff signal and refine the initial MQS Pdiff pick of Horleston et  al.  (2022), we band-pass 
filter the traces in the frequency range 0.2–0.6 Hz and show vertical-component waveform and its time-domain 
envelope in Figure 2g. At and following the expected location of the Pdiff arrival, signal energy increases and 

Figure 1.  Three-component scalogram (a), band-pass filtered traces (0.1–0.8 Hz) and their time-domain envelopes (b) for the 
vertical (Z), radial (R), and transverse (T) component waveforms of event S1000a, and zoom-in around the Pdiff arrival (c and 
d) for the Z and R components. Time-domain envelopes are shown in light gray, while filtered traces are shown in dark gray. 
Seismic phase picks by the MarsQuake Service (InSight Marsquake Service, 2022) and uncertainties are shown as orange 
vertical lines and vertical bars, respectively. The scalogram is built as the sum of the squared scalograms of each component 
(see single-component scalograms in Figure S2 in Supporting Information S1). Waveforms are masked where glitches 
occurred to avoid misinterpretation of phases. Envelopes are computed for 5-s long time windows. Waveforms spanning 
longer time series are shown in Figure S3 in Supporting Information S1.

 19448007, 2022, 21, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022G

L
100887 by E

th Z
ürich E

th-B
ibliothek, W

iley O
nline L

ibrary on [25/11/2022]. 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



Geophysical Research Letters

DURÁN ET AL.

10.1029/2022GL100887

4 of 9

is maintained above that present before the arrival, in agreement with waveform modeling results (Figure S1 in 
Supporting Information S1).

Subsequently, we apply a time-domain polarization filter as described in the previous section to increase the 
SNR of linearly-polarized signals. The polarized waveforms and their envelopes are shown in Figure 2h, and 
exhibit arrival of an energy package at the location of the MQS Pdiff arrival. Comparison of the time-domain 
non-polarised (gray, Figure 2g) and polarised (blue, Figure 2h) envelopes indicates a diminution of the polarized 
signals preceding the Pdiff arrival and are therefore likely to be related to elliptically-polarized noise.

To better visualize the characteristics of the Pdiff arrival, we filter polarized and non-polarized waveforms in 
narrow frequency bands. The filter banks are shown in Figure 2i and allow for improved identification of the 
onset of Pdiff across different frequency bands. While Pdiff is relatively strong at lower frequencies (1/2.8 and 
1/4 Hz), it is nevertheless also observable at higher frequencies. This is supported by synthetic waveform mode-
ling that indicates that the amplitude decrease with distance is less pronounced at the frequencies employed 
here (see Section S3 in Supporting Information S1 for details), which is unlike what is observed for Pdiff on 

Figure 2.  Seismic waveform analysis and phase picks for event S1000a. Analysis of PP (vertical component, a–c), SS 
(transverse component, d–f), and Pdiff (vertical component, g–j). Panels (a, d, g) show the band-pass filtered waveforms 
(black) and their envelopes (gray). Panels (b, e, h) show the band-pass filtered polarized waveforms (black) and their 
envelopes (blue). Panels (c and f) show all time-domain envelopes across the different frequency bands (see Figure S8 in 
Supporting Information S1). Panel (i) shows traces (black lines) and their time-domain envelopes (color) across different 
frequency bands (filter banks) for the polarized waveforms, and envelopes (gray) for non-polarized waveforms. All envelopes 
across the various filter banks are overlapped at the bottom. Panel (j) shows the temporal change in azimuthal density in 
the 0.2–0.6 Hz frequency band (see Figure S6 in Supporting Information S1 for extended version including PP). Azimuth 
is constrained to lie in the 0°–180° range, with a 180° ambiguity. Initial seismic phase picks by the MarsQuake Service 
and uncertainties on arrival picks (InSight Marsquake Service, 2022) are represented by the vertical red solid lines and 
horizontal red bars, respectively. Our phase picks, including uncertainties, are indicated by the orange vertical dotted lines 
and bars, respectively. Amplitudes of traces and envelopes are normalized by their maxima and scaled for better visualization. 
Waveforms and envelopes are masked where glitches occurred to avoid misinterpretation of phases. Time is relative to arrival 
of the PP-wave onset selected in this study in the time-domain waveforms (see Table S1 in Supporting Information S1). An 
extended version of the figure that includes the PP arrival is shown in Supporting Information S1.
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Earth (e.g., Hosseini & Sigloch, 2015). In line with our aforementioned criteria for energy arrivals to qualify as 
seismic phases, the only signal that is present across all frequency bands is the phase indicated by a vertical red 
line in Figure 2i. All envelopes for both polarized and non-polarized waveforms are overlapped at the bottom of 
Figure 2i and show an increase in signal energy after arrival of the phase relative to what is present before. Conse-
quently, we consider the selected phase to be Pdiff. Although core-diffracted P-wave on Earth are dispersive 
(Hosseini & Sigloch, 2015), this is not observed in the present data and is probably due to the limited frequency 
range over which this phase can be observed relative to what is observed on Earth (∼2 to 30 s).

