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Abstract

For over three Earth years the Marsquake Service has been analyzing the data sent back
from the Seismic Experiment for Interior Structure—the seismometer placed on the sur-
face of Mars by NASA's InSight lander. Although by October 2021, the Mars seismic
catalog included 951 events, until recently all these events have been assessed as lying
within a radius of 100° of InSight. Here we report two distant events that occurred
within days of each other, located on the far side of Mars, giving us our first glimpse
into Mars’ core shadow zone. The first event, recorded on 25 August 2021 (InSight sol
976), shows clear polarized arrivals that we interpret to be PP and SS phases at low
frequencies and locates to Valles Marineris, 146° + 7° from InSight. The second event,
occurring on 18 September 2021 (sol 1000), has significantly more broadband energy
with emergent PP and SS arrivals, and a weak phase arriving before PP that we interpret
as Pgss. Considering uncertain pick times and poorly constrained travel times for
Pgits, We estimate this event is at a distance between 107° and 147° from InSight.
With magnitudes of MM2 4.2 and 4.1, respectively, these are the largest seismic events
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recorded so far on Mars.

Introduction
For the past three years or ~1100 sols, the Marsquake Service
(MQS) has been analyzing the data recorded by the Seismic
Experiment for Interior Structure (SEIS; Lognonné et al., 2019)
as part of the National Aeronautics and Space Administration’s
InSight mission to Mars (Banerdt et al., 2020). This is the first
dedicated geophysics mission to another planet, and the lander
carries not only the seismometer package but also atmospheric
sensors (Banfield et al., 2019) to fully characterize the local mete-
orology and the impact of the weather on the seismic records.
MQS (Clinton et al., 2018), an international team of seismol-
ogists, performs daily manual analysis of the data, detecting,
locating, and cataloging the seismicity in as near-real time as
the data downlink rate allows (Clinton et al., 2021). Martian seis-
mic data are generally more complicated than Earth data (Ceylan
et al, 2021) due to the surface deployment of SEIS on low-
rigidity materials that are deformed by wind-generated forces
(Kenda et al., 2020; Lognonné et al, 2020) and the proximity
of the lander. In the most recently released catalog extending
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up to 01 October 2021, the MQS had cataloged 951 marsquakes
(InSight Marsquake Service, 2022). These are classified into dif-
ferent types dependent on their frequency content. A broad res-
onance at 2.4 Hz, excited both during marsquakes as well as by
the ambient noise (Dahmen et al, 2021), thought to be due to
local subsurface structure (Hobiger et al., 2021), is the key to
discriminating between event types.

Marsquakes that have significant long-period energy reach-
ing out to 10 s are considered to be similar to teleseismic earth-
quakes. They are regularly observed with impulsive and
polarized arrivals that match expected body wave arrival times
for direct mantle-traversing P and S phases on Mars (e.g., event
S0173a [Marsquakes are labeled by mission sol and a letter to
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distinguish between multiple events in a sol] in Fig. 1). MQS
conventions divide this family into low-frequency (LF) and
broadband (BB) events; the latter type also includes seismic
excitation at and above the 2.4 Hz resonance. A second family
of events have high-frequency energy dominantly at and above
2.4 Hz, also with two distinct phases that are interpreted as
trapped crustal phases, and labeled as Pg and Sg. This event
family includes high frequency (HF) and very high frequency
(VF) types; the latter having strong horizontal energy up to and
exceeding 10 Hz.

Recent studies that use InSight observations provide direct
seismological constraints on the size and composition of the
Martian core, and the thickness of the crust and mantle
(Khan et al., 2021; Knapmeyer-Endrun et al., 2021; Stahler
et al., 2021; Duran et al., 2022). A suite of velocity models has
been derived from these results, as summarized in Figure 1. At
present, lower mantle P velocities are not constrained by direct
seismic observations. The most recent MQS catalog (InSight
Marsquake Service, 2022) provides the epicentral distance
for all LF and BB events derived using these new velocity model
suites (previous catalogs used models derived prior to landing,
see Clinton et al., 2021).

