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e The V9 catalogue includes 951 events, of which 486 are new since the

previous report.
e Multiple large marsquakes with M{\,/Iva4.074.2 were recorded.

e Some new events are within 100 km and beyond the core shadow which

were not seen before.

e Four events that locate close to the lander and include chirps have

been observed.

e 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. Introduction

The primary goal of the InSight mission is to explore the inner structure
of Mars (Banerdt et al., 2020). For achieving this purpose, the most critical
InSight instrument payload is the SEIS package (Seismic Experiment for
Internal Structure), which consists of two 3-component seismometers, named
the very broadband (VBB) and the short period (SP) (Lognonné et al.,
2019). The InSight lander is also equipped with a set of wind speed, wind
direction and pressure sensors (Auxiliary Payload Sensor Suite; APSS) for
observing the Martian atmosphere (Banfield et al., 2019), which are crucial
for discriminating seismic events from other noise sources.

The mission’s nominal duration was one Martian year (about 668 sols,
or roughly two Earth years), counting from the day of landing on 2018-
11-26 (InSight sol 0; a sol is one Martian day equivalent of ~24h40m).
However, the mission is now well into a second Martian year, and to date,
the seismometers continue to perform exceptionally well. InSight is powered
by solar panels, which have been progressively affected by dust. By late 2020,
available power had become so limited that the scientific instrumentation
was selectively turned off. Since then, only the VBB has regularly been
operational - the weather sensors and the SP seismometer were only rarely
powered on.

The Marsquake Service (MQS) is one of the vital ground segment support
services of the mission (Clinton et al., 2018, 2021). The MQS team comprises
researchers from the InSight science team, with its operations based at ETH
Zurich. The team is responsible for prompt routine data review, detecting
the seismic signals, locating quakes, and curating the seismicity catalogue.

When a signal potentially of seismic origin is identified, MQS investigates
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possible contamination in the waveforms that may exist due to atmospheric
disturbances. If weather sensors are operational during the event, seismic
data are checked against pressure and wind channels. Otherwise, MQS
utilizes the excitation of lander modes as seen in the seismic data, which are
very well correlated with wind speed (Dahmen et al., 2021b; Charalambous
et al., 2021).

Once a suspicious signal is confirmed not to be due to atmospheric noise,
it is often possible to identify multiple seismic phases that can be interpreted
as body waves. When phases are confirmed to be P and S arrivals or their
surface reflections (PP and SS, respectively), the event distance is computed
following the probabilistic single-station location algorithm (Khan et al.,
2016; Bose et al., 2017) using a set of a priori interior models. For events
with estimated distances, MQS reports event magnitudes since catalogue
version 8 (V8), employing the updated relations provided in Bose et al.
(2021). The event backazimuth is obtained using polarization analysis of the
primary body waves (Bose et al., 2017), though this is only rarely possible.

MQS continues to classify events by their frequency content. At low
amplitudes, when winds are low, the InSight data are characterised by a
resonance at 2.4 Hz (Dahmen et al., 2021b; Hobiger et al., 2021), that is
also strongly excited during seismic events. The low frequency (LF) family
events include energy predominantly below 2.4 Hz, though sometimes also
at this resonance. They are similar to teleseismic events observed on Earth,
where P and S waves are often identified. The high frequency (HF) family of
events are predominantly at and above 2.4 Hz. These events include phases
that are assigned to be Pg and Sg and interpreted as crustal guided waves
(Giardini et al., 2020; van Driel et al., 2021). Finally, super high frequency

(SF) events are very short duration events with energy above 5 Hz. In
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addition to event type, an event quality is assigned to each event, ranging
from A (best - located) to D (worst - very weak energy, possibly speculative).

This paper describes V9 of the catalogue (InSight Marsquake Service,
2022), spanning sols 0-1011 (from 2018-11-26 until 2021-10-01), which was
released on 2022-01-01. For a small number of LF family events in V9,
recent studies have successfully identified secondary phase arrivals, including
reflections within the crust such as pS, at the free surface (PP, PPP, SS,
SSS), and core (ScS). These have been used to generate the first Martian
models constrained by seismic data (Stahler et al., 2021b; Khan et al., 2021;
Knapmeyer-Endrun et al., 2021). Up to catalogue V8 (InSight Marsquake
Service, 2021b), MQS has used pre-landing structural models for LF family
event distance determination (Clinton et al., 2021). In the V9 catalogue, all
events have their distances revised using this most recent model set of Khan
et al. (2021) and Stéhler et al. (2021b).

The majority of LF family events located by the MQS are closer than
the core shadow zone (98-102°) with distances determined by direct P and S
arrivals. Two events (S0976a and S1000a) in this new catalogue lie beyond
the core shadow and have PP and SS phases (Horleston et al., 2022). MQS
located S0976a in the Valles Marineris region 146°(+7°) away from InSight.
The distance of S1000a is 116°(£9°), but a backazimuth determination based
on the PP arrival alone is not clear and therefore not provided. S1000a in-
cludes very broadband energy that rises well above 2.4 Hz - a unique feature
among broadband events in the catalogue. Further, S1000a shows the first
Pdiff phase observed so far. These two events are the largest magnitude
marsquakes recorded since landing. The largest HF family event (S0976b)
was also observed on the same sol as the most distant marsquake. Further,

the V9 catalogue includes four recent HF family events with very short epi-
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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 (443) - 51 (420) 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.

Here, we provide an update of Clinton et al. (2021), documenting the
seismicity (Figs. 1 and 2) that occurred until sol 1011 (2021-10-01). In
the following sections, we first summarize the data collected until sol 1011
(Fig. 3). Then, we report on major changes to both MQS procedures and
the catalogue content since the release of V3 (InSight Marsquake Service,
2020b), including updated magnitude relations (Bése et al., 2021), first fo-
cal mechanism solutions for three marsquakes (Brinkman et al., 2021), and
additional seismic phase picks (Khan et al., 2021; Stéhler et al., 2021b). Fi-
nally, we describe the evolution of marsquakes and key catalogue features
for each of the LF and HF event families and the SF events, with descrip-
tions of fundamental attributes for the key new events between 478-1011. A
breakdown of the catalogue in terms of event type and quality is provided
in Table 1. Supp. Tables S1 and S2 list all marsquakes individually and

include key event attributes.
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2. Data collection

InSight is powered by two solar panels. With dust accumulating on
these panels, the available power for InSight has steadily decreased over
time. The cleaning events from local dust devils, as seen at other Martian
landers (Lorenz et al., 2021), had been expected to occur for InSight but
have unfortunately not been observed.

The nominal mission duration for InSight was a full Martian year, which
was reached on sol 668, and was mainly driven by power expectation. How-
ever, InSight has managed to operate well beyond this period. Nevertheless,
by late 2020, solar power generation had reduced to the extent that scientific
instruments began to be turned off. Around this time, the magnetometer,
wind speed, wind direction and pressure sensors were no longer operated
continuously. On sol 789 (2021-02-14), the continuous SP operation was
also suspended. The data collected across the entire period until sol 1011
are shown in Fig. 3 for a selection of the channels commonly used by MQS
from the seismic, weather and magnetic sensors.

Ceylan et al. (2021) summarised the characteristics of seismic data col-
lected up to sol 478, the same period that Clinton et al. (2021) covered for
seismicity. For the majority of the mission, and until the SP sensor was
turned off, the VBB was acquired at 20 sps (location and channel codes
02.BH? where the question mark is a wildcard) and transmitted to Earth
continuously. The SP sensor was acquired at 100 sps (65.EH?), but only
transmitted to Earth in short windows via specific requests. MQS routinely
requested the 100 sps SP data for each identified marsquake. Once SP was
switched off, the VBB was acquired at 100 sps (00.HH?), and since then

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

A notable gap of 21 sols occurred during the solar conjunction in the
first Martian year due to InSight entering safe mode with all science payload
turned off. The data were fully collected over the conjunction in the second

Martian year.

3. Summary of data and seismicity

Following the completion of the deployment and commissioning phases,
both the VBB and SP seismometers exceeded the mission target noise levels
(Lognonné et al., 2019; Lognonné et al., 2020). In addition, the steps of
placing SEIS on the Martian surface and then covering with the wind and
thermal shield (WTS) on sol 76 both led to significant noise reduction (Clin-
ton et al., 2021). Nevertheless, SEIS is still sensitive to the effects of the
local weather perturbations, which is evident in diurnal patterns in the seis-
mic recordings. The evolution of the seismic background noise for the VBB
vertical component, with detected events overlain, is presented in Fig. 1.

