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Abstract Prior to the 2018 landing of the InSight mission, the InSight science team proposed locating
Marsquakes using multiple orbit surface waves, independent of seismic velocity models, for events larger

than M4.6. The S1222a M,A.7 of 4 May 2022 is the largest Marsquake recorded and the first large enough
for this method. Group arrivals of the first three orbits of Rayleigh waves are determined to derive the group
velocity, epicentral distance, and origin time. The mean distance of 36.9 + 0.3° agrees with the Marsquake
Service (MQS) distance based on body wave measurements of 37.0 + 1.6°. The origin time from surface waves
is systematically later than the MQS origin time by 20 s. Backazimuth estimation is similar to body wave
estimations from MQS although suggesting a shift to the south. Backazimuth estimates from R2 and R3 are
more scattered, but do show clear elliptical motion.

Plain Language Summary Waves that move along the surface all the way around the planet of
Mars can be used to figure out where a Marsquake occurred without knowing in advance how fast the waves
move through the planet, because we know how big the planet is. Before InSight got to Mars, we predicted
that we would be able to see these waves if an event was big enough, and on 4 May 2022, we finally saw a
Marsquake large enough to test this approach. Based on the timing of the arrivals of these waves, we were able
to figure out the distance and timing of the Marsquake. The results agreed well with the approach we had been
using for smaller events, giving us additional confidence in our tools for figuring out where Marsquakes have
happened.

1. Introduction

On 4 May 2022, the 1222nd sol of the InSight mission (Banerdt et al., 2020), the SEIS instrument (Lognonné
etal., 2019) recorded the largest event of the mission to date, called S1222a (Kawamura et al., 2022). The moment
magnitude of the event is estimated as M 4.7, meaning it is approximately five times larger in terms of seismic
moment than the second largest observed event (S0976a, Horleston et al., 2022). The large moment release of this
event has opened up a variety of new observations not possible with previous smaller events.

In particular, this event is the first that allows us to test a single station location method proposed before the
launch of the mission that makes use of the observation of multiple orbit surface waves (Khan et al., 2016;
Panning et al., 2015). Prior to the mission, there was concern about how well the mission could locate events
with a single station when the seismic velocity structure of Mars was not well-known in advance. While a
priori models of the interior velocity structure were available before landing (e.g., Bagheri et al., 2019; Khan
et al., 2018; Smrekar et al., 2019) and body wave location methods that depend on the initially unknown velocity
structure have been successful in locating events (Duréan et al., 2022), proposing a method that did not directly
depend on any knowledge of the velocity structure (beyond assuming the structure is spherically symmetric)
allowed for a plan to verify locations based on body waves.

Multiple orbit surface waves have paths around the sphere of a planet that allow for multiple arrivals in the
minutes and hours after the origin time of the event. For Rayleigh waves, recorded on the vertical and horizontal
component in the great-circle plane connecting the source and receiver, we refer to these as R1, R2, R3, etc. R1
represents surface wave energy that takes the shortest distance around the planet (or minor arc) to the station,
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while R2 propagates away from the source 180° away from the direction of R1 and takes the longer path around
the planet (or major arc). R3 follows the minor arc, but has an additional full circuit around the planet compared
to R1. If we assume a spherically symmetric model of velocity structure, because R3 and R1 differ only by the
complete trip around the planet, we are able to determine the velocity of surface wave propagation and therefore
also the epicentral distance and origin time without knowing the velocity in advance (Panning et al., 2015). A set
of three equations determines the three unknowns as

2
U=— 1
IRz — IRI M
1
Azﬂ_EU(1R2_tR1) 2)
to =1r1 — U, 3)

where 1, t,,, and t,, are the arrival times of the multi-orbit Rayleigh waves, U is the great-circle average group
velocity of the Rayleigh wave (in radians per second measured on the great circle), and A and ¢, are the epicen-
tral distance and origin time of the event, respectively. In addition to epicentral distance and origin time, the full
event location also requires an estimation of the backazimuth, and this can be obtained from the elliptical particle
motion of the Rayleigh waves (see Section 3).

