Advances in

GEOPHYSICS

VOLUME 63

Geophysical Exploration

of the Solar System



> VOLUME SIXTY THREE

ADVANCES IN
GEOPHYSICS

Geophysical Exploration of the
Solar System



This page intentionally left blank



> VOLUME SIXTY THREE

ADVANCES IN
GEOPHYSICS

Geophysical Exploration of the
Solar System

Volume Editors

CEDRIC SCHMELZBACH
Institute of Geophysics,

ETH Ztirich,
Zirich, Switzerland

SIMON CHRISTIAN STAHLER
Institute of Geophysics,

ETH Ziirich,
Zirich, Switzerland

Serial Editor

CEDRIC SCHMELZBACH
Institute of Geophysics,

ETH Ztirich,
Zirich, Switzerland

ACADEMIC PRESS
An imprint of Elsevier

ELSEVIER




Academic Press is an imprint of Elsevier

125 London Wall, London EC2Y 5AS, United Kingdom

525 B Street, Suite 1650, San Diego, CA 92101, United States

50 Hampshire Street, sth Floor, Cambridge, MA 02139, United States

The Boulevard, Langford Lane, Kidlington, Oxford OX5 1GB, United Kingdom

Copyright © 2022 Elsevier Inc. All rights reserved.

No part of this publication may be reproduced or transmitted in any form or by any means,
electronic or mechanical, including photocopying, recording, or any information storage and
retrieval system, without permission in writing from the publisher. Details on how to seek
permission, further information about the Publisher’s permissions policies and our arrangements
with organizations such as the Copyright Clearance Center and the Copyright Licensing Agency,
can be found at our website: www.elsevier.com/permissions.

This book and the individual contributions contained in it are protected under copyright by the
Publisher (other than as may be noted herein).

Notices

Knowledge and best practice in this field are constantly changing. As new research and experience
broaden our understanding, changes in research methods, professional practices, or medical
treatment may become necessary.

Practitioners and researchers must always rely on their own experience and knowledge in
evaluating and using any information, methods, compounds, or experiments described herein. In
using such information or methods they should be mindful of their own safety and the safety of
others, including parties for whom they have a professional responsibility.

To the fullest extent of the law, neither the Publisher nor the authors, contributors, or editors,
assume any liability for any injury and/or damage to persons or property as a matter of products
liability, negligence or otherwise, or from any use or operation of any methods, products,
instructions, or ideas contained in the material herein.

ISBN: 978-0-443-18698-1
ISSN: 0065-2687

For information on all Academic Press publications
visit our website at https://www.elsevier.com/books-and-journals

Publisher: Zoe Kruze

Acquisitions Editor: Jason Mitchell
Editorial Project Manager: Laarni Agustin -
Production Project Manager: Vijayaraj Purushothaman qa Working 'toget‘her'
Cover Designer: Christian J. Bilbow e Sl Ty aid to grow.hbrarles in
Cover Image: Géraldine Zenhzusern ELSEVIER Tematonsl developing countries

Typeset by VTeX www.elsevier.com ¢ www.bookaid.org


http://www.elsevier.com/permissions
https://www.elsevier.com/books-and-journals

Contents

Contributors vii
Preface ix
1. Introduction to special issue 1
Amir Khan
References 5
2. Seismology in the solar system 9

Simon C. Stahler and Martin Knapmeyer

1. Introduction 10
2. Mercury 12
3. Venus 15
4. Moon 19
5. Mars 21
6.  Phobos and Deimos 25
7. Ceres 26
8.  Jupiter and Saturn - the giant planets 28
9. lo 31
10. Europa 34
11.  Ganymede and Callisto 39
12. Titan 40
13.  Enceladus 42
14.  The Uranus and Neptune system 44
15. Interstellar objects 47
16. Lessons learned from Insight 48
17.  Conclusion 52
References 54
3. Planetary core radii: from Plato towards PLATO 65

Martin Knapmeyer and Michaela Walterova

1. Introduction 66
2. Methods: evaluation of the literature 69
3. Yeolden days: early and earliest history 71
4,  Core radii of Earth, Moon, and Mars 89
5. Exoplanets 140