At the beginning of the nominal science monitoring phase (around sol 100),
an average sol had rather predictable seismic noise during the spring and
summer in the northern hemisphere. Turbulent winds were observed each
afternoon which resulted in very high seismic noise. This period was followed
by a sharp decline in the noise level shortly before sunset, with subsequently
the quietest period of each sol lasting for a few hours. Light winds caused an
increase in the noise level in the early morning. Since the initial catalogue
description ending on sol 478 (Clinton et al., 2021), InSight has collected
almost an entire additional Martian year of data. It has become apparent

that the seismic noise is seasonally predictable.
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The background seismic noise unfortunately increases dramatically dur-
ing the autumn and winter seasons at the InSight landing site (Fig. 1). As a
result, consistently observed quiet periods in the early evenings disappear.
Although the average noise level during the middle of the sol does slightly
decrease, the noise in this season is still too high to observe any but a few
large quakes that have poor signal to noise. To date, the background noise
patterns closely repeat the first Martian year, with minor perturbations
even repeating on the same sol one Martian year later. These general noise
patterns are also evident in Fig. 4, which tracks the evolving daily noise am-
plitudes across various percentiles of power spectral density for the dominant
frequency ranges within which the HF and LF families are observed.

An overview of noise sources and artefacts was given by Ceylan et al.
(2021) as observed in the data until sol 478. A specific group of artefacts
named glitches (broadband spikes) are the most dominant features in the
seismic data. It is possible to partially remove these spikes (Scholz et al.,
2020). However, it is crucial that they should still be carefully considered not
only during marsquake characterisation, but also for phase identification and
auto-correlation procedures for structural interpretation (Kim et al., 2021)
in particular.

From sol 790, we began to observe a new long-period signal. At first,
the signal lasted only a few minutes and was relatively low in amplitude
at the order of a few nm/s. It became very regular in the following sols,
appearing every night as soon as the typical Martian calm evening ends
around 22:30 LMST (Local Mean Solar Time). The signal stops during the
night, generally between 2:30-4:30 LMST, without a clear correlation with
the decrease of atmospheric disturbances. Its maximum amplitude can reach

tens of nm/s. It is visible on all raw VBB components (UVW). When the
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data are rotated into ZNE, there is almost no energy on the vertical. The
polarization of the signal is very stable, with an apparent regular elliptical
motion in the horizontal plane. The azimuth is clear and around 21°. The
period of the signal is quite constant around 18-25 s with slight oscillations
during the nighttime. Finally, we also observe some harmonics of the signal
at 6 and 12 s for many sols. An example of this signal is shown in Fig. 5,
which is present at the pre-event noise and early part of event S0976a and

discussed in the event description section.

4. Revisiting marsquake attributes

This section summarises the conventions that MQS uses to prepare the
InSight seismicity catalogue. We refer the reader to Clinton et al. (2021)
for a more thorough documentation on event characterisation, classification,
and MQS procedures.

When an event is catalogued, MQS assigns two essential attributes for
classification: event type and quality. These properties are qualitative crite-
ria defined early in the mission as MQS started to gain significant experience
with the observed signals and background seismic noise. The event type is
used to classify marsquakes according to their energy content, while event
quality provides a measure of the significance of an event in terms of the
signal-to-noise ratio, seismic phase picks, and ultimately whether a location
can be provided. The event numbers per type and quality for the V9 cata-
logue are provided in Table 1. Event types and qualities for each event in

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

The event type indicates the dominant energy content of a marsquake.
The natural resonance at 2.4 Hz (Giardini et al., 2020) and a lander re-
lated mode at 4 Hz (e.g. Ceylan et al. (2021), Dahmen et al. (2021b)) are
the key discriminants for the event type. The traditional seismic events in
the catalogue are classified into two main groups as the low frequency fam-
ily that contains energy predominantly below 2.4 Hz, and in contrast, the
high-frequency family contains energy predominantly at and above 2.4 Hz
(Fig. 6).

The low frequency family includes two event types as low frequency (LF)
and broadband (BB). The LF events contain energy in all three components,
all below 2.4 Hz. The BB events are similar to the LF quakes with en-
ergy predominantly at longer periods in three components, but also include
energy at and sometimes even above 2.4 Hz.

The high-frequency event family (van Driel et al., 2021) consists of three
sub-classes as 2.4 Hz, high frequency (HF), and very high frequency (VF).
The 2.4 Hz events exhibit energy limited only around the 2.4 Hz resonance.
These events are strongest in the vertical component, consistent with the
vertically polarised resonance. The HF' events have a broader range of fre-
quencies, extending at least above 4 Hz. Strong HF events occasionally
show energy below 2.4 Hz, some extending down to ~4-5 s; however the
event energy is predominantly at 2.4 Hz and above. Similar to the 2.4 Hz
events, these events have energy in all three components but are strongest
in the vertical direction. The VF events are a special case within the high-
frequency family, as they include energy that rises higher than HF events,
typically reaching 10 Hz. Energy can be observed up to 30 Hz and above

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

Another event type reported in the InSight catalogue is the super high
frequency (SF) events that are substantially different from the low- and high-
frequency families due to their much shorter duration and frequency content
(Dahmen et al., 2021a). These ~10-25-seconds-long signals include energy
only above ~5 Hz and sometimes reach up to ~30 Hz. Similar to VF events,
there is significantly stronger energy on the horizontal components.

Each event in the catalogue is assigned a name following the alpha-
numerical convention of S0000x (or T0000x for SF events), where 0000 is
a 4—digit sol number on which the events occur, and z is an alphabetical
character to uniquely identify events and typically indicates the order of

events on a particular sol.

4.2. Event quality

Event quality is closely related to the signal-to-noise ratio (SNR) of the
seismic phase arrivals. MQS employs a four—level quality measure for each
event from quality A through D (QA-QD). QA is the highest quality, indi-
cating that MQS was able to identify multiple clear seismic phases in the
time domain and compute a robust full location with distance and backaz-
imuth. QB is used to mark the medium quality events with either multiple
clear phase identifications but no polarization or vice versa, while QC shows
low quality events with signals clearly observed but phase picking is difficult,
speculative, and often aided by spectrograms. Lastly, quality D indicates
suspicious signals that are weak or may not be attributed to seismicity. We
show examples of LF events with degrading event quality in Fig. 7.

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

scattered characteristics (Giardini et al., 2020; van Driel et al., 2021), which

12
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means it is not possible to obtain a reliable backazimuth estimate for indi-
vidual events using the signal at high frequencies. Therefore, all HF family
events are assigned a quality of QB or lower, following the MQS rules.

The SF events (Dahmen et al., 2021a) are different to all other marsquake
types catalogued, with very short durations and no identifiable picks. The
quality assessment for the SF-type events is limited to C and D, based
on the peak amplitude: a quality of C when the peak amplitude is above
22107 m/s (7-9 Hz bandpass filter), and D otherwise.

In addition to the event quality, the catalogue includes three SNR mea-
sures: SN Rg using the seismic waveforms, SN Ryy for the wind data, and
SN Rp using the pressure data. The SNRy and SNRp are reported de-
pending on the data availability of the weather sensors and become rare
after autumn 2020, once the weather sensors were no longer continuously
operated. All available SNR for each event are indicated in Tables S1 and
S2.

4.8. Seismic phase picks and event depths

Once a suspected event is identified, MQS first marks the event win-
dow by picking the earliest and latest energy arrivals, labelled as start and
end, respectively. Additionally, a time window of representative background
noise near the event is identified by noise start and noise end phase labels.
Following the QuakeML standards (Schorlemmer et al., 2011), all start and
end times for event and noise windows are stored in the catalogue as arrivals,
but no pick uncertainties are assigned.

In the case of the HF event family, high-frequency seismic phases are
identified as slope breaks on vertical component STA/LTA (short time av-

erage / long time average) envelopes centered around the 2.4 Hz resonance

13
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(Fig. 8). Often, two clear and separated phases are observed. The excitation
of the 2.4 Hz resonance is interpreted as trapped energy within the layered
Martian crust (Giardini et al., 2020; van Driel et al., 2021); therefore, these
phases are labelled as Pg and Sg, respectively, following the phase naming
nomenclature for Earth (Storchak et al., 2003). When identified using the
envelopes, the uncertainties for Pg and Sg phases are generally assigned as
410, 20, or 60 s. When envelopes and waveforms exhibit sharp onsets for
high-quality events, the uncertainties can be as narrow as +1 s. Typically,
phases for the higher frequency VF events are also picked at 2.4 Hz on the
vertical component. In order to reflect the energy content of the VF events,
the STA/LTA filter is also computed on the horizontals for frequencies 7.9-
9 Hz, and used for phase verification.