To validate the selected phase, we verify that its azimuth is consistent with that of the PP-wave arrival. For this, 
we apply a polarization analysis to infer the instantaneous back-azimuth of the three-component seismic data (see 
Section S4 in Supporting Information S1 for details).

To represent changes in azimuth with arrival of seismic phases, we compute normalized azimuthal probability 
density curves in the frequency band (0.2–0.6 Hz) considering 5-s long time windows. This is shown in Figure 2j. 
To avoid a large spread of azimuths due to changes in particle motion for signals arriving from the same direction 
(e.g., because of surface reflections), we consider azimuths between 0° and 180°. In the ∼125 s prior to the arrival 
of the Pdiff phase (dotted vertical lines), azimuth is generally unstable. However, following Pdiff and until the 
end of the time window, the azimuth exhibits a consistent polarization with a direction centered around 30° with 
respect to North (±180°). This estimation agrees with the azimuth observed for the PP-wave arrival (see Figure 
S6 in Supporting Information S1), indicating, as expected, that Pdiff and PP exhibit the same particle motion 
(±180°). The fact that the arrival of Pdiff is characterized by an overall change in polarization with respect to the 
dominant azimuth of earlier arriving phases, supports the selection of our pick and its uncertainty.

To exclude the possibility of a wind-induced signal, which is one of the main sources of noise in the InSight seis-
mic data given the ubiquity of wind on Mars even during the quietest periods of the day (Banfield et al., 2020), 
we apply comodulation analysis to Pdiff (Charalambous et al., 2021). This technique partitions the signal into 
seismic and environmental contributions and is critical for assessing the contribution of wind-induced noise to 
low-amplitude seismic phases. The analysis (see Section S5 in Supporting Information S1 for details) shows that 
our Pdiff pick is unlikely to be contaminated by signals originating in the atmosphere.

Our final body-wave picks selected at the onset of energy of the corresponding phases, including a PPP-wave 
arrival described in Section S6 in Supporting Information  S1, are listed in Table S1 in Supporting Informa-
tion S1. For completeness, we also include the MQS PP, SS, and Pdiff picks. Finally, we looked for Sdiff, but 
were unable to positively identify this phase, because of the interference of other phases and spurious signal (see 
Figure S9 in Supporting Information S1).

4.  Inversion
To invert for models of interior structure, we follow the method laid out in our previous work (Durán et al., 2022; 
Khan et al., 2021) and consider a seismic and a geophysical parameterization, which is based on mineral phys-
ics data. As described in detail in Sections S7 and S8 in Supporting Information S1, we consider a spherically 
symmetric model of Mars, divided into three regions comprising crust, mantle, and core that are further subdi-
vided in a number of layers each parameterized using either P- and S-wave velocities (seismic parameterization) 
or thermo-chemical parameters (mineral physics parameterization). For the inversion presented here, we fix the 
epicentral distance of S1000a according to the observed location of the surface impact (Posiolova et al., 2022), 
yet for the purpose of verifying our location algorithm, we also perform an inversion with variable location. 
We invert the body-wave picks made in this study with those from our earlier analysis (Durán et al., 2022). The 
inverse problem of determining seismic velocity profiles is solved using the probabilistic approach of Mosegaard 
and Tarantola (1995).

5.  Results and Discussion
Inverted velocity profiles, differential travel time misfits for S1000a, ray path geometry, and event locations are 
shown in Figure 3 (for misfits and epicentral distance distributions of all the other events, see Figures S11 and 
S12 in Supporting Information S1). All differential travel times are fit with the exception of TPdiff − TPP for the 
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Figure 3.  (a) Inverted seismic P- and S-wave velocity profiles based on the seismic (light blue and red lines) and geophysical 
(dark blue and red lines) parameterization. For comparison, light gray (seismic parameterization) and yellow (geophysical 
parameterization) lines show the results of Durán et al. (2022). (b) Computed differential travel time misfits for S1000a. The 
body-wave phase picks are aligned by their observed TSS − TPP time. Markers and error bars represent observed differential 
travel times and their uncertainty, respectively. Colored bands represent predictions of differential travel times based on the 
inverted seismic (SEIS) and geophysical (GEO) models. (c) Body-wave ray path geometry for all low-frequency events and 
phases considered in the inversion, computed using the seismic models. Events are indicated by stars. All P- and S-wave-
related paths are shown in red and blue, respectively. (d) Martian seismicity location map based on the Mars Orbiter Laser 
Altimeter surface relief map (Smith et al., 2001). The ellipses describe the estimated locations, including uncertainty of major 
low-frequency marsquakes. The imaged impact location for S1000a is indicated by a cyan diamond, whereas the pink and 
white ellipses show the locations determined in this study and by the MarsQuake Service (InSight Marsquake Service, 2022), 
respectively. The back-azimuth determined here is obtained from the azimuthal density plot (Figure S6C in Supporting 
Information S1) by considering the mean and spread in azimuth over a 100-s time window around the PP-wave arrival. The 
inset shows a zoom-in of the low-frequency family events that are clustered in the Cerberus Fossae region and represent the 
“best” locations. A single event (S0167b) is indicated by a white ellipse NW of InSight.
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geophysical parameterization (Figure  3b), which will be discussed further below. The location of the events 
considered here are shown in Figure 3c, which also illustrates the ray path geometry based on the inverted veloc-
ity models and source-receiver configuration.