Vi Contents

6.  Concluding remarks 151
Acknowledgments 154
References 154

4. Interior dynamics and thermal evolution of Mars - a geodynamic
perspective 179

Ana-Catalina Plesa, Mark Wieczorek, Martin Knapmeyer, Attilio Rivoldini,
Michaela Walterova, and Doris Breuer

1. Introduction 179
2. Geodynamic modeling and thermal evolution of Mars 181
3. Crustal thickness estimates, partial melting, and the thermal state of the
lithosphere 185
4. Mantle dynamics, seismic velocities variations, and tidal dissipation 195
5. Core radius estimates and their implications for the interior dynamics 207
6.  Seismogenic layer thickness and the present-day seismicity 212
7. Conclusions and future work 221
Acknowledgments 223
References 223

5. Tidal insights into rocky and icy bodies: an introduction and
overview 231

Amirhossein Bagheri, Michael Efroimsky, Julie Castillo-Rogez,
Sander Goossens, Ana-Catalina Plesa, Nicolas Rambaux, Alyssa Rhoden,
Michaela Walterova, Amir Khan, and Domenico Giardini

1. Introduction 232
2. Viscoelasticity 235
3. Tidaland thermal evolution in planetary systems 251
4.  Tidal potential, Love numbers, and tidal response 254
5. Tides as a probe of the deep interior 263
6.  Summary and conclusions 298
Acknowledgments 299

References 299



Contributors

Amirhossein Bagheri
Institute of Geophysics, ETH Ziirich, Ziirich, Switzerland

Doris Breuer
DLR Institute of Planetary Research, Berlin, Germany

Julie Castillo-Rogez
Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA, United States

Michael Efroimsky
US Naval Observatory, Washington, DC, United States

Domenico Giardini
Institute of Geophysics, ETH Ziirich, Ziirich, Switzerland

Sander Goossens
NASA Goddard Space Flight Center, Greenbelt, MD, United States

Amir Khan
Institute of Geophysics, ETH Ziirich, Ziirich, Switzerland
Physik-Institut, University of Ziirich, Ziirich, Switzerland

Martin Knapmeyer
DLR Institute of Planetary Research, Berlin, Germany

Ana-Catalina Plesa
DLR Institute of Planetary Research, Berlin, Germany

Nicolas Rambaux
IMCCE, CNRS, Observatoire de Paris, PSL Université, Sorbonne Université, Paris,
France

Alyssa Rhoden
Southwest Research Institute, Boulder, CO, United States

Attilio Rivoldini
Royal Observatory of Belgium, Brussels, Belgium

Simon C. Stihler
Institute of Geophysics, ETH Ziirich, Ziirich, Switzerland

Michaela Walterova
DLR Institute of Planetary Research, Berlin, Germany

Mark Wieczorek
Université Cote d’Azur, Observatoire de la Cote d’Azur, CNRS, Laboratoire Lagrange,
Nice, France

Vii



This page intentionally left blank



Preface

Volume 63 of Advances in Geophysics is dedicated to the topic of geophys-
ical exploration of the solar system. This volume consists of a collection of
contributions that cover various aspects on studying the internal structure
of the planets of our solar system with geophysical techniques.

A. Khan provides an introduction to this volume putting the follow-
ing contributions into the context of planetary science. S. Stihler reviews
chances and challenges of future seismic investigations of planetary bodies,
while M. Knapmeyer presents a historical review of core size estimates given
limited data with implications for exoplanet studies. A. Plesa summarizes
our current knowledge about internal structures and evolution of terres-
trial planets from a geodynamical perspective. Finally, A. Bagheri presents a
review on how observations of bodily tides can be exploited to study the
internal structure of planets. While these contributions focus on our so-
lar system and the inner terrestrial planets, techniques to investigate these
bodies are also relevant for studies beyond our solar system to explore exo-
planets.

We thank all authors for their contributions and appreciate the work by
the reviewers to ensure the high quality of this volume. Enjoy your reading
of volume 63 of Advances in Geophysics.

