
Highlights

The marsquake catalogue from InSight, sols 0–1011

Savas Ceylan, John F. Clinton, Domenico Giardini, Simon C. Stähler, Anna

Horleston, Taichi Kawamura, Maren Böse, Constantinos Charalambous,
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• The V9 catalogue includes 951 events, of which 486 are new since the

previous report.
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been observed.

• The catalogue also includes 1062 very local events that may be due to

thermal stresses.
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Abstract

The InSight mission (Interior Exploration using Seismic Investigations, Geodesy

and Heat Transport) has been collecting high-quality seismic data from

Mars since February 2019, shortly after its landing. The Marsquake Ser-

vice (MQS) is the team responsible for the prompt review of all seismic data

recorded by the InSight’s seismometer (SEIS), marsquake event detection,

and curating seismicity catalogues. Until sol 1011 (end of September 2021),
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MQS have identified 951 marsquakes that we interpret to occur at regional

and teleseismic distances, and 1062 very short duration events that are most

likely generated by local thermal stresses nearby the SEIS package. Here, we

summarize the seismic data collected until sol 1011, version 9 of the InSight

seismicity catalogue. We focus on the significant seismicity that occurred

after sol 478, the end date of version 3, the last catalogue described in a ded-

icated paper. In this new period, almost a full Martian year of new data has

been collected, allowing us to observe seasonal variations in seismicity that

are largely driven by strong changes in atmospheric noise that couples into

the seismic signal. Further, the largest, closest and most distant events have

been identified, and the number of fully located events has increased from 3

to 7. In addition to the new seismicity, we document improvements in the

catalogue that include the adoption of InSight-calibrated Martian models

and magnitude scales, the inclusion of additional seismic body-wave phases,

and first focal mechanism solutions for three of the regional marsquakes at

distances ∼30◦.

Keywords: Marsquakes, InSight mission, Mars seismicity catalogue
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1. Introduction1

The primary goal of the InSight mission is to explore the inner structure2

of Mars (Banerdt et al., 2020). For achieving this purpose, the most critical3

InSight instrument payload is the SEIS package (Seismic Experiment for4

Internal Structure), which consists of two 3-component seismometers, named5

the very broadband (VBB) and the short period (SP) (Lognonné et al.,6

2019). The InSight lander is also equipped with a set of wind speed, wind7

direction and pressure sensors (Auxiliary Payload Sensor Suite; APSS) for8

observing the Martian atmosphere (Banfield et al., 2019), which are crucial9

for discriminating seismic events from other noise sources.10

The mission’s nominal duration was one Martian year (about 668 sols,11

or roughly two Earth years), counting from the day of landing on 2018-12

11-26 (InSight sol 0; a sol is one Martian day equivalent of ∼24h40m).13

However, the mission is now well into a second Martian year, and to date,14

the seismometers continue to perform exceptionally well. InSight is powered15

by solar panels, which have been progressively affected by dust. By late 2020,16

available power had become so limited that the scientific instrumentation17

was selectively turned off. Since then, only the VBB has regularly been18

operational - the weather sensors and the SP seismometer were only rarely19

powered on.20

The Marsquake Service (MQS) is one of the vital ground segment support21

services of the mission (Clinton et al., 2018, 2021). The MQS team comprises22

researchers from the InSight science team, with its operations based at ETH23

Zurich. The team is responsible for prompt routine data review, detecting24

the seismic signals, locating quakes, and curating the seismicity catalogue.25

When a signal potentially of seismic origin is identified, MQS investigates26
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possible contamination in the waveforms that may exist due to atmospheric27

disturbances. If weather sensors are operational during the event, seismic28

data are checked against pressure and wind channels. Otherwise, MQS29

utilizes the excitation of lander modes as seen in the seismic data, which are30

very well correlated with wind speed (Dahmen et al., 2021b; Charalambous31

et al., 2021).32

Once a suspicious signal is confirmed not to be due to atmospheric noise,33

it is often possible to identify multiple seismic phases that can be interpreted34

as body waves. When phases are confirmed to be P and S arrivals or their35

surface reflections (PP and SS, respectively), the event distance is computed36

following the probabilistic single-station location algorithm (Khan et al.,37

2016; Böse et al., 2017) using a set of a priori interior models. For events38

with estimated distances, MQS reports event magnitudes since catalogue39

version 8 (V8), employing the updated relations provided in Böse et al.40

(2021). The event backazimuth is obtained using polarization analysis of the41

primary body waves (Böse et al., 2017), though this is only rarely possible.42

MQS continues to classify events by their frequency content. At low43

amplitudes, when winds are low, the InSight data are characterised by a44

resonance at 2.4 Hz (Dahmen et al., 2021b; Hobiger et al., 2021), that is45

also strongly excited during seismic events. The low frequency (LF) family46

events include energy predominantly below 2.4 Hz, though sometimes also47

at this resonance. They are similar to teleseismic events observed on Earth,48

where P and S waves are often identified. The high frequency (HF) family of49

events are predominantly at and above 2.4 Hz. These events include phases50

that are assigned to be Pg and Sg and interpreted as crustal guided waves51

(Giardini et al., 2020; van Driel et al., 2021). Finally, super high frequency52

(SF) events are very short duration events with energy above 5 Hz. In53
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addition to event type, an event quality is assigned to each event, ranging54

from A (best - located) to D (worst - very weak energy, possibly speculative).55

This paper describes V9 of the catalogue (InSight Marsquake Service,56

2022), spanning sols 0–1011 (from 2018-11-26 until 2021-10-01), which was57

released on 2022-01-01. For a small number of LF family events in V9,58

recent studies have successfully identified secondary phase arrivals, including59

reflections within the crust such as pS, at the free surface (PP, PPP, SS,60

SSS), and core (ScS). These have been used to generate the first Martian61

models constrained by seismic data (Stähler et al., 2021b; Khan et al., 2021;62

Knapmeyer-Endrun et al., 2021). Up to catalogue V8 (InSight Marsquake63

Service, 2021b), MQS has used pre-landing structural models for LF family64

event distance determination (Clinton et al., 2021). In the V9 catalogue, all65

events have their distances revised using this most recent model set of Khan66

et al. (2021) and Stähler et al. (2021b).67

The majority of LF family events located by the MQS are closer than68

the core shadow zone (98–102◦) with distances determined by direct P and S69

arrivals. Two events (S0976a and S1000a) in this new catalogue lie beyond70

the core shadow and have PP and SS phases (Horleston et al., 2022). MQS71

located S0976a in the Valles Marineris region 146◦(±7◦) away from InSight.72

The distance of S1000a is 116◦(±9◦), but a backazimuth determination based73

on the PP arrival alone is not clear and therefore not provided. S1000a in-74

cludes very broadband energy that rises well above 2.4 Hz - a unique feature75

among broadband events in the catalogue. Further, S1000a shows the first76

Pdiff phase observed so far. These two events are the largest magnitude77

marsquakes recorded since landing. The largest HF family event (S0976b)78

was also observed on the same sol as the most distant marsquake. Further,79

the V9 catalogue includes four recent HF family events with very short epi-80
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Event type Total number Quality A Quality B Quality C Quality D

Low frequency family
LF 45 (+17) 4 (+3) 9 (+3) 18 (+7) 14 (+4)
BB 24 (+11) 2 (+1) 6 (+5) 13 (+4) 3 (+1)

High frequency family
VF 56 (+33) – 21 (+12) 27 (+19) 8 (+2)
HF 95 (+43) – 51 (+20) 36 (+18) 8 (+5)

2.4 Hz 731 (+382) – 46 (+8) 263 (+126) 422 (+248)
Other events

SF 1062 (+350) – – 252 (+124) 810 (+226)

Table 1: Breakdown of V9 catalogue in terms of event type and quality. The changes since
the V3 catalogue (InSight Marsquake Service, 2020b) as reported by Clinton et al. (2021)
are indicated in parentheses. These statistics also include some re-classification of event
types and qualities during the routinely performed checks before each catalogue release.
See the text for definition of event types and qualities. By definition, all QA events have
both distance and backazimuth determined. S0183a is the only exception to this rule,
having a full location but assigned as QB since the event distance is speculative.

central distances that include chirp signals not previously observed.81

Here, we provide an update of Clinton et al. (2021), documenting the82

seismicity (Figs. 1 and 2) that occurred until sol 1011 (2021-10-01). In83

the following sections, we first summarize the data collected until sol 101184

(Fig. 3). Then, we report on major changes to both MQS procedures and85

the catalogue content since the release of V3 (InSight Marsquake Service,86

2020b), including updated magnitude relations (Böse et al., 2021), first fo-87

cal mechanism solutions for three marsquakes (Brinkman et al., 2021), and88

additional seismic phase picks (Khan et al., 2021; Stähler et al., 2021b). Fi-89

nally, we describe the evolution of marsquakes and key catalogue features90

for each of the LF and HF event families and the SF events, with descrip-91

tions of fundamental attributes for the key new events between 478-1011. A92

breakdown of the catalogue in terms of event type and quality is provided93

in Table 1. Supp. Tables S1 and S2 list all marsquakes individually and94

include key event attributes.95
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2. Data collection96

InSight is powered by two solar panels. With dust accumulating on97

these panels, the available power for InSight has steadily decreased over98

time. The cleaning events from local dust devils, as seen at other Martian99

landers (Lorenz et al., 2021), had been expected to occur for InSight but100

have unfortunately not been observed.101

The nominal mission duration for InSight was a full Martian year, which102

was reached on sol 668, and was mainly driven by power expectation. How-103

ever, InSight has managed to operate well beyond this period. Nevertheless,104

by late 2020, solar power generation had reduced to the extent that scientific105

instruments began to be turned off. Around this time, the magnetometer,106

wind speed, wind direction and pressure sensors were no longer operated107

continuously. On sol 789 (2021-02-14), the continuous SP operation was108

also suspended. The data collected across the entire period until sol 1011109

are shown in Fig. 3 for a selection of the channels commonly used by MQS110

from the seismic, weather and magnetic sensors.111

Ceylan et al. (2021) summarised the characteristics of seismic data col-112

lected up to sol 478, the same period that Clinton et al. (2021) covered for113

seismicity. For the majority of the mission, and until the SP sensor was114

turned off, the VBB was acquired at 20 sps (location and channel codes115

02.BH? where the question mark is a wildcard) and transmitted to Earth116

continuously. The SP sensor was acquired at 100 sps (65.EH?), but only117

transmitted to Earth in short windows via specific requests. MQS routinely118

requested the 100 sps SP data for each identified marsquake. Once SP was119

switched off, the VBB was acquired at 100 sps (00.HH?), and since then120

we have 20 sps VBB transmitted continuously with some event-based VBB121
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data at 100 sps for significant marsquakes.122