A handful of the LF family events have high amplitudes above the noise
level that allow for clear P and S phase identification in the time domain.
The uncertainties are typically chosen as +1, +2, or 5 s for these relatively
clear arrivals. When the signal and phase onsets are weaker, phase picking is
often aided by spectrograms, with uncertainties of £20 or +60 s in general.

For all event types, any other additional phases identified at lower fre-
quencies below 2.4 Hz resonance are labelled as zl-xzn with appropriate
uncertainties assigned as described above. By definition, the broadband
events have high-frequency content around 2.4 Hz, which may also exhibit
distinct energy arrivals. These phases are labelled as yI—yn. Furthermore,
the SF events do not include any seismic phase picks since these events do
not contain any clear arrivals. All phases for each event are indicated in
Supp. Tables S1 and S2.

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

MQS assigns a fixed value of 50 km to HF and LF families regardless of the
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event type and quality. The SF events are not assigned any depths. The
event depths will be updated in future versions when positive depth phase

identifications are confirmed.

5. Updates in the new catalogue version

In addition to the newly observed seismicity, the V9 catalogue includes
updates and additions to both methods and content. Substantial changes
are the inclusion of new magnitude definitions (Bose et al., 2021), first focal
mechanism solutions (Brinkman et al., 2021) for three marsquakes (S0173a,
S0183a, and S0235b), and a first set of surface-reflected body wave picks
(PP, PPP, SS, SSS from Khan et al. (2021)) and core reflected transversal
S-phases (ScS) from Stéhler et al. (2021b). In light of the new seismic-
ity that occurred after Clinton et al. (2021), the event similarity analysis
(alignments) has been extended and distances for the older events have been
revised. The catalogue is also extended to include alternative source inter-
pretations from other studies (Martire et al., 2020; Kedar et al., 2021). In

this section, we describe these updates in more detail.

5.1. New phase labelling conventions

As we observe and identify more complex phases and continue to extend
our overall interpretation of the Martian seismicity, we take the opportunity
to update the basic conventions used to describe them.

The BB events, by definition, exhibit seismic energy at and above the
2.4 Hz resonance that can often be picked using the 2.4 Hz STA/LTA filter.
Prior to V9, these picks were assigned to be Pg and Sg phases, compatible

with the phase association of the HF family events picked using the same

15
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filter. However, often only a single 2.4 Hz phase is observed, though some-
times more than 2 can be identified, and it is not likely that distances from
these picks can be reconciled with the typical teleseismic BB event distances.
Hence, starting from V9, all high-frequency picks for the BB events (includ-
ing previously labelled Pg and Sg phases) are relabelled as y1, ..., yn. The
Pg and Sg picks for the HF family events remain the same.

Recently, some of the HF family events exhibit chirp-like signals at lower
frequencies extending below 1 Hz. Consequently, all picks identified at fre-
quencies below 2.4 Hz are marked with z1, ..., zn. Note that this convention
is already being used for long period picks or unknown phase types regardless

of the event type.

5.2. Velocity models for inversion

Since V9, the distance estimates for LF family events in the MQS cata-
logue use new interior models based on the inversion of multiple body wave
phases (Khan et al., 2021; Stahler et al., 2021b). The models result from
3 different inversion approaches: (1) a purely “seismic” one that produces
a model of linear velocity gradients to fit travel times, conceptually similar
to TASP91 (Kennett and Engdahl, 1991). (2) A “geophysical” parametriza-
tion that fits the travel times against interior models from thermodynamical
modelling (Khan et al., 2018). These models allow for variation of min-
eralogical compositions, but use an adiabatic temperature profile. (3) A
“geodynamical” parametrization, similar to (2), but restricted to one com-
position. The temperature profile is based on 1D convection simulations
(Samuel et al., 2021).

Each approach produced 100 velocity models by Markov Chain Monte

Carlo inversion. Together, these 300 models are used to determine the MQS
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distances. The software used for estimating event distances can be found on
(Stahler, 2020). The models are available from Stéhler et al. (2021a), and

shown in Fig. 9.

5.3. Updated distance probabilities

Following the release of catalogue V3 (InSight Marsquake Service, 2020Db),
MQS identified an error in the implementation of the single station distance
algorithm (Bose et al., 2017). The P-pick uncertainties were not taken into
account, and consequently, the distance probability distributions for LF fam-
ily events were underestimated. The under-estimation became more signifi-
cant as the P-phase picking uncertainties increased. This error affected only
the width of the probability distributions. Its effects on the final distance
determination was minor.

Fig. 10 shows the distances and backazimuths for all LF family events re-
ported in V9. For the subset of events also included in the V3 catalogue and
presented in Fig. 9 of Clinton et al. (2021), we also include here the distance
computations before and after the software correction. The absolute values
of distance estimates remain practically the same, with a maximum change
of 3°, which is negligible. The error specifically affects the probability dis-
tributions of S0185a and S0474a, both with large P-uncertainties of £60 s.
Our previous error estimates indicate values within the mission requirements
(25% for distance; horizontal error bars in Fig. 10). As opposed to prior er-
ror estimates, current 20 errors show that the mission requirements are not
met for these two events.

In total, the V9 catalogue includes 27 LF family events with phase-based
distances. 13 of these were also reported in the V3 catalogue. Five events out

of these do not meet the mission requirements (Fig. 10), while the remaining
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events show distributions less than or comparable to the error margin.
For the HF events, the procedure for determining the event distance is
unchanged since Clinton et al. (2021) where we assume a simplistic crustal

model with a Vg = 2.3 km/s and Vp/Vg = 1.7. The distances for all HF
events with their Pg and Sg picks are listed in Supp. Table S2.

5.4. Alignments

Alignment refers to a procedure that provides a first order determina-
tion of distance and origin time for LF family events, initially presented
in Giardini et al. (2020). The approach relies on identifying similarities
amongst seismic events via visual inspection of spectral envelopes (Fig. 11),
and weaker events are placed relatively in distance to well located quality A
events. It provides an opportunity to review existing phase-based distances,
and assign distances to events too weak to have a phase-picked distance
estimate. The envelopes are checked against a suite of models, although
the final distance estimation is generally made on a single reference model
(Fig. 9b).

The alignment procedure uses these high-quality events with known lo-
cations as anchors. Each event is individually analyzed on the 3-component
spectrograms to identify the frequency range of the dominant energy. Typ-
ically, we compute the spectrograms using a window length of 30 s, and
an overlap of 50%. The data are detrended and instrument response is re-
moved prior to spectrogram computation. Through practice, we prefer to
use acceleration spectrograms, although events are also checked using the
data in velocity and displacement as well as with different window lengths.
The events are isolated between the frequencies of the dominant energy, i.e.

spectrogram content is ignored except for the energy in the event-specific
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frequency range. For a majority of the events, this frequency range is 0.2—
0.9 Hz. Subsequently, the spectral envelopes are calculated by summing the
spectral amplitudes along the frequency axis between the two frequencies.
Before the final analysis, contaminated parts of the spectral envelopes (due
to instrumental artefacts such as glitches and atmosphere) are masked.

Alignment is a practical way of visualizing an overview of seismic events
relative to each other, providing an alternative for interpreting the seismicity,
specifically for the events that could not be fully located by MQS. It helps to
classify the events that are similar to each other for further analysis and their
relative positions in distance-travel time domain. So far, alignments have
been efficiently employed for magnitude determinations (Bose et al., 2021),
broad structural interpretations (Giardini et al., 2020), and as a gateway for
picking additional seismic phases (Khan et al., 2021).

The uncertainties associated with the aligned distances are not trivial to
quantify, and typically are rather large at the order of a few degrees. The
first source for these large uncertainties arise from the reference model used.
Different distances can be found when different model or model sets are
used. The window length chosen for calculating the spectral envelopes is also
important - longer windows smooth and smear the envelopes. The smearing
opens a window of possibilities of performing the alignments, introducing an
additional uncertainty margin. Shorter window lengths show more details;
however, it becomes often harder to identify and interpret common features.
The third and most critical source of uncertainty comes from the envelope
interpretation. The alignment is a qualitative practise, highly depending on
the perception of main energy packages. In the case of complex events such
as S0809a (see the event descriptions section), alignments suggest various

solutions.
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The InSight catalogue V9 includes a total of 36 events that were aligned
(Fig. 11) that is 11 more events since Clinton et al. (2021), and 9 events more
than the phase-based approach. In light of the recent results on the interior
of Mars (Khan et al., 2021; Stahler et al., 2021b; Knapmeyer-Endrun et al.,
2021), the reference model used for the alignment is updated using a repre-
sentative model from Stéhler et al. (2021b) (Fig. 9b). When possible, MQS
prefers to keep the aligned distances previously reported in Clinton et al.
(2021) unchanged, but accommodates the differential travel time differences
by updating the aligned event origin times.