In order for this method to be used, however, an event needs to be large enough so that R3 can be observed. On
Earth, R3 can be reliably observed at quiet stations by M,5.5-6, but Panning et al. (2015) argued that with the
smaller radius of Mars, R3 should be reliably observable around M4.6 on Mars for a vertical instrument noise
of 10~° m/s*Hz'? in the surface wave bandwidth. With the estimates of Martian seismicity available at the time,
1-10 events of M,,5.3 were predicted over the course of the mission, and so it was expected that this method
could be applied to several of the largest events observed by InSight. In reality, both the daily wind-induced noise
that is much larger than 10~° m/s?%/Hz'? (e.g., Lognonné et al., 2020) and a seismicity generating mostly M,, < 4
events (Brinkman et al., 2021; Ceylan et al., 2022; Clinton et al., 2020; Giardini et al., 2020; Jacob et al., 2022)
has made this method impossible for events prior to S1222a. This was, therefore, the first event that exceeded the
pre-mission estimated magnitude threshold, and it provides an excellent test case for the method at last.

2. Measuring Multi-Orbit Rayleigh Wave Arrival Times

Panning et al. (2015) and Khan et al. (2016) proposed a straightforward approach to picking the t, to .,
arrival times and demonstrated it using terrestrial and synthetic Martian data (called Method 1 in following
figures), respectively. As illustrated in Figure 1, a series of narrow-band filters of the data (InSight Mars SEIS
Data Service, 2019) are performed on center frequencies spaced in 15% intervals. For each center frequency,
zero-phase (i.e., two pass) 2nd-order Butterworth bandpass filtering with a width of 30% of the central frequency
was performed with ObsPy software (Krischer et al., 2015), and then the envelope was calculated, and picks were
made in frequency bands where a clear peak was observable. In the frequency band between 0.01 and 0.1 Hz,
where we looked for surface wave energy, the raw data shows evidence of many glitches common to InSight data
(e.g., Ceylan et al., 2021; Kim et al., 2021; Scholz et al., 2020). In particular, a large glitch arrives close to the R3
arrival time, and so all measurements are made on deglitched data. Deglitching of the event data was carried out
with the UCLA method (with more recent modifications; see Supporting Information S1) described in Scholz
et al. (2020) on raw 20 samples per second velocity channels BHU, BHV, BHW with an additional step to identify
glitches hidden in the event coda that show up as steps in displacement.

Four different methods that differ in the precise filter definition and picking method are used for picking #,, —
1, to be confident in the location determined, with Method 1 described above. Method 2 is a similar approach
performed routinely by the Marsquake Service (MQS; Clinton et al., 2018) on half-octave wide frequency bands
and uses the arrival times included in their standard catalog (InSight Marsquake Service, 2022). Common picks
for each of #,, — t,, are only possible for periods between 28 and 34s. This method was tested and found to be
effective in a pre-mission blind test (Clinton et al., 2017; van Driel et al., 2019). Method 3 is a multiple filter
technique implemented in the Computer Programs in Seismology (Herrmann, 2013) to calculate the envelope
energy on the vertical component of the seismogram, and the preferred arrival time corresponds to the maximum
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Figure 1. (a) 2.5 hr of raw (red) and deglitched (black) vertical component data starting with the MQS origin time of
23:23:06.57 UTC on 4 May 2022, bandpass filtered between 0.02 and 0.05 Hz. (b) Zoom into the R1 arrival window
bandpass filtered between 0.02 and 0.09 Hz with the window for the set of narrow-band filters shown in panel D highlighted
in green. (c) and (d) Zoom window showing R2 and R3 arrival times, respectively, filtered between 0.02 and 0.04 Hz. The
green boxes highlight the windows for filter banks in panels F and G, while the yellow box indicates the additional R2
window considered in panel (h) (e)—(h) Filter banks where the central frequency of each trace is shown on the left where all
traces are bandpassed within a window extending 30% from the central frequency. Picks for Method 1 are shown with vertical
bars where the color indicates which frequency band the pick was made on. Dashed lines in (h) show the alternate R2 arrival
time picks discussed in the text.

energy at different periods and time windows. For R1, picks are made for periods from 16.3 to 40.9 s, but picks
for R1-R3 are only available for periods from 25.3 to 34.6 s. Method 4 derived arrival times at periods between
39 and 19 s by applying the multiple filter technique (Dziewonski et al., 1969) in the implementation of Meier
et al. (2004) to the vertical-component seismogram and, for each period, picking the amplitude maxima in time
windows around the R1, R2, and R3 phases.