A notable gap of 21 sols occurred during the solar conjunction in the123

first Martian year due to InSight entering safe mode with all science payload124

turned off. The data were fully collected over the conjunction in the second125

Martian year.126

3. Summary of data and seismicity127

Following the completion of the deployment and commissioning phases,128

both the VBB and SP seismometers exceeded the mission target noise levels129

(Lognonné et al., 2019; Lognonné et al., 2020). In addition, the steps of130

placing SEIS on the Martian surface and then covering with the wind and131

thermal shield (WTS) on sol 76 both led to significant noise reduction (Clin-132

ton et al., 2021). Nevertheless, SEIS is still sensitive to the effects of the133

local weather perturbations, which is evident in diurnal patterns in the seis-134

mic recordings. The evolution of the seismic background noise for the VBB135

vertical component, with detected events overlain, is presented in Fig. 1.136

At the beginning of the nominal science monitoring phase (around sol 100),137

an average sol had rather predictable seismic noise during the spring and138

summer in the northern hemisphere. Turbulent winds were observed each139

afternoon which resulted in very high seismic noise. This period was followed140

by a sharp decline in the noise level shortly before sunset, with subsequently141

the quietest period of each sol lasting for a few hours. Light winds caused an142

increase in the noise level in the early morning. Since the initial catalogue143

description ending on sol 478 (Clinton et al., 2021), InSight has collected144

almost an entire additional Martian year of data. It has become apparent145

that the seismic noise is seasonally predictable.146
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The background seismic noise unfortunately increases dramatically dur-147

ing the autumn and winter seasons at the InSight landing site (Fig. 1). As a148

result, consistently observed quiet periods in the early evenings disappear.149

Although the average noise level during the middle of the sol does slightly150

decrease, the noise in this season is still too high to observe any but a few151

large quakes that have poor signal to noise. To date, the background noise152

patterns closely repeat the first Martian year, with minor perturbations153

even repeating on the same sol one Martian year later. These general noise154

patterns are also evident in Fig. 4, which tracks the evolving daily noise am-155

plitudes across various percentiles of power spectral density for the dominant156

frequency ranges within which the HF and LF families are observed.157

An overview of noise sources and artefacts was given by Ceylan et al.158

(2021) as observed in the data until sol 478. A specific group of artefacts159

named glitches (broadband spikes) are the most dominant features in the160

seismic data. It is possible to partially remove these spikes (Scholz et al.,161

2020). However, it is crucial that they should still be carefully considered not162

only during marsquake characterisation, but also for phase identification and163

auto-correlation procedures for structural interpretation (Kim et al., 2021)164

in particular.165

From sol 790, we began to observe a new long-period signal. At first,166

the signal lasted only a few minutes and was relatively low in amplitude167

at the order of a few nm/s. It became very regular in the following sols,168

appearing every night as soon as the typical Martian calm evening ends169

around 22:30 LMST (Local Mean Solar Time). The signal stops during the170

night, generally between 2:30–4:30 LMST, without a clear correlation with171

the decrease of atmospheric disturbances. Its maximum amplitude can reach172

tens of nm/s. It is visible on all raw VBB components (UVW). When the173
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data are rotated into ZNE, there is almost no energy on the vertical. The174

polarization of the signal is very stable, with an apparent regular elliptical175

motion in the horizontal plane. The azimuth is clear and around 21◦. The176

period of the signal is quite constant around 18–25 s with slight oscillations177

during the nighttime. Finally, we also observe some harmonics of the signal178

at 6 and 12 s for many sols. An example of this signal is shown in Fig. 5,179

which is present at the pre-event noise and early part of event S0976a and180

discussed in the event description section.181

4. Revisiting marsquake attributes182

This section summarises the conventions that MQS uses to prepare the183

InSight seismicity catalogue. We refer the reader to Clinton et al. (2021)184

for a more thorough documentation on event characterisation, classification,185

and MQS procedures.186

When an event is catalogued, MQS assigns two essential attributes for187

classification: event type and quality. These properties are qualitative crite-188

ria defined early in the mission as MQS started to gain significant experience189

with the observed signals and background seismic noise. The event type is190

used to classify marsquakes according to their energy content, while event191

quality provides a measure of the significance of an event in terms of the192

signal-to-noise ratio, seismic phase picks, and ultimately whether a location193

can be provided. The event numbers per type and quality for the V9 cata-194

logue are provided in Table 1. Event types and qualities for each event in195

the catalogue are provided in Supp. Tables S1 and S2.196
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4.1. Event type197

The event type indicates the dominant energy content of a marsquake.198

The natural resonance at 2.4 Hz (Giardini et al., 2020) and a lander re-199

lated mode at 4 Hz (e.g. Ceylan et al. (2021), Dahmen et al. (2021b)) are200

the key discriminants for the event type. The traditional seismic events in201

the catalogue are classified into two main groups as the low frequency fam-202

ily that contains energy predominantly below 2.4 Hz, and in contrast, the203

high-frequency family contains energy predominantly at and above 2.4 Hz204

(Fig. 6).205

The low frequency family includes two event types as low frequency (LF)206

and broadband (BB). The LF events contain energy in all three components,207

all below 2.4 Hz. The BB events are similar to the LF quakes with en-208

ergy predominantly at longer periods in three components, but also include209

energy at and sometimes even above 2.4 Hz.210

The high-frequency event family (van Driel et al., 2021) consists of three211

sub-classes as 2.4 Hz, high frequency (HF), and very high frequency (VF).212

The 2.4 Hz events exhibit energy limited only around the 2.4 Hz resonance.213

These events are strongest in the vertical component, consistent with the214

vertically polarised resonance. The HF events have a broader range of fre-215

quencies, extending at least above 4 Hz. Strong HF events occasionally216

show energy below 2.4 Hz, some extending down to ∼4–5 s; however the217

event energy is predominantly at 2.4 Hz and above. Similar to the 2.4 Hz218

events, these events have energy in all three components but are strongest219

in the vertical direction. The VF events are a special case within the high-220

frequency family, as they include energy that rises higher than HF events,221

typically reaching 10 Hz. Energy can be observed up to 30 Hz and above222

on occasion. Their high-frequency component is horizontally polarised, with223
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significantly stronger energy on the horizontal components than the vertical.224

Another event type reported in the InSight catalogue is the super high225

frequency (SF) events that are substantially different from the low- and high-226

frequency families due to their much shorter duration and frequency content227

(Dahmen et al., 2021a). These ∼10–25-seconds-long signals include energy228

only above ∼5 Hz and sometimes reach up to ∼30 Hz. Similar to VF events,229

there is significantly stronger energy on the horizontal components.230

Each event in the catalogue is assigned a name following the alpha-231

numerical convention of S0000x (or T0000x for SF events), where 0000 is232

a 4–digit sol number on which the events occur, and x is an alphabetical233

character to uniquely identify events and typically indicates the order of234

events on a particular sol.235

4.2. Event quality236

Event quality is closely related to the signal-to-noise ratio (SNR) of the237

seismic phase arrivals. MQS employs a four–level quality measure for each238

event from quality A through D (QA–QD). QA is the highest quality, indi-239

cating that MQS was able to identify multiple clear seismic phases in the240

time domain and compute a robust full location with distance and backaz-241

imuth. QB is used to mark the medium quality events with either multiple242

clear phase identifications but no polarization or vice versa, while QC shows243

low quality events with signals clearly observed but phase picking is difficult,244

speculative, and often aided by spectrograms. Lastly, quality D indicates245

suspicious signals that are weak or may not be attributed to seismicity. We246

show examples of LF events with degrading event quality in Fig. 7.247

All energy above 1 Hz, including the 2.4 Hz resonance, shows highly248

scattered characteristics (Giardini et al., 2020; van Driel et al., 2021), which249
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means it is not possible to obtain a reliable backazimuth estimate for indi-250

vidual events using the signal at high frequencies. Therefore, all HF family251

events are assigned a quality of QB or lower, following the MQS rules.252

The SF events (Dahmen et al., 2021a) are different to all other marsquake253

types catalogued, with very short durations and no identifiable picks. The254

quality assessment for the SF-type events is limited to C and D, based255

on the peak amplitude: a quality of C when the peak amplitude is above256

2x10−9 m/s (7–9 Hz bandpass filter), and D otherwise.257

In addition to the event quality, the catalogue includes three SNR mea-258

sures: SNRS using the seismic waveforms, SNRW for the wind data, and259

SNRP using the pressure data. The SNRW and SNRP are reported de-260

pending on the data availability of the weather sensors and become rare261

after autumn 2020, once the weather sensors were no longer continuously262

operated. All available SNR for each event are indicated in Tables S1 and263

S2.264

4.3. Seismic phase picks and event depths265

Once a suspected event is identified, MQS first marks the event win-266

dow by picking the earliest and latest energy arrivals, labelled as start and267

end, respectively. Additionally, a time window of representative background268

noise near the event is identified by noise start and noise end phase labels.269

Following the QuakeML standards (Schorlemmer et al., 2011), all start and270

end times for event and noise windows are stored in the catalogue as arrivals,271

but no pick uncertainties are assigned.272

In the case of the HF event family, high-frequency seismic phases are273

identified as slope breaks on vertical component STA/LTA (short time av-274

erage / long time average) envelopes centered around the 2.4 Hz resonance275
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(Fig. 8). Often, two clear and separated phases are observed. The excitation276

of the 2.4 Hz resonance is interpreted as trapped energy within the layered277

Martian crust (Giardini et al., 2020; van Driel et al., 2021); therefore, these278

phases are labelled as Pg and Sg, respectively, following the phase naming279

nomenclature for Earth (Storchak et al., 2003). When identified using the280

envelopes, the uncertainties for Pg and Sg phases are generally assigned as281

±10, ±20, or ±60 s. When envelopes and waveforms exhibit sharp onsets for282

high-quality events, the uncertainties can be as narrow as ±1 s. Typically,283

phases for the higher frequency VF events are also picked at 2.4 Hz on the284

vertical component. In order to reflect the energy content of the VF events,285

the STA/LTA filter is also computed on the horizontals for frequencies 7.9–286

9 Hz, and used for phase verification.287

A handful of the LF family events have high amplitudes above the noise288

level that allow for clear P and S phase identification in the time domain.289

The uncertainties are typically chosen as ±1, ±2, or ±5 s for these relatively290