Magnitudes for all event types are estimated using a set of
calibrated Mars magnitude scales (Bose et al., 2021). A pre-
ferred Mars moment magnitude, MMa g assigned to each
event—for LF family events this is based on the long-period
spectral plateau of the S wave. Prior to sol 976, all marsquakes
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Figure 1. Summary of Martian interior models from Stéhler et al. (2021)
and ray paths for seismic phases from events presented in this article.
(a) The travel time curves are computed using the TauP package (Crotwell
et al., 1999) for a source depth of 50 km. The phase picks that the
Marsquake Service (MQS) identified for these events are indicated with
crosses, with varying symbol sizes to schematically reflect the pick
uncertainties. The distant events are S1000a and S0976a. For compari-
son, also shown is S0173a, an event at 30° that locates at Cerberus
Fossae. For all three events, high-amplitude phase arrivals have been
identified as direct P/S for S0173a and single free-surface reflections PP/SS
for S1000a and S0976a. For S1000a, a weak Py phase that is diffracted
along the core-mantle boundary is also identified. The vertical dashed
lines and gray shaded bars mark the event distances and uncertainties
from Table S1, respectively. (b) The structural models are not constrained
by observations for depths below ~800 km for P waves (hatched region;
Khan et al., 2021), hence the Pg travel times are purely from model
predictions. (c) lllustrates the ray paths of the identified phases using a
Mars model with a core radius of 1855 km.

locate to less than 75° epicentral distance from InSight from
their S-P differential travel time and have magnitudes below
MMa = 3.8 A small number of marsquakes have been identi-
fied that cannot be located because phases are not clearly P and
S, but they have longer than normal coda durations, suggesting
that they are more distant than the well-located events (Clinton
et al., 2021).

Direct P and S waves enter into the core shadow at a dis-
tance of ~100°. Beyond this distance, the earliest major body
phase arrivals are PP and SS (Fig. 1a). Once in the shadow for
the direct P wave, PP may be preceded by Pg.
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Despite the development of single-station event-location
techniques (Khan et al., 2016; Bose et al., 2017), determining
the back azimuth for weak teleseisms that exhibit high scatter-
ing is challenging. Of the 951 events cataloged, only a small
subset have known azimuths, and the majority of these cluster
around the Cerberus Fossae fault system at approximately 30°
distance from InSight (Giardini et al, 2020; Clinton
et al., 2021).

The two new events we present here, S0976a (Fig. 2) and
$1000a (Fig. 3), are the largest LF family events detected to date
and the first to be located beyond the postulated start of the
core shadow zone. Using standard MQS analysis tools (Clinton
et al., 2021), we show how the events are characterized. The
MQS typically identifies candidate events using an initial
screening of sol-long spectrograms (e.g., Fig. 2a). The wave-
form data are then studied, and the possible events are evalu-
ated in detail. A comodulation analysis between atmospheric
and seismic data (Charalambous et al., 2021) is used to aid
discrimination between ambient weather-related noise and
seismic energy. Comodulation compares the observed broad-
band seismic energy with predicted broadband seismic energy
using the pressure and weather signals, or, if these channels are
not available, energy in the lander modes at 4 and 6 Hz that are
highly sensitive to winds (Dahmen et al., 2021). To identify
onset of phase arrivals, spectrograms and filter banks are used
in addition to time series analysis. To aid in phase association
and discriminate between P and S phases, polarization analysis
provides information on degree of ellipticity and inclination
angle. Once phases are assigned, locations are provided using
the aforementioned suite of velocity models, and the polariza-
tion of the initial P wave is used to provide a back azimuth.

At the time of the S0976a and S1000a events, due to power
constraints arising from the steady accumulation of dust on the
solar panels, only a limited set of sensors were recording con-
tinuously, including the very broadband (VBB) seismic sensor.
The short-period (SP) seismometer, and the Temperature and
Wind for InSight (TWINS) wind sensors were off. The pressure
sensor was recording during S0976a but was off during S1000a.

In this article, we present the S0976a and S1000a events in
detail, and discuss the implications of detecting these two dis-
tant marsquakes.

