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Abstract The S1222a marsquake detected by InSight on 4 May 2022 was the largest of the mission, at
MMa47. Given its resemblance to two other large seismic events (S1000a and S1094b), which were associated
with the formation of fresh craters, we undertook a search for a fresh crater associated with S1222a. Such a
crater would be expected to be ~300 m in diameter and have a blast zone on the order of 180 km across. Orbital
images were targeted and searched as part of an international, multi-mission effort. Comprehensive analysis of
the area using low- and medium-resolution images reveals no relevant transient atmospheric phenomena and

no fresh blast zone. High-resolution coverage of the epicentral area from most spacecraft are more limited, but
no fresh crater or other evidence of a new impact have been identified in those images either. We thus conclude
that the S1222a event was highly likely of tectonic origin.

Plain Language Summary During its time on Mars, NASA's InSight (Interior Exploration using
Seismic Investigations, Geodesy and Heat Transport) mission recorded over 1,300 seismic events, known as
“marsquakes.” Of these, a number were identified as coming from meteoroid impact cratering events on the
surface. The largest event identified by InSight, labeled S1222a, bore some similarities to two large impact
events recorded earlier in the mission. In order to investigate whether the S1222a event might also have been
caused by an impact event, we undertook a comprehensive search of the region in which the marsquake
occurred. We did not identify any fresh craters in the area, implying that the marsquake was likely caused by
geological processes.

1. Introduction

On 4 May 2022, NASA's InSight mission recorded the seismic waves from an event on Mars of magnitude MM
4.7 + 0.2. This event, labeled S1222a in the catalog, was the largest of the mission and displayed characteristics
spanning all previously identified marsquake families (Ceylan et al., 2022). It also displayed clear evidence of
surface waves (Kawamura et al., 2022).

Seismic data were recorded on the InSight's Very Broad Band Seismometer (Banerdt et al., 2020; Lognonné
et al., 2019). Based upon travel time differentials and signal polarization, this event was located within a
near-ellipse with an epicenter near 3.0°S, 171.9°E; 37° or ~2200 km from InSight (see Kawamura et al. for more
details including contextual map). This region is just north of the dichotomy boundary. Orbital images indicate
the presence of wrinkle ridges in the region, which could indicate past tectonic activity nearby. Otherwise, the
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region is largely flat and thermal inertia indicates a predominantly dusty surface, conducive to the detection of
a fresh crater from orbital images if one exists (Lucas et al., 2023) find evidence of enhanced avalanche rates in
the area, potentially indicative of surface-wave induced shaking but at a far smaller scale than would be required
to excite the event itself.

Surface waves had only been identified previously for two other events, both in 2021: S1000a (126.7° away) and
S$1094b (58.5° away) (Kim et al., 2022), at magnitudes MM¢ 4.1 + 0.2 and M ¢ 4.0 + 0.2, respectively (Ceylan
etal., 2022). In the case of both S1000a and S1094b, orbital image searches confirmed the presence of large, fresh
craters at the expected seismic epicenters. The formation times of these craters matched the occurrence times of
the events, indicating that they were of meteoroid impact origin (Posiolova et al., 2022). Both craters were in the
100-200 m diameter range, significantly larger than both the average size of new martian craters in the present
era (Daubar et al., 2022) and the other impact events detected seismically by InSight (Daubar et al., 2023; Garcia
et al., 2022).

Owing to their frequency content, all three events, S1222a, S1094b, and S1000a have been classified as broad-
band by the MarsQuake Service (MQS) (Ceylan et al., 2022; Kawamura et al., 2022). Figure 1 shows filtered
time-domain seismograms of S1222a compared to the two confirmed impacts, arranged by increasing epicentral
distance. The signal is shown filtered into two main frequency bands of 0.05-1 Hz and 1-8 Hz, in order to demon-
strate both the comparative low-frequency and high-frequency content of the three events. These bands are chosen
as they are close to those used by MQS to classify events on Mars (InSight Marsquake Service, 2023). Spectro-
grams of these events are also shown in Figure 2. Due to the power constraints faced by the InSight lander during
this time, all atmospheric sensors were off at the time of S1222a and hence neither pressure nor wind data exist.

There are numerous similarities between S1222a and the two confirmed impact events. All three events show:

e Long-period surface wave trains; these are also the only three events with identified surface waves.

¢ Energy spanning a broad range of frequencies, across a broader spectrum than most other events.

e Long-duration codas, with low-frequency energy (<1 Hz, lasting up to ~10.5 hr for the larger S1222a event
and 1.5-2 hr for both S1000a and S1094b (InSight Marsquake Service, 2023)).

