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INTRODUCTION

More than 1000 Martian days after its successful landing in
Elysium Planitia on Mars on 26 November 2018, the
InSight mission (Banerdt et al., 2020) continues to operate the
Seismic Experiment for Internal Structure of Mars (SEIS)
(Lognonné et al, 2019), nearly 45 yr after the pioneering
Viking seismic experiment (Anderson et al., 1977).

Prior to InSight’s landing, very little was known about Martian
seismic activity. It had been assumed to be roughly between that
of the Earth and Moon, with 5-500 events per year with a mag-
nitude larger than M,, 4 (or a seismic moment release between
10 N-m/yr and 10" N-m/yr) (Phillips, 1991; Golombek
et al., 1992; Knapmeyer et al., 2006; Plesa et al., 2018). The inte-
grated SEIS system was, therefore, designed to enable the detec-
tion of an M, 4.6 event at a global range (Lognonné et al., 2019).
Several prelaunch papers, including those published in two issues
of Space Science Review (Banerdt and Russel, 2017; The Insight
Mission to Mars I, 2017; The Insight Mission to Mars II, 2019)
described detailed system assumptions and requirements for the
expected instrument, environmental noise, seismic activity, inter-
nal structure, and seismic signals.

The first postlanding results (Banerdt et al, 2020; Giardini
et al, 2020; Lognonné, Banerdt, et al, 2020) showed that
Mars was much less active than thought prior to launch, with
a significant deficit of large magnitude events. The four largest
magnitude events reported during the first 500 sols (Martian
days) of the mission were initially estimated to be in the range
of 3.5-3.7 (Clinton et al., 2021). All but one of these magnitudes
have been re-estimated to be 3.7 by Bose et al. (2021) using a
calibration with Earth moment magnitude M,,. This suggests
that none of the Marsquakes detected before mid-August
2021 had seismic moments larger than 10> N - m.

Fortunately, the significantly lower than expected event
ground acceleration has been compensated by much lower
recorded noise than expected. This very low noise is due in
part to the careful installation of SEIS by the InSight robotic
arm (Fig. 1), thermal and wind protection from the Wind and
Thermal Shield (WTS), and the performance of the three-axis
Very Broad Band (VBB) instrument of SEIS itself. These
resulted in a noise floor about 10 times below the prelaunch
requirement during the low-noise portions of the Martian
day. This low-noise daily time window, which begins around
Martian sunset and lasts only about 6 hr, has not surprisingly
included the times of the majority of detected events (Giardini
et al., 2020; Clinton et al., 2021). No low-frequency events and
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only a few high-frequency events have been detected during
the noisier daytime. The amplitude of both noise and event
signals recorded by SEIS is, therefore, exceptionally low com-
pared to the Earth and is very close to that observed on the
Moon (see Lognonné and Johnson, 2015 for a review of com-
parative planetary seismology).

Following the initial postlanding results (Giardini et al., 2020;
Lognonné, Banerdt, et al, 2020; Khan et al., 2021; Knapmeyer-
Endrun et al, 2021; Stihler et al, 2021) and an American
Geophysical Union special issue on InSight (InSight at Mars,
2021), this BSSA special issue on the seismology of Mars
presents new analyses of SEIS data, as well as seismic instrumen-
tation reports that describe instrument responses related to SEIS
subsystems, and analyses pertinent to the design of future plan-
etary seismometers. Six of the following papers (Barkaoui et al.,
2021; Dahmen et al., 2021; Hurst et al., 2021; Kim et al., 2021;
Stott et al., 2021; Zweifel et al, 2021) are devoted to better
understanding the recorded Martian seismic noise, which not
only remains challenging to understand but is also a key for
future improvement of all seismic event analysis. Two papers
focus on seismic (Bose et al., 2021) and infrasound (Garcia et al.,
2021) events. Two others (Karakostas et al., 2021; Menina et al.,
2021) focus on the interpretation of high-frequency events, and
particularly their attenuation and scattering properties, follow-
ing up on earlier studies (Giardini et al, 2020; Lognonné,
Banerdt, et al., 2020; van Driel et al, 2021). The final paper
discusses possible future planetary seismic instrumentation
(Erwin et al, 2021).