Marsquake S0976a

Sol 976 (Fig. 2) was a key day for InSight on Mars, with two
significant marsquakes. S0976a—an MN? 4.2-magnitude LF
event at ~146° + 7° distance from InSight—occurred in the
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early hours during steady winds typical for this time of day.
A few hours later, in the late afternoon, a very noisy time char-
acterized by wind gusts, this was followed by S0976b—an
MM? 4.1-magnitude VF event at ~16°—the highest magnitude
event of this class.

S0976a, origin time 25 August 2021 03:32:20 UTC (sol 976
02:26:28 local mean solar time [LMST]), has energy between 1
and 8 s period, and is visible in the time domain on all three
components, despite the comparatively high background noise.
A prominent, wind-driven lander mode (Dahmen et al., 2021)
is evident in the spectrogram in Figure 2 at 4 Hz. However, the
seismic signal from the event is visible within the spectrogram
and the filterbank (Fig. SI, available in the supplemental
material to this article), and is distinct from the atmospheric
noise predicted at the time by the pressure sensor (Fig. S2).
Energy from the seismic event lasts for approximately an
hour—one of the longest duration Martian seismic events
observed so far. The event energy is rather narrow-banded
across the entire duration, with a peak at 5 s in all components
(Fig. 4). As is standard for LF family events, two clear energy
pulses can be identified, with the second being the largest. The
pulse arrival times are separated by approximately 14 min.
Assuming the two arrivals are the main primary and secondary
phases, these are assigned as PP and SS (Fig. 2) based on the
Martian velocity models (Fig. 1). This assignment is further
supported by the polarization inclination angles of the phases,
the first being vertically inclined, supporting PP, whereas the
second is more horizontally inclined, hence SS (Fig. S3). The
PP phase includes energy between 2 and 6 s, whereas the SS
phase is both higher in amplitude and wider in frequency,
extending from 1 to 8 s (Fig. 4; Fig. SI).

PP can be identified in the time domain, in this analysis,
using a 2-6 s band-pass filter with an uncertainty of + 10 s.
Similarly, the SS phase is picked in the time domain with +
10 s uncertainty, using a 2-8 s band-pass filter (Table S1).

Using the velocity models from Stahler et al. (2021) (Fig. 1),
the SS-PP time gives a distance of 146° + 7°. The back azimuth
is determined to be 101° £ 25° from the particle motion
observed in the first few seconds of the P-wave arrival (see
Fig. 2d). Combining the azimuth with the distance gives this
event an approximate location of 10° S, 78° W. This places the
event within the region of Valles Marineris (Fig. 5).

Marsquake $1000a
Figure 3a shows the daily spectrogram for sol 1000. The signal

for event S1000a is clearly observed shortly after midnight.
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Figure 2. Overview of S0976a. (a) Sol-long velocity spectrogram for 20
samples/s very broadband (VBB) vertical component computed with a
window length of 120 s and 50% overlap. The origin and signal end times
are marked by vertical white dashed lines. A second event (S0976b, very
high frequency [VF)) is also labeled. High-amplitude yellow transient spikes
in all spectrograms are glitches or donks; the horizontal feature at 1 Hz (also
referred to as tick noise) is an artefact from the electronics box measure-
ment system (e.g., Ceylan et al., 2021). Other horizontal features during the
windy periods are the lander modes at, for example, 4 Hz, and the 2.4 Hz
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resonance, which is observed consistently during the quiet evening period.
(b) velocity spectrograms for each VBB component (Z, N, and E) focused
around the event as marked in panel (a). (c) VBB velocity waveforms filtered
between 2 and 8 s, and rotated toward the source (Z, R, and T). The vertical
red and blue lines denote the PP and SS picks, respectively, with uncer-
tainties marked by black error bars. The pink box around the PP pick
indicates the time window used to create the hodograms in panel (d) for
back azimuth determination. (d) Also includes the back azimuth probability
density function with 20 errors marked in gray shade.
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Figure 3. Overview of S1000a. (a) Sol-long velocity spectrogram (window period as marked in panel (a). (c) Band-pass filtered (1.5-8 s) waveforms.
length 120 s with 50% overlap) for 20 samples/s VBB vertical component. The seismic phase picks of the MQS are shown with vertical lines as