While R1 shows clear dispersion, which can be used to model seismic structure along the minor arc as a function
of depth, the picks for both R2 and R3 are visible over a much narrower frequency band, and show little or no
dispersion. Because of this lack of dispersion and the presence of other potential signals of similar amplitude near
the preferred R2 observation, we also consider a second window for R2. The alternate R2 arrives roughly 300 s
later (Figure 1g), and shows potential evidence of dispersion. However, this interpretation is not favored. The
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Figure 2. Backazimuth estimation for each Rayleigh wave arrival. For each backazimuth, correlation is calculated between
the horizontal component positive in the direction of the proposed backazimuth and the Hilbert transform of the vertical
component. Correlations are calculated on narrow band waveforms in time windows centered on the pick times shown in
Figure 1 with a width of 4 dominant periods. For the broadband waveforms, correlations are calculated over 200 s windows
beginning at 450 s after the P arrival time for R1 (a), 6,250 s for R2 (b), 7,825 s for R2 (c), and 6,550 s for the alternate

R2 time (d). () Summary of backazimuth determined from R1, R2, and R3. Methods Ia-Ic are based on the results shown
in panels (a)—(d) for the broadband, mean over the frequency bands, and average over the high quality measurements,
respectively. Methods II and III are independent approaches described in the text. In all panels, the MQS backazimuth is
shown with the dot-dash line with uncertainty shaded in gray.

envelopes in this time window are complicated with multiple peaks, and this pick suggests a location significantly
closer (roughly 8°) than that determined by MQS using the body wave timing (Kawamura et al., 2022). Addi-
tionally, the waveforms in different frequency bands do not show consistent elliptical polarization with no clear
relationship to the backazimuth estimated from the MQS body wave polarization (Figure 2d). For this reason, we
use the R2 arrival times as shown in Figure le.

Using the travel times estimated in narrow frequency band windows, we can use all frequency bands for which
we can pick 7, — 1, to estimate the epicentral distance and origin time using Equations 1-3. These results as
well as the estimated great-circle average Rayleigh wave group velocity are shown for all four methods of picking
group arrivals in Figure 3. For each method, the standard deviation across the different frequency band estimates
is shown. The summary value is defined by the average across the different picking methods and the standard
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Figure 3. For each of the four methods employed, the average value and standard deviation across the individual narrow
band frequencies measured is shown for the group velocity (a), epicentral distance (b), and origin time (c) calculated from
Equations 1-3. Dashed black lines represent the MQS estimated epicentral distance and origin time (Kawamura et al., 2022),
while the gray shaded box represents error bounds from Kawamura et al. (2022).
deviation of those methods. For epicentral distance and origin time, these are compared with the MQS estimates
from body wave observations shown with shading to indicate the uncertainty defined by the MQS method,
described in more detail in Kawamura et al. (2022).
3. Rayleigh Wave Ellipticity and Backazimuth Estimation
In Panning et al. (2015), backazimuth estimation using Rayleigh wave energy on Earth events was performed using
both a broadband window over all measured frequency bands, as well as averaging the narrow band backazimuth
estimations with similar accuracy, although the broadband estimation showed slightly smaller mismatch across
the events studied. For each prospective backazimuth in Figure 2, we rotate a horizontal component such that
motion along that backazimuth pointing toward the prospective source is positive. Correlation is calculated with
the Hilbert transform of the vertical component, and should reach a maximum at the correct backazimuth. Note
that this convention for the horizontal component is the opposite of the radial component of the standard seismo-
logical ZRT coordinate system which is defined positive in the direction from source to receiver, which would be
PANNING ET AL. 50f9
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negatively correlated with the Hilbert-transformed vertical component for standard retrograde elliptical Rayleigh
wave particle motion. The narrowness of the correlation peak, however, was strongly dependent on the presence
or absence of Love wave energy in the measurement window (Panning et al., 2015). While Love wave energy
is seen for this event (Beghein et al., 2022; Kawamura et al., 2022; Kim, Stéhler, et al., 2022; Li et al., 2022),
it arrives in a non-overlapping time window with the Rayleigh energy, and so estimated correlation peaks are
generally broad (Figure 2). In Figure 2e, we show three backazimuths from this correlation-based method (Meth-
ods Ia-Ic), which correspond to the correlation computed over broadband data, the average over all narrow-band
data, and only over “high-quality” data. Note that we number the different approaches to back-azimuth estimation
with Roman numerals to differentiate from the different surface wave arrival estimations numbered with Arabic
numerals. High-quality data excludes measurement windows which do not have clear peaks or have multiple
peaks of similar amplitude in the enveloped data (see Table S1 in Supporting Information S1 for specific frequen-
cies identified as lower quality). In each case, the range of possible backazimuths shown in Figure 2 represent the
range with correlation above 80% of the maximum value. We also show estimates for two additional methods.
Method II is based on the maximization of the ground-motion amplitudes on the Z and R components around
the arrival time of the Rayleigh waves for different frequencies. The preferred back-azimuths are derived from
the maximum of the Z X R/T coefficient, which is computed from seismogram envelopes. This method has a
180° uncertainty, which is resolved by assessing the phase shift between the Z and R components, obtained
from their maximum cross-correlation. The back-azimuth of each Rayleigh wave is the median obtained from
the frequencies for which Rayleigh energy is observed and for which mainly retrograde motion is determined
(phase shift > 0). See Carrasco et al. (2022) for details. Method III uses several independent approaches to obtain
frequency-dependent polarization and backazimuth estimates of surface wave arrivals. This method has been
previously implemented to extract seismic signals that are strongly elliptically polarized and traveling along the
great circle path, leading to the first detection of Rayleigh waves on Mars (Kim, Banerdt, et al., 2022). See Kim,
Stahler, et al. (2022) for details.