OBSERVATIONS

The first series of six papers (Barkaoui et al., 2021; Dahmen
et al., 2021; Hurst et al., 2021; Kim et al., 2021; Stott et al,
2021; Zweifel et al, 2021) focuses on the analysis of
Martian seismic noise, SEIS instrument performance, and their
consequences for understanding SEIS data.
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(a) Stott et al. (2021) quantify
the lander-generated noise
reduction achieved by the
deployment of SEIS. Prior to
deployment, while still on the
lander deck, SEIS was extremely
sensitive to lander vibrations,
with a wind sensitivity larger
(Panning et al., 2020) than that
of the Viking lander seismic
experiment (Anderson et al.,
1977). They demonstrate that
placing the instrument on the
ground reduced the noise by a
factor of 100 to 1000, emphasiz-
ing the importance of ground
deployment for planetary seis-
mology.

However, despite its careful
robotic installation on the
ground and its shielding against
temperature fluctuations and
wind effects, SEIS remains sen-
sitive to lander-generated noise,
ground deformation generated
by atmospheric pressure drops,
thermally induced cracks and
shifts related to the large surface
temperature variations (Scholz
et al, 2020), and crosstalk
between SEIS and its house-
keeping signals. The latter are
described in detail by Zweifel
et al. (2021) who describes
the acquisition electronics and
show that “tick” noise from this
crosstalk is stable enough to
be removed efficiently by data
processing. Lander resonances
are studied in detail by Dahmen
et al. (2021), who catalog the
major lander resonances up to
9 Hz and characterize their
dependence on temperature
and wind, and their time-varia-
ble damping factors, polariza-
tions, and amplitudes. Hurst
et al. (2021) focus their analysis
on resonances of the sensor

assembly system and especially
Figure 1. (a) The sensor assembly of the Seismic Experiment for Internal Structure of Mars (SEIS) on the ground just  those related to the Load
prior the deployment of the Wind and Thermal Shield (WTS), on 2 February 2019. (b) Picture taken on 27
September 2021 showing the fully installed WTS two and a half years later. These two images were taken on sol 66
and sol 1008 since InSight landing, respectively.

(b)

Shunt Assembly, designed to
decouple the SEIS sensors from
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mechanical noise transmitted by the electrical cable connecting it
to the lander. The two analyses confirm that no resonances
are observed below 1 Hz, but that these resonances must be
accounted for in any analyses of signals above a frequency of
1 Hz. Continuing with seismic noise, Barkaoui et al. (2021) ana-
lyze the stochastic properties of recorded noise using machine
learning algorithms, allowing for efficient tracking of transient
events (e.g., atmospheric pressure drops and thermal “glitches”),
but more importantly detecting and clustering glitches that repeat
with stable offset times. The recorded seismic noise also affects
noise correlograms, and Kim et al. (2021) perform an in-depth
study of the impact of glitches in noise autocorrelations (Deng
and Levander, 2020; Compaire et al, 2021; Knapmeyer-
Endrun et al, 2021; Schimmel et al., 2021). They discuss these
previous autocorrelation results and conclude with guidance
for making future autocorrelation interpretation more robust.

Bose et al. (2021) present an updated methodology for deter-
mining Marsquake magnitudes from SEIS data as an update to
previous methodologies (Bose et al., 2018). They confirm that
the largest earthquake detected prior to October 2020 had a
magnitude of 3.7—a maximum magnitude significantly smaller
than that expected prior to launch.

The two papers on attenuation and scattering (Karakostas
et al., 2021; Menina et al., 2021) extend the analysis (based on
only a few events) previously made by Lognonné, Banerdt, et al.
(2020), using 13 and 19 events, respectively, and different scatter-
ing theories. Menina et al. (2021) use elastic radiative transfer
theory to study the energy envelopes of high-frequency events.
They show that the typical coda decay time is frequency indepen-
dent and that some events are the best explained by propagation
in a mostly dry medium, with possible stratification of scattering
properties. Karakostas et al. (2021) use the two-layer diffusion
model of Dainty et al. (1974), developed for Apollo seismic analy-
sis. They confirm that the higher frequency events appear to have
depths that are shallower than the lower frequency events.
However, they do not find variations in coda properties with dis-
tance as expected, and suggest that there is significant lateral
variation of diffusivity and scattering layer thickness near the
InSight landing site.

Following the possible detection of infrasound events sug-
gested by Martire et al. (2020) and an infrasound origin for
part of the recorded noise (Stutzmann et al., 2021); Garcia et al.
(2021) perform an extensive search of the seismic and pressure
data for pressure infrasound signals that produce ground sig-
nals through compliance effects. They reject most candidates,
leaving only two infrasound candidates, on sols 421 and 521,
with satisfactory compliance ratios. The origin of these two
events remains unknown.