However, some differences are also apparent in addition to the much larger magnitude of S1222a:

e S1222a includes a significantly richer family of surface-wave arrivals, including not only fundamental
Rayleigh waves (R1) but also Love waves (G1).

e S1222a also displays overtones and successive multi-orbit major- and minor-arc Rayleigh waves, unlike the
two large impact events.

e The S1222aratio of P-wave energy to S-wave energy is lower than for S1000a or S1094b in the highest frequency
bands (Figure 1b). This may indicate a greater deviatoric component to the source mechanism (Taylor et al., 2002;
Walter et al., 2018) as may occur from a double-couple fault rather than an isotropic explosive impact source.

Given the extraordinary nature of the S1222a event, and the above similarities to the large confirmed impacts of
S1000a and S1094b, it was prudent to consider the possibility of an impact origin. Thus an effort was mounted to
search for a fresh crater or other transient signal (e.g., an impact-generated dust cloud) associated with this event
that would prove an impact origin.

If S1222a were an impact event, the crater size would likely have been extremely large (>300 m). This estimate is
based upon the relationship between seismic moment and crater diameter; where the seismic moment is expected
to scale with crater diameter to the power of ~3.3. This estimate is informed by impact modeling results and cali-
brated against a set of small seismically detected impacts on Mars (Wojcicka et al., 2020; Wojcicka et al., 2023).
The expected recurrence interval for a crater of this size across the entirety of Mars is on the order of ~100 years
(Hartmann & Daubar, 2017).

It should be noted that the size of this event means that the scaling relationship is extrapolated significantly, and
hence the predicted diameter estimate for S1222a comes with broad uncertainties. Similarly speculative extrapo-
lation of observed relationships between smaller new impacts and their halos (Bart et al., 2019) suggests that such
a crater would have a blast zone (an area where dust has been removed by the atmospheric effects of the meteoroid
entry and/or impact, causing a surficial albedo change) in the ~180 km diameter range.

The S1000a and S1094b craters produced blast zones large enough to be visible in low-resolution images from
MRO's Mars Color Imager (MARCI) (Bell et al., 2009; Posiolova et al., 2022). Under similar surface conditions
an impact event of this size would also have been expected to produce a large blast zone.
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Figure 1. Seismograms from the S1222a event and the two confirmed impact-generated events, S1000a and S1094b. Acceleration data are presented from InSight's
Very Broad Band sensor. Two frequency bands are shown: 0.05-1 Hz (left) and 1-8 Hz (right). The waveforms have been rotated to radial, transverse and vertical
(RTZ) directions using the estimated back azimuth information (for S1222a) (Kawamura et al., 2022) and the measured back azimuth from imaged crater locations (for
S1094b and S1000a) (Posiolova et al., 2022). Seismograms are aligned at zero seconds by the first P-wave arrival (PP for S1000a), while the dashed lines indicate the
first S-wave arrival (SS for S1000a) (Ceylan et al., 2022).

Conversely, a lack of a fresh crater or blast zone, given surface images of sufficient coverage and resolution,
would be a strong indication of a non-impact/tectonic origin. This paper describes that search, excluding the
formation of smaller or more irregular crater(s) due to atmospheric breakup or impact into steep topography.

This paper constitutes an international collaboration between all of the missions currently operating in orbit at
Mars. We hope that it will also prove a useful template for similar collaborations in the future.

2. Methodology
2.1. Crater-Seismic Associations

Making the association between a given seismic event and a fresh crater is challenging. This is partly due to the
limited number of camera-equipped spacecraft in orbit around the planet. They make infrequent overpasses of any
given area, and come with limitations on data volume and operational constraints on imaging. It is also partly due
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Figure 2. Acceleration spectrograms of the S1222a, S1094b, and S1000a events rotated into the source-centered coordinate system (RTZ), as in Figure 1. The
spectrograms are calculated using 80 s long Hanning windows of the continuous 20 samples/s Very Broad Band acceleration. Time is relative to P-wave arrival (PP

for S1000a). Signal: Surface waves have been observed for all three events; fundamental Love waves (G1) and Rayleigh waves (R1) can be viewed by the naked eye

for frequencies below 0.15 Hz at ~360 s in the T component and ~500 s in both R and Z components for S1222a (Kawamura et al., 2022), while the R1 for S1094b
arrives ~800 s later and is visible in the Z component (Kim et al., 2022). Noise: several noise sources are apparent in all spectrograms: (a) high-amplitude transient
spikes which are glitches or donks; (b) the persistent horizontal feature at 1 Hz is tick noise (Ceylan et al., 2021). (c) Broadband noise and lander resonances can be
seen co-excited by atmospheric injection during windy periods (Charalambous et al., 2021), with the modes appearing as horizontal features at several frequency bands,
with the most prominent at 4 Hz. (d) Dispersive patterns with overtones emerging during the latter half of S1094b correspond to sunset chirps, a daily feature in late
afternoon most visible after the windy period ends (Ceylan et al., 2021). (e) The 2.4 Hz resonance is observed consistently during the quiet evening period and excited
by all three events.