The broadband estimation of the correlation for R1 (Method Ia), as well as Methods II and III peak close to
the MQS backazimuth determined using body waves (solid blue line in Figure 2a), but the averages over the
narrowband estimates (Methods Ib and Ic) have a broad peak that reach a maximum value 30-40° to the south of
the MQS estimate. With the much lower signal tonoise ratio (SNR) for R2, the backazimuths are more variable
between methods with Methods Ia-Ic shifted significantly to the north, while Method III is shifted to the west,
but the methods do bracket the predicted azimuth from the MQS body wave event azimuth. On the other hand,
the potential alternate R2 time, which shows more apparent dispersion than the preferred R2 arrival, does not
show strong correlation peaks indicating elliptical particle motion, and the weak peaks that are observed show
no consistency between different frequency bands. This strongly supports that this window does not contain the
major R2 energy, and thus should not be used for location or structure estimation. Finally, the R3 backazimuth
estimates are shifted to the south for all five methods considered, but SNR is fairly low for this observation, and
the fact that elliptical motion does seem to be resolved in all methods at least gives credence to interpreting this
arrival as R3. It is, however, important to note that S1222a occurs during the noisy season on Mars, and therefore
the SNR for R2 and R3 are low. Both ellipticity and backazimuth estimations are more challenging and can be
biased in this situation as wind effects can mimic the elliptical motion of Rayleigh waves or even generate surface
waves at different azimuths (e.g., Stutzmann et al., 2021). This may contribute to both the offset of these backazi-
muth estimates from the MQS backazimuth as well as the scatter between the different methods.

4. Results

The epicentral distance determined for all the sets of surface wave arrival times is 36.9° with a standard deviation
of 0.3°. Note that this standard deviation represents only the variation of distance estimates based on different
surface wave measurement approaches, and likely underestimates the total uncertainty in distance which should
also include additional uncertainty due to 3D variation in seismic velocity, or possible biases in the measured
surface wave arrival times due to effects such as interference with removed glitches. This estimate is in good
agreement with the body-wave based MQS value. All surface wave estimates are within the uncertainty bounds
obtained by the MQS (37 + 1.6°) (Kawamura et al., 2022), while the MQS estimate agrees within one standard
deviation with the mean surface wave epicentral distance calculated across different methods.
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The backazimuth estimated from the R1 broadband measurement of 108°

is consistent with the MQS backazimuth uncertainty bounds (96°-112°)
However, if the average over the high quality narrow band estimates is used