LESSON LEARNED FOR FUTURE MISSIONS IN
PLANETARY SEISMOLOGY

Several of the papers already described provide important con-
straints for designing future planetary seismological missions.
Number 6 December 2021
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These include constraints on lander noise (Stott et al., 2021),
design of future service loops and cables (Hurst et al., 2021),
design of future high-performance acquisition electronics
(Zweifel et al., 2021), the importance of prelaunch characteriza-
tion of lander resonances (Dahmen et al., 2021), the importance
of minimizing thermal glitch occurrence and strength (Kim
et al., 2021), and the potential for machine learning in auto-
mated planetary geophysical stations (Barkaoui et al., 2021).

The final contribution of this issue from Erwin et al. (2021)
provides further guidance for future planetary seismic deploy-
ments. They analyze the impact of internal friction in seis-
mometer Brownian noise and show that this noise has been
underestimated at very long periods in most of the previously
developed seismometer noise models. Although this noise is
overshadowed by thermal noise for SEIS on Mars, the associ-
ated 1/f noise will have important implications in the design of
future seismometers for the Moon, especially when attempting
to reach performance levels about 10 times better than the
Martian SEIS VBB.

CLOSING THOUGHTS ABOUT FUTURE MISSIONS

IN PLANETARY SEISMOLOGY

Collectively, the papers in this special issue describe valuable
insights for understanding the signals from seismic activity on
Mars and for planning future seismometer deployments on
extraterrestrial bodies. Anyone analyzing seismic records still
being sent back from Mars by InSight will need to be aware of
the analyses in the papers in this special section, to prevent
misinterpretation of apparent signals and to understand the
original of the signals present in the SEIS data.

More importantly, with the anticipated future seismic
exploration on both Mars and other terrestrial bodies in our
solar system, the lessons learned from the SEIS experience will
improve future data acquisition on extraterrestrial bodies.
Planned missions to Mars (Exomars, Zelenyi et al., 2015), the
Moon (Farside Seismic Suite, Panning et al., 2021; Chang’e 7,
Zou et al., 2020), and Titan (Dragonfly, Turtle et al, 2020;
Lorenz et al., 2021) have seismometer packages, exciting devel-
opments that may result in the possibility for new types of plan-
etary seismology, such as two-station seismology on Mars and
the Moon.

This already impressive series of missions with seismome-
ters over the next decade may be complemented by new mis-
sions, if selected, such as the Europa lander (e.g.; Burke et al.,
2020; Kedar et al., 2020), the Lunar Geophysical mission (Neal
et al., 2020; Weber et al, 2021), a geophysical package on
Artemis (Lognonné, Schmerr, et al, 2020), or even gravita-
tional-wave detectors on the Moon that may enable the detec-
tion of lunar-free oscillations (Harms et al., 2021). Seismology
is, therefore, well on its way toward solar-system-wide compar-
ative seismic studies—a new frontier for understanding the
planets and planetoids in our solar system and more broadly
the origins of our solar system. Lessons learned from Apollo,

Bulletin of the Seismological Society of America e 2885



Viking, and now InSight about the design of planetary seis-
mometers, their deployment and operation, and seismic signal
processing and signal interpretation will help us perform the
best seismic monitoring of these terrestrial bodies and lead to
the better scientific understanding of our solar system through
future missions.

DATA AND RESOURCES

The Seismic Experiment for Internal Structure of Mars (SEIS) consists of
a three-axis Very Broad Band (VBB) seismometer and a three-axis
short-period (SP) seismometer, deployed successfully on the surface
in February 2019. SEIS provides continuous 20 samples per second data
for the VBB sensors, as well as selected “event” data at rates up to 100
samples per second for both the VBB and SP. In addition, pressure and
wind speed are monitored by the Auxiliary Payload Sensor Suite (APSS)
experiment (Banfield et al., 2019). All SEIS data (InSight Mars SEIS Data
Service, 2019a,b) through 30 June 2021 are available at the Data Center
of the Institut de Physique du Globe de Paris (IPGP), the Data
Management Center of the Incorporated Research Institutions for
Seismology (IRIS-DMC), and the National Aeronautics and Space
Administration (NASA) Planetary Data System (PDS). The APSS data
are available at NASA PDS. The InSight Marsquake event catalog
(Clinton et al, 2021; InSight Marsquake service, 2021), which provides
timing of events as well as preliminary information such as seismic
phase arrival times and, when possible, magnitudes and locations of
the Marsquakes, is also available for the same time period at the
same repositories. Future data and catalogs will also be released every
quarter.

DECLARATION OF COMPETING INTERESTS

The authors acknowledge that there are no conflicts of interest
recorded.