to the fact that most fresh craters of interest are sub-pixel size in images taken with all but the highest-resolution
instruments. Complex surface topography, for example, steep slopes, can also further complicate matters by
disguising fresh craters to the point that they are difficult to recognize from orbit (Daubar et al., 2023).

2.2. Blast Zone Detection

In dusty areas, fresh craters are surrounded by blast zones (regions where the shockwave from the incoming
meteoroid has interacted with the surface). These can be tens or even hundreds of times larger than the crater itself
(Bart et al., 2019), and as such are often the first component of a fresh crater to be identified in orbital images.
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As blast zones fade on the order of decades (Daubar et al., 2016), they can be used to indicate geologically recent
impact phenomena.

Although the larger areal extent of fresh blast zones as compared to fresh craters generally simplifies the
search problem, the exact surface conditions and processes involved in their formation remain unclear (Daubar
etal., 2013, 2022). Blast zones are more prevalent on dusty surfaces (and the S1222a search area is indeed dusty),
but they can also be obscured or disguised by local heterogeneities or topography.

Thus, whilst low-resolution image searches could be sufficient to confirm an impact-generated hypothesis, alone
they are not sufficient to exclude one in the case of a non-detection, as a blast zone might be missed. Searches for
associated transient phenomena and high-resolution sampling of key areas must be used to reinforce our conclu-
sion of a non-detection of a fresh crater of the requisite size.

2.3. Image Analysis

Images taken as part of our search campaigns can be divided into two categories: repeat images where visual
change detection is possible, and those where fresh features are sought without past reference.

In the first category, where “before” images of a given region exist, post-event “after’” images can also be captured
to enable direct change detection. This is generally easier if the same instrument is used for both images in a
before-after pair.

However, recent high-resolution coverage of Mars' surface is limited, meaning that in many places only suitable
“after” images exist. In such cases, searches can only seek to identify fresh craters; which may be identified as
“fresh” through features of their morphology, ejecta, and blast zones.

2.4. Potentially Observable Features

High-resolution instruments such as High-Resolution Imaging Science Experiment (HiRISE) on NASA's Mars
Reconnaissance Orbiter (MRO) have narrow fields of view (McEwen et al., 2007). Their coverage of the surface
is generally limited as compared to wider field instruments such as the context camera (CTX) on MRO (Malin
et al., 2007).

As discussed above, blast zones around fresh craters can be observed more easily than the craters themselves,
using medium-resolution (larger field of view/month-to-year cadence) instruments such as the Moderate Reso-
lution Imaging Camera (MoRIC) on CNSA's Tianwen-1 (Yu et al., 2020), the Color and Stereo Surface Imaging
Subsystem (CaSSIS) on the Trace Gas Orbiter (TGO, Thomas et al., 2017), or CTX on MRO. The latter of these
has identified the majority of date-constrained impacts (Daubar et al., 2022).

We also explored the possibility that transient atmospheric phenomena (e.g., dust clouds) may have formed
following an impact event of this size. Modeling on this topic conducted to date is extremely limited and mostly
confined to terrestrial rather than planetary settings (Toon et al., 1982), but we nonetheless examine high-cadence
(hours-to-days), wide field of view images such as those from the ESA Mars Express Visual Monitoring Camera
(VMC) (Ormston et al., 2011) instrument as part of a search for these.