The event is marked with dashed vertical lines in the early hours from the labeled. The horizontal error bars indicate the picking uncertainties. (d) A
origin time to signal end as identified by the MQS. (b) The three-com- zoom into the waveforms marked with the tan colored box in panel (c).

ponent velocity spectrograms around the S1000a event for the time
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Figure 4. Spectral comparison of events S0976a and S1000a with S0173a
—a more typical low-frequency (LF) event that occurred approximately
30° away from InSight, located at Cerberus Fossae. The spectra for
S0976a is narrower in frequency content than S0173a but similar in
shape with a stronger SS phase, particularly at lower frequencies. S1000a
also shows a divergence between the SS and PP at lower frequencies. The
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vertical spectra for S1000a shows the excess excitation around 2.4 Hz. All
the spectra show spikes at the lander resonances, particularly at ~4 and
~7 Hz. The background noise level was particularly low for S1000a,
aiding the detection of the low-amplitude Pgiss phase. All spectra are
computed from a ~60 to ~120 s manually selected time window using
Welch’s method with window length of 30 s and overlap of 50%.
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This event is striking in that it has energy from 0.1 to 5 Hz Figure 5. Mars seismicity location map. Mars surface relief map showing
(Fig. 4; Fig. S5)—by far the broadest frequency content of InSight's location (orange triangle), the location of other located mars-
quakes (magenta dots) that cluster around 30° distance, close to
Cerberus Fossae, and S0976a, located within Valles Marineris just north
marsquakes contain high-frequency energy, $1000a is uniquely of Sollis Planum. Because no back azimuth can be determined for
rich in this energy across a wide band of high frequencies. The 510004, its location is predicted to be somewhere within the shaded
region between 107° and 147° from InSight. The event's preferred
distance (116°) is marked with the white dashed line. The black dotted
lines mark radii around InSight up to 80°. The background image is from
following the standard procedures (Clinton et al, 2021). the Mars Orbiter Laser Altimeter (Smith et al., 2001).

The event origin is estimated at 18 September 2021 17:48:00
UTC (sol 1000 00:48:25 LMST) and lasts for 94 min—the longest

event recorded so far on Mars. At higher frequencies the event  frequency in which MQS usually selects P-wave arrivals.

any marsquake observed so far. Although some broadband

MQS categorizes this event as a broadband event with unusu-
ally significant high-frequency content and has made picks

duration is significantly shorter; the lowest periods extend the ~ Though the phase can be identified in the time domain with
duration (Fig. S6). Like S09764a, there are two clear energy pulses, a 1-100 s band-pass filter, MQS assigns it at 18:01:47 UTC with
here separated by over 12 min. The earlier phase is richest at ~ a wide uncertainty of + 20 s. SS is more emergent and, as is
highest frequencies, whereas the later phase has more energy  often the case for LF family marsquakes, it is picked using
at longer periods. Above 1 Hz, the earlier arrival has the largest ~ the spectrogram and the filterbank (Fig. S5) at 18:14:08
amplitudes, whereas below, the second phase is far stronger. As ~ UTC + 60 s. The fact that both the PP and SS phases are com-
in the case of S0976a, considering the large difference in arrival ~ plicated is likely due to crustal and lithospheric complexity at
times, the body phases are interpreted as PP and SS. the bounce point (also observed on Earth, e.g., Shearer, 1991).

The PP phase is complicated, with high-frequency energy =~ Careful analysis of the signal before the clear P phase indicates
arriving seconds in advance of the energy below 1 Hz—the  that there is an additional weak phase close to 3 min earlier,
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with an onset that can also be identified in the time domain
(Fig. 3d; Fig. S5). This phase is only seen at long periods below
1 Hz and is not as complicated—it is identified at 17:59:01 +
10 s UTC in the time domain with a 2-6 s filter. Like the PP
arrival, this weaker phase also has a vertical inclination
(Fig. S7), whereas the SS shows horizontal inclination.
Considering the early, vertically polarized arrival for an event
with large SS-PP time, this phase is consistent with Pggz—a P
wave that diffracts along the core-mantle boundary. This
assignment is further supported when tested with the probabi-
listic location algorithms of Bose et al. (2017). It is the first time
in the mission that such a phase has been seen. Further analy-
ses of the attributes of this Py signal are in progress.