ACKNOWLEDGMENTS

The authors gratefully acknowledge the support of the National
Aeronautics and Space Administration (NASA), the Centre
National d’Etudes Spatiales, and of the Seismic Experiment for
Internal Structure of Mars (SEIS) partner agencies and institutions
(United Kingdom Space Agency [UKSA], Swiss Space Office
[SSO], Deutsches Zentrum fiir Luft- und Raumfahrt [DLR], Jet
Propulsion Laboratory [JPL], Institut de physique du globe de
Paris [IPGP], Centre National de la recherche Scientifique [CNRS],
Eidgendssische Technische Hochschule Zirich [ETHZ], Imperial
College London [ICL], Max Planck Institute for Solar System
Research [MPS], Max-Planck-Gesellschaft [MPG]). The authors
thank the operators at JPL, SEIS on Mars operation Center
(SISMOC), Mars SEIS data service (MSDS), Incorporated Research
Institutions for Seismology Data Management Center (IRIS-DMC),
PDS, and Marsquake Service (MQS) for providing Standard for
Exchange of Earthquake Data (SEED) SEIS data and the MQS event
catalog. The authors thank W. B. Banerdt for comments and for his
leadership as the Principal Investigator of the InSight mission. The
authors thank all reviewers for the quality of their reviews for papers
submitted to this special issue, and the authors especially thank
Thomas L. Pratt, outgoing BSSA Editor-in-Chief, for his comments
and support. This is InSight contribution 238.

2886 e Bulletin of the Seismological Society of America

Downloaded from http://pubs.geoscienceworld.org/ssa/bssalarticle-pdf/111/6/2883/5475531/bssa-2021260.1.pdf

bv walrvd

REFERENCES

Anderson, D. L., W. F. Miller, G. V. Latham, Y. Nakamura, M. N.
Toksoz, A. M. Dainty, F. K. Duennebier, A. R. Lazarewicz, R.
L. Kowach, and T. C. Knight (1977). Seismology on Mars, J.
Geophys. Res. 82, 4524-4546, doi: 10.1029/J5082i028p04524.

Banerdt, W. B,, and C. T. Russell (2017). Editorial on: Topical collec-
tion on InSight mission to Mars, Space Sci. Rev. 211, 1-3, doi:
10.1007/s11214-017-0414-0.

Banerdt, W. B., S. Smrekar, D. Banfield, D. Giardini, M. Golombek, C.
Johnson, P. Lognonné, A. Spiga, T. Spohn, C. Perrin, et al. (2020).
Initial results from the InSight mission on Mars, Nat. Geosci. 13,
183-189, doi: 10.1038/541561-020-0544-y.

Banfield, D., J. A. Rodriguez-Manfredi, C. T. Russell, K. M. Rowe, D.
Leneman, H. R. Lai, P. R. Cruce, J. D. Means, C. L. Johnson, A.
Mittelholz, et al. (2019). InSight Auxiliary Payload Sensor Suite
(APSS), Space Sci. Rev. 215, 4, doi: 10.1007/s11214-018-0570-x.

Barkaoui, S., P. Lognonné, T. Kawamura, E. Stutzmann, L. Seydoux,
M. De Hoop, R. Balestriero, J.-R. Scholz, G. Sainton, M. Plasman,
et al. (2021). Anatomy of streaming Mars SEIS data from unsu-
pervised learning, Bull. Seismol. Soc. Am. doi: 10.1785/0120210095.

Bose, M., D. Giardini, S. Stéhler, S. Ceylan, J. Clinton, M. van Driel, A.
Khan, F. Euchner, P. Lognonné, and W. B. Banerdt (2018).
Magnitude scales for Marsquakes, Bull. Seismol. Soc. Am. 108,
2764-2777, doi: 10.1785/0120180037.

Bose, M. D., S. C. Stdhler, N. Deichmann, D. Giardini, J. Clinton, P.
Lognonné, S. Ceylan, M. van Driel, C. Charalambous, N. Dahmen,
et al. (2021). Magnitude scales for Marsquakes calibrated from
InSight data, Bull. Seismol. Soc. Am. doi: 10.1785/0120210045.

Burke, K. N., D. DellaGiustina, S. Bailey, B. Avenson, S. Otterbacher,
and V. J. Bray (2020). The Seismometer to Investigate Ice and
Ocean Structure (SIIOS), American Geophysical Union, Fall
Meeting 2020, Abstract #P044-0018.