2.5. Instruments Involved

Table 1 lists the instruments involved in our search. Of the eight spacecraft in operation around Mars during 2022,
all were involved in this effort. The pixel scale of the imagers ranges from 0.25 m (HiRISE) to ~170 km (IUVS).
We group them into three categories:

¢ High-resolution imagers (<1 m/pixel), providing images of small fractions of the total surface area which are
selected for particular interest

¢ Medium-resolution imagers (1-100 m/pixel), providing images of substantial fractions of the search area; in
some regions with “before” images (taken up to several years before S1222a with the same instrument) avail-
able as well as new “after” images

e Low-resolution imagers (>100 m/pixel), providing images of the entire search area on a regular (hours-to-day
cadence) basis
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Table 1
The 12 Imaging Systems Involved in the Search for Any Crater Associated With the S1222a Marsquake
Spacecraft Operator Instrument Pixel scale (m/px) Type Reference
Emirates Mars Mission, Hope (EMM) UAESA EXI 2,000 UV/Visible (color) Jones et al. (2021)
ExoMars Trace Gas Orbiter (TGO) ESA CaSSIS 4.6 Visible (color) Thomas et al. (2017)
Mangalyaan Mars Orbiter Mission (MOM) ISRO MCC ~15 Visible (color) Arya et al. (2015)
Mars Express (MEX) ESA VMC ~34,000 Visible (color) Ormston et al. (2011)
Mars Express (MEX) ESA HRSC 15 Visible (color) Jaumann et al. (2007)
Mars Odyssey (M01) NASA THEMIS NIR: 100/Vis: 18 NIR/Visible (color) Christensen et al. (2004)
Mars Reconnaissance Orbiter (MRO) NASA HiRISE 0.25 Visible (color) McEwen et al. (2007)
Mars Reconnaissance Orbiter (MRO) NASA CTX 6 Visible (greyscale) Malin et al. (2007)
Mars Reconnaissance Orbiter (MRO) NASA MARCI 1,000 Visible (color) Bell et al. (2009)
MAVEN (MAVEN) NASA TIUVS 170,000 uv Jakosky et al. (2015)
Tianwen-1 (TTANWEN) CNSA HiRIC 0.5 Visible (color) Meng et al. (2021)
Tianwen-1 (TTANWEN) CNSA MOoRIC 98 Visible (color) Yu et al. (2020)

Note. Minimum possible instrument pixel scales are also included—note that all images used in this study may not be at exactly this scale. Data for MOM's MCC
(spacecraft no longer operational) and Tianwen's HiRIC were examined, but did not contain any images of the region of interest after the date of S1222a. MAVEN's
TUVS instrument (Jakosky et al., 2015) was imaging the surface of Mars at the time of S1222a, but not in the correct location (and in any case, nothing of relevance to

this paper was seen).

2.6. Imaging Strategy

Following the occurrence of S1222a on 4 May 2022, new “before” images of the area to enable change detection
could clearly not be gathered ex post facto. The low-resolution instruments' regular observations of much of Mars'
surface on a daily basis meant that no novel data collection strategy was required for them. However, for some of
the medium- and high-resolution instruments, specific imaging strategies could be implemented to optimize the
likelihood of finding a fresh crater. The strategy devised was as follows:

e High-resolution instruments: sampling near the estimated epicenter and nearby areas of specific varied topog-
raphy, to catch any “hidden” fresh blast zones immersed in shadow or on steep slopes.

e Medium-resolution instruments: Overlapping imaging of the center of the uncertainty “ellipse,” working
outward, with the aim of identifying new blast zones.

e Low-resolution instruments: continued regular imaging of the surface and atmosphere, with the aim of identi-
fying new large dark spots in the days after the event, or transient atmospheric phenomena in the hours after it.

3. Results
3.1. Low-Resolution Images (=10 m/Pixel)

Overflights of the epicentral region in the hours to days after S1222a by the VMC (and later the EXI instrument)
gave no indication of new dark patches (blast zones) or unusual atmospheric phenomena.

MARCI data from across the search ellipse and farther afield using bearings from Charalambous et al. (2022) and
Kim et al. (2023), gathered in the days after S1222a, also show nothing unusual when compared to images taken
in the days before the event. An animation of these data is shown in the Supporting Information S1.

3.2. Medium-Resolution Images (1-10 m/Pixel)

Near-total coverage of the source region was achieved by multiple medium-resolution instruments (MoRIC,
HRSC, and THEMIS in its near-infrared band). Some CTX data in the region of interest was also available. Foot-
prints of these images are all shown in Figure 3.