As is standard for broadband marsquakes, which regularly
exhibit time-separated arrivals at different frequencies (Clinton
et al., 2021), MQS has also picked phase arrivals for the high-
frequency energy within the event between 2.2 and 2.8 Hz.
These phases are labeled as y1 and y2 in the marsquake catalog
(InSight Marsquake Service, 2022), and are picked at 18:00:57
+ 5 s and 18:14:08 + 60 s, respectively, the former being 50 s
prior to PP, the latter coincident with SS.

Using Py, PP, and SS, the event locates to a distance of
116° + 9°. If the Py phase is not included, the event locates
to a distance of 128° + 19°. This surprisingly large variation in
distance and uncertainty can be explained by the uncertainty in
the phase picks. Because SS has a + 60 s uncertainty, a very
broad range of distances are compatible. Once a Py pick with
uncertainty of only + 10 s is included, this phase has a domi-
nating influence on the preferred distance and reduces the
uncertainty in epicentral distance. It is notable that the Py
ray path dives down to the core and hence samples depths that
are not well constrained in the velocity models used for the
inversion (Fig. 1). The preferred distance reported in this
article as well as the corresponding MQS catalog is 116°,
derived using all three picks, though here we assign a wider
uncertainty from 107° to 147°, reflecting the unclear SS-phase
arrival and location based on PP and SS only.

Because of the complexity and emergent nature of the PP
phase, no back azimuth can be determined and so the locus of
potential origins is plotted on Figure 5. The Py phase, with
low signal to noise, also cannot be used to infer polarization.

Similarly to S0976a there are glitches and donks—broad-
band one-sided signals caused by thermal stress relaxation
in the lander, tether or sensor assembly (Scholz et al., 2020)
—throughout the event coda (Table S3). These are evident
as high-amplitude spikes within the spectrograms shown in
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Figure 3 and can be seen in Figure S8d within the raw and
deglitched acceleration timeseries (see Scholz et al., 2020,
for the deglitching methods).

Within the time window of S1000a, a second broadband
event, S1000b, potentially an aftershock, is observed. This is
a much lower amplitude signal, and it is not possible to pick
body phases. The energy of this event is evident within the fil-
terbanks in Figure S5 at around 4500 s and is particularly
prominent at 1/2.8 and 1/4 Hz.

Discussion
With these two events, we have our first look into the core
shadow zone of Mars; yet these events tell very different stories.
Table S1 summarizes the key features of the two events.
The most striking difference between them is their fre-
quency content (Fig. 4). S0976a shows no energy above
1 Hz, yet S1000a includes energy up to 5 Hz. S0976a is similar
to many other LF marsquakes observed so far during the mis-
sion, for example S0173a—one of the earliest and, prior to sol
976, the largest marsquake detected. In contrast, the high-fre-
quency content in S1000a is unique. The SS spectrum of
$1000a requires very low intrinsic shear attenuation and high
values of mantle Qg,.,, compared to those reported in Giardini
et al. (2020). The lower frequency content of S0976a may
suggest a significantly slower rupture speed than for S1000a.
The disparity in high-frequency content is also reflected in
the event magnitudes. Mars magnitudes are calculated following
Bose et al. (2021). Both the events have similar moment mag-
nitudes, M3, with S0976a being slightly larger. M}, is
based on the seismic moment derived from A;—the long-period
plateau of the S-wave displacement spectra (Fig. 4). In contrast,

a

the body wave magnitudes for each of the P (m}}) and S waves

(m), based on peak velocity amplitudes between 0.2 and
0.5 Hz, have larger differences, with S1000a being larger
(Table S1). It is noted that the spectral magnitude scale
M2, in Bose et al. (2021) is derived using body wave energy
from synthetics that extend out to 150°, so it is valid for these
extended distances. m}; and ms*, however, are cross calibrated
using marsquake data and only for distances observed at the
time (<100°), and are therefore not taking all effects of SS or
PP into account. Yet, they allow for a comparison of S0976a
and S1000a, which are at similar teleseismic distances.