In general, there are five clusters of events that arise from envelope simi-
larities (Fig. 11). The first cluster includes the LF family closest to InSight,
distances starting from the Cerberus Fossae events roughly from 28° to 40°.
These marsquakes show relatively clear P and S energy in the envelopes.
The next family of events do not show any clear S-wave energy. These
quakes are aligned using the P-wave and length of its coda in the spectral
envelopes around 46°. The third cluster of events located around ~60° with
relatively emergent P- and S-wave energy, and are anchored by a relatively
clear QB event S0185a. The events aligned at distances 88—100° are posi-
tioned only using their S-wave coda length along the reference S-arrivals.
These events, without a high quality anchoring event, are generally noisy
with unclear P-energy that is at or below the noise level. Their S-wave coda
is relatively longer. Lastly, there are two more distant anchor events, S0976a
and S1000a, which show clear but emergent energy for PP and SS waves and
are described further in the event description section and in Horleston et al.
(2022).

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

S1, when available.
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5.5. Magnitudes

The magnitude relations for marsquakes were first derived by Bose et al.
(2018) using synthetic seismograms produced for a set of pre-launch Martian
models that are also listed in Ceylan et al. (2017). In Giardini et al. (2020),
these pre-landing relations were updated to better reflect the actual content
of marsquakes, subsequently used by Clinton et al. (2021) for V3 and used
until V7. Bose et al. (2021) updated these scaling relations using real data
from 485 marsquakes that occurred up to October, 2020 (InSight Marsquake
Service, 2021a). The relations, first adopted in V8, are also used in V9.

The magnitudes are computed for all events that have an estimated dis-
tance, with several scales based on P- and S-wave peak amplitudes for LF
events, and the maximum amplitude of excitation around the 2.4 Hz reso-
nance for HF events (Bose et al., 2018; Giardini et al., 2020; Clinton et al.,
2021). For all events, the preferred magnitude type is moment magnitude
(M3{*) derived depending on the event type; hence the dominant event en-
ergy.

We show the distance vs moment magnitude distribution in Fig. 12.
The largest HF family event in the catalogue is S0976b with a M%M.l, and
for the LF family S0976a with M%M.Z In general, the HF family events
cluster at distances up to 41° with magnitudes below M%a2.5. The LF
family events are distributed at larger magnitudes Ml\\,/lva> 2.5 and greater
distances between ~30°-146°.

The preferred magnitudes (M4?) for each event are shown in Supp. Ta-
bles S1 and S2. In the QuakeML file, all magnitude types are attached to

the origins with distances.
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5.6. Moment tensors

The first focal mechanisms of three of the marsquakes (S0173a, S0183a,
S0235b) were determined in the recent study of (Brinkman et al., 2021)
(Fig. 2). The authors approach the problem of source mechanism determi-
nation with a single-station using both a grid search method and a direct
linear inversion. S0173a and S0235b are both quality A events with clear
P- and S-wave arrivals. S0183a is a quality B event, with an impulsive P
phase, but exhibits a weak secondary phase with +60 s uncertainties.

The focal mechanism solutions provided by Brinkman et al. (2021) for all
three events suggest an extensional source. In the QuakeML data structure
(Schorlemmer et al., 2011), the solutions for these three events are included
in the V9 catalogue attached to separate origins other than the preferred
origin. The originating study is mentioned in the creationInfo element of

the origin block in the QuakeML data model.

5.7. Additional body-wave phase picks

Up to catalogue V7, MQS have reported seismic phase picks only from
the direct time series analysis and from alignments. From V7, the catalogue
includes arrivals identified by two recent studies concentrating on the upper
mantle structure (Khan et al., 2021) and the core (Stéhler et al., 2021b) of
Mars.

Khan et al. (2021) focus on the surface-reflected body wave phase identi-
fication (PP, PPP, SS, and SSS) with the purpose of inverting for the upper
mantle structure on Mars. The study combines seismic phase picks from
three different and independent approaches, using 8 teleseismic marsquakes.

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

As of V9 catalogue, these picks are included into the catalogue but not
associated with any particular origin. The additional picks can be retrieved
using their publicID properties under the pick object in the QuakeML
(Schorlemmer et al., 2011). The publicID is constructed with a method
identifier (Table 2) to discriminate the teams and methods used (see Khan
et al. (2021); Stahler et al. (2021b) for details). The picking method is also
available in the methodID attribute of the pick. The creation info prop-
erty includes the digital object identifier (DOI) of the originating study. An
example for a QuakeML pick block is provided in Fig. 13.

Table 2: Additional phases and their method identifiers included in the V9 catalogue from

Khan et al. (2021) and Stéhler 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 Khan et al. TDE: Time-domain en-
free surface (2021) velopes

(PP, PPP, SS, SSS) WM: Waveform matching

PFV: Polarization filters
and vespagrams

Transversal body-waves re- Stéhler et al. A through E, depending
flected from the core-mantle (2021b) the participating team and
boundary (ScS) their preferred approaches.

5.8. Alternative source interpretations

MQS catalogue versions include alternative source interpretations from
other studies as well. Kedar et al. (2021) identify S0105a and S0189a as
potential volcanic tremors. This information is included under the event

element of the QuakeML as comment as found in the event XML. Mar-
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tire et al. (2020) also suggested that events presenting a single dominant
frequency in the 0.4-2 Hz range, with 90° phase shift between horizontal
and vertical components, could be generated by horizontally propagating
acoustic waves. Similar to additional seismic phase picks, alternative inter-

pretations are not tied to any specific origin.

6. Review of recent significant seismicity

In this section, we summarise the seismicity in V9, and highlight in detail
the most significant marsquakes from both the LF and HF families that
occurred after sol 478. Significant events that were recorded before this sol
are already described in Clinton et al. (2021). Detail event reports include
the characteristics of events, seismic phase picks, and location determination
when available. All LF and HF events with their key attributes are listed

in Supp. Table S1 and S2, respectively.

6.1. LF family

Since sol 478, InSight recorded 28 new LF family events for a new total of
69 (Table 1, Supp. Table S1). The number of QA events increased from 2 to
6, and fully-located events from 3 to 7 (S0183a, described in Clinton et al.
(2021), is QB, but a location is provided despite having a very uncertain
distance estimate). The magnitude and distance distribution of events is
shown in Fig. 12, which also includes HF family events. The seismicity map
of the LF family events, including the aligned events, is in Fig. 2.

The two most distant and largest LF events (S0976a and S1000a) oc-
curred within 24 sols - both are the only events with confirmed distances be-

yond the core shadow that starts at 98-102° distance (Stahler et al., 2021b),
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and the first events to be located using body phases further than 60°. Hor-
leston et al. (2022) describes these events in detail. S0976a is the most
distant event at 146°, with M{i*4.2, and S1000a at 116° has M¥?4.1. The
strong amplitudes of these events are illustrated in Fig 4. In the bandwidth
between 1.5-6 s, S1000a is the largest event seen so far, and S0976a is simi-
lar in amplitude to S0235b. S1000a is an exceptional BB event, with a very
broad frequency range, including energy below 10 s and exceeding 5 Hz.

There is no obvious difference for the LF event rates between the first
marsquake season (spring and summer) and what has been observed so far
in the second (Figs. 1 and 4). What is remarkable though is the seasonal
variation in the distances observed: In the first season, events were well
distributed in distance from Cerberus at 28° out to about 60°. In the sec-
ond season, events were only located at distances compatible with Cerberus
from 28-35°, until the two large distant events occurred. Not surprisingly,
no significant LF family marsquake activity was observed during the noisy
autumn and winter seasons, though at the end of the season, on sol 729, a
LF QD event (S0729a) with very large amplitude (1.14 x 10~%m/s, bandpass
0.2-0.5 Hz) was observed during the strongest wind gust period. Due to the
noise conditions, no seismic phases could be identified, so the event has no
distance.

In terms of time of sol (Fig. 1), the LF events cluster inside the early
evening window as expected, once the winds die down before sunset. Some
events are found in the morning period, that occasionally has periods with
light winds. It is exceedingly rare to observe events during the high wind
periods.