clear arrivals. When the signal and phase onsets are weaker, phase picking is291

often aided by spectrograms, with uncertainties of ±20 or ±60 s in general.292

For all event types, any other additional phases identified at lower fre-293

quencies below 2.4 Hz resonance are labelled as x1–xn with appropriate294

uncertainties assigned as described above. By definition, the broadband295

events have high-frequency content around 2.4 Hz, which may also exhibit296

distinct energy arrivals. These phases are labelled as y1–yn. Furthermore,297

the SF events do not include any seismic phase picks since these events do298

not contain any clear arrivals. All phases for each event are indicated in299

Supp. Tables S1 and S2.300

There are no constraints on event depths as of catalogue V9. Therefore,301

MQS assigns a fixed value of 50 km to HF and LF families regardless of the302
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event type and quality. The SF events are not assigned any depths. The303

event depths will be updated in future versions when positive depth phase304

identifications are confirmed.305

5. Updates in the new catalogue version306

In addition to the newly observed seismicity, the V9 catalogue includes307

updates and additions to both methods and content. Substantial changes308

are the inclusion of new magnitude definitions (Böse et al., 2021), first focal309

mechanism solutions (Brinkman et al., 2021) for three marsquakes (S0173a,310

S0183a, and S0235b), and a first set of surface-reflected body wave picks311

(PP, PPP, SS, SSS from Khan et al. (2021)) and core reflected transversal312

S-phases (ScS) from Stähler et al. (2021b). In light of the new seismic-313

ity that occurred after Clinton et al. (2021), the event similarity analysis314

(alignments) has been extended and distances for the older events have been315

revised. The catalogue is also extended to include alternative source inter-316

pretations from other studies (Martire et al., 2020; Kedar et al., 2021). In317

this section, we describe these updates in more detail.318

5.1. New phase labelling conventions319

As we observe and identify more complex phases and continue to extend320

our overall interpretation of the Martian seismicity, we take the opportunity321

to update the basic conventions used to describe them.322

The BB events, by definition, exhibit seismic energy at and above the323

2.4 Hz resonance that can often be picked using the 2.4 Hz STA/LTA filter.324

Prior to V9, these picks were assigned to be Pg and Sg phases, compatible325

with the phase association of the HF family events picked using the same326
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filter. However, often only a single 2.4 Hz phase is observed, though some-327

times more than 2 can be identified, and it is not likely that distances from328

these picks can be reconciled with the typical teleseismic BB event distances.329

Hence, starting from V9, all high-frequency picks for the BB events (includ-330

ing previously labelled Pg and Sg phases) are relabelled as y1, ..., yn. The331

Pg and Sg picks for the HF family events remain the same.332

Recently, some of the HF family events exhibit chirp-like signals at lower333

frequencies extending below 1 Hz. Consequently, all picks identified at fre-334

quencies below 2.4 Hz are marked with x1, ..., xn. Note that this convention335

is already being used for long period picks or unknown phase types regardless336

of the event type.337

5.2. Velocity models for inversion338

Since V9, the distance estimates for LF family events in the MQS cata-339

logue use new interior models based on the inversion of multiple body wave340

phases (Khan et al., 2021; Stähler et al., 2021b). The models result from341

3 different inversion approaches: (1) a purely “seismic” one that produces342

a model of linear velocity gradients to fit travel times, conceptually similar343

to IASP91 (Kennett and Engdahl, 1991). (2) A “geophysical” parametriza-344

tion that fits the travel times against interior models from thermodynamical345

modelling (Khan et al., 2018). These models allow for variation of min-346

eralogical compositions, but use an adiabatic temperature profile. (3) A347

“geodynamical” parametrization, similar to (2), but restricted to one com-348

position. The temperature profile is based on 1D convection simulations349

(Samuel et al., 2021).350

Each approach produced 100 velocity models by Markov Chain Monte351

Carlo inversion. Together, these 300 models are used to determine the MQS352
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distances. The software used for estimating event distances can be found on353

(Stähler, 2020). The models are available from Stähler et al. (2021a), and354

shown in Fig. 9.355

5.3. Updated distance probabilities356

Following the release of catalogue V3 (InSight Marsquake Service, 2020b),357

MQS identified an error in the implementation of the single station distance358

algorithm (Böse et al., 2017). The P-pick uncertainties were not taken into359

account, and consequently, the distance probability distributions for LF fam-360

ily events were underestimated. The under-estimation became more signifi-361

cant as the P-phase picking uncertainties increased. This error affected only362

the width of the probability distributions. Its effects on the final distance363

determination was minor.364

Fig. 10 shows the distances and backazimuths for all LF family events re-365

ported in V9. For the subset of events also included in the V3 catalogue and366

presented in Fig. 9 of Clinton et al. (2021), we also include here the distance367

computations before and after the software correction. The absolute values368

of distance estimates remain practically the same, with a maximum change369

of 3◦, which is negligible. The error specifically affects the probability dis-370

tributions of S0185a and S0474a, both with large P-uncertainties of ±60 s.371

Our previous error estimates indicate values within the mission requirements372

(25% for distance; horizontal error bars in Fig. 10). As opposed to prior er-373

ror estimates, current 2σ errors show that the mission requirements are not374

met for these two events.375

In total, the V9 catalogue includes 27 LF family events with phase-based376

distances. 13 of these were also reported in the V3 catalogue. Five events out377

of these do not meet the mission requirements (Fig. 10), while the remaining378
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events show distributions less than or comparable to the error margin.379

For the HF events, the procedure for determining the event distance is380

unchanged since Clinton et al. (2021) where we assume a simplistic crustal381

model with a VS = 2.3 km/s and VP /VS = 1.7. The distances for all HF382

events with their Pg and Sg picks are listed in Supp. Table S2.383

5.4. Alignments384

Alignment refers to a procedure that provides a first order determina-385

tion of distance and origin time for LF family events, initially presented386

in Giardini et al. (2020). The approach relies on identifying similarities387

amongst seismic events via visual inspection of spectral envelopes (Fig. 11),388

and weaker events are placed relatively in distance to well located quality A389

events. It provides an opportunity to review existing phase-based distances,390

and assign distances to events too weak to have a phase-picked distance391

estimate. The envelopes are checked against a suite of models, although392

the final distance estimation is generally made on a single reference model393

(Fig. 9b).394

The alignment procedure uses these high-quality events with known lo-395

cations as anchors. Each event is individually analyzed on the 3-component396

spectrograms to identify the frequency range of the dominant energy. Typ-397

ically, we compute the spectrograms using a window length of 30 s, and398

an overlap of 50%. The data are detrended and instrument response is re-399

moved prior to spectrogram computation. Through practice, we prefer to400

use acceleration spectrograms, although events are also checked using the401

data in velocity and displacement as well as with different window lengths.402

The events are isolated between the frequencies of the dominant energy, i.e.403

spectrogram content is ignored except for the energy in the event-specific404
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frequency range. For a majority of the events, this frequency range is 0.2–405

0.9 Hz. Subsequently, the spectral envelopes are calculated by summing the406

spectral amplitudes along the frequency axis between the two frequencies.407

Before the final analysis, contaminated parts of the spectral envelopes (due408

to instrumental artefacts such as glitches and atmosphere) are masked.409

Alignment is a practical way of visualizing an overview of seismic events410

relative to each other, providing an alternative for interpreting the seismicity,411

specifically for the events that could not be fully located by MQS. It helps to412

classify the events that are similar to each other for further analysis and their413

relative positions in distance-travel time domain. So far, alignments have414

been efficiently employed for magnitude determinations (Böse et al., 2021),415

broad structural interpretations (Giardini et al., 2020), and as a gateway for416

picking additional seismic phases (Khan et al., 2021).417

The uncertainties associated with the aligned distances are not trivial to418

quantify, and typically are rather large at the order of a few degrees. The419

first source for these large uncertainties arise from the reference model used.420

Different distances can be found when different model or model sets are421

used. The window length chosen for calculating the spectral envelopes is also422

important - longer windows smooth and smear the envelopes. The smearing423

opens a window of possibilities of performing the alignments, introducing an424

additional uncertainty margin. Shorter window lengths show more details;425

however, it becomes often harder to identify and interpret common features.426

The third and most critical source of uncertainty comes from the envelope427

interpretation. The alignment is a qualitative practise, highly depending on428

the perception of main energy packages. In the case of complex events such429

as S0809a (see the event descriptions section), alignments suggest various430

solutions.431
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The InSight catalogue V9 includes a total of 36 events that were aligned432

(Fig. 11) that is 11 more events since Clinton et al. (2021), and 9 events more433

than the phase-based approach. In light of the recent results on the interior434

of Mars (Khan et al., 2021; Stähler et al., 2021b; Knapmeyer-Endrun et al.,435

2021), the reference model used for the alignment is updated using a repre-436

sentative model from Stähler et al. (2021b) (Fig. 9b). When possible, MQS437

prefers to keep the aligned distances previously reported in Clinton et al.438

(2021) unchanged, but accommodates the differential travel time differences439

by updating the aligned event origin times.440

In general, there are five clusters of events that arise from envelope simi-441

larities (Fig. 11). The first cluster includes the LF family closest to InSight,442

distances starting from the Cerberus Fossae events roughly from 28◦ to 40◦.443

These marsquakes show relatively clear P and S energy in the envelopes.444

The next family of events do not show any clear S-wave energy. These445

quakes are aligned using the P-wave and length of its coda in the spectral446

envelopes around 46◦. The third cluster of events located around ∼60◦ with447

relatively emergent P- and S-wave energy, and are anchored by a relatively448

clear QB event S0185a. The events aligned at distances 88–100◦ are posi-449

tioned only using their S-wave coda length along the reference S-arrivals.450

These events, without a high quality anchoring event, are generally noisy451

with unclear P-energy that is at or below the noise level. Their S-wave coda452

is relatively longer. Lastly, there are two more distant anchor events, S0976a453

and S1000a, which show clear but emergent energy for PP and SS waves and454

are described further in the event description section and in Horleston et al.455

(2022).456

The aligned distances for LF family events are indicated in Supp. Table457

S1, when available.458
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5.5. Magnitudes459

The magnitude relations for marsquakes were first derived by Böse et al.460

(2018) using synthetic seismograms produced for a set of pre-launch Martian461

models that are also listed in Ceylan et al. (2017). In Giardini et al. (2020),462

these pre-landing relations were updated to better reflect the actual content463

of marsquakes, subsequently used by Clinton et al. (2021) for V3 and used464

until V7. Böse et al. (2021) updated these scaling relations using real data465

from 485 marsquakes that occurred up to October, 2020 (InSight Marsquake466

Service, 2021a). The relations, first adopted in V8, are also used in V9.467

The magnitudes are computed for all events that have an estimated dis-468

tance, with several scales based on P- and S-wave peak amplitudes for LF469

events, and the maximum amplitude of excitation around the 2.4 Hz reso-470

nance for HF events (Böse et al., 2018; Giardini et al., 2020; Clinton et al.,471