The location of S0976a is striking. Previous locatable mars-
quakes have all clustered around Cerberus Fossae—a 10 Ma
old graben system ~1500 km east of the lander that is not par-

ticularly remarkable when viewed on a global scale. S0976a,

The Seismic Record 95


https://www.seismosoc.org/publications/the-seismic-record/

however, locates to Valles Marineris—one of the most signifi-
cant surface structures on Mars and one of the largest graben
systems in the solar system. Kumar et al. (2019) predicted seis-
mic activity based on orbital images of fresh boulder falls, land-
slides, and young crosscutting faults; yet this event is the first
confirmed to be at this distance and back azimuth. S0976a will
be further studied in this context, and will hopefully shed light
on these potential processes and the seismogenic potential of
Valles Marineris.

Though S1000a is not fully locatable due to the lack of clear
polarization on the PP and Py arrivals, it is still significant
that this event locates on the distant hemisphere. The distance
of 107°-147° excludes a source region near the large volcano
Olympus Mons. Potential sources from geological mapping
(Tanaka et al., 2014) could be the extensive graben systems
west of Alba Patera that cross basaltic plains of Amazonian
age (younger than 600 Ma). Farther south are older terrains,
including the western part of Valles Marineris and regions of
extensive faulting in Sollis Planum.

The unusually broad frequency spectrum and the amplitude
of the $1000a waveforms brings into question the source mecha-
nism of this quake. In many ways it is similar to other HF events
in the catalog with prominent excess excitation at 2.4 Hz, and
the dominant high frequencies in the PP and yl phases. The
coda is slow to decay, and it is possible that this event occurs
at much shallower depths than previously recorded for broad-
band events, thus more energy is trapped within surface-frac-
tured layers, as described in van Driel et al (2021),
Karakostas et al. (2021), and Menina et al. (2021), for example.

Prior to S0976a, the most distant marsquake calculated
from S-P travel times was at ~72° (Khan et al., 2021). A further
handful of events were located by envelope alignment
(Giardini et al., 2020) out to roughly the edge of Mars’ shadow
zone but with no definitive distance assignment. It was thought
that the small magnitude of marsquakes may have been a limit-
ing factor to observing distant quakes, but the detection of
these two events shows that distant quakes can be seen by
InSight, and these quakes will be used to refine the alignments
now we have anchor points beyond ~72°.

Seismology has revealed that the core-mantle boundary is a
complex region on both the Earth and the Moon (e.g., Weber
et al., 2011; Lay, 2015); the observation of, the albeit weak, Py
may provide insights into Mars’s core-mantle boundary.
Although the initial MQS analysis did not show other phases,
for example, Sy, it is likely that with more advanced analysis
other new phases will soon be identified within the coda of
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these events, providing further refinement of our velocity mod-
els and greater constraints on crust, mantle, and core structure.

S0976a and S1000a are remarkable events in the Martian
seismic catalog, and they will be instrumental in furthering
our understanding of the red planet.

Data and Resources

The InSight seismic event catalog version 9 (InSight Marsquake
Service, 2022), the waveform data and station metadata are
available from the Institut de Physique du Globe de Paris
(IPGP) Datacenter and Incorporated Research Institutions for
Seismology Data Management Center (IRIS-DMC; http://dx
.doi.org/10.18715/SEIS.INSIGHT.XB_2016), as are the previous
catalog versions. Seismic waveforms are also available from the
National Aeronautics and Space Administration Planetary Data
System (NASA PDS, https://pds.nasa.gov/ (http://doi.org/
10.17189/1517570). All websites were last accessed in April
2022. The supplemental material includes other key figures used
by the Marsquake Service (MQS) in analyzing these events.
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