Clinton, J., S. Ceylan, M. van Driel, D. Giardini, S. C. Stihler, M. Bose,
C. Charalambous, N. Dahmen, A. Horleston, T. Kawamura, et al.
(2021). The Marsquake Catalog from InSight, Sols 0-478: Data
content and non-seismic events, Phys. Earth Planet. In., doi:
10.1016/j.pepi.2020.106595.

Compaire, N., L. Margerin, R. F. Garcia, B. Pinot, M. Calvet, G.
Orhand-Mainsant, D. Kim, V. Lekic, B. Tauzin, M. Schimmel, et al.
(2021). Autocorrelation of the ground vibrations recorded by the
SEIS-InSight seismometer on Mars, J. Geophys. Res. 126,
€2020JE006498 , doi: 10.1029/2020JE006498.

Dainty, A. M., M. N. Toksoz, K. R. Anderson, P. J. Pines, Y.
Nakamura, and G. V. Latham (1974). Seismic scattering and shal-
low structure of the Moon in Oceanus Procellarum, The Moon 9,
11-29, doi: 10.1007/BF00565388.

Dahmen, N. L., G. Zenhiusern, J. F. Clinton, D. Giardini, S. C. Stihler,
S. Ceylan, C. Charalambous, M. van Driel, K. J. Hurst, S. Kedar,
et al. (2021). Resonances and Lander Modes observed by InSight
on Mars (1-9 Hz), Bull. Seismol. Soc. Am. doi: 10.1785/
0120210056.

Deng, S., and A. Levander (2020). Autocorrelation reflectivity of Mars,
Geophys. Res. Lett. 47, €2020GL089630, doi: 10.1029/2020GL089630.

Erwin, A, L. A. N. de Paula, N. C. Schmerr, D. Shelton, I. Hahn, P. R.
Williamson, H. J. Paik, and T. C. P. Chui (2021). Brownian noise
and temperature sensitivity of long-period lunar seismometers,
Bull. Seismol. Soc. Am. doi: 10.1785/0120210072.

www.bssaonline.org Volume 111 Number 6 December 2021


http://dx.doi.org/10.1029/JS082i028p04524
http://dx.doi.org/10.1007/s11214-017-0414-0
http://dx.doi.org/10.1038/s41561-020-0544-y
http://dx.doi.org/10.1007/s11214-018-0570-x
http://dx.doi.org/10.1785/0120210095
http://dx.doi.org/10.1785/0120180037
http://dx.doi.org/10.1785/0120210045
http://dx.doi.org/10.1016/j.pepi.2020.106595
http://dx.doi.org/10.1029/2020JE006498
http://dx.doi.org/10.1007/BF00565388
http://dx.doi.org/10.1785/0120210056
http://dx.doi.org/10.1785/0120210056
http://dx.doi.org/10.1029/2020GL089630
http://dx.doi.org/10.1785/0120210072

Garcia, R. F., N. Murdoch, R. Lorenz, A. Spiga, D. C. Bowman, P.
Lognonné, D. Banfield, and W. B. Banerdt (2021). Search for infra-
sound signals in InSight data using coupled pressure/ground
deformation methods, Bull. Seismol. Soc. Am. doi: 10.1785/
0120210079.

Giardini, D., P. Lognonné, W. Banerdt, W. Pike, U. Christensen, S.
Ceylan, J. Clinton, M. van Driel, S. Stihler, M. Bése, et al.
(2020). The seismicity of Mars, Nat. Geosci. 13, 205-212, doi:
10.1038/s41561-020-0539-8.

Golombek, M. P., W. B. Banerdt, K. L. Tanaka, and D. M. Tralli
(1992). A prediction of Mars seismicity from surface faulting,
Science 258, 979-981, doi: 10.1126/science.258.5084.979.

Harms, J, F. Ambrosino, L. Angelini, V. Braito, M. Branchesi, E.
Brocato, E. Cappellaro, E. Coccia, M. Coughlin, R. D. Ceca,
et al.(2021). Lunar Gravitational-wave Antenna, Astrophys. J.
910, 1, doi: 10.3847/1538-4357/abe5a7.

Hurst, K. J,, J. Ervin, L. Fayon, S. Kedar, B. Knapmeyer-Endrun, C.
Schmelzbach, M. van Driel, P. Lognonné, and W. Banerdt
(2021). Resonances of the InSight seismometer on Mars, Bull.
Seismol. Soc. Am. doi: 10.1785/0120210137.

InSight Mars SEIS Data Service (2019a). InSight SEIS Data Bundle.
PDS Geosci. (GEO) Node doi: 10.17189/1517570.