Simon Stahler, Volume Editor
Cedric Schmelzbach, Serial Editor
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From the earliest recorded times, the planets have been the subject of won-
der to man. Since their positions in the sky change continuously they
were named the Wandering Ones. The Greek astronomers, most notably
Ptolemy, had shown that the motions of the planets, the Sun, and the Moon
could be accounted for in an elaborate Earth-centered cosmology. This
early cosmology was eclipsed in the Renaissance by the ideas of Coper-
nicus, who abolished the geocentric world view. Instead, he placed the
motion of the planets around the Sun that were carefully tracked by Kepler,
who availed himself of the systematic observations carried out by Brahe
over a period of 20 years. Building on the laws derived by Kepler, Newton
was led to the idea of universal gravitation, while Galileo, with his watchful
eyes to the telescope, observed that the Jovian system formed a miniature
solar system (Taylor, 2001).

Continued and more detailed observations of the planets revealed ever
more intricate departures of the paths of the planets from Kepler’s ellipses
and steered Herschel, Adams, and Leverrier, standing on the shoulders of
giants, to the discovery of Uranus and Neptune. With the sighting of the
trans-Neptunian objects, including Pluto, and the presence of the aster-
oid belt, our system of planets has come to completion. Presently, we can
state that the major dynamical features of the planets are relatively well un-
derstood. This also encompasses many minor features, such as the effects
arising from general relativity theory.

Solar system research has come a long way since the beginning of the
space age, especially in the last four decades, where a cornucopia of new
information has been unwielded by space exploration. In spite hereof, hy-
pothesizing on the origin of the solar system has proved difficult until
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comparatively recently, because of the complexity of having to assimilate
large amounts of data from differing fields (Taylor, 1999). A common as-
sumption prior to the Apollo lunar landings was reflected in Harold Urey’s
view that the Moon is geologically inactive (Urey, 1952), as a result of
which it would contain the evidence needed for unraveling its origin and,
in turn, that of the solar system, providing the justification for the manned
lunar missions. The Moon, however, turned out to be highly differentiated,
and while it preserved a record of early igneous activity and geochemical
fractionation in a small body, it did not preserve the record of its formation
(Heiken et al., 1982). Although the lunar sample return provided prescient
information on ages, chemistry, and the significance of cratering, the evi-
dence from the observed wide range of impact crater sizes led to the notion
that a hierarchy of objects existed during accretion from which the planets
formed (Taylor, 1982).

Prior to the space age, meteorites constituted the only extraterrestrial
material available to us on Earth. These samples were recognized to have
originated from within the asteroid belt and become Earth-crossing as a
result of the direct perturbation by Jupiter. The latter’s early rise and the
action of its gravitational attraction is believed to have prevented the for-
mation of a planet by starving the asteroid belt of accreting material, as a
result of which it is left as a relic of the solar system at the time of planetary
accretion and therefore is of tremendous importance for our understanding
of the early solar environment and of the chemical fractionation processes
that occurred during formation of the terrestrial planets (Taylor, 1982).

The planets are formed from the solar nebula, which is a flattened, ro-
tating disk of gas and dust surrounding the early Sun that formed from the
collapse of an interstellar cloud of gas and dust. Any gas and dust that was
not swept up by the Sun coalesced to form the planets. Processing of the
major elements silicon, oxygen, and iron through nucleation, condensation,
and coagulation into dust grains and their subsequent growth through col-
lisions and sticking together produced bodies of size 10—100 m within 1000
years, revolving about the Sun in nearly circular orbits and in the midplane
of the solar nebula (Cameron, 1995). The protoplanets finally grew into
the terrestrial planets through run-away growth, producing Mars-sized ob-
jects in times as short as 10° years (Lissauer, 1993). Simulations have shown
that in the final stages of accretion about 100 objects of lunar mass, 10 of
the mass of Mercury and a few Mars-sized bodies populate the inner solar
system, with the final four planets being accreted from this hierarchy of
planetesimals and protoplanets in about 108 years (Chambers, 2001).
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Of the inner solar system planets, the Earth is most likely the only body
with a natural satellite. The highly inclined orbit of the Moon to the ecliptic
of 5.1°, their combined anomalously high angular momentum compared
to other planets and the largest mass ratio of any satellite-planet system
(1/81.3), render the Moon and the Earth-Moon system unique in our so-
lar system (Hood, 1986). The Moon, however, has a much a lower bulk
density (3.34 g/cm?) than the Earth (5.51 g/cm?) or any of the other inner
planets, implying that the Moon is composed largely of silicate minerals
and deficient in metallic iron, the main constituent responsible for the high
densities of the inner planets (Taylor, 2001). The two small satellites of
Mars, Phobos and Deimos, most probably represent captured bodies from
the nearby asteroid belt given their close resemblance to outer-belt aster-
oidal material (Singer, 2007), although dynamical evidence, including their
almost circular orbits that are confined to the equatorial plane, would seem
to suggest otherwise (Lambeck, 1979; Szeto, 1983; Bagheri et al., 2021).
The satellites of the outer planets, on the other hand, are mostly ice-rock
mixtures (Nimmo and Pappalardo, 2016).