2021). For all events, the preferred magnitude type is moment magnitude472

(MMa
W ) derived depending on the event type; hence the dominant event en-473

ergy.474

We show the distance vs moment magnitude distribution in Fig. 12.475

The largest HF family event in the catalogue is S0976b with a MMa
W 4.1, and476

for the LF family S0976a with MMa
W 4.2. In general, the HF family events477

cluster at distances up to 41◦ with magnitudes below MMa
W 2.5. The LF478

family events are distributed at larger magnitudes MMa
W > 2.5 and greater479

distances between ∼30◦–146◦.480

The preferred magnitudes (MMa
W ) for each event are shown in Supp. Ta-481

bles S1 and S2. In the QuakeML file, all magnitude types are attached to482

the origins with distances.483
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5.6. Moment tensors484

The first focal mechanisms of three of the marsquakes (S0173a, S0183a,485

S0235b) were determined in the recent study of (Brinkman et al., 2021)486

(Fig. 2). The authors approach the problem of source mechanism determi-487

nation with a single-station using both a grid search method and a direct488

linear inversion. S0173a and S0235b are both quality A events with clear489

P- and S-wave arrivals. S0183a is a quality B event, with an impulsive P490

phase, but exhibits a weak secondary phase with ±60 s uncertainties.491

The focal mechanism solutions provided by Brinkman et al. (2021) for all492

three events suggest an extensional source. In the QuakeML data structure493

(Schorlemmer et al., 2011), the solutions for these three events are included494

in the V9 catalogue attached to separate origins other than the preferred495

origin. The originating study is mentioned in the creationInfo element of496

the origin block in the QuakeML data model.497

5.7. Additional body-wave phase picks498

Up to catalogue V7, MQS have reported seismic phase picks only from499

the direct time series analysis and from alignments. From V7, the catalogue500

includes arrivals identified by two recent studies concentrating on the upper501

mantle structure (Khan et al., 2021) and the core (Stähler et al., 2021b) of502

Mars.503

Khan et al. (2021) focus on the surface-reflected body wave phase identi-504

fication (PP, PPP, SS, and SSS) with the purpose of inverting for the upper505

mantle structure on Mars. The study combines seismic phase picks from506

three different and independent approaches, using 8 teleseismic marsquakes.507

Stähler et al. (2021b) extends the phase pick collection of Khan et al. (2021)508
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concentrating on the core-reflected S-waves (ScS) with a focus on the Mar-509

tian core.510

As of V9 catalogue, these picks are included into the catalogue but not511

associated with any particular origin. The additional picks can be retrieved512

using their publicID properties under the pick object in the QuakeML513

(Schorlemmer et al., 2011). The publicID is constructed with a method514

identifier (Table 2) to discriminate the teams and methods used (see Khan515

et al. (2021); Stähler et al. (2021b) for details). The picking method is also516

available in the methodID attribute of the pick. The creation info prop-517

erty includes the digital object identifier (DOI) of the originating study. An518

example for a QuakeML pick block is provided in Fig. 13.519

Table 2: Additional phases and their method identifiers included in the V9 catalogue from
Khan et al. (2021) and Stähler et al. (2021b). The travel paths of each phase is shown in
Fig. 9c. An example QuakeML pick block is in Fig. 13.

Phase group Reference Method identifier

Body waves reflected from
free surface

Khan et al.
(2021)

TDE: Time-domain en-
velopes

(PP, PPP, SS, SSS) WM: Waveform matching
PFV: Polarization filters
and vespagrams

Transversal body-waves re-
flected from the core-mantle
boundary (ScS)

Stähler et al.
(2021b)

A through E, depending
the participating team and
their preferred approaches.

5.8. Alternative source interpretations520

MQS catalogue versions include alternative source interpretations from521

other studies as well. Kedar et al. (2021) identify S0105a and S0189a as522

potential volcanic tremors. This information is included under the event523

element of the QuakeML as comment as found in the event XML. Mar-524
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tire et al. (2020) also suggested that events presenting a single dominant525

frequency in the 0.4-2 Hz range, with 90◦ phase shift between horizontal526

and vertical components, could be generated by horizontally propagating527

acoustic waves. Similar to additional seismic phase picks, alternative inter-528

pretations are not tied to any specific origin.529

6. Review of recent significant seismicity530

In this section, we summarise the seismicity in V9, and highlight in detail531

the most significant marsquakes from both the LF and HF families that532

occurred after sol 478. Significant events that were recorded before this sol533

are already described in Clinton et al. (2021). Detail event reports include534

the characteristics of events, seismic phase picks, and location determination535

when available. All LF and HF events with their key attributes are listed536

in Supp. Table S1 and S2, respectively.537

6.1. LF family538

Since sol 478, InSight recorded 28 new LF family events for a new total of539

69 (Table 1, Supp. Table S1). The number of QA events increased from 2 to540

6, and fully-located events from 3 to 7 (S0183a, described in Clinton et al.541

(2021), is QB, but a location is provided despite having a very uncertain542

distance estimate). The magnitude and distance distribution of events is543

shown in Fig. 12, which also includes HF family events. The seismicity map544

of the LF family events, including the aligned events, is in Fig. 2.545

The two most distant and largest LF events (S0976a and S1000a) oc-546

curred within 24 sols - both are the only events with confirmed distances be-547

yond the core shadow that starts at 98–102◦ distance (Stähler et al., 2021b),548
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and the first events to be located using body phases further than 60◦. Hor-549

leston et al. (2022) describes these events in detail. S0976a is the most550

distant event at 146◦, with MMa
W 4.2, and S1000a at 116◦ has MMa

W 4.1. The551

strong amplitudes of these events are illustrated in Fig 4. In the bandwidth552

between 1.5-6 s, S1000a is the largest event seen so far, and S0976a is simi-553

lar in amplitude to S0235b. S1000a is an exceptional BB event, with a very554

broad frequency range, including energy below 10 s and exceeding 5 Hz.555

There is no obvious difference for the LF event rates between the first556

marsquake season (spring and summer) and what has been observed so far557

in the second (Figs. 1 and 4). What is remarkable though is the seasonal558

variation in the distances observed: In the first season, events were well559

distributed in distance from Cerberus at 28◦ out to about 60◦. In the sec-560

ond season, events were only located at distances compatible with Cerberus561

from 28-35◦, until the two large distant events occurred. Not surprisingly,562

no significant LF family marsquake activity was observed during the noisy563

autumn and winter seasons, though at the end of the season, on sol 729, a564

LF QD event (S0729a) with very large amplitude (1.14×10−9m/s, bandpass565

0.2-0.5 Hz) was observed during the strongest wind gust period. Due to the566

noise conditions, no seismic phases could be identified, so the event has no567

distance.568

In terms of time of sol (Fig. 1), the LF events cluster inside the early569

evening window as expected, once the winds die down before sunset. Some570

events are found in the morning period, that occasionally has periods with571

light winds. It is exceedingly rare to observe events during the high wind572

periods.573

In the following, we present the key marsquakes - first the 4 new Quality574

A, then some key Quality B events, ordered by quality and date.575
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6.1.1. S0809a-LF quality A576

S0809a (origin time 2021-03-07 11:09:26 UTC, ∼23:33 LMST) occurred577

during a quiet period of the night (Fig. 14 a). It is the first event that578

can be located to occur in the 2nd Martian year of InSight. Its equivalent579

sol in the first year is sol 141, so it occurred earlier in the year than the580

first QA event in the catalogue, S0173a. The event has energy between581

∼1–8 s (Figs. 14b, 15), with clear seismic phase arrivals visible in all three582

components (Figs. 14b,c and 16). It is the sixth largest LF family event in583

the catalogue to date, with a magnitude of MMa
W 3.3 ± 0.5.584

There is no apparent contamination originating from the Martian atmo-585

spheric conditions. Although wind speed and direction data are not avail-586

able, the pressure data are benign. Further, the known lander modes (Dah-587

men et al., 2021b) are not excited during the event, meaning that the wind588

conditions in the vicinity of SEIS and the lander were very calm. (Fig. 14b).589

The waveforms are free of instrumental artefacts such as glitches. The590

signal-to-noise ratio calculated from the seismic data (SNRS) is 53, the591

fourth highest value in the catalogue. We obtain an SNRP of 11.7 from the592

pressure data. The event does not have an SNRW since the wind sensors593

were not operational. The event duration is 19 minutes.594

The event time series exhibit four impulsive and linearly polarized ar-595

rivals:596

(i) The first arrival, which MQS identified as the P–phase, is clearly ob-597

served in both time domain and spectrograms on all three components598

(Figs. 14, 16). The pick uncertainty is assigned as ±1 s. The polar-599

ization analysis of this wave package reveals a backazimuth of ∼ 87◦600

(−20◦, +18◦) from North (Fig. 16b), pointing towards the Cerberus601
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Fossae region. This observation is further confirmed by an independent602

method (Zenhäusern et al., 2022) using polarization ellipses shown in603

Fig. 17.604

(ii) The second identified phase, which is labelled as x1, has the similar605

polarization characteristics (azimuth, ellipticity, and inclination) as606

the initial P–phase (Fig. 17). Its amplitude is higher than the initial607

P–wave, dominantly observed on the vertical component. The pick608

uncertainties are ±5s.609

(iii) The third phase is predominantly observed on the horizontal com-610

ponents. The polarization of the wave package shows an azimuth of611

∼ 270◦ (Fig. 17). This phase is identified as the direct S–wave arrival612

by MQS, with an uncertainty of ±5s.613

(iv) The fourth and last significant phase is labelled as x2, and shows sim-614

ilar polarization properties as the S–pick mentioned above. Similar to615

the comparison of P and x1 phases, it has a larger amplitude than the616

MQS S–pick, clearly observed in the time domain. This phase is the617

most uncertain of all the phases above with picking errors of ±10s.618

The differential arrival times of S–P, and x2–x1 are 173 and 175 s,619

respectively. Using the P– and S–phase picks, we compute a distance of620

29.8◦(−2.0◦, +1.9◦). Assuming x1 and x2 phases are also P– and S–arrivals,621

we obtain a very similar distance at 30.2◦.622

In V9, this marsquake is listed as a single event. However, the observa-623

tions of multiple phases that can be explained with twin P and S phases that624

have comparable differential times and consistent polarization suggest it is625

plausible to interpret this event as twin events of similar size and location626
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occurring within 2 minutes of each other. The final location of the event627