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

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

S0809a (origin time 2021-03-07 11:09:26 UTC, ~23:33 LMST) occurred
during a quiet period of the night (Fig. 14 a). It is the first event that
can be located to occur in the 2nd Martian year of InSight. Its equivalent
sol in the first year is sol 141, so it occurred earlier in the year than the
first QA event in the catalogue, S0173a. The event has energy between
~1-8 s (Figs. 14b, 15), with clear seismic phase arrivals visible in all three
components (Figs. 14b,c and 16). It is the sixth largest LF family event in
the catalogue to date, with a magnitude of M{\;/[va?).?) +0.5.

There is no apparent contamination originating from the Martian atmo-
spheric conditions. Although wind speed and direction data are not avail-
able, the pressure data are benign. Further, the known lander modes (Dah-
men et al., 2021b) are not excited during the event, meaning that the wind
conditions in the vicinity of SEIS and the lander were very calm. (Fig. 14b).

The waveforms are free of instrumental artefacts such as glitches. The
signal-to-noise ratio calculated from the seismic data (SNRg) is 53, the
fourth highest value in the catalogue. We obtain an SN Rp of 11.7 from the
pressure data. The event does not have an SN Ry since the wind sensors
were not operational. The event duration is 19 minutes.

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

rivals:

(i) The first arrival, which MQS identified as the P-phase, is clearly ob-
served in both time domain and spectrograms on all three components
(Figs. 14, 16). The pick uncertainty is assigned as £1 s. The polar-
ization analysis of this wave package reveals a backazimuth of ~ 87°

(—20°, +18°) from North (Fig. 16b), pointing towards the Cerberus
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Fossae region. This observation is further confirmed by an independent
method (Zenh&usern et al., 2022) using polarization ellipses shown in

Fig. 17.

(ii) The second identified phase, which is labelled as z1, has the similar
polarization characteristics (azimuth, ellipticity, and inclination) as
the initial P-phase (Fig. 17). Its amplitude is higher than the initial
P—wave, dominantly observed on the vertical component. The pick

uncertainties are +5s.

(iii) The third phase is predominantly observed on the horizontal com-
ponents. The polarization of the wave package shows an azimuth of
~ 270° (Fig. 17). This phase is identified as the direct S—wave arrival
by MQS, with an uncertainty of 45s.

(iv) The fourth and last significant phase is labelled as 22, and shows sim-
ilar polarization properties as the S—pick mentioned above. Similar to
the comparison of P and x1 phases, it has a larger amplitude than the
MQS S—pick, clearly observed in the time domain. This phase is the

most uncertain of all the phases above with picking errors of £+10s.

The differential arrival times of S-P, and x2-x1 are 173 and 175 s,
respectively. Using the P— and S—phase picks, we compute a distance of
29.8°(—2.0°, +1.9°). Assuming x1 and x2 phases are also P— and S—arrivals,
we obtain a very similar distance at 30.2°.

In V9, this marsquake is listed as a single event. However, the observa-
tions of multiple phases that can be explained with twin P and S phases that
have comparable differential times and consistent polarization suggest it is

plausible to interpret this event as twin events of similar size and location
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occurring within 2 minutes of each other. The final location of the event
is the Cerberus Fossae region which is also consistent with our previous
observations with the other high quality LF family events in the catalogue
(Giardini et al., 2020; Clinton et al., 2021).

Since the waveforms show clear seismic phases that are visible in the
time domain and we are able to obtain a robust backazimuth estimate, the
event qualifies as a quality A event according to the MQS nomenclature.

The alignment distance for this event is 29.5°.

6.1.2. S0820a-LF quality A

S0820a (origin time 2021-03-18 14:51:33 UTC, ~20:06 LMST) is the
second quality A event that occurred after the long period of non-detection
due to higher background seismic noise levels during the Martian winter.

The event shows clear P and S arrivals (Fig. 18), which indicate a dis-
tance of 30.2°(+2.4°). The noise conditions during the event are calm.
The P—wave train is free from contamination, and the polarization analysis
(Fig. 19) points to a backazimuth of 88° (—12°, 419°). The event shows
energy between ~1.5-8 s (Fig. 20). The moment magnitude is computed as
M%a?).?) £ 0.2. The event duration is ~9 minutes.

Similar to S0809a, S0820a is a complex event with two additional phases
(x1 and x2) identified:

(i) The first arrival is rather weak in the time series. However, the energy
is clear on the vertical component spectrogram. This phase does not
show any clear polarization. MQS labelled this arrival as x1, with an

uncertainty of £20 s.

(ii) The second phase, labelled as P (pick uncertainty +5 s) is clearly
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652 visible in time domain. The phase is impulsive and shows a clear
653 backazimuth of ~ 88° (Fig. 19). The time difference between P and

654 x1 phases is 43 s.

s (ili) The third identified phase is labelled as x2 (pick uncertainty £10 s),
656 which is visible in the time domain with a polarization ~ 90°, similar

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

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

659 time difference between S and x2 picks is 49 s. This arrival shows
660 an azimuth of ~ 180°, with a 90° shift from the P-waves which is
661 consistent with an expected S-wave observation (Fig. 21).

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

663 S0809a, the first event is weaker in the S0820a case. MQS followed the same
664 procedure as S0809a, and catalogued a single event using the most apparent
e6s P- and S-phases. The signal-to-ratios for S0820a are 47.6 for both SN Rg
soc (fifth largest in the catalogue) and SNRp. The event does not have an

667 SIN Ry since the wind sensors were not functional at the time.

668 0.1.3. S0864a-BB quality A

669 S0864a occurred in the early morning (origin time 2021-05-02 00:57:35 UTC,
670 01:01 LMST), during mild windy conditions (Fig. 22). The event has energy
671 between 0.125 and 2.4 Hz; hence it is classified as broadband. The event
62 duration is ~18 minutes.

673 MQS identified a P- (10 s) and an S-phase (£5 s). Using these phases,
674 the distance is obtained as 28.7 + 3.5°. The P-wave train is clearly visible
675 in the time-domain, which points to a backazimuth of 97° (-14°, +19°)

o6 (Fig. 23), which is further confirmed by the wavelet transform analysis
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(Fig. 24). Similar to a vast majority of the events in the MQS catalogue,
the event is located in the vicinity of the Cerberus Fossae region.

MQS also identified an additional phase in the S-wave coda. The arrival
is clear in the time domain. MQS labelled the phase as x1 with a picking un-
certainty of £5 s. Further, the event shows a high-frequency arrival around
2.4 Hz, which is labelled as y1 (£5 s) (Fig. 25).

The event has a magnitude of Ml\\,/lva3.1:t0.2. The SNRs are SNRg7.3
and SN Rp455.6, the highest SNR value in the catalogue calculated from

pressure data.

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

The event on sol 976 (origin time 2021-08-25 03:32:20 UTC, ~02:20
LMST) is an LF event with energy dominantly between 1-8 s period (Figs. 26
and 27). The event duration is roughly 1 hour. Another very significant
event, S0976b (VF QB), occurred later in the sol, and is described later.

This event shows two clear arrivals with a differential travel time of
~840 s, which appear to be vertically and horizontally inclined respectively
(Fig. 28), suggestive of P and S-wave energy. However, according to the
current understanding of the Martian interior (Durdn et al., 2022; Khan
et al., 2021; Stahler et al., 2021b), the maximum difference between the
direct P and S phases can be ~600 s (Fig. 9). Therefore, MQS labelled the
identified phases as PP and SS (mantle body-wave phases that reflect at the
planet’s surface once), with uncertainties of £10 s.

MQS locates S0976a at the Valles Marineris region, with a distance of
146°(+7°) and a backazimuth of 101°(—30°,20°) (Fig. 29). The location
estimate is relatively reliable, therefore the event is assigned quality A.

S0976a is the furthest event in the MQS catalogue. Although it is not the
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largest amplitude (1.46 x 10—9 m/s around the SS pick; bandpass 2-5 s.), it
has the largest moment magnitude of M%/Iva4.2:|:0.3 due to its distance. The
event occurred in the early morning hours when the seismic background
noise was relatively high; the seismic energy has an SN Rg31 and SN Rp34.
Furthermore, the 25 s monochromatic anomaly (Fig.5) is dominant in the
pre-event noise and during the start of the event. However, the artefact does
not affect the analysis as the energy content of the event is focused at higher
frequencies. The pressure sensors were recording during the event, and the

data shows nothing anomalous (Fig. 26d).