Early in this century, definite ideas about the internal constitution of
the Earth saw the light, while estimates of the densities of the planets were
mainly available from dynamical investigations. Mercury, Venus, and Mars,
including the Moon, were found to be similar to the Earth, while the outer
planets, with much lower densities, clearly differed. The terrestrial planets
consist of metal and their silicates and oxides, while the outer planets must
consist mostly of hydrogen. This led to the division of our solar system into
the inner terrestrial planets, of low mass and high density, and the outer gas
giants, with high masses and low densities (Taylor, 2001).

With the proliferation of seismometers that began in the early 20th
century, seismological studies have enabled Earth’s internal structure to be
worked out in considerable detail and today we know the density and elas-
tic moduli as functions of pressure from its surface to the center of the
core (Dziewonski and Anderson, 1981). Through comparison of empirical
equations of state for the major constituents of the Earth with equations of
state found experimentally in the laboratory, it has been possible to identify
the chemical constituents of the Earth (Birch, 1952). This picture is con-
tinuously being refined through a combination of novel developments in
experimental technique, use of first-principles calculations to simulate the
physical properties of the constituents that make up the planets, theoretical
and numerical advances, and developments in instrumentation that enable
pushing the frontier ever deeper.
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Most of our present-day knowledge of the planets is, apart from the
Moon and only until very recently Mars, based on the assessment of geo-
physical measurements that are acquired from orbit. From gravity and mag-
netic measurements obtained from orbiting spacecraft, information about
planetary interiors can be inferred that is otherwise not possible. Magnetic
measurements, for example, can provide evidence for the past history, and
the presence of subsurface oceans, while observations of the gravitational
field can be used to determine the density distribution through measure-
ments of the moments of inertia of a planet (Bills and Rubincam, 1995).
Yet, of all geophysical methods, seismology is uniquely suited to determine
many of the parameters that are important for understanding the deep in-
terior structure of a planetary body.

Extraterrestrial seismology saw its advent with the Apollo lunar land-
ings and the installation of seismometers on the lunar surface (Lognonné
and Johnson, 2007; Khan et al., 2013). Seismic investigations were also con-
ducted on Mars during the Viking missions, but, because the seismometer
was placed on the lander, the seismic recordings were dominated by wind-
induced shaking of the lander (Anderson et al., 1977). Efforts to detect
quakes on Venus were also attempted as part of the Venera 13 and 14 lan-
ders, but the environmental conditions only allowed for observations for a
very short duration (~1 hr) during which no venusquakes were recorded
(Ksanfomaliti et al., 1982). With the recent arrival of InSight (Interior Ex-
ploration using Seismic Investigations, Geodesy and Heat Transport) and
the deployment of SEIS (Seismic Experiment for Interior Structure) on
the Martian surface, Mars represents the second planet for which seismic
data have been acquired (Banerdt et al., 2020). The seismic data acquired
from InSight have afforded us a unique insight of the large-scale structure
of the planet (Knapmeyer-Endrun et al., 2021; Khan et al., 2021; Stihler
et al., 2021; Durn et al., 2022) and while it, to first order, appears to be
a scaled-down version of the Earth, it nevertheless is sufficiently distinct in
terms of seismicity, and crust, mantle, and core structure, and bulk chemical
composition that our views of its origin and evolution need to be carefully
considered (Khan et al., 2022).

