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14Jet Propulsion Laboratory, California Institute of Technology, USA23

15European Space Agency24
16Department of Earth Science and Engineering, Imperial College London, UK25

Key Points:26

• The S1222a marsquake detected by InSight on May 4, 2022 somewhat resembled27

previous impact-generated events28

• We performed an image search in the estimated source region, using data from mul-29

tiple Mars orbiter missions30

• No new impact crater has been discovered in this area, pointing to a tectonic ori-31

gin for the quake.32

Corresponding author: Benjamin Fernando, benjamin.fernando@physics.ox.ac.uk
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Abstract33

The S1222a marsquake detected by InSight on 2022-05-04 was the largest of the34

mission, at MMa
w 4.7. Given its resemblance to two other large seismic events (S1000a35

and S1094b), which were associated with the formation of fresh craters, we undertook36

a search for a fresh crater associated with S1222a. Such a crater would be expected to37

be ∼300 m in diameter and have a blast zone on the order of 180 km across. Orbital im-38

ages were targeted and searched as part of an international, multi-mission effort. Com-39

prehensive analysis of the area using low- and medium-resolution images reveals no rel-40

evant transient atmospheric phenomena and no fresh blast zone. High-resolution cov-41

erage of the epicentral area from most spacecraft are more limited, but no fresh crater42

or other evidence of a new impact have been identified in those images either. We thus43

conclude that the S1222a event was highly likely of tectonic origin.44

Plain Language Summary45

During its time on Mars, NASA’s InSight (Interior Exploration using Seismic In-46

vestigations, Geodesy and Heat Transport) mission recorded over 1,300 seismic events,47

known as ‘marsquakes’. Of these, a number were identified as coming from meteoroid48

impact cratering events on the surface. The largest event identified by InSight, labelled49

S1222a, bore some similarities to two large impact events recorded earlier in the mission.50

In order to investigate whether the S1222a event might also have been caused by an im-51

pact event, we undertook a comprehensive search of the region in which the marsquake52

occurred. We did not identify any fresh craters in the area, implying that the marsquake53

was likely caused by geological processes.54

1 Introduction55

On May 4, 2022, NASA’s InSight mission recorded the seismic waves from an event56

on Mars of magnitude MMa
w 4.7 ± 0.2. This event, labelled S1222a in the catalogue, was57

the largest of the mission and displayed characteristics spanning all previously identi-58

fied marsquake families (?, ?). It also displayed clear evidence of surface waves (?, ?).59

Seismic data were recorded on the InSight’s Very Broad Band (VBB) Seismome-60

ter (?, ?, ?). Based upon travel time differentials and signal polarisation, this event was61

located within a near-ellipse with an epicentre near 3.0◦S, 171.9◦E; 37◦ from InSight (?,62

?). This region is just north of the dichotomy boundary. Orbital images indicate the pres-63

ence of wrinkle ridges in the region, which could indicate past tectonic activity nearby64

(?, ?).65

Surface waves had only been identified previously for two other events, both in 2021:66

S1000a (126.7◦ away) and S1094b (58.5◦ away) (?, ?), at magnitudes MMa
w 4.1 ± 0.2 and67

MMa
w 4.0 ± 0.2, respectively (?, ?). In the case of both S1000a and S1094b, orbital im-68

age searches confirmed the presence of large, fresh craters at the expected seismic epi-69

centres. The formation times of these craters matched the occurrence times of the events,70

indicating that they were of meteoroid impact origin (?, ?). Both craters were in the 10071

- 200 m diameter range, significantly larger than both the average size of new martian72

craters in the present era (?, ?) and the other impact events detected seismically by In-73

Sight (?, ?, ?).74

Owing to their frequency content, all three events, S1222a, S1094b and S1000a have75

been classified as broadband (BB) by the MarsQuake Service (MQS) (?, ?, ?). Fig. 1 shows76

filtered time-domain seismograms of S1222a compared to the two confirmed impacts, ar-77

ranged by increasing epicentral distance. The signal is shown filtered into two main fre-78

quency bands of 0.05-1 Hz and 1-8 Hz, in order to demonstrate both the comparative79

low-frequency and high-frequency content of the three events. These bands are chosen80
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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 VBB 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 in-

formation (for S1222a) (?, ?) and the measured back azimuth from imaged crater locations (for

S1094b and S1000a) (?, ?). 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)(?, ?).

as they are close to those used by MQS to classify events on Mars (?, ?). Spectrograms81

of these events are also shown in Fig. 2.82

There are numerous similarities between S1222a and the two confirmed impact events.83

All three events show:84

• Long-period surface wave trains; these are also the only three events with iden-85

tified surface waves.86

• Energy spanning a broad range of frequencies, across a broader spectrum than most87

other events.88

• Long-duration codas, with low-frequency energy (< 1 Hz, lasting up to ∼10.5 hours89

for the larger S1222a event and 1.5-2 hours for both S1000a and S1094b (?, ?)).90