20°N instead (which provided similar accuracy for the Earth data analyzed in
Panning et al. (2015)), the 32° mismatch in backazimuth calculation (108

for the broadband vs. 140 for the average over high quality narrow band

10°N estimates) is outside the uncertainty bounds estimated by the MQS. When
combining the distance and backazimuth estimates, the location using the
broadband backazimuth estimate is offset from the nominal MQS location by

i ~4° (Figure 4, magenta diamond), while backazimuth based on the average
0 across measurements leads to location that differs from the nominal MQS
location by ~23° (Figure 4, cyan diamond) which is well outside the esti-

mated uncertainty of the MQS location (blue dot and ellipse in Figure 4).
10°S

The origin time determination for all surface wave methods is roughly 20 s

later than the MQS origin time estimate. Some possible explanations for the

R mismatch between estimated origin time are considered in the Discussion
i 20°5 section. An offset of origin time of 20 s is also quite consistent with the range

of offsets observed for Earth events located with this method by Panning

Figure 4. Estimated locations of S1222a from MQS (Kawamura et al., 2022,
blue circle with uncertainty shown with blue ellipse), based on the multi-orbit

160°E 170°E et al. (2015) which were generally offset from catalog origin times within
+30s. Additionally, that study showed that origin time offsets compared with
catalog origin time often significantly exceeded the standard deviation of

distance estimation and the backazimuth estimated from the broadband origin time estimates across different frequency bands, so the lack of over-
polarization of R1 (magenta diamond), and based on the backazimuth lap of the standard deviations in Figure 3¢ with the MQS ¢, should not be
estimated from the average of the correlation functions across the high-quality surprising.

narrow band frequency estimates (cyan diamond). Purple dots show other

events located by MQS. Figure is adapted from Kawamura et al. (2022).

5. Discussion

The results show close agreement in distance estimation between the MQS

body wave determination and that derived from the multi-orbit surface
waves, which do not depend on a priori velocity models, beyond the assumption of spherical symmetry. This
provides important validation of the MQS method that has been utilized for many events now and performed
well. The MQS body wave method's success includes accurately providing location estimates for impacts within
300 km of the lander in order to target HiRISE images showing new craters (Garcia et al., 2022) as well as larger,
more distant impacts with craters detected by the CTX camera aboard MRO (Posiolova et al., 2022). However,
the difficulty in matching backazimuth between P- and surface waves shows that the latter may be affected by
off-great-circle propagation due to three-dimensional (3D) structure, particularly as this path does cross the
dichotomy between the northern and southern hemispheres of Mars at a relatively shallow angle. R2 and R3
backazimuths also show apparent offsets from the MQS backazimuth, but these are in general much more poorly
resolved due to lower SNR (e.g., Kim, Stihler, et al., 2022). The #, mismatch may also be related to 3D structure.
For example, if the R1 path were a little slower than the great-circle average group velocity, one might expect that
the R1 would arrive a little late, and thus a #, estimated from Equation 3, would be correspondingly late. If we
look at measured arrival times near 0.03 Hz, and we assume the MQS location and origin time is correct and all
surface wave propagation is along the great circle path, the velocity of R2 is ~0.7% faster than R1. However, the
great-circle average velocity calculated as the path-length weighted average of the R1 and R2 velocities is ~0.4%
slower than the great-circle averaged velocity computed from the difference between f,, and 1, suggesting that
we cannot simply explain the difference between estimated origin times through assuming the MQS origin time
is correct and all differences in the surface wave estimation is due to different minor arc and major arc velocity.
Likely the true explanation relates to some combination of differences in minor and major arc velocity, offsets
in true distance and origin time within the uncertainties of the MQS estimates, and possible small biases in the
estimates of 7, — #,,, as may happen due to interference from glitches or other causes.
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6. Conclusion

Consistent with pre-mission expectations on observability of surface waves circling Mars, the M, 4.7 S1222a
Marsquake was large enough to make observations of multiple-orbit Rayleigh waves. These were used to apply
a location method that does not depend on a priori velocity structure, and the recovered distance and broadband
backazimuth estimate agree well with the standard MQS body-wave based approach, providing additional verifi-
cation of the location approach used for the bulk of events observed in the InSight mission.
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All raw waveform data is available through the InSight Mars SEIS Data Service @ IPGP, IRIS-DMC and NASA
PDS (InSight Mars SEIS Data Service, 2019). All processed data and processing codes used in this study are
available through https://github.com/mpanning/R1R2R3_data_codes with the release v1.0 preserved with https://
doi.org/10.5281/zenodo.7469298.
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