The collection of chapters constituting this volume of Advances in Geo-
physics covers fundamental aspects of “Geophysical exploration of the solar
system” and include four topical reviews: 1) Seismology in the solar system
by Stihler and Knapmeyer (Stihler and Knapmeyer, 2022) that discusses
the application of seismology to planetary bodies in our solar system; 2)
Planetary core radii: from Plato towards PLATO by Knapmeyer and Walterova
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(Knapmeyer and Walterova, 2022) investigates how planetary cores have
been assessed over time and the constraints these impose on the large-scale
structure of planets; 3) Interior dynamics and thermal evolution of Mars — a geo-
dynamic perspective by Plesa et al. (Plesa et al., 2022) consider the thermal
history of planets from a numerical modeling perspective; and finally 4)
Tidal insights into rocky and icy bodies: an introduction and overview by Bagheri
et al. (Bagheri et al., 2022) who use tides and tidal dissipation as a means
of constraining interior structure and orbital evolution. The set of chapters
should also prove of great interest in the context of the study of extraso-
lar system objects and the search and the conditions required for habitable
zones in our universe to develop.
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1. Introduction

Seismology is the classic method to investigate the deep interior of
the Earth, as well as its dynamic behavior. Seismic observations confirmed
the existence of Earth’s core (Oldham, 1906), gave the first indication of
a mineralogically distinct mantle (Mohorovici¢, 1909) as well as layering
of the mantle and core (Dahm, 1934; Lehmann, 1936; Bullen, 1956). For
a more detailed overview, see Chapter 3 of this book (Knapmeyer and
Walterova, 2022). Seismometers were therefore among the first instruments
installed on the surface of the Moon by the Apollo astronauts in 1969
(Latham et al., 1971; Toksodz et al., 1972) and were part of the Viking
instrument suite on Mars 1976 (Anderson et al., 1977). For a variety of
reasons, among them the apparent failure of the Viking seismic experiment
(Lazarewicz et al., 1981), the focus on human spaceflight in the 1980s, the
absence of American landers until 1995, the crash of the Russian Mars-96
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lander (Lognonné et al., 1998), and a focus on Martian geochemistry in the
2000s and 2010s, no seismic measurements were done on a planet for the 4
decades after. On 14 November 2014, the Philae lander on the comet 67/P
Churyumov—Gerasimenko for the first time since Apollo measured elastic
waves on a celestial object, excited by its sampling mechanism. On 5 May
2018, an Atlas V rocket finally launched the NASA InSight mission towards
Mars, where it landed on 26 November 2018 and installed a seismometer
(Lognonné et al., 2019) on the surface in the weeks thereafter. This mission
has since repeated many of the successes of a century of seismology within
a good 3 years (Banerdt et al., 2020; Giardini et al., 2020; Lognonné et
al., 2020; Knapmeyer-Endrun et al., 2021; Khan et al., 2021; Stihler et
al., 2021; Hobiger et al., 2021), constraining the Martian interior structure
from near surface to core.

The successtul execution of the InSight mission has renewed interest in
seismic measurements as a natural part of landed missions to other plan-
ets (Fig. 1 shows seismograms recorded over the solar system). This article
reviews possible scientific goals of seismic measurements on the major bod-
ies of the solar system. As a graphical aide, we show a visualization of the
seismic wavefield on the major planets from spectral element simulations,
following the approach of Astiz et al. (1996), where red, green, and blue
denote transversal, longitudinal, and vertical ground motion, see Figs. 3,
4,9, 10, 11, 12. We follow Metzger et al. (2022) in defining a “planet”
as an object of significant geological complexity. Large moons, i.e. objects
of a few 100 km radius with tectonic processes shaping the surface and a
complicated interior thermal budget are still planets, even if they happen to
orbit another planet instead of the sun. For each object, we also summarize
what little 1s known about its seismic sources. Further, it is discussed which
missions are possible given current technical limitations as well as the pro-
grammatic landscape of the Voyage 2050 program of the European Space
Agency (ESA) (Tacconi et al., 2021) and the Decadal Survey for Plane-
tary Sciences and Astrobiology 2023—2033 by the National Academies of
Sciences of the USA (Nat. Academies, 2022). The Voyage 2050 program
and the Decadal survey are officially only recommendations to the indi-
vidual agencies (ESA and NASA respectively), due to the participation of
members from the global scientific community, both represent a true inter-
national effort and are therefore likely to shape programmatic efforts by all
space agencies.