6.1.5. S0784a-BB quality B

The event on sol 784 (origin time 2021-02-09 12:11:32 UTC, ~17:16 LMST)
is a relatively high amplitude event (7 x 10—10 m/s around the S pick using
a bandpass between 2-5 s.) with a duration of ~30 minutes (Fig. 30). This
event is the first marsquake observed after the long period of non-detection
during the Martian winter. The equivalent sol in the first year is 116, and
so is very similar time of year to the first LF family event observed on sol
105.

MQS was able to identify a P-wave arrival (£10 s) in the time domain
and with the aid of the spectrograms. It is not possible to reliably obtain a
backazimuth using the P-wave. The S-phase pick (+5 s) is clear in the time
domain, and free of glitch contamination.

The event shows energy between 0.2 and ~2.4 Hz; hence classified as a
BB (Fig. 31). MQS identified the beginning of the energy arrival at 2.4 Hz
with a y1 pick (£10 s) 15 s after the P-arrival.

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

sol that is dominated by heavy winds. The seismic energy has an SN Rg
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of 21 and SNRp of 32. Due to the ongoing winds, the lander modes are
partially activated coinciding with the event. The energy is dominated by
continuous contamination from the wind noise below 5 s.

Using the S-P travel time, we compute an event distance of 34.5°(+£3.5).
The aligned distance for S0784a is 32.1°. The event magnitude is calculated
as M{{?3.3 +£0.2.

6.1.6. S0802a-BB quality B

S0802a (origin time 2021-02-28 06:07:21 UTC, ~23:09 LMST) occurred
in the late evening period, in between two weak wind gusts, though the
waveforms are relatively clean (Fig. 32). The energy is visible between
~0.125-2.4 Hz. The P-wave coda is free of glitch contamination; however,
there are several large amplitude glitches in the S-wave train (Fig. 33). The
seismic energy has SNRg of 9 and SNRp of 11.

MQS was able to identify clear P(+2 s) and S(£10 s) phases. With
these picks, the MQS distance from inversions is calculated as 30 £ 3.5°.
The aligned distance for S0802a is 29.9°. The event magnitude obtained
using the MQS distance is M%/IVHZQ +0.2.

Although the P-wave energy is clear in the time domain, it was not
possible to obtain a robust backazimuth. Similar to the two QA events
described above (S0809a and S0820a), this event shows a clear intermediate
phase arrival ~1 m after the direct P-phase. The phase is labelled as x1 and
pick uncertainties are assigned as £20 s. Furthermore, a y1 phase (45 s)
is identified from excitation of the 2.4 Hz resonance about 5-s after the P.
However, the STA /LTA envelopes do not show clear slope breaks that would

allow for a y2 phase pick. The event duration is ~12 min.
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6.1.7. S0899d-LF quality B

S0899d (origin time 2021-06-07 20:07:39 UTC, 21:12 LMST) has energy
between ~1-8 s (Fig. 34). It occurred during a relatively quiet time of the
evening period. The seismic energy has an SN Rg of 10, and a duration of
11 minutes.

The most striking characteristic of this event is that it exhibits only one
impulsive phase arrival, which MQS has labelled as x1 with an uncertainty
of £10 s. The phase has linear polarization with strong vertical inclination,
suggesting a P-wave, that has a backazimuth of 25° (-14, +12°) (Fig. 35).
Since there is no convincing indication of a secondary phase, it is not possible
to compute an event distance.

S0899d is not the only event with a clear backazimuth but only a poorly
determined or missing distance estimate. Another early event, S0183a (LF,
QB), also includes an impulsive single arrival. MQS was able to pick a
weak secondary phase and located S0183a at 46°. Following the envelope
similarity and alignment procedure, S0899d might also be coming from a
similar distance. Since it is not possible to compute the event distance,

S0899d is marked with an equidistant curve at 46° in Fig. 2.

6.1.8. S1000a-BB quality B

S1000a is the second most distant event after S0976a in the V9 catalogue.
Horleston et al. (2022) provides a more detailed report on these two special
events.

The event occurred on 2021-09-18 17:48:00 UTC (00:48:25 LMST) with
strong energy between ~0.1-5 Hz (Figs. 36 and 37). MQS located the event
at 116°(*9°). This distance was obtained using PP, SS, and a first observa-

tion of Pdiff (diffracted P-wave at the core-mantle boundary. The distance
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for S1000a using PP and SS phases only is 128+19°. Although, the P-wave
velocities below ~800 km are not well constrained (Khan et al., 2021) and
inclusion of the Pdiff phase leads to unrealistically narrow uncertainties, the
first origin is the preferred one in the catalogue V9.

Both the PP and SS phases are emergent and complicated. Therefore
MQS assigned wide uncertainties for the picks as +20 s and +60 s, respec-
tively. The Pdiff phase is more clear, and picked with an uncertainty of
410 s. It was not possible to obtain a robust backazimuth estimate. Due
to its wide frequency range of energy above 2.4 Hz and lack of backazimuth
based on the PP arrival, the event is classified as a BB quality B.

Another BB event (S1000b, QC) occurred 81 minutes after S1000a. Al-
though the second event is much weaker and it appears to have a different
frequency content, it could be interpreted as a potential aftershock. Al-
ternatively, it could be a very rare case on Mars of a closely spaced but

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

6.2. HF family

Like the LF family events, the activity of HF events during the first
year of observation showed a clear time dependency, with activity effectively
ceasing for over 200 sols, beginning shortly after sol 500 until sol 713. During
these autumn / winter seasons with of strong, persistent winds, only large
VF events and a few QD 2.4 Hz were observed. Knapmeyer et al. (2021),
focusing on the HF event type only, compared the observed event times of
the first year with several seasonally variable external driving forces and
concluded that the HF activity follows an annual cycle, even after taking
the change in noise into account. They predicted that vigorous HF event

activity would commence between sol 850 and sol 900.
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Fig. 38 shows the occurrence times of HF events in years one and two,
up to sol 1011. As in year one, detection efficiency (a measure for how
likely events of a certain amplitude are detected, introduced by Knapmeyer
et al. (2021)) attained high values while only a few events were detected.
As predicted, the event rate started increasing in spring, after sol 850 and
under essentially constant detection efficiency. The event rate in the second
year appears to be higher than in the first year, but a concluding assessment
will be possible only after the predicted cease around sol 1200.

A comparison of all VF, HF and 2.4 Hz events that were reported in V3
and V9 catalogues are shown in Fig. 39, following van Driel et al. (2021).
The VF events recorded after sol 478 include the 4 largest events, all at
distances between 17-20°, as well as the 3 closest events to the lander - each
of these events includes a chirp signal in the coda and are described below.

Fig 7, also following van Driel et al. (2021), presents the alignments
for the quality B VF, HF and 2.4 Hz events in V9, showing the consistent
moveout in 2.4 Hz envelope shapes. The amplitude-distance range (Fig.39)
for the HF and 2.4 H event types is not substantially different compared to
the first martian year.

Kernel density estimations (KDE) for the VF for the 2.4 Hz and HF
events are basically unchanged, clustering tightly at a distance between 15-
30°, though the VF events continue occur across a much broader distance
range, now with a larger density closer to the lander.

By definition, HF type events show energy predominantly at 2.4 Hz and
above. However, some strong HF events show relatively weak energy below
2.4 Hz down to ~4-5 s. This class of HF events became more evident as the
catalogue evolved in the second Martian year. We show an example from

early in the mission from sol 260 (S0260a, HF QB) in Fig. 40.
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Below, we describe the most remarkable HF family events that occurred
between sol 478 (Clinton et al., 2021) and sol 1011 (InSight Marsquake
Service, 2022), including those with chirp-like signals in the S—wave coda.
All events described are type VF. The HF and 2.4 Hz events observed in
this second year remain similar to those initially presented in (Clinton et al.,

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

6.2.1. VF events with chirps: S0533a (QC), S0793a (QB), S0981c (QB),
S0986¢ (QB)

On sol 981 at ~22:55 LMST (2021-08-31 03:59 UTC), MQS detected a
quality B VF event, S0981c, with strong Pg (£2 s) and Sg (£10 s) phases
(Fig. 41). The event is clearly visible both in time domain and spectrograms
although it occurred during the evening with mild winds. The event is one
of the closest events, with a Pg-Sg derived distance of ~3.5°, roughly 200 km
from the InSight lander.

What made S0981c an exceptional event was not only its high-quality
seismic phases and close distance, but also that the event waveforms include
a vertically polarised, dispersive chirp-like signal in the S-wave coda ap-
proximately 15 minutes after the Sg pick just before the energy terminates.
MQS labelled this arrival as an x1 phase with +5 s uncertainty. The chirp
signal is visible on the event spectrograms at 2 Hz and continues down to
approximately 8 s until the amplitudes fall below the background noise level.