InSight Mars SEIS Data Service (2019b). SEIS raw data, Insight
Mission. IPGP, JPL, CNES, ETHZ, ICL, MPS, ISAE-Supaero,
LPG, MFSC, doi: 10.18715/SEIS.INSIGHT.XB.

InSight Marsquake Service (2021). Mars seismic catalogue, InSight
mission; v7 2021-07-01. ETHZ, IPGP, JPL, ICL, Univ. Bristol,
doi: 10.12686/al2.

InSight at Mars (2021). American Geophysical Union publications,
ISSN: 2169-9100.INSIGHT Conference, Abstract 1755.

Karakostas, F., N. Schmerr, R. Maguire, Q. Huang, D. Kim, V. Lekic,
L. Margerin, C. Nunn, S. Menina, T. Kawamura, et al. (2021).
Scattering attenuation of the Martian interior through Coda
Wave Analysis, Bull. Seismol. Soc. Am. doi: 10.1785/0120210253.

Kedar, S., M. P. Panning, I. M. Standley, B. R. Blaes, W. Walsh, S. B.
Calcutt, W. T. Pike, D. R. Pierce, B. E. Schmidt, T. E. Hobbs, et al.
(2020). The Europa Seismic Package, American Geophysical
Union, Fall Meeting 2020, Abstract #P044-0020.

Khan, A,, S. Ceylan, M. van Driel, D. Giardini, P. Lognonne, H. Samuel,
N. Schmerr, S. Stéhler, A. C. Duran, Q. Huang, et al. (2021). Imaging
the upper mantle structure of Mars with InSight seismic data,
Science 373, 434-438, doi: 10.1126/science.abf2966.

Kim, D., P. Davis, V. Leki¢, R. Maguire, N. Compaire, M. Schimmel, E.
Stutzmann, J. C. E. Irving, P. Lognonné, J.-R. Scholz, et al. (2021).
Potential Pitfalls in the analysis and structural Interpretation of
Mars’ seismic data from InSight, Bull. Seismol. Soc. Am. doi:
10.1785/0120210123.

Knapmeyer, M., J. Oberst, E. Hauber, M. Wihlisch, C. Deuchler, and
R. Wagner (2006). Working models for spatial distribution and
level of Mars’ seismicity, J. Geophys. Res. 111, E11006, doi:
10.1029/2006JE002708.

Knapmeyer-Endrun, B., M. P. Panning, F. Bissig, R. Joshi, A. Khan, D.
Kim, V. Leki¢, B. Tauzin, S. Tharimena, M. Plasman, et al. (2021).
Thickness and structure of the Martian crust from InSight seismic
data, Science 373, 438-443, doi: 10.1126/science.abf89662021.

Lognonné, P., N. Schmerr, D. Antonangeli, S. H. Bailey, B. Banerdt,
M. E. Banks, C. Beghein, M. Benna, M. Bensi, E. Bozdag, et al.

Volume 111 Number 6 December 2021 www.bssaonline.org

Downloaded from http://pubs.geoscienceworld.org/ssa/bssalarticle-pdf/111/6/2883/5475531/bssa-2021260.1.pdf

(2020). Seismology on Artemis III: Exploration and science goals,
Lunar Planetologie Institute reports, Science Definition Team for
Artemis, Abstract 2030.

Lognonné, P., W. B. Banerdt, W. T. Pike, D. Giardini, U. Christensen,
R. F. Garcia, T. Kawamura, S. Kedar, B. Knapmeyer-Endrun, L.
Margerin, et al. (2020). Constraints on the shallow elastic and ane-
lastic structure of Mars from InSight seismic data, Nature Geosci.
13, 213-220, doi: 10.1038/s41561-020-0536-y.

Lognonné, P., W. B. Banerdt, D. Giardini, W. T. Pike, U. Christensen,
P. Laudet, S. de Raucourt, P. Zweifel, S. Calcutt, M. Bierwirth, et al.
(2019). SEIS: Insight’s seismic experiment for internal structure of
Mars, Space Sci. Rev. 215, 12, doi: 10.1007/s11214-018-0574-6.

Lognonné, P., and C. L. Johnson (2015). 10.03—Planetary seismology,
in Treatise on Geophysics, Second Ed., G. Schubert (Editor),
Vol. 10, Elsevier, Oxford, United Kingdom, 65-120, doi:
10.1016/B978-0-444-53802-4.00167-6.

Lorenz, R. D., H. Shiraishi, M. Panning, and K. Sotzen (2021). Wind
and surface roughness considerations for seismic instrumentation
on a relocatable lander for Titan, Planet. Space Sci. 206, 105320,
doi: 10.1016/j.pss.2021.105320.