The article will hopefully serve as an introduction into the future of ex-
traterrestrial seismology for seismologists. Beyond this, it should highlight
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5 min
B Moon, M=4.07, 03. Jan. 1975, Apollo 16, 2690 km
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E Comet 67P/Churyumov-Gerasimenko, Touchdown, 12. Nov. 2014, CASSE, 0 m
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F Comet 67P/Churyumov-Gerasimenko, Stroke 28, 14. Nov. 2014, CASSE, 1.64 m

Figure 1 Seismograms recorded on four celestial bodies: Earth, the Moon, Mars, and
comet 67P.

to planetary scientists in general, which gaps in our understanding seismo-
logical data can fill. It is written to be readable by an interested reader with
a general geological background.

2. Mercury

2.1 Potential scientific goals

Mercury is widely understood as a planet that was stripped of much of its
mantle since formation (Chau et al., 2018). The core radius is 85% of the
planet’s radius with a mantle of only 400 km (Spohn et al., 2001) above.
While the density is well-estimated from geodetic measurements (Rivoldini
et al., 2009), the distribution of weight between mantle and core is not. As
shown on Mars (Stihler et al., 2021; Khan et al., 2018), probing the mass
and radius of a planet’s layers very precisely, can lead to strong constraints
on the composition of the planet.

2.2 Seismicity

The level of background seismicity on Mercury is unknown. Compared to
Mars and Earth, recent volcanism plays a minor role in shaping the surface
of the planet (see Byrne, 2020, for an extended comparison). Painted with
very broad strokes, seismicity on Earth and Mars is connected to volcan-
ism: On Earth, the mid ocean ridges are expressions of extension driven at
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Figure 2 Mercury limb as seen by MESSENGER. The strong cratering of the surface is
immediately visible and suggests that the megaregolith and its strong crustal scatter-
ing will be about as problematic for any seismometer mission, as it was on the Moon.
The interior of Mercury with its large core might be much more interesting, though. Im-
age: NASA/Johns Hopkins University Applied Physics Laboratory/Carnegie Institution of
Washington. PIA 17280.

least partially by volcanism. Subduction zones on the other hand harbor the
largest earthquakes known to date, at the thrust front, while the subduction
process itself produces back-arc volcanism. Only transform faults are not
producing co-located volcanism on their own, even though many strike-
slip faults are located at the end of convergent faults. On Mars, the strongest
clusters of seismicity are found connected to recent volcanism. Dike intru-
sion is weakening the crust in Western Elysium Planitia, leading to a large
number of marsquakes observed in Cerberus Fossae (Giardini et al., 2020;
Clinton et al., 2021). Given the absence of plate tectonics or recent vol-
canism on Mercury, it is not clear what the driver of seismicity is. Wrinkle
ridges, i.e. buried thrust faults are distributed over the whole planet and are
interpreted as the result of global crustal contraction due to secular cooling
(Byrne et al., 2014). While the cumulative amount of deformation from
this process can be estimated easily, it is not known whether the process is
still ongoing or whether it has stalled. On the terrestrial moon, seismicity
is triggered by tidal deformation, although it is disputed whether the tidal
stresses directly cause the quakes or whether they just weaken normal stress
on the fault temporarily so that rupture is possible. However, as shown by
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Figure 3 Global seismic wavefield stack for Mercury, using the interior model of Rivol-
dini et al. (2009). This stack shows surface acceleration in all 3 directions: blue for vertical,
red for radial (horizontal in direction of the source) and red for transversal (horizontal, or-
thogonal to the source). The plot is a synthetic version of the global seismogram stack of
Astiz et al. (1996) and computed using AxiSEM and Instaseis (Nissen-Meyer et al., 2014;
van Driel et al., 2015). Due to the large core size, the first core-reflected shear wave (ScS)
arrives already after 200 seconds and is followed by regular multiples. A seismometer
on a lander could use these phases to determine the core radius. Note that these nu-
merical simulations do not reproduce scattering, so real waveforms could be much less
clear.

(Hurford et al., 2020, for a summary see Table 1), the tidal energy deposited
in Mercury is significantly less than that of the moon. However, the tem-
perature difference of more than 600 K between day and night, is likely
to form transient thermally-induced seismicity along the terminator. The
strong surface cratering (Fig. 2) however suggests strong seismic scatter-
ing, comparable to the Moon. The shallow core mantle-boundary implies
that core reflected phases will dominate the seismogram (red hyperbola in
Fig. 3).