is the Cerberus Fossae region which is also consistent with our previous628

observations with the other high quality LF family events in the catalogue629

(Giardini et al., 2020; Clinton et al., 2021).630

Since the waveforms show clear seismic phases that are visible in the631

time domain and we are able to obtain a robust backazimuth estimate, the632

event qualifies as a quality A event according to the MQS nomenclature.633

The alignment distance for this event is 29.5◦.634

6.1.2. S0820a-LF quality A635

S0820a (origin time 2021-03-18 14:51:33 UTC, ∼20:06 LMST) is the636

second quality A event that occurred after the long period of non-detection637

due to higher background seismic noise levels during the Martian winter.638

The event shows clear P and S arrivals (Fig. 18), which indicate a dis-639

tance of 30.2◦(±2.4◦). The noise conditions during the event are calm.640

The P–wave train is free from contamination, and the polarization analysis641

(Fig. 19) points to a backazimuth of 88◦ (−12◦, +19◦). The event shows642

energy between ∼1.5–8 s (Fig. 20). The moment magnitude is computed as643

MMa
W 3.3 ± 0.2. The event duration is ∼9 minutes.644

Similar to S0809a, S0820a is a complex event with two additional phases645

(x1 and x2) identified:646

(i) The first arrival is rather weak in the time series. However, the energy647

is clear on the vertical component spectrogram. This phase does not648

show any clear polarization. MQS labelled this arrival as x1, with an649

uncertainty of ±20 s.650

(ii) The second phase, labelled as P (pick uncertainty ±5 s) is clearly651
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visible in time domain. The phase is impulsive and shows a clear652

backazimuth of ∼ 88◦ (Fig. 19). The time difference between P and653

x1 phases is 43 s.654

(iii) The third identified phase is labelled as x2 (pick uncertainty ±10 s),655

which is visible in the time domain with a polarization ∼ 90◦, similar656

to what we observe for the S-wave package.657

(iv) The S-phase (±5 s) is also clearly visible in the time domain. The658

time difference between S and x2 picks is 49 s. This arrival shows659

an azimuth of ∼ 180◦, with a 90◦ shift from the P-waves which is660

consistent with an expected S-wave observation (Fig. 21).661

The phase pair of x1 and x2 again suggests two separate events. Unlike662

S0809a, the first event is weaker in the S0820a case. MQS followed the same663

procedure as S0809a, and catalogued a single event using the most apparent664

P- and S-phases. The signal-to-ratios for S0820a are 47.6 for both SNRS665

(fifth largest in the catalogue) and SNRP . The event does not have an666

SNRW since the wind sensors were not functional at the time.667

6.1.3. S0864a-BB quality A668

S0864a occurred in the early morning (origin time 2021-05-02 00:57:35 UTC,669

01:01 LMST), during mild windy conditions (Fig. 22). The event has energy670

between 0.125 and 2.4 Hz; hence it is classified as broadband. The event671

duration is ∼18 minutes.672

MQS identified a P- (±10 s) and an S-phase (±5 s). Using these phases,673

the distance is obtained as 28.7 ± 3.5◦. The P-wave train is clearly visible674

in the time-domain, which points to a backazimuth of 97◦ (-14◦, +19◦)675

(Fig. 23), which is further confirmed by the wavelet transform analysis676
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(Fig. 24). Similar to a vast majority of the events in the MQS catalogue,677

the event is located in the vicinity of the Cerberus Fossae region.678

MQS also identified an additional phase in the S-wave coda. The arrival679

is clear in the time domain. MQS labelled the phase as x1 with a picking un-680

certainty of ±5 s. Further, the event shows a high-frequency arrival around681

2.4 Hz, which is labelled as y1 (±5 s) (Fig. 25).682

The event has a magnitude of MMa
W 3.1±0.2. The SNRs are SNRS7.3683

and SNRP 455.6, the highest SNR value in the catalogue calculated from684

pressure data.685

6.1.4. S0976a-LF quality A: the most distant event686

The event on sol 976 (origin time 2021-08-25 03:32:20 UTC, ∼02:20687

LMST) is an LF event with energy dominantly between 1–8 s period (Figs. 26688

and 27). The event duration is roughly 1 hour. Another very significant689

event, S0976b (VF QB), occurred later in the sol, and is described later.690

This event shows two clear arrivals with a differential travel time of691

∼840 s, which appear to be vertically and horizontally inclined respectively692

(Fig. 28), suggestive of P and S-wave energy. However, according to the693

current understanding of the Martian interior (Durán et al., 2022; Khan694

et al., 2021; Stähler et al., 2021b), the maximum difference between the695

direct P and S phases can be ∼600 s (Fig. 9). Therefore, MQS labelled the696

identified phases as PP and SS (mantle body-wave phases that reflect at the697

planet’s surface once), with uncertainties of ±10 s.698

MQS locates S0976a at the Valles Marineris region, with a distance of699

146◦(±7◦) and a backazimuth of 101◦(−30◦, 20◦) (Fig. 29). The location700

estimate is relatively reliable, therefore the event is assigned quality A.701

S0976a is the furthest event in the MQS catalogue. Although it is not the702
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largest amplitude (1.46×10−9 m/s around the SS pick; bandpass 2-5 s.), it703

has the largest moment magnitude of MMa
W 4.2±0.3 due to its distance. The704

event occurred in the early morning hours when the seismic background705

noise was relatively high; the seismic energy has an SNRS31 and SNRP 34.706

Furthermore, the 25 s monochromatic anomaly (Fig.5) is dominant in the707

pre-event noise and during the start of the event. However, the artefact does708

not affect the analysis as the energy content of the event is focused at higher709

frequencies. The pressure sensors were recording during the event, and the710

data shows nothing anomalous (Fig. 26d).711

6.1.5. S0784a-BB quality B712

The event on sol 784 (origin time 2021-02-09 12:11:32 UTC, ∼17:16 LMST)713

is a relatively high amplitude event (7×10−10 m/s around the S pick using714

a bandpass between 2-5 s.) with a duration of ∼30 minutes (Fig. 30). This715

event is the first marsquake observed after the long period of non-detection716

during the Martian winter. The equivalent sol in the first year is 116, and717

so is very similar time of year to the first LF family event observed on sol718

105.719

MQS was able to identify a P-wave arrival (±10 s) in the time domain720

and with the aid of the spectrograms. It is not possible to reliably obtain a721

backazimuth using the P-wave. The S-phase pick (±5 s) is clear in the time722

domain, and free of glitch contamination.723

The event shows energy between 0.2 and ∼2.4 Hz; hence classified as a724

BB (Fig. 31). MQS identified the beginning of the energy arrival at 2.4 Hz725

with a y1 pick (±10 s) 15 s after the P-arrival.726

The event occurred in the afternoon, right after the noisy period of the727

sol that is dominated by heavy winds. The seismic energy has an SNRS728
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of 21 and SNRP of 32. Due to the ongoing winds, the lander modes are729

partially activated coinciding with the event. The energy is dominated by730

continuous contamination from the wind noise below 5 s.731

Using the S-P travel time, we compute an event distance of 34.5◦(±3.5).732

The aligned distance for S0784a is 32.1◦. The event magnitude is calculated733

as MMa
W 3.3 ± 0.2.734

6.1.6. S0802a-BB quality B735

S0802a (origin time 2021-02-28 06:07:21 UTC, ∼23:09 LMST) occurred736

in the late evening period, in between two weak wind gusts, though the737

waveforms are relatively clean (Fig. 32). The energy is visible between738

∼0.125–2.4 Hz. The P-wave coda is free of glitch contamination; however,739

there are several large amplitude glitches in the S-wave train (Fig. 33). The740

seismic energy has SNRS of 9 and SNRP of 11.741

MQS was able to identify clear P(±2 s) and S(±10 s) phases. With742

these picks, the MQS distance from inversions is calculated as 30 ± 3.5◦.743

The aligned distance for S0802a is 29.9◦. The event magnitude obtained744

using the MQS distance is MMa
W 2.9 ± 0.2.745

Although the P-wave energy is clear in the time domain, it was not746

possible to obtain a robust backazimuth. Similar to the two QA events747

described above (S0809a and S0820a), this event shows a clear intermediate748

phase arrival ∼1 m after the direct P-phase. The phase is labelled as x1 and749

pick uncertainties are assigned as ±20 s. Furthermore, a y1 phase (±5 s)750

is identified from excitation of the 2.4 Hz resonance about 5-s after the P.751

However, the STA/LTA envelopes do not show clear slope breaks that would752

allow for a y2 phase pick. The event duration is ∼12 min.753
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6.1.7. S0899d-LF quality B754

S0899d (origin time 2021-06-07 20:07:39 UTC, 21:12 LMST) has energy755

between ∼1–8 s (Fig. 34). It occurred during a relatively quiet time of the756

evening period. The seismic energy has an SNRS of 10, and a duration of757

11 minutes.758

The most striking characteristic of this event is that it exhibits only one759

impulsive phase arrival, which MQS has labelled as x1 with an uncertainty760

of ±10 s. The phase has linear polarization with strong vertical inclination,761

suggesting a P-wave, that has a backazimuth of 25◦ (-14, +12◦) (Fig. 35).762

Since there is no convincing indication of a secondary phase, it is not possible763

to compute an event distance.764

S0899d is not the only event with a clear backazimuth but only a poorly765

determined or missing distance estimate. Another early event, S0183a (LF,766

QB), also includes an impulsive single arrival. MQS was able to pick a767

weak secondary phase and located S0183a at 46◦. Following the envelope768

similarity and alignment procedure, S0899d might also be coming from a769

similar distance. Since it is not possible to compute the event distance,770

S0899d is marked with an equidistant curve at 46◦ in Fig. 2.771

6.1.8. S1000a-BB quality B772

S1000a is the second most distant event after S0976a in the V9 catalogue.773

Horleston et al. (2022) provides a more detailed report on these two special774

events.775

The event occurred on 2021-09-18 17:48:00 UTC (00:48:25 LMST) with776

strong energy between ∼0.1–5 Hz (Figs. 36 and 37). MQS located the event777

at 116◦(±9◦). This distance was obtained using PP, SS, and a first observa-778

tion of Pdiff (diffracted P-wave at the core-mantle boundary. The distance779
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for S1000a using PP and SS phases only is 128±19◦. Although, the P-wave780

velocities below ∼800 km are not well constrained (Khan et al., 2021) and781

inclusion of the Pdiff phase leads to unrealistically narrow uncertainties, the782