Only 5 days afterwards, another VF event, S0986¢, was observed, that
included multiple even stronger chirp signals (Fig. 42). Upon further investi-
gation, similar but weaker chirps were identified in two more events (S0533a
and S0793a).

S0986¢ (origin time 2021-09-05 05:18:58 UTC, 21:15 LMST) is the most
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unique event among the four events with chirps (Fig. 42): 3 successive
chirp signals are identified, with increasing amplitudes and dispersion. MQS
picked clear Pg(+2 s) and Sg(+5 s) phases, which locate the event at 1.2
° away from InSight, the closest distance reported thus far. The event has
very clear energy from 0.5 Hz up to 20 Hz with a duration of 12 min-
utes. The magnitude is computed as M%al.Q +0.2. The first chirp is visible
~2 m45 s after the Pg arrival and does not show dispersive character. The
second and third chirps are identified approximately 1 minute apart from
each other, following the first packet of energy with more evident dispersive
characteristics. These chirps are labelled as x1-x3 in the V9 catalogue.
S0986¢ has initial energy arrivals (Pg and Sg) at around 5 Hz. There is
also another distinct energy arrival at 2.4 Hz after the Sg pick, which MQS

labelled as y1 phase.

6.2.2. The largest VF event: S0976b, quality B

Sol 976 was a momentous day for InSight with the key events. S0976a
(LF QA), the largest and most distant event recorded so far, occurred in the
early morning. S0976b (VF QB), the largest magnitude event from the HF
family, was observed only hours later in the afternoon during heavy winds.

S0976b (origin time 2021-08-25 16:51:30 UTC) begins at ~15:21 LMST
(Fig. 43) and lasts for ~18 minutes. Due to the ambient noise conditions,
event energy is observed up to ~20 Hz but not above this, unlike some other
strong VF events at similar distances. The Sg phase has significant lower
frequency energy out to several seconds period (Fig. 43b and c). There are
no significant glitches during the event (typical for this time of day), and it
has an SNRg of 9.4.

The MQS identified the Pg phase in the time domain with a £5 s uncer-
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tainty. Energy appears to arrive at 2.4 Hz just prior to higher frequencies.
The Sg phase is identified with +10 s uncertainty using the time domain
and the 2.4 Hz and VF STA/LTA filters. The distance is calculated to be
~15.7°. The magnitude is M{\,/[Vaél.l + 0.2, making it the largest VF event

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

6.2.3. The most distant VF event: 50923d, quality C

The most distant VF event in the catalogue to date is S0923d (origin
time 2021-07-02 12:08:31 LMST, ~21:30 LMST) at a distance of ~41.4°.
This event is complicated by the apparent arrival of three separate energy
packets. The event contains energy from ~0.25-8 Hz, the lowest frequency
energy being in the latest arrival (Fig. 44).

The event is relatively weak and occurred during a mild wind gust.
Therefore, the waveforms are possibly highly contaminated and the event is
assigned a quality value of C. MQS has catalogued the three energy packets
as yl (£60 s), Pg (£20 s) and Sg (+60 s). The magnitude is calculated to
be M{{#2.1 £ 0.2.

6.2.4. S0784a-VF quality B

S0734a (origin time 2020-12-19 10:12:02), like S0756a occurs early on
a Martian winter morning at ~00:45 LMST with an SNRg of 6.3. Again
this event shows a very broad range of frequencies with energy extending
up to ~30 Hz. Unlike S0756 there is limited energy below ~1 Hz. Despite
the early morning winds the event onset is clear in the time domain and
Pg is picked with 4+1 s uncertainty, Sg with £5 s. There is very little
glitch contamination. The event distance is ~8.3° and the magnitude is

Me2.5 £ 0.2.
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6.2.5. S0756a-VF quality B

Sol 756 is also in the late winter on Mars but S0756a is a very strong
VF event and is clearly visible in the daily spectrogram with origin time
2021-01-11 01:07 UTC, ~01:11 LMST. Although the SN Rg is only 6.6 this
is a very clear event with strong energy across a broad frequency range,
extending from ~0.4 - 30 Hz. This is also a relatively long duration event
within the HF family lasting ~24 minutes.

The event onset is sharp and Pg was picked with a +1 s uncertainty in
the time domain. Sg is more complicated and was picked using the 2.4 Hz
STA/LTA with £20 s uncertainty. The event distance is calculated to be
~19.1° and the magnitude is M{#2.8 4 0.2 (joint 4'" largest VF event).

6.2.6. S0794a-VF quality B

S0794a (origin time 2021-02-19 01:22:11 UTC) occurred at ~00:22 LMST
and is the second strongest VF event catalogued to date after S0976b. It
stands out in the daily spectrogram during light early morning winds with
an SNRg of 8.6. Energy is observed from 0.5-30 Hz making it one of the
most broad spectrum events so far.

Energy arrives very slightly earlier at 2.4 Hz than at high frequencies, so
the Pg was picked using the 2.4 Hz STA/LTA with an uncertainty of +5 s.
The onset of the Sg phase is more prominent at higher frequencies and so
was picked using the VF STA/LTA (7-9 Hz) with a £10 s uncertainty. The
event distance is ~17.6° and the magnitude is M%/[va?).l:l:().z For comparison,

the only larger VF event, S0796b, has magnitude M{\,/[Vaél.l +0.2.

6.3. SF family
The short duration, super high frequency (SF) events are interpreted to

have very local sources around the lander, resulting from the thermal con-
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traction on the planet’s surface due to daily temperature variations (Dahmen
et al., 2021a).

The temporal distribution of SF events in V9 and their seasonal charac-
teristic are shown in Fig. 45. In the first Martian year, the high-amplitude
SF events were primarily observed during three distinct periods: the first
and largest cluster occurred between sols 190-300 starting at 2 hours be-
fore the sunset (16:00-18:00 LMST). After that, we see the events forming
more linear patterns starting around sol 350, and around sol 460, until the
background noise exceeded the detection threshold. As we enter the second
Martian year, we observe the first cluster of SF events again (sols 850-950)
around sunset, and similar to the first year, the events started to occur after
some period of lack of high-amplitude SF events. Remarkably, the event
clusters in Martian years 1 and 2 have nearly identical waveforms on the
horizontal components, as shown in Fig. 46 for two SF events that are 670

sols (approximately one Martian) year apart.

7. Catalogue and data access

The first public release of the catalogue was on 2020-01-02, covering the
events until InSight sol 299 (2019-09-30) (InSight Marsquake Service, 2020a).
Clinton et al. (2021) is the first study that comprehensively describes the
catalogue, summarising seismicity included in the third catalogue update
up to sol 478 (2020-03-31) (InSight Marsquake Service, 2020b). All InSight
catalogue versions are available from several resources in QuakeML XML
format. MQS produces the catalogues in an extended Mars version as well
as with standard basic event description similar to Earth seismic networks.

The official data release end point is the web services provided by the In-
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Sight SEIS data portal (InSight Mars SEIS Data Service, 2019a), which also

provides links to each catalogue version (https://www.seis-insight.eu/en/science/seis-

products/mgqs-catalogs). The same resources are archived at the NASA
Planetary Data System servers (InSight Mars SEIS Data Service, 2019b).

Additionally, TRIS (Incorporated Research Institutions for Seismology)

distributes the catalogues at a Mars InSight events node (http://ds.iris.edu/ds/nodes/dmc/tools/mars-

events/). The IRIS tool also provides a simple searchable table for quick

and easy access to the event based information.

8. Conclusions

InSight’s nominal mission duration was one Martian year, equivalent to
roughly two Earth years. The mission has been extended into a second
Martian year, and SEIS is still performing exceptionally well after more
than 1000 sols on the red planet. Unfortunately, InSight has been facing
power issues with dust accumulating on the solar panels that threaten the
long term viability of the lander and have resulted in significant reduction
of scientific instrument collection. Only the VBB continues to be always on,
and are now collecting continuous data at 100 sps.

After 1011 sols on Mars, MQS identified a total of 951 traditional quakes
(69 LF, 882 HF), and 1062 SF events which are interpreted to be thermally
driven. The V9 catalogue includes two sets of events that were not observed
in the first Martian year: First, unlike the vast majority of LF family quakes,
the seismometers recorded two of the most distant events so far (S0976a and
S1000a). S0976a has been located in the Valles Marineris region 146° £ 7°
away from the InSight. The distance for S1000a is determined as 116° £ 9°;

however, MQS could not obtain a reliable backazimuth (Horleston et al.,
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2022). Second, four VF events (S0533a, S0793a, S0981c, S0986¢) show as-
sociated chirp signals. The largest VF event since the landing (S0976b,
M¥?4.140.2) is also included in this catalogue version.