2.3 Mission perspectives

Mercury places tight constraints on any landed mission. The place deep in
the gravity well of the sun means that a lander mission will require at least
one flyby on Venus or Earth to reduce its AV to an acceptable level. The
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Ames trajectory database (Foster and Daniels, 2010) lists no trajectories
with a single Venus flyby and AT7< 20 km/s until 2040. Therefore, any
mission would involve rather complex and long duration trajectories. The
ESA BepiColombo mission needs to do a total of eight flybys (Earth once,
twice at Venus and then six times Mercury itself) between 2021 and 2025
to enter an orbit.

After landing, the spacecraft would be subject to two separate realms of
operations. Due to the 3:2 spin—orbit resonance of the planet, one solar day
takes 176 Earth days. Therefore, temperatures vary extremely over time
across the surface, between 100 K and 700 K in equatorial planes. Due
to the low inclination of the orbit, temperatures at the poles, where the
sun never rises more than 2 arcminutes above horizon, are more stable
below 150 K. Since the low temperatures of the night can be relatively
easily accommodated by electric heaters, most proposed missions target
landing after sunset and limit the mission duration to a single night. Ernst
et al. (2021) present a mission concept to study the geology around an
equatorial landing site over the course of a single Mercury night (88 Earth
days) in 2045. The mission study includes an accelerometer for seismic
studies. The mission is proposed as a New Frontiers class mission and is
currently the only serious lander concept for the innermost planet. The
decadal survey (Nat. Academies, 2022) questioned whether this mission
can be done within a New Frontiers budget and estimated a total cost of
2.8 billion USD, i.e. a flagship mission. Because of the narrower scientific
scope of the mission as proposed compared to an ice giant system mission,
it was ranked behind the Uranus Orbiter and the Enceladus Orbilander.

3. Venus

3.1 Potential scientific goals

Venus is comparable in size and density to Earth, yet little is known about
its surface tectonics compared to Mars or even Mercury, due to the thick
cloud cover. The surface has undergone significant reworking and its oldest
parts, the so-called tesserae are likely younger than 600 million years. Based
on available radar images from Magellan and the Arecibo radio telescope,
the surface is undergoing strong deformation until today (Smrekar et al.,
2014). In the next decade, the Envision (Ghail et al., 2020) and Veritas
(Smrekar et al., 2020) missions planned by ESA and NASA respectively will
increase the resolution of radar images significantly and help to constrain
the dominant mechanisms of surface tectonics based on geomorphology.
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Figure 4 Global seismic wavefield stack for Earth, using the interior model of Kennett
et al. (1995). Venus may show similar seismic phases, given its comparable radius and
density.

Plate tectonics in the terrestrial sense of the word is unlikely to exist on
Venus, since the high temperature inhibits a strong lithosphere. Locations
of venusquakes could however constrain whether active faults cluster, as
they do on Earth and Mars or whether deformation is widespread, as on
the Moon. The global seismic wavetield of Venus is likely similar to Earth’s,
and identification of core-phases will be crucial in determining the minor
differences in the deep interior of the two worlds. Fig. 4 shows a synthetic
seismogram stack of Earth for comparison.

3.2 Seismicity

The seismicity of Venus is unknown. The relatively low crater density
suggests an average surface age of 250—750 Myr, which can either be ac-
complished by a steady state of crater formation and removal by volcanic or
tectonic processes (Phillips, 1992) or catastrophic short term subduction or
overturn of the whole lithosphere at regular intervals (Strom et al., 1994).
Both scenarios suggest high, though difterent strain rates and therefore tec-
tonic seismicity. However, given the high surface temperature, it is actually
not clear how much of this deformation is occurring in a brittle regime
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and thus capable of producing venusquakes. The rate of volcanic eruption
is likely higher than on Earth, with a recent study based on scaling the
terrestrial rate to Venus estimating 120 discrete eruptions per (terrestrial)
year (Byrne and Krishnamoorthy, 2022), which could be observed either
seismically or from infrasound (see below).