No new or unusual features were found in the visible bands, and no thermal anomalies (e.g., those associated with
a blast zone due to dust removal and/or surface darkening) were identified in the near-infrared.
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Figure 3. The areas imaged as part of this search. In all cases, the yellow rectangle shows the 10° X 4° primary search box, the white star is the body-wave estimated
epicenter of S1222a, and the underlying images are from THEMIS, which mapped the entire area in visible light (~100 m/pixel). (a) and (b) Show the regional context
of the imaged area, and demonstrate the near-total coverage by medium- and high-resolution instruments. For clarity, these images are split between two panels:

(a) shows data from THEMIS (V/IR), HRSC (normal and stereo), and Moderate Resolution Imaging Camera (MoRIC) whilst (b) shows context camera (CTX),
High-Resolution Imaging Science Experiment (HiRISE), and the Color and Stereo Surface Imaging Subsystem (CaSSIS) data. (c) Shows the variation in pixel scale
with area (with ranges given to account for the fact that instrument pixel scales are not constant). (d) Shows the projections of the probability map for S1222a on

area. Each dot represents the probability of the event having epicenter being in the surrounding cell. The color-coding is the probability of the event epicenter being

in that cell, with red being the highest probability and green the lowest. Note that the “ellipse” formed by the probability map is irregular, accounting for the greater
uncertainty in event azimuth than event distance [This figure will be a full-page landscape figure].

3.3. High-Resolution Images (<1 m/Pixel)

A “sampling” approach was taken with high-resolution instruments, wherein a series of images across the center
of the ellipse and areas of particularly steep topography were gathered. No new crater or indications of surface
disturbances other than slope streaks (Lucas et al., 2023) were identified through this search, either.

The images gathered also do not support the hypothesis that the meteoroid disintegrated in the atmosphere
prior to impact. The breakup of an impactor of the size required to produce the S1222a would have produced a
widely-strewn spread of primary craters, of which there is no evidence in the high-resolution images. Further-
more, even if the main crater were hidden by steep topography, a large strewn field of craters would similarly be

expected (Dundas et al., 2023), yet none is observed.
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4. Conclusions

Multiple lines of evidence from our search of orbital images point toward S1222a not being an event of impact
origin. The lines of evidence are:

The absence of a clear blast zone in low-resolution images indicates that if a crater did form, it must either be
(a) smaller than can be resolved in the images, or (b) formed on unusually complex topography or on a dust-
free surface, which might suppress or limit blast zone formation. Although the S1222a source region is quite
dusty (Ruff & Christensen, 2002), limited areas of steep topography do exist in the surrounding area (Lucas
et al., 2023).

e The absence of transient atmospheric phenomena such as dust clouds in low-resolution, global images taken
immediately after S1222a (weak constraint—the formation mechanism, duration, composition, and size of
any such impact-generated dust cloud on Mars are not well known)

e The absence of any new or fresh dark patches (blast zones) in any of the medium-resolution images covering
the search box (strong constraint—the entire area has been mapped at medium-resolution, and given the large
magnitude of this event, medium-resolution imaging should be more than sufficient to detect an impact of the
expected size)

e The absence of suitable fresh craters, blast zones, or fields of secondary craters/secondary blast zones in
the limited high-resolution imaging of the source region thus far (intermediate constraint—areas imaged at
high-resolution are still a minority of the total search area).

These lines of reasoning lead us to conclude with a high level of confidence that the S1222a event was not
associated with a meteoroid impact event. The only explanation which is consistent with current observations is
a subsurface tectonic source. Future work will explore in more detail potential discriminators which this event
enables, including detailed analysis of the S1222a waveforms and differences between it and large impact events
from a seismic perspective.

The tectonic setting within the epicentral ellipse is very different to that of the Cerberus Fosse region where the
strongest other tectonic marsquakes have occurred (Kawamura et al., 2022; Stédhler et al., 2022). Initial results
suggest a dip-slip fault in the mid-crust (Maguire et al., 2023), consistent with an origin between 18 and 28 km
depth. Further analysis is ongoing.

Data Availability Statement

SEIS data are available from the InSight Mars SEIS Data Service at [PGP, IRIS-DMC and NASA PDS (IPGP
etal., 2019).

Orbital imagery data are available online using the links given below. In each case, the URL points to a landing
page. Using the instrument name, the constraining dates (4 May 2022 to 1 March 2023) and bounding boxes
(0°-10°S, 170°-174°E), images and/or shapefiles can be downloaded. All images from the relevant area were
downloaded and searched.

HiRISE data are available from https://www.uahirise.org/anazitisi.php, CaSSIS and HRSC data are available
from the ESA Planetary Science Archive (https://archives.esac.esa.int/psa and search for “CaSSIS”) VMC data
are available from https://blogs.esa.int/vmc/vmc-data-archive/, CTX, MARCI, and THEMIS data are available
on the NASA Planetary Data System (https://ode.rsl.wustl.edu/mars/productsearch). EXI data is available on
the EMM Science Data Center Website (https://sdc.emiratesmarsmission.ae/data/exi). MoRIC data are available
from the CNSA Lunar and Planetary Data Release System https://moon.bao.ac.cn/web/enmanager/mars1.
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