first origin is the preferred one in the catalogue V9.783

Both the PP and SS phases are emergent and complicated. Therefore784

MQS assigned wide uncertainties for the picks as ±20 s and ±60 s, respec-785

tively. The Pdiff phase is more clear, and picked with an uncertainty of786

±10 s. It was not possible to obtain a robust backazimuth estimate. Due787

to its wide frequency range of energy above 2.4 Hz and lack of backazimuth788

based on the PP arrival, the event is classified as a BB quality B.789

Another BB event (S1000b, QC) occurred 81 minutes after S1000a. Al-790

though the second event is much weaker and it appears to have a different791

frequency content, it could be interpreted as a potential aftershock. Al-792

ternatively, it could be a very rare case on Mars of a closely spaced but793

independent event. S1000b is weakly visible in Fig. 37) at about 4850 s.794

6.2. HF family795

Like the LF family events, the activity of HF events during the first796

year of observation showed a clear time dependency, with activity effectively797

ceasing for over 200 sols, beginning shortly after sol 500 until sol 713. During798

these autumn / winter seasons with of strong, persistent winds, only large799

VF events and a few QD 2.4 Hz were observed. Knapmeyer et al. (2021),800

focusing on the HF event type only, compared the observed event times of801

the first year with several seasonally variable external driving forces and802

concluded that the HF activity follows an annual cycle, even after taking803

the change in noise into account. They predicted that vigorous HF event804

activity would commence between sol 850 and sol 900.805
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Fig. 38 shows the occurrence times of HF events in years one and two,806

up to sol 1011. As in year one, detection efficiency (a measure for how807

likely events of a certain amplitude are detected, introduced by Knapmeyer808

et al. (2021)) attained high values while only a few events were detected.809

As predicted, the event rate started increasing in spring, after sol 850 and810

under essentially constant detection efficiency. The event rate in the second811

year appears to be higher than in the first year, but a concluding assessment812

will be possible only after the predicted cease around sol 1200.813

A comparison of all VF, HF and 2.4 Hz events that were reported in V3814

and V9 catalogues are shown in Fig. 39, following van Driel et al. (2021).815

The VF events recorded after sol 478 include the 4 largest events, all at816

distances between 17-20◦, as well as the 3 closest events to the lander - each817

of these events includes a chirp signal in the coda and are described below.818

Fig 7, also following van Driel et al. (2021), presents the alignments819

for the quality B VF, HF and 2.4 Hz events in V9, showing the consistent820

moveout in 2.4 Hz envelope shapes. The amplitude-distance range (Fig.39)821

for the HF and 2.4 H event types is not substantially different compared to822

the first martian year.823

Kernel density estimations (KDE) for the VF for the 2.4 Hz and HF824

events are basically unchanged, clustering tightly at a distance between 15-825

30◦, though the VF events continue occur across a much broader distance826

range, now with a larger density closer to the lander.827

By definition, HF type events show energy predominantly at 2.4 Hz and828

above. However, some strong HF events show relatively weak energy below829

2.4 Hz down to ∼4–5 s. This class of HF events became more evident as the830

catalogue evolved in the second Martian year. We show an example from831

early in the mission from sol 260 (S0260a, HF QB) in Fig. 40.832
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Below, we describe the most remarkable HF family events that occurred833

between sol 478 (Clinton et al., 2021) and sol 1011 (InSight Marsquake834

Service, 2022), including those with chirp-like signals in the S–wave coda.835

All events described are type VF. The HF and 2.4 Hz events observed in836

this second year remain similar to those initially presented in (Clinton et al.,837

2021), with similar amplitudes, distance and frequency content.838

6.2.1. VF events with chirps: S0533a (QC), S0793a (QB), S0981c (QB),839

S0986c (QB)840

On sol 981 at ∼22:55 LMST (2021-08-31 03:59 UTC), MQS detected a841

quality B VF event, S0981c, with strong Pg (±2 s) and Sg (±10 s) phases842

(Fig. 41). The event is clearly visible both in time domain and spectrograms843

although it occurred during the evening with mild winds. The event is one844

of the closest events, with a Pg-Sg derived distance of ∼3.5◦, roughly 200 km845

from the InSight lander.846

What made S0981c an exceptional event was not only its high-quality847

seismic phases and close distance, but also that the event waveforms include848

a vertically polarised, dispersive chirp-like signal in the S-wave coda ap-849

proximately 15 minutes after the Sg pick just before the energy terminates.850

MQS labelled this arrival as an x1 phase with ±5 s uncertainty. The chirp851

signal is visible on the event spectrograms at 2 Hz and continues down to852

approximately 8 s until the amplitudes fall below the background noise level.853

Only 5 days afterwards, another VF event, S0986c, was observed, that854

included multiple even stronger chirp signals (Fig. 42). Upon further investi-855

gation, similar but weaker chirps were identified in two more events (S0533a856

and S0793a).857

S0986c (origin time 2021-09-05 05:18:58 UTC, 21:15 LMST) is the most858
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unique event among the four events with chirps (Fig. 42): 3 successive859

chirp signals are identified, with increasing amplitudes and dispersion. MQS860

picked clear Pg(±2 s) and Sg(±5 s) phases, which locate the event at 1.2861

◦ away from InSight, the closest distance reported thus far. The event has862

very clear energy from 0.5 Hz up to 20 Hz with a duration of 12 min-863

utes. The magnitude is computed as MMa
W 1.2± 0.2. The first chirp is visible864

∼2 m45 s after the Pg arrival and does not show dispersive character. The865

second and third chirps are identified approximately 1 minute apart from866

each other, following the first packet of energy with more evident dispersive867

characteristics. These chirps are labelled as x1–x3 in the V9 catalogue.868

S0986c has initial energy arrivals (Pg and Sg) at around 5 Hz. There is869

also another distinct energy arrival at 2.4 Hz after the Sg pick, which MQS870

labelled as y1 phase.871

6.2.2. The largest VF event: S0976b, quality B872

Sol 976 was a momentous day for InSight with the key events. S0976a873

(LF QA), the largest and most distant event recorded so far, occurred in the874

early morning. S0976b (VF QB), the largest magnitude event from the HF875

family, was observed only hours later in the afternoon during heavy winds.876

S0976b (origin time 2021-08-25 16:51:30 UTC) begins at ∼15:21 LMST877

(Fig. 43) and lasts for ∼18 minutes. Due to the ambient noise conditions,878

event energy is observed up to ∼20 Hz but not above this, unlike some other879

strong VF events at similar distances. The Sg phase has significant lower880

frequency energy out to several seconds period (Fig. 43b and c). There are881

no significant glitches during the event (typical for this time of day), and it882

has an SNRS of 9.4.883

The MQS identified the Pg phase in the time domain with a ±5 s uncer-884
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tainty. Energy appears to arrive at 2.4 Hz just prior to higher frequencies.885

The Sg phase is identified with ±10 s uncertainty using the time domain886

and the 2.4 Hz and VF STA/LTA filters. The distance is calculated to be887

∼15.7◦. The magnitude is MMa
W 4.1 ± 0.2, making it the largest VF event888

recorded so far, by a full magnitude unit (Fig. 12).889

6.2.3. The most distant VF event: S0923d, quality C890

The most distant VF event in the catalogue to date is S0923d (origin891

time 2021-07-02 12:08:31 LMST, ∼21:30 LMST) at a distance of ∼41.4◦.892

This event is complicated by the apparent arrival of three separate energy893

packets. The event contains energy from ∼0.25-8 Hz, the lowest frequency894

energy being in the latest arrival (Fig. 44).895

The event is relatively weak and occurred during a mild wind gust.896

Therefore, the waveforms are possibly highly contaminated and the event is897

assigned a quality value of C. MQS has catalogued the three energy packets898

as y1 (±60 s), Pg (±20 s) and Sg (±60 s). The magnitude is calculated to899

be MMa
W 2.1 ± 0.2.900

6.2.4. S0734a-VF quality B901

S0734a (origin time 2020-12-19 10:12:02), like S0756a occurs early on902

a Martian winter morning at ∼00:45 LMST with an SNRS of 6.3. Again903

this event shows a very broad range of frequencies with energy extending904

up to ∼30 Hz. Unlike S0756 there is limited energy below ∼1 Hz. Despite905

the early morning winds the event onset is clear in the time domain and906

Pg is picked with ±1 s uncertainty, Sg with ±5 s. There is very little907

glitch contamination. The event distance is ∼8.3◦ and the magnitude is908

MMa
W 2.5 ± 0.2.909
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6.2.5. S0756a-VF quality B910

Sol 756 is also in the late winter on Mars but S0756a is a very strong911

VF event and is clearly visible in the daily spectrogram with origin time912

2021-01-11 01:07 UTC, ∼01:11 LMST. Although the SNRS is only 6.6 this913

is a very clear event with strong energy across a broad frequency range,914

extending from ∼0.4 - 30 Hz. This is also a relatively long duration event915

within the HF family lasting ∼24 minutes.916

The event onset is sharp and Pg was picked with a ±1 s uncertainty in917

the time domain. Sg is more complicated and was picked using the 2.4 Hz918

STA/LTA with ±20 s uncertainty. The event distance is calculated to be919

∼19.1◦ and the magnitude is MMa
W 2.8 ± 0.2 (joint 4th largest VF event).920

6.2.6. S0794a-VF quality B921

S0794a (origin time 2021-02-19 01:22:11 UTC) occurred at ∼00:22 LMST922

and is the second strongest VF event catalogued to date after S0976b. It923

stands out in the daily spectrogram during light early morning winds with924

an SNRS of 8.6. Energy is observed from 0.5-30 Hz making it one of the925

most broad spectrum events so far.926

Energy arrives very slightly earlier at 2.4 Hz than at high frequencies, so927

the Pg was picked using the 2.4 Hz STA/LTA with an uncertainty of ±5 s.928

The onset of the Sg phase is more prominent at higher frequencies and so929

was picked using the VF STA/LTA (7-9 Hz) with a ±10 s uncertainty. The930

event distance is ∼17.6◦ and the magnitude is MMa
W 3.1±0.2. For comparison,931

the only larger VF event, S0796b, has magnitude MMa
W 4.1 ± 0.2.932

6.3. SF family933

The short duration, super high frequency (SF) events are interpreted to934

have very local sources around the lander, resulting from the thermal con-935
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traction on the planet’s surface due to daily temperature variations (Dahmen936

et al., 2021a).937

The temporal distribution of SF events in V9 and their seasonal charac-938

teristic are shown in Fig. 45. In the first Martian year, the high-amplitude939

SF events were primarily observed during three distinct periods: the first940

and largest cluster occurred between sols 190–300 starting at 2 hours be-941

fore the sunset (16:00–18:00 LMST). After that, we see the events forming942

more linear patterns starting around sol 350, and around sol 460, until the943

background noise exceeded the detection threshold. As we enter the second944

Martian year, we observe the first cluster of SF events again (sols 850–950)945

around sunset, and similar to the first year, the events started to occur after946