However, some differences are also apparent in addition to the much larger mag-91

nitude of S1222a:92

–3–
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Figure 2. Acceleration spectrograms of the S1222a, S1094b and S1000a events rotated into

the source-centred coordinate system (RTZ), as in Figure 1. The spectrograms are calculated

using 80 s long Hanning windows of the continuous 20 samples/second VBB 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 ∼360s in the T component and ∼500s in both R and

Z components for S1222a (?, ?), while the R1 for S1094b arrives ∼800s later and is visible in

the Z component (?, ?). 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 (?, ?). (c) Broadband noise and lander resonances can be seen co-excited by

atmospheric injection during windy periods (?, ?), with the modes appearing as horizontal fea-

tures 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 (?, ?). (e) The 2.4 Hz resonance is

observed consistently during the quiet evening period and excited by all three events.

.
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• S1222a includes a significantly richer family of surface-wave arrivals, including not93

only fundamental Rayleigh waves (R1) but also Love waves (G1).94

• S1222a also displays overtones and successive multi-orbit major- and minor-arc95

Rayleigh waves, unlike the two large impact events.96

• The S1222a ratio of P-wave energy to S-wave energy is lower than for S1000a or97

S1094b in the highest frequency bands (Fig. 1b). This may indicate a greater de-98

viatoric component to the source mechanism (?, ?, ?) as may occur from a double-99

couple fault rather than an isotropic explosive impact source.100

Given the extraordinary nature of the S1222a event, and the above similarities to the101

large confirmed impacts of S1000a and S1094b, it was prudent to consider the possibil-102

ity of an impact origin. Thus an effort was mounted to search for a fresh crater or other103

transient signal (e.g. an impact-generated dust cloud) associated with this event that104

would prove an impact origin.105

If S1222a were an impact event, the crater size would likely have been extremely106

large (≥ 300 m). This estimate is based upon the relationship between seismic moment107

and crater diameter; where the seismic moment is expected to scale with crater diam-108

eter to the power of ∼3.3. This estimate is informed by impact modelling results and109

calibrated against a set of small seismically detected impacts on Mars (?, ?, ?).110

It should be noted that the size of this event means that the scaling relationship111

is extrapolated significantly, and hence the predicted diameter estimates for S1222a come112

with broad uncertainties. Similarly speculative extrapolation of relationships making as-113

sumptions about surface properties (?, ?) suggests that such a crater would have a blast114

zone in the ∼180 km diameter range.115

The S1000a and S1094b craters produced blast zones large enough to be visible in116

low-resolution images from MRO’s MARCI (Mars Color Imager) (?, ?, ?). Under sim-117

ilar surface conditions an impact event of this size would also have been expected to pro-118

duce a large blast zone.119

Conversely, a lack of a fresh crater or blast zone, given surface images of sufficient120

coverage and resolution, would be a strong indication of a non-impact/tectonic origin.121

This paper describes that search, including excluding the formation of smaller or more122

irregular crater(s) due to atmospheric breakup or impact into steep topography.123

This paper constitutes an international collaboration between all but one of the mis-124

sions currently operating in orbit at Mars. We hope that it will also prove a useful tem-125

plate for similar collaborations in the future.126

2 Methodology127

2.1 Crater-seismic associations128

Making the association between a given seismic event and a fresh crater is chal-129

lenging. This is partly due to the limited number of camera-equipped spacecraft in or-130

bit around the planet. They make infrequent overpassses of any given area, and come131

with limitations on data volume and operational constraints on imaging. It is also partly132

due to the fact that most fresh craters of interest are sub-pixel size in images taken with133

all but the highest resolution instruments. Complex surface topography, e.g. steep slopes,134

can also further complicate matters by disguising fresh craters to the point that they are135

difficult to recognise from orbit (?, ?).136
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2.2 Blast zone detection137

In dusty areas, fresh craters are surrounded by blast zones (regions where the shock-138

wave from the incoming meteoroid has interacted with the surface). These can be tens139

or even hundreds of times larger than the crater itself (?, ?), and as such are often the140

first component of a fresh crater to be identified in orbital images. As blast zones fade141

on the order of decades (?, ?), they can be used to indicate geologically recent impact142

phenomena.143

Although the larger areal extent of fresh blast zones as compared to fresh craters144

generally simplifies the search problem, the exact surface conditions and processes in-145

volved in their formation remain unclear (?, ?, ?). Blast zones are more prevalent on dusty146

surfaces (and the S1222a search area is indeed dusty), but they can also be obscured or147

disguised by local heterogeneities or topography.148

As such, low-resolution image searches alone are not sufficient to exclude an impact-149

generated hypothesis for S1222a’s origin; as a blast zone might be missed. Searches for150

associated transient phenomena and high-resolution sampling of key areas must be used151

to reinforce our conclusion of a non-detection of a fresh crater of the requisite size.152