Martire, L., R. F. Garcia, L. Rolland, A. Spiga, P. H. Lognonné, D.
Banfield, W. B. Banerdt, and R. Martin (2020). Martian infra-
sound: Numerical modeling and analysis of insight’s data. J.
Geophys. Res. 125, €2020JE006376, doi: 10.1029/2020JE006376.

Menina, S., L. Margerin, T. Kawamura, P. Lognonné, J. Marti, M.
Drilleau, M. Calvet, N. Compaire, R. Garcia, F. Karakostas, et al.
(2021). Energy envelope and attenuation characteristics of High
Frequency (HF) and Very High Frequency (VF) Martian events,
Bull. Seismol. Soc. Am. doi: 10.1785/0120210127.

Neal, C. R, R. C. Weber, B. Banerdt, C. Beghein, P. Chi, D. Currie, S.
Dell’Agnello, R. Garcia, I. Garrik-Bethell, R. Grimm, et al. (2020).
The Lunar Geophysical Network (LGN) is critical for solar system
science and human exploration, 51st Lunar and Planetary Science
Conference, Abstract 2355.

Panning, M., S. Kedar, N. Bowles, D. Bugby, S. Calcutt, J. Cutler, J.
Elliott, R. F. Garcia, T. Kawamura, P. Lognonné, et al. (2021).
Farside Seismic Suite (FSS): First seismic data from the farside
of the Moon delivered by a commercial lander, American
Geophysical Union, fall meeting, Abstract #839546.

Panning, M. P., W. T. Pike, P. Lognonné, W. B. Banerdt, N. Murdoch,
D. Banfield, C. Charalambous, S. Kedar, R. D. Orenz, A. G.
Marusiak, et al. (2020). On-deck seismology: Lessons from
InSight for future planetary seismology, J. Geophys. Res. 125,
€2019JE006353, doi: 10.1029/2019JE006353.

Phillips, R. J. (1991). Expected rates of Marsquakes, in Scientific
Rationale and Requirements for a Global Seismic Network on
Mars, Lunar and Planet. Inst., Houston, 1991, LPI Tech. Rep.
91-02 LPI/TR-91-02, 35-38.

Plesa, A. C., M. Knapmeyer, M. P. Golombek, D. Breuer, M. Grott, P.
Lognonné, N. Tosi, and R. C. Weber (2018). Present day Mars’
seismicity predicted from 3D thermal evolution models of interior
dynamics, Geophys. Res. Lett. 45, 2580-2589, doi: 10.1002/
2017GL076124.

Schimmel, M., E. Stutzmann, P. Lognonné, N. Compaire, P. Davis, M.
Drilleau, R. F. Garcia, D. Kim, B. Knapmeyer-Endrun, V. Lekic,
et al. (2021). Seismic noise autocorrelations on Mars, Earth
Space Sci. 8, €2021EA001755, doi: 10.1029/2021EA001755.

Bulletin of the Seismological Society of America o 2887


http://dx.doi.org/10.1785/0120210079
http://dx.doi.org/10.1785/0120210079
http://dx.doi.org/10.1038/s41561-020-0539-8
http://dx.doi.org/10.1126/science.258.5084.979
http://dx.doi.org/10.3847/1538-4357/abe5a7
http://dx.doi.org/10.1785/0120210137
http://dx.doi.org/10.17189/1517570
http://dx.doi.org/10.18715/SEIS.INSIGHT.XB
http://dx.doi.org/10.12686/a12
http://dx.doi.org/10.1785/0120210253
http://dx.doi.org/10.1126/science.abf2966
http://dx.doi.org/10.1785/0120210123
http://dx.doi.org/10.1029/2006JE002708
http://dx.doi.org/10.1126/science.abf89662021
http://dx.doi.org/10.1038/s41561-020-0536-y
http://dx.doi.org/10.1007/s11214-018-0574-6
http://dx.doi.org/10.1016/B978-0-444-53802-4.00167-6
http://dx.doi.org/10.1016/j.pss.2021.105320
http://dx.doi.org/10.1029/2020JE006376
http://dx.doi.org/10.1785/0120210127
http://dx.doi.org/10.1029/2019JE006353
http://dx.doi.org/10.1002/2017GL076124
http://dx.doi.org/10.1002/2017GL076124
http://dx.doi.org/10.1029/2021EA001755

Scholz, J.-R., R. Widmer-Schnidrig, P. Davis, P. Lognonné, B. Pinot, R.
F. Garcia, F. Nimmo, K. Hurst, S. Barkaoui, S. Raucourt, et al.
(2020). Detection, analysis, and removal of glitches from InSight’s
seismic data from Mars, Earth Space Sci. 7, €2020EA001317, doi:
10.1029/2020EA001317.