some period of lack of high-amplitude SF events. Remarkably, the event947

clusters in Martian years 1 and 2 have nearly identical waveforms on the948

horizontal components, as shown in Fig. 46 for two SF events that are 670949

sols (approximately one Martian) year apart.950

7. Catalogue and data access951

The first public release of the catalogue was on 2020-01-02, covering the952

events until InSight sol 299 (2019-09-30) (InSight Marsquake Service, 2020a).953

Clinton et al. (2021) is the first study that comprehensively describes the954

catalogue, summarising seismicity included in the third catalogue update955

up to sol 478 (2020-03-31) (InSight Marsquake Service, 2020b). All InSight956

catalogue versions are available from several resources in QuakeML XML957

format. MQS produces the catalogues in an extended Mars version as well958

as with standard basic event description similar to Earth seismic networks.959

The official data release end point is the web services provided by the In-960
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Sight SEIS data portal (InSight Mars SEIS Data Service, 2019a), which also961

provides links to each catalogue version (https://www.seis-insight.eu/en/science/seis-962

products/mqs-catalogs). The same resources are archived at the NASA963

Planetary Data System servers (InSight Mars SEIS Data Service, 2019b).964

Additionally, IRIS (Incorporated Research Institutions for Seismology)965

distributes the catalogues at a Mars InSight events node (http://ds.iris.edu/ds/nodes/dmc/tools/mars-966

events/). The IRIS tool also provides a simple searchable table for quick967

and easy access to the event based information.968

8. Conclusions969

InSight’s nominal mission duration was one Martian year, equivalent to970

roughly two Earth years. The mission has been extended into a second971

Martian year, and SEIS is still performing exceptionally well after more972

than 1000 sols on the red planet. Unfortunately, InSight has been facing973

power issues with dust accumulating on the solar panels that threaten the974

long term viability of the lander and have resulted in significant reduction975

of scientific instrument collection. Only the VBB continues to be always on,976

and are now collecting continuous data at 100 sps.977

After 1011 sols on Mars, MQS identified a total of 951 traditional quakes978

(69 LF, 882 HF), and 1062 SF events which are interpreted to be thermally979

driven. The V9 catalogue includes two sets of events that were not observed980

in the first Martian year: First, unlike the vast majority of LF family quakes,981

the seismometers recorded two of the most distant events so far (S0976a and982

S1000a). S0976a has been located in the Valles Marineris region 146◦ ± 7◦983

away from the InSight. The distance for S1000a is determined as 116◦ ± 9◦;984

however, MQS could not obtain a reliable backazimuth (Horleston et al.,985
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2022). Second, four VF events (S0533a, S0793a, S0981c, S0986c) show as-986

sociated chirp signals. The largest VF event since the landing (S0976b,987

MMa
W 4.1±0.2) is also included in this catalogue version.988

The seismicity of the second Martian year has confirmed that the bulk989

of tectonic activity on InSight’s hemisphere of the planet takes place in990

a relatively limited area, between 25 and 35°epicentral distance and due991

east. The most likely tectonic source is the Cerberus Fossae graben system992

(Perrin et al., 2022). The distance distribution of the majority of HF events993

(20-32°) allows the interpretation that they might also occur there, yet,994

without backazimuths, this cannot be proven. Their seasonality, that was995

already hinted at in the first Martian year (Knapmeyer et al., 2021), has996

been confirmed in the second year, together with an apparent increase in997

their rate. The VF events are still enigmatic, pretty much equidistributed998

between 0 and 40°. They could therefore be considered as the most likely999

candidates for impact events.1000

Dahmen et al. (2021a) analysed the SF events and concluded that their1001

occurrence is most probably thermally driven and seasonal. In the second1002

Martian year, the patterns that SF events demonstrate are very similar to1003

those observed in the first year with distinct clustering around the sunset1004

(Fig. 45), confirming the findings of Dahmen et al. (2021a).1005

Since the publication of the last catalogue review (Clinton et al., 2021),1006

the interior of the planet has been much better constrained seismically using1007

additional body wave phases (PP, SS, ScS), which is now reflected in the1008

MQS catalogue locations. The next year will bring more detailed studies on1009

this, as well as tectonic interpretations on the source contexts, which will1010

be reflected in the next catalogue review paper.1011

The seismicity catalogue is available to the InSight team in near real-1012
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time. The catalogue is made publicly available every three months with a1013

three-month delay alongside the seismic waveform data. All versions of the1014

MQS catalogue contain the events for the whole mission duration at the1015

time of release.1016

After the likely end of the mission, a final MQS catalogue with a com-1017

panion paper will reflect the understanding of the InSight science team after1018

more than three years of operation and analysis on the surface of the red1019

planet.1020
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C. L. Johnson, P. Lognonné, A. Spiga, T. Spohn, C. Perrin, S. C.1023

Stähler, D. Antonangeli, S. Asmar, C. Beghein, N. Bowles, E. Bozdag,1024

P. Chi, U. Christensen, J. Clinton, G. S. Collins, I. Daubar, V. De-1025

hant, M. Drilleau, M. Fillingim, W. Folkner, R. F. Garcia, J. Garvin,1026

J. Grant, M. Grott, J. Grygorczuk, T. Hudson, J. C. E. Irving, G. Kargl,1027

T. Kawamura, S. Kedar, S. King, B. Knapmeyer-Endrun, M. Knapmeyer,1028

M. Lemmon, R. Lorenz, J. N. Maki, L. Margerin, S. M. McLennan,1029

C. Michaut, D. Mimoun, A. Mittelholz, A. Mocquet, P. Morgan, N. T.1030

Mueller, N. Murdoch, S. Nagihara, C. Newman, F. Nimmo, M. Panning,1031

W. T. Pike, A.-C. Plesa, S. Rodriguez, J. A. Rodriguez-Manfredi, C. T.1032

Russell, N. Schmerr, M. Siegler, S. Stanley, E. Stutzmann, N. Teanby,1033

J. Tromp, M. van Driel, N. Warner, R. Weber, and M. Wieczorek. Initial1034

results from the InSight mission on Mars. Nat. Geosci., 13(3):183–189,1035

2020. ISSN 1752-0894. doi: 10.1038/s41561-020-0544-y.1036

D. Banfield, J. A. Rodriguez-Manfredi, C. T. Russell, K. M. Rowe, D. Lene-1037

man, H. R. Lai, P. R. Cruce, J. D. Means, C. L. Johnson, A. Mittelholz,1038

S. P. Joy, P. J. Chi, I. G. Mikellides, S. Carpenter, S. Navarro, E. Se-1039

bastian, J. Gomez-Elvira, J. Torres, L. Mora, V. Peinado, A. Lepinette,1040
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M. Böse, S. C. Stähler, N. Deichmann, D. Giardini, J. Clinton, P. Lognonné,1053
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M. Böse, S. Stähler, and D. Giardini. From Initial Models of Seismicity,1067

Structure and Noise to Synthetic Seismograms for Mars. Space Sci. Rev.,1068

211(1-4), 2017. doi: 10.1007/s11214-017-0380-6.1069

S. Ceylan, J. F. Clinton, D. Giardini, M. Böse, C. Charalambous, M. van1070
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Banerdt, P. Lognonné, D. Banfield, E. Beucler, R. F. Garcia, S. Kedar,1099

M. P. Panning, C. Perrin, W. T. Pike, S. E. Smrekar, A. Spiga,1100

and A. E. Stott. The marsquake catalogue from insight, sols 0–478.1101

Phys. Earth Planet. Inter., 310:106595, 2021. ISSN 0031-9201. doi:1102

https://doi.org/10.1016/j.pepi.2020.106595.1103

N. L. Dahmen, J. F. Clinton, S. Ceylan, M. van Driel, D. Giardini,1104
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Figure 1: Summary plot for V9 showing the broadband noise evolution recorded by VBB
vertical component on Mars. The background image comprises a stack of sol-long accel-
eration spectrograms for frequencies 0.05–4 Hz. The x-axis is the local mean solar time
(LMST). The InSight sols and corresponding solar longitudes (Ls) with Martian seasons
in the northern hemisphere are shown on the y-axis. The LF and HF families in the V9
catalogue are marked with symbols, while the event qualities are indicated by colour. The
plot covers the period from sol 72, shortly before the WTS was placed and SEIS started
continuous recording, up to sol 1011. Sol 72–740 (dashed line) is the first full Martian
year of high-quality data. The dotted line at sol 343 indicates the corresponding time
one Martian before the end of the V9 period on sol 1011. The white regions on the spec-
trograms are data gaps, the largest being the solar conjunction. The previous catalogue
paper (Clinton et al., 2021) ends on sol 478, which was described in V3.
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Figure 2: The seismicity map of Mars for the LF family events. The background map is
from Mars Orbiter Laser Altimeter (MOLA, Smith et al. (2001)). The top panel shows
the events at the global scale, while the bottom panel zooms around the Cerberus Fossae
region. The focal mechanisms in the bottom panel are from Brinkman et al. (2021). The
uncertainties in backazimuth and distance estimates are shown with lines in the bottom
panel. The fault data are from Knapmeyer et al. (2006) and Perrin et al. (2022).
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Figure 3: Summary of data collected from InSight between sols 0–1011 for channels com-
monly used by MQS (see Ceylan et al. (2021) for definition of channel codes). For sim-
plicity, only one of the channels for 3–component sensors is shown. The colours represent
instrument types. Channels are grouped by sampling rate. VBB and SP are the seismic
sensors. APSS includes the wind and pressure channels, and MAG is the magnetometer.
VBB is the preferred sensor for seismic monitoring. Since around sol 180, the 20 sps VBB
channels (02.BHU/V/W) are the main data streams MQS utilizes for data monitoring.
SP continuous operation stopped on sol 789 due to power saving cycle as labelled.
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Figure 6: Examples of seismic events of the highest quality from each event type. The top
three rows are from the HF family (QB), while bottom two rows show events from the
LF family (QA). The waveforms are bandpass filtered vertical component seismic data as
indicated in each panel. Spectrograms are for all three components in m/s.

65



Figure 7: Examples of degrading event quality for LF events. The waveforms are band-
pass filtered vertical component VBB data. Frequency range is indicated in each panel.
Spectrograms are for all three components in m/s.
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Figure 12: Distance vs. Mars-calibrated moment magnitude (MMa
W ) distribution of the

events included in the V9 catalogue. The magnitudes are computed following Böse et al.
(2021). The events with MMa

W ≥ 3.5 are labelled. Markers with thicker edges indicate the
events that have a distance from alignments. Other events have been located using the
phase picks from MQS.