The inverted velocity profiles shown in Figure 3a are for the case of a fixed impact location for S1000a (the inverted 
velocity profiles for the variable-location inversion are shown in Figure S10 in Supporting Information S1 and 
are considered below). Comparing the two parameterizations indicates that the seismic parameterization is more 
flexible as reflected in an increase in sampling width relative to the mineral-physics-informed parameterization. 
Comparison between the new and our previously-obtained velocity structure from Durán et al. (2022) shows that 
(a) we now constrain P-wave velocity structure between 800 km depth and the CMB; (b) the range of sampled 
upper-mantle P-wave velocity profiles based on the seismic parameterization is narrower in comparison to earlier 
models (compare gray and light red bands); (c) an earlier suggestion of a slightly negative upper-mantle P-wave 
velocity gradient appears to be confirmed (previously not seen in the seismic parameterization as indicated by 
the gray bands), which is evidence in support of a strong thermal gradient across the lithosphere as reported 
earlier (Durán et al., 2022; Khan et al., 2021); and (d) P-wave velocities in the deep mantle (below 800 km depth) 
based on the seismic parameterization are lower relative to those predicted by the geophysical parameterization 
(compare light and dark red bands). The latter observation is driven by Pdiff as indicated in the differential travel 
time misfit plot (Figure 3b), since Pdiff based on the geophysical parameterization arrives ∼30 s early compared 
to our present pick. This suggests deviations in lower-mantle VP/VS ratio from current predictions based on the 
working assumption of a compositionally and thermally homogeneous mantle (cf., Section S7 in Supporting 
Information  S1) as implied by geodynamic models that incorporate a partially molten zone above the CMB 
(Samuel et al., 2021). Lateral variations in crust and mantle structure could also affect the residual travel time, yet 
this is difficult to ascertain with a single station. To distinguish between these possibilities, additional data are 
required since Pdiff is currently the only seismic phase that constrains lower mantle P-wave velocity structure.

Finally, since the location of S1000a is known exactly, we can check the accuracy of our joint single-station seis-
mic event-location and structure-inversion scheme described in Durán et al. (2022). To this end, we plotted our 
inverted location for S1000a based on the variable-location-inversion on a surface relief map of Mars (Figure 3d) 
together with the imaged location of the impact and the location determined by MQS (epicentral distances and 
back-azimuths are summarized in Table S1 in Supporting Information S1). Comparison between the various 
locations for S1000a shows that (a) relative to the MQS location (InSight Marsquake Service,  2022) (white 
ellipse), ours (pink ellipse) is better constrained as a result of improved body-wave picks and (b) our location is in 
good agreement with the known location of the impact (cyan diamond). The comparison illustrates that our joint 
scheme is performing optimally and that “pinpoint” location capabilities are achievable with a single-station and 
a suitable set of events/phase picks. For comparison, we also show the locations of other low-frequency family 
events from Zenhäusern et al. (2022). With the exception of a few events, most of the located tectonic marsquakes 
are centered on the Cerberus Fossae fault system (yellow lines oriented NW-SE in inset in Figure 3d) (Brinkman 
et al., 2021; Jacob et al., 2022), which consists of a series of major grabens that are between 250 and 600 km long 
(Perrin et al., 2022).

6.  Conclusion
In this paper, we analyzed a particular event (S1000a), which happens to be not only one of the largest events 
observed to date, but also one of the furthest. Analysis of observed and synthetic seismic waveforms allowed us 
to identify a core-diffracted P-wave for the first time, in addition to the main arriving P- and S-wave energy in the 
form of PP- and SS-waves, including a PPP-wave arrival. Based on the picks, the event is found to be located on 
the farside of Mars at an epicentral distance of ∼127° with a back-azimuth around 36° in close agreement with the 
observed impact location. On account of the observation of Pdiff and its ray-path geometry, we have been able to 
place constraints on lower mantle P-wave velocity structure between 800 km depth and the CMB that up until the 
present had remained unconstrained. We also showed that our joint seismic event-location and structure-inversion 
scheme based on seismic phase picks from a single station is functioning optimally in that it predicts a location 
for S1000a in excellent agreement with the imaged location.
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Data Availability Statement
The InSight event catalog V11 (comprising all events, including phase picks until April 2022) and waveform data 
are available from the IRIS-DMC, NASA-PDS, SEIS-InSight data portal and IPGP data center (InSight Mars 
SEIS Data Service, 2019a; InSight Mars SEIS Data Service, 2019b; InSight Marsquake Service, 2022). Seis-
mic waveforms are also available from the NASA PDS (National Aeronautics and Space Administration Plane-
tary Data System) (InSight Mars SEIS Data Service, 2019a). The data were processed with ObsPy (Beyreuther 
et al., 2010), NumPy (Harris et al., 2020) and Scipy (Virtanen et al., 2020), and visualizations were created with 
Matplotlib (Hunter, 2007).
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