Stdhler, S. C., A. Khan, W. B. Banerdt, P. Lognonné, D. Giardini, S.
Ceylan, M. Drilleau, A. C. Duran, R. F. Garcia, Q. Huang, et al.
(2021). Seismic detection of the Martian core, Science 373, 443—
448, doi: 10.1126/science.abi7730.

Stott, A. E., C. Charalambous, T. J. Warren, W. T. Pike, R. Myhill, N.
Murdoch, J. B. McClean, A. Trebi-Ollennu, G. Lim, R. F. Garcia,
et al. (2021). The site tilt and lander transfer function from the
short period seismometer of InSight on Mars, Bull. Seismol. Soc.
Am. doi: 10.1785/0120210058.

Stutzmann, E., M. Schimmel, P. H. Lognonné, A. C. Horleston, S.
Ceylan, M. VanDriel, S. C. Stihler, M. Calvet, C. Charalambous,
J. Clinton, et al. (2021). Polarized ambient noise on Mars, J.
Geophys. Res. 125, €2020JE006545, doi: 10.1029/2020JE006545.

The InSight Mission to Mars I (2017). Space Sci. Rev. 211, nos. 1/4.

The Insight Mission to Mars II (2019). Space Science Reviews, ISSN:
0038-6308 (Print) 1572-9672 (Online).

Turtle, E. P., M. G. Trainer, J]. W. Barnes, R. D. Lorenz, K. E. Hibbard,
D. S. Adams, P. Bedini, W. B. Brinckerhoff, M. T. Burks, M. L.
Cable, et al. (2020). Dragonfly: In situ exploration of titan’s organic
chemistry and habitability, 5Ist Annual Lunar and Planetary
Science Conference, Abstract 2288.

2888 e Bulletin of the Seismological Society of America

Downloaded from http://pubs.geoscienceworld.org/ssa/bssalarticle-pdf/111/6/2883/5475531/bssa-2021260.1.pdf

bv walrvd

van Driel, M., S. Ceylan, J. F. Clinton, D. Giardini, A. Horleston, L.
Margerin, S. C. Stihler, M. Bose, C. Charalambous, T. Kawamura,
et al. (2021). High-frequency seismic events on Mars observed by
InSight, J. Geophys. Res. 126, €2020JE006670, doi: 10.1029/
2020JE006670.

Weber, R, C. R. Neal, R. Grimm, M. Grott, N. Schmerr, M.
Wieczorek, ] Williams, B. Banerdt, C. Beghein, P. Chi, et al
(2021). The scientific rationale for deployment of a long-lived geo-
physical network on the Moon, Bull. AAS 53, no. 4, doi: 10.3847/
25c2cfeb.674dcfdf.

Zelenyi, L. M., O. L. Korablev, D. S. Rodionov, B. S. Novikov, K. 1.
Marchenkov, O. N. Andreev, and E. V. Larionov (2015).
Scientific objectives of the scientific equipment of the landing plat-
form of the ExoMars-2018 mission, Sol. Syst. Res. 49, 509-517, doi:
10.1134/S0038094615070229.

Zou, Y., U. Liu, and Y. Jia (2020). Overview of china’s upcoming
change series and the scientific objectives and payloads for
Chang’e-7 mission, 51st Lunar and Planetary Science Conference.

Zweifel, P., D. Mance, J. Ten Pierick, D. Giardini, C. Schmelzbach, T.
Haag, T. Nicollier, S. Ceylan, S. Stihler, M. van Driel, et al. (2021).
Seismic high-resolution acquisition electronics for the NASA InSight
Mission on Mars, Bull. Seismol. Soc. Am. doi: 10.1785/0120210071.

Manuscript received 3 October 2021
Published online 9 November 2021

www.bssaonline.org Volume 111 Number 6 December 2021


http://dx.doi.org/10.1029/2020EA001317
http://dx.doi.org/10.1126/science.abi7730
http://dx.doi.org/10.1785/0120210058
http://dx.doi.org/10.1029/2020JE006545
http://dx.doi.org/10.1029/2020JE006670
http://dx.doi.org/10.1029/2020JE006670
http://dx.doi.org/10.3847/25c2cfeb.674dcfdf
http://dx.doi.org/10.3847/25c2cfeb.674dcfdf
http://dx.doi.org/ 10.1134/S0038094615070229
http://dx.doi.org/10.1785/0120210071