71



{

 "@publicID": "smi:insight.mqs/Pick/S0484b/TDE/S/10.1126/science.abf2966",

 "time": {

   "value": "2020-04-07T08:55:31.5Z",

   "lowerUncertainty": "5.0",

   "upperUncertainty": "5.0"

 },

 "phaseHint": "S",

 "methodID": "smi:insight.mqs/pick_method/TDE",

 "evaluationMode": "manual",

 "creationInfo": {

   "author": "Khan et al. secondary pick",

   "authorURI": "doi:10.1126/science.abf2966",

   "creationTime": "2021-07-23T00:00:00Z"

 }

}

Event name Method Phase label
DOI

MethodID with the 
method identifier

Pick time in UTC and 
uncertainties

Originating study

Phase hint (label)

Figure 13: An example QuakeML (Schorlemmer et al., 2011) pick block for an S–phase
picked by Khan et al. (2021) for S0484b. The publicID is constructed with all key pick
attributes. The methodID identifies which method was used to make the pick, in this case
TDE (time domain envelopes, see Table 2).
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Figure 14: Summary of S0809a (LF, QA). (a) Sol-long velocity spectrogram for 20 sps
VBB vertical component. The event is marked with white dashed lines between its origin
time and signal end. The spectrogram is computed using a window length of 200 s with
50% overlap. The broadband high-amplitude features are glitches. (b) Three-component
velocity spectrograms (window length 80 s, overlap 80%) zooming around the event as
shown in panel (a). (c) The displacement spectra for three component VBBs, calculated
using Welch’s method using a window length of 25 s and 50% overlap. The time windows
for noise and phases are hand-picked. (d) Bandpass filtered VBB waveforms. Artefacts
like glitches or donks (Ceylan et al., 2021) are marked with purple boxes at the bottom
panel. The coloured vertical lines show phase picks, while horizontal error bars indicate
pick uncertainties.
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Figure 15: Filterbanks for S0809a (LF, QA) between 1/32–8 Hz for three components
using 20 sps VBB velocity data. The seismic phases (P, S, x1 and x2) as picked by MQS
are marked. The data are rotated into vertical-radial-transverse coordinate framework.
Filterbanks are 1 octave wide, centered on the indicated frequencies.
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Figure 16: Polarization analysis of S0809a (LF, QA). (a) three-component waveforms,
bandpass filtered between 0.17–0.5 Hz as indicated on North component. (b) particle
motion plots for East–North, Vertical–North, and Vertical–East components. Bottom-
right panel shows the normalized backazimuth PDF (probability density function) from
MQS with backazimuth estimate and uncertainties marked.
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Figure 17: Polarization analysis of S0809a (LF, QA) using wavelet transform following
Zenhäusern et al. (2022). The top panel is the 3-component velocity scalogram zooming
around phase picks. The polarization attributes are shown as the major axis azimuth
from North (second panel), ellipticity (third panel), and inclination from horizontal (last
panel). P, S, x1, and x2 phases are marked with vertical dashed lines. The P and x1
phases point to azimuth of ∼90◦ due East.
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Figure 18: Event summary for S0820a (LF, QA). The figure caption and processing pa-
rameters follow Fig. 14.
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Figure 19: Polarization analysis of S0820a (LF, QA). The waveforms in (a) are bandpass
filtered between 0.2-0.67 Hz as indicated. Other details follow Fig. 16.
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Figure 20: Filterbanks for S0820a (LF, QA). The figure caption follows Fig. 15. The high
amplitude feature visible on all frequency bands after the event end is a glitch. The spike
between P- and S-picks between 2.8–5.7 Hz is a donk, a very frequent and short duration
(∼30 s) data artefact seen at frequencies above 10 Hz. Some of the large-amplitude donks
may excite lander modes as seen in this example.
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Figure 21: Polarization for S0820a (LF, QA) using wavelet transform. The figure caption
follows Fig. 17. The P and x1 phases point to an azimuth of 90◦.
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Figure 22: Event summary of S0864a (BB, QA). The figure caption and processing pa-
rameters follow Fig. 14.
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Figure 23: Polarization analysis of S0864a (BB, QA). The waveforms in (a) are bandpass
filtered between 0.2-0.5 Hz as indicated, other details follow Fig. 16.
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Figure 24: Polarization analysis of S0864a (BB, QA) using wavelet transform analysis.
The figure caption follows Fig. 17.
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Figure 25: Filterbanks for S0864a (BB, QA). The figure caption follows Fig. 15.
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Figure 26: Summary of S0976a (LF, QA). The spectra are computed using a window
length of 400 s with 50% overlap in (a), 120 s with 80% overlap in (b) and 30 s with 50%
overlap in (c). Other details follow Fig. 14. Note clear presence of 25 s noise harmonics
in pre-event noise on the North component.
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Figure 27: Filterbanks for S0976a (LF, QA). The figure caption follows Fig. 15.
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Figure 28: Polarization analysis of S0976a (LF, QA) using wavelet transform analysis.
The figure caption follows Fig. 17.
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Figure 29: Polarization analysis of S0976a (LF, QA). The waveforms in (a) are bandpass
filtered between 0.17-0.5 Hz as indicated, other details follow Fig. 16.
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Figure 30: Summary of S0784a (BB, QB). The window lengths used are (a) 200 s (b) 50 s
(c) 25 s. All panels were computed using an overlap of 50%. Other details follow Fig. 14.
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Figure 31: Filterbanks for S0784a (BB, QB). The figure caption follows Fig. 15.
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Figure 32: Summary of S0802a (BB, QB). The figure caption and processing parameters
follow Fig. 14
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Figure 33: Filterbanks for S0802a (BB, QB). The figure caption follows Fig. 15.

92



2021-06-06
23:00

2021-06-07
03:00

2021-06-07
07:00

2021-06-07
11:00

2021-06-07
15:00

2021-06-07
19:00

Time [UTC]

10 1

100

101

Fr
eq

ue
nc

y
[H

z]

0 250 500 750
Time after origin [s]

10 1

100

101

Fr
eq

ue
nc

y
[H

z]

Vertical

0 250 500 750
Time after origin [s]

North

0 250 500 750
Time after origin [s]

East

10 1 100 101

Frequency [Hz]

250

225

200

175

150

Di
sp

la
ce

m
en

t
(m

2 /H
z)

 [d
B]

Vertical

10 1 100 101

Frequency [Hz]

North

10 1 100 101

Frequency [Hz]

East
Noise
x1

VBB 20 sps Z/N/E, Bandpass: 0.20-0.67Hz

2

0

2Ve
lo

cit
y

[m
/s

]

1e 10
x1
Glitch

0 100 200 300 400 500 600 700 800
Time after origin [s]

Sol 899
01:00 05:00 09:00 13:00 17:00 21:00

Time [LMST]

210

200

190

180

170

160

(m
/s

)2 /H
z [

dB
]

(a)

(b)

(c)

(d)

Figure 34: Summary of S0899d (LF, QB). The figure caption and processing parameters
follow Fig. 14.
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Figure 35: Polarization analysis of S0899d (LF, QB). The figure caption follows Fig. 16.
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Figure 36: Summary of S1000a (BB, QB). The figure caption and processing parameters
follow Fig. 14. The inset in panel (d) zooms around Pdiff and PP phases on the vertical
component.
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Figure 37: Filterbanks for S1000a (BB, QB) for vertical, North/South, and East/West
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Figure 38: HF family: event rate estimation and detection efficiency, as function of sol
number and Local True Solar Time (LTST). Events used all have displacements above -208
dB and SNRS above 2.08, and assuming that the observed amplitude follows a power law
with slope -0.12 events/dB, as resulting from an analysis of catalogue representativeness.
(a) count density of detection efficiency, evaluated in 2 min windows and plotted against
LTST. Red squares indicate the detection efficiency at the times of detected events. (b)
HF event detection times (black squares) compared to the detection efficiency (colored
background), with sol number on the vertical and LTST on the horizontal axis. Note
that, in LTST, sunrise and sunset occur at 06:00 and 18:00 regardless of season; the
sudden increase of detection efficiency at about 17:00 LTST corresponds to the collapse of
atmospheric turbulence. (c) as (a), but plotted as function of sol number. In addition, a
Kernel density estimation of the event rate is overlain (upper horizontal axis). This rate is
not corrected for the variable detection efficiency. The apparent decrease of the estimated
rate after sol 950 is an artefact of the limited observation window, in connection with the
10 sols KDE bandwidth.
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Figure 39: HF events magnitude and amplitude comparison after van Driel et al. (2021).
(a) Spectral amplitude measured on the 2.4 Hz resonance versus Pg−Sg differential arrival
times. The red solid line shows the detection threshold of −219 dB during the quietest
times. The red dashed line is the amplitude (−212.5 dB) at which most events are visible
outside the 2.4 Hz resonance. (b) The magnitude measured at 2.4 Hz resonance vs. the
computed distance. The seismic wave speeds used for distance computation are indicated
in the x-axis label. (c) Kernel density estimation (KDE) vs. distance.
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Figure 40: Summary of S0260a (HF, QB). The window lengths used are (a) 200 s with
80% (b) 80 s with 80% overlap, and (c) 25 s with 50%. The Pg and Sg picks from MQS
are marked with their uncertainties. Note the weak energy extending down to 5 s period
in panels (b) and (c). See the caption of Fig. 14 for other details.
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Figure 41: Summary of S0981c (VF, QB). The window lengths used are (a) 200 s (b) 50 s
(c) 25 s. All panels were computed using an overlap of 50%. The chirp signal is visible in
the spectrograms in panel (b), as well as in the time-domain in (d) just before the event
end time.
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Figure 42: Summary of S0986c (VF, QB). The three chirp signals are visible in the
spectrograms in panel (b), as well as in the time-domain in (d). The figure caption and
processing parameters follow Fig. 41.
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Figure 43: Summary of S0976b (VF, QB). The figure caption and processing parameters
follow Fig. 41.
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Figure 44: Summary of S0923d (VF, QC). The figure caption and processing parameters
follow Fig. 41.

103



Figure 45: The spectrogram stack for catalogued SF events from sol 182 (start of contin-
uous 20 sps data) to sol 1011. Background noise given by energy in 7-9 Hz bandpass on
the East component (channel and location codes 02.BHE and 07.BLE; Lognonné et al.
(2019)). Event quality is based on the amplitude threshold as indicated in the legend,
which is computed as the maximum of horizontal energy using the Euclidean norm.
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Figure 46: Example of two SF events with nearly repeating waveforms (T0190a and
T0860a, both QC), approximately one Martian year apart. Note that the signal is stronger
on the horizontal components with respect to the background noise, which is one of the
characteristics of the SF events. The amplitudes are normalized individually for each
component, and shifted along the y-axis for visual clarity.
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