2.3 Image analysis153

Images taken as part of our search campaigns can be divided into two categories:154

repeat images where visual change detection is possible, and those where fresh features155

are sought without past reference.156

In the first category, where ‘before’ images of a given region exist, post-event ‘af-157

ter’ images can also be captured to enable direct change detection. This is generally eas-158

ier if the same instrument is used for both images in a before-after pair.159

However, recent high-resolution coverage of Mars’ surface is limited, meaning that160

in many places only suitable ‘after’ images exist (the second category). In such cases,161

searches can only seek to identify fresh craters; which may be identified as ‘fresh’ through162

features of their morphology, ejecta, and blast zones.163

2.4 Potentially observable features164

High resolution instruments such as HiRISE (High-Resolution Imaging Science Ex-165

periment) on NASA’s Mars Reconnaissance Orbiter (MRO) have narrow fields of view166

(?, ?). Their coverage of the surface is generally limited as compared to wider field in-167

struments such as the context camera (CTX) on MRO (?, ?).168

As discussed above, blast zones around fresh craters can be observed more easily169

than the craters themselves, using medium-resolution (larger field of view/month-to-year170

cadence) instruments such as MoRIC (the Moderate Resolution Imaging Camera) on CNSA’s171

Tianwen-1 (?, ?), CaSSIS (the Colour and Stereo Surface Imaging Subsystem) on the172

Trace Gas Orbiter (TGO, (?, ?)), or CTX on MRO. The latter of these has identified173

the majority of date-constrained impacts (?, ?).174

We also explored the possibility that transient atmospheric phenomena (e.g. dust175

clouds) may have formed following an impact event of this size. Modelling on this topic176

conducted to date is extremely limited and mostly confined to terrestrial rather than plan-177

etary settings (?, ?), but we nonetheless examine high-cadence (hours-to-days), wide field178

of view images such as those from the ESA Mars Express VMC (Visual Monitoring Cam-179

era) instrument as part of a search for these (?, ?).180

–6–
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2.5 Instruments involved181

Table 1 lists the instruments involved in our search. Of the eight spacecraft in op-182

eration around Mars during 2022, seven were involved in this effort.183

The pixel scale of the imagers spans 0.25 m (HiRISE) to ∼35 km (VMC). We group184

them into three categories:185

• High-resolution imagers (≤1 m/pixel), providing images of small fractions of the186

total surface area, selected for particular interest187

• Medium-resolution imagers (1-100 m/pixel), providing images of substantial frac-188

tions of the search area; in some regions with ‘before’ images (taken up to several189

years before S1222a with the same instrument) available as well as new ‘after’ im-190

ages191

• Low-resolution imagers (≥100 m/pixel, providing images of the entire search area192

on a regular (hours-to-day cadence) basis193

3 Imaging strategy194

Following the occurence of S1222a on 2022-05-04, new ‘before’ images of the area195

to enable change detection could clearly not be gathered ex post facto. The low-resolution196

instruments’ regular observations of much of Mars’ surface on a daily basis meant that197

no novel data collection strategy was required for them. However, for some of the medium-198

and high-resolution instruments, specific imaging strategies could be implemented to op-199

timise the likelihood of finding a fresh crater. The strategy devised was as follows:200

• High-resolution instruments: sampling near the estimated epicentre and nearby201

areas of specific varied topography, to catch any ‘hidden’ fresh blast zones immersed202

in shadow or on steep slopes (change detection not possible as limited ‘before’ im-203

ages acquired)204

• Medium-resolution instruments: Overlapping imaging of the centre of the uncer-205

tainty ‘ellipse’, working outward, with the aim of identifying new blast zones206

• Low-resolution instruments: continued regular imaging of the surface and atmo-207

sphere, with the aim of identifying new large dark spots in the days after the event,208

or transient atmospheric phenomena in the hours after it209

4 Results210

4.1 Low-resolution images211

Overflights of the epicentral region in the hours to days after S1222a by the VMC212

and EXI instrument data gave no indication of new dark patches (blast zones) or un-213

usual atmospheric phenomena. MARCI data were not publicly available through most214

of the time of writing, and hence have not been analysed by the authors themselves. How-215

ever, initial inspections by the MARCI team did not indicate any unusual features.216

The absence of a clear blast zone indicates that if a crater did form, it likely did217

so on unusually complex topography or on a dust-free surface, which might suppress or218

limit blast zone formation. Although the S1222a source region is quite dusty (?, ?), ar-219

eas of steep topography do exist in the surrounding area (?, ?).220

4.2 Medium-resolution images221

Near-total coverage of the source region was achieved by multiple medium-resolution222

instruments (MoRIC, HRSC, and THEMIS in its near-infrared band). Some CTX data223
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A B

C D

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 epicentre of S1222a,

and the underlying images are from THEMIS, which mapped the entire area in visible light

(∼100 m/pixel). A) shows the regional context of the imaged area, and demonstrates the near-

total coverage by medium-resolution instruments (CTX, Tianwen/MoRIC, and HRSC). B) Shows

a detail of the search area itself, also including the areas sampled at the highest resolutions.