The seismicity of the second Martian year has confirmed that the bulk
of tectonic activity on InSight’s hemisphere of the planet takes place in
a relatively limited area, between 25 and 35°epicentral distance and due
east. The most likely tectonic source is the Cerberus Fossae graben system
(Perrin et al., 2022). The distance distribution of the majority of HF events
(20-32°) allows the interpretation that they might also occur there, yet,
without backazimuths, this cannot be proven. Their seasonality, that was
already hinted at in the first Martian year (Knapmeyer et al., 2021), has
been confirmed in the second year, together with an apparent increase in
their rate. The VF events are still enigmatic, pretty much equidistributed
between 0 and 40°. They could therefore be considered as the most likely
candidates for impact events.

Dahmen et al. (2021a) analysed the SF events and concluded that their
occurrence is most probably thermally driven and seasonal. In the second
Martian year, the patterns that SF events demonstrate are very similar to
those observed in the first year with distinct clustering around the sunset
(Fig. 45), confirming the findings of Dahmen et al. (2021a).

Since the publication of the last catalogue review (Clinton et al., 2021),
the interior of the planet has been much better constrained seismically using
additional body wave phases (PP, SS, ScS), which is now reflected in the
MQS catalogue locations. The next year will bring more detailed studies on
this, as well as tectonic interpretations on the source contexts, which will
be reflected in the next catalogue review paper.

The seismicity catalogue is available to the InSight team in near real-
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time. The catalogue is made publicly available every three months with a
three-month delay alongside the seismic waveform data. All versions of the
MQS catalogue contain the events for the whole mission duration at the
time of release.

After the likely end of the mission, a final MQS catalogue with a com-
panion paper will reflect the understanding of the InSight science team after
more than three years of operation and analysis on the surface of the red

planet.
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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
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Figure 5: Velocity spectrogram for sol 976 using VBB North component. This sol includes
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review of seismicity section. Note that S0976a is preceded by the 18-25 s anomaly and
its harmonics at around 12 s. The feature at 1 Hz with constant amplitude is an artefact
caused by electronics referred as tick noise (Zweifel et al., 2021). Note the lander modes at
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ence model for travel times is from Stéhler et al. (2021b) (Fig. 9b). The spikes especially
dominant on the horizontal components are glitches (Ceylan et al., 2021; Scholz et al.,
2020)
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Event name Method Phase label

{ DOI
"@publicID": "smi:insight .mqs/Pick/SO484b/TDE/S/lIO .1126/science. abf2966l" ’
"time": {

"value": "2020-04-07T08:55:31.5z2", . . .
"lowerUncertainty": "5.0", Pick tlm.e I.n UTC and
) uncertainties
"upperUncertainty": "5.0"
by
"phaseHint": "sS", Phase hint (label)
"methodID": "smi:insight.mgs/pick_method/TDE", MethodID with the
"evaluationMode": "manual”, method identifier
"creationInfo": {
"author": "Khan et al. secondary pick",
"authorURI": "doi:10.1126/science.abf2966", Originating study
"creationTime": "2021-07-23T00:00:00Z"

}

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) A3e 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 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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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.

79

800



10

-170 T S
2 < 2
S — >
£Q g 1
232 -190 g
£ g0.5
0.2
-210 0.1
360 B TR
. . R i
E N S H.i |
ganf £ rum}va 4t ,:, i-‘ L
() . ! k4 .
°® 180 e o VRS ‘tw.rih ot G
58 g S all 2 X,
5= 904 §
=
0
1.0
5 08 ¥
S 06 >
a8 2
] 0.4 g
5]
0.2 =
0.0
f T
S T R DA AT
s 5o w s 0 L
O T 0
E7 60 =
28 9
w2 40 ]
B3 =
i 20 o
Rl 4=
©
s 0

14;54 14:55 14:56 14:57 14:58 14:59 15:00
Time [UTC] 2021-Mar-18

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°.

80



Time [LMST]

(a) Sol 864
01:00 05:00 09:00 13:00 17:00 21:00
10! .
>
[}
e 0
(0]
s 107! il e R e : i _
m
2021-05-02  2021-05-02 2021-05-02 2021-05-02 2021-05-02 2021-05-02 =)
00:00 04:00 08:00 12:00 16:00 20:00 —180 N
Time [UTC] 190 %
(b) Vertical North East %
> 10! -200
[}
5 N 100
sL —210
s 107t 5 & = S =
0 500 1000 0 500 1000 0 500 1000
Time after origin [s] Time after origin [s] Time after origin [s]
(c) Vertical North East
-150
- —— Noise
gZ -175 . - — P
el — s
8§ -200 . .
Bt
'5 = —225 . . -1
—-250 T T T T T ororrrrr T L | — oo
107! 10° 10t 107! 10° 10t 107! 10° 10!
Frequency [Hz] Frequency [Hz] Frequency [Hz]
(d)
VBB 20 sps Z/N/E, Bandpass 0.20-0.67H
[T ———— wmubmmw rw,d,')mw« o W W WWMW v MMM» )N W\" \ ” H‘ Mw m W}MM e AWWNWMW ot
le-10
2p sl | Y . L. =
3 0.0 uiabnen ‘,‘.w T LT WHW 1{ W(W A" 'ﬂll 0 )\‘ “W M JW‘,‘#' e "v‘wr*f‘h’»ww.w s
9E 255 i i I
M Lo
_ p s “““-‘M aj WM\', ‘*ﬁ”’w wu Mh MJM w N m \ ‘ MW/M W"‘A“y”’/""l e ’1""‘1\4&“» Py “W\»"MWW 1”\"!\”%“‘”»‘ (e - Xl_
o 03.8D0, 10 sps) highplass 1000s. E Glitch
v WMWMMMWMWWW b
£ 0.0 J’W iy s A WWWW“WWmM
¢ —0.05
£ i I i q

0

200

400

600 800 1000 1200

Time after origin [s]

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.

83



frequency / Hz

Vertical

Event S0864a (0.031-8.000 Hz)

Radial

1

1

]

1 1A

\.{M Wi

i

1 A
f
A A A

M‘“‘«"‘/"‘"’?‘"\f\’“ﬁ“‘m’
Polsah

Transverse
1 1
1 1
1 1
[ ] i
i \ ‘MI N A Whe
I |
4
Y )
1
| ol 1
"
b [ | A
ail ‘.ﬂ.&'\«‘wv\'"\""(‘\a""*‘/""‘l‘/"ww‘ M\WWWILV(“ vl ™

250 500 750 1000
time after P-wave

250 500 750 1000
time after P-wave

250 500

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
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in pre-event noise on the North component.
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Other details follow Fig. 14. Note clear presence of 25 s noise harmonics
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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.

88



(a) Sol 784 Time [LMST]

10!

Frequency
[Hz]

2021-02-08 2021-02-08 2021-02-09 2021-02-09 2021-02-

19:00 23:00 03:00 07:00 11:00
Time [UTC]
(b) Vertical North
> 10t
v
5 N 100
S
& 107 = z ;
0 1000 20000 1000 20000
Time after origin [s] Time after origin [s]
(c) Vertical North

01:00 05:00 09:00 13:00 17:00 21:00

09  2021-02-09
15:00

East

-160

-170

—180

-190

(m/s)?/Hz [dB]

—200

-210

1000 2000

Time after origin [s]

East

Displacement
(m?/Hz) [dB]
O
o
o

—— Noise
— P
— S

Frequency [Hz] Frequency [Hz]

VBB 20 sps Z/N/E, Bandp 0-0.6

iAo
;E §§ 14%‘w'!m'%'"*fi"‘f%'ww"w #\ M‘ M (M M'M \\w b e i s

Ao i ( .MMA \‘ [ wM T

03.BDO, 10 $ps

100 01 10 -1 10° 10! 107! 10° 10!

Frequency [Hz]

N' Wﬁ W WW WW W\h oo sl b MM\

T

e M\MW i

-a'—i' 0.05
g_”l—o.os iy
(I) 250 500 750 1000 1250 1500 1750 2000

Time after origin [s]

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.
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Figure 34: Summary of S0899d (LF, QB). The figure caption and processing parameters

follow Fig. 14.
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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 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 SN Rs 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 ab3dt 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. (¢) 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 S0986¢c (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.
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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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