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 epicentre being in the

surrounding cell. The colour-coding is the probability of the event epicentre 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.

in the region of interest was also available. Footprints of these images are all shown in224

Fig. 3.225

No new or unusual features were found in the visible bands, and no thermal anoma-226

lies (e.g. those associated with a blast zone due to dust removal and/or surface dark-227

ening) were identified in the near-infrared.228

In the case of the near-infrared mapping on THEMIS, which would be expected229

to be particularly sensitive to new thermal anomalies, this is complicated by the terminator-230

following orbit the spacecraft is currently in.231

4.3 High-resolution images232

A ‘sampling’ approach was taken with high-resolution instruments, wherein a se-233

ries of images across the centre of the ellipse and areas of particularly steep topography234

were gathered. No new crater or indications of surface disturbances other than slope streaks235

(?, ?) were identified through this search, either.236

–9–
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The images gathered also do not support the hypothesis that the meteoroid dis-237

integrated in the atmosphere prior to impact. The breakup of an impactor of the size238

required to produce the S1222a would have produced a widely-strewn spread of secondary239

craters (?, ?), of which there is no evidence in the high-resolution images.240

4.4 Potential further datasets241

Although these data were not explored in this paper, the impacts of a meteoroid242

atmospheric entry and impact may potentially be noticeable in other Mars spacecraft243

data. For example, NASA’s MAVEN spacecraft (?, ?) has previously recorded the ef-244

fects of meteor showers on the upper atmosphere in visible and UV light (?, ?). Further245

studies may wish to consider this line of investigation further.246

Similarly, large impact events may generate substantial acoustic waves which may247

propagate a great distance through the atmosphere under certain conditions (?, ?). Such248

a signal might theoretically be detectable by the pressure sensors on both the InSight249

lander and the Mars Rovers (Curiosity/Perserverance); though this has not yet bee ex-250

plored. due to power constraints all atmospheric sensors on-board InSight were switched251

off at the time of S1222a.252

5 Conclusions253

Multiple lines of evidence from our search of orbital images point toward S1222a254

not being an event of impact origin. The lines of evidence are:255

• The absence of transient atmospheric phenomena such as dust clouds in low-resolution,256

global images taken immediately after S1222a (weak constraint - the formation257

mechanism, duration, composition, and size of any such impact-generated dust cloud258

on Mars are not well known)259

• The absence of any new or fresh dark patches (blast zones) in any of the medium-260

resolution images covering the search box (strong constraint - the entire area has261

been mapped at medium resolution, and given the large magnitude of this event,262

medium resolution imaging should be sufficient to detect an impact of the expected263

size)264

• The absence of suitable fresh craters, blast zones, or fields of secondary craters/secondary265

blast zones in the limited high-resolution imaging of the source region thus far (in-266

termediate constraint - areas imaged and searched thus far cover a small percent-267

age of the possible source region).268

These lines of reasoning lead us to conclude with a high level of confidence that the269

S1222a event was not associated with a meteoroid impact event. The only explanation270

which is consistent with current observations is a subsurface tectonic source. Future work271

will explore in more detail potential seismic discriminators which this event enables, in-272

cluding detailed analysis of the S1222a waveforms and differences between this and large273

impact events.274

The tectonic setting within the epicentral ellipse is very different to that of the Cer-275

berus Fossae region where the strongest other tectonic marsquakes have occurred (?, ?).276

As such, the proposed source mechanism of S1222a, and its likely tectonic context, re-277

main to be explored and will be a topic for future work.278

6 Open Research279

SEIS data are available from the InSight Mars SEIS Data Service at IPGP, IRIS-280

DMC and NASA PDS (InSight Mars SEIS Data Service, 2019).281
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HiRISE data are available from https://www.uahirise.org/catalog/, CaSSIS282

and HRSC data are available from the ESA Planetary Science Archive (https://archives283

.esac.esa.int/psa/#!Home\%20View) VMC data are available from https://blogs284

.esa.int/vmc/vmc-data-archive/, CTX data are available on the NASA Planetary285

Data System (https://pds.nasa.gov). MoRIC and EXI data were sourced directly from286

the relevant mission teams (personal communication).287
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