3.3 Mission perspectives

Venus’ orbit is relatively well accessible by spacecraft from Earth. Every 18
months, a launch window of 3 months opens with flight duration between
80 and 120 days. Landing and operating on the surface is of course an en-
tirely different story. At this time, there are no seismic instruments at high
technological readiness level that would be able to operate over extended
periods under Venus conditions. The Soviet Venera landers relied on signif-
icant overdesign in terms of mass, which allowed survival of a few hours, by
delaying the warming of the core electronics. The currently most promising
candidate are Silicate Carbide (SiC) electronics that are able to operate at
temperatures of 800 K, at least theoretically. The main application for SiC
at this stage are high voltage, low loss systems, specifically power circuits, as
well as simple amplification systems for sensors in high temperature envi-
ronments (Zetterling, 2015). The complexity of the electronic systems that
can be manufactured in SiC is far lower than for Si systems, and only ba-
sic integrated circuits have become available recently. A decisive problem is
that the business case for high temperature SiC electronics is weak on Earth
and development of a Venus lander would not be able to profit from com-
mercial innovation cycles as much as it is the case for Si-based electronics.
Specifically, industry development focuses on single components that can-
not be moved to a cooler part of a system (such as sensors or preamplifiers),
while a Venus lander would need to operate virtually all of its electronics at
temperatures > 700 K. Even with SiC electronics, a lander interior would
have to be cooled actively. Solar irradiation is 3—5 W/m?, so that a mission
would have to rely on a radio-thermal generator, which would operate at
low efficiency, given the high outside temperature. A European concept for
a long-lived lander with a seismic package based on microelectronics was
presented by Wilson et al. (2016), with a life time of 100 days, banking on
further progress in SiC electronics over the next decade.

An alternative approach is to operate from the upper atmosphere, where
temperatures are stable and moderate around 290 K. The lifetime of such a
mission would be limited primarily by the escape of Helium from the car-
rying balloon, to the order of 120 (Earth) days, but at much lower technical
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complexity compared to a surface mission. A balloon mission equipped
with infrasound sensors could detect air-coupled Rayleigh waves. Terres-
trial analog concepts are currently studied on two scales: A JPL-led team
studies the lower range of signal amplitudes that can be observed, using
earthquakes of magnitudes 3—4 in California (Brissaud et al., 2021), as well
as induced seismicity in Oklahoma. A French group centered on ISAE
supaero uses free floating, long-lived meteorological balloons on equato-
rial trajectories to observe the global signature of large earthquakes above
magnitude 7, as well as volcanic explosions (Podglajen et al., 2022). In
both cases, signal detection was demonstrated, for a variety of events. The
obvious drawback of the method would be that the polarization of the
actual seismic wave would not be accessible directly. Garcia et al. (2021)
demonstrated two possibilities to overcome this limit: A string of infra-
sound sensors on the balloon tether could determine the incident angle of
the infrasound wave, as a proxy of the distance to the event’s hypocenter.
A second option is the inclusion of accelerometers into the balloon, which
would record the acceleration of the balloon due to the arrival of the pres-
sure wave. Similar techniques are used in marine seismic surveys, usually
termed multisensor streamers (Robertsson et al., 2008). The advantage is
that the sensor effectively measures the pressure gradient of the infrasound
wave, which allows recording the signal at higher frequencies (since the
spatial derivative of observing the gradient is equivalent to recording the
time derivative of the signal). The final application will likely see a combi-
nation of multiple infrasound sensors and accelerometers, from which the
full pressure gradient field is reconstructed and transferred to Earth.

An unknown issue is that the coupling into the air is most effective for
Rayleigh waves, preferably at frequencies above 0.1 Hz. As the InSight ex-
ample showed, surface waves are not regularly observed, if hypocenters are
not very shallow and event magnitudes are below My, = 4. A curious ques-
tion would be where Venus stands in terms of seismic scattering. The dense
atmosphere reduces the meteorite impact rate and thus impact gardening
that produces the lunar regolith. The high surface temperature and avail-
ability of volatiles likely allows for healing of cracks and thus increases the
mean free path length of seismic waves. So in terms of seismic waves, Venus
might be the most “transparent” planet in the solar system, even compared
to Earth.
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4. Moon

4.1 Potential scientific goals

The moon hosted the first extraterrestrial seismic network between 1970
and 1979, when it was switched off due to lack of further interest in the
seismic community (Lognonné and Johnson, 2007). The Apollo seismic
network helped exploring the Moon in a number of ways, from the shallow
subsurface (Sollberger et al., 2016) to the crust (Khan et al., 2000) and the
core (Weber et al., 2011). See Khan et al. (2013); Garcia et al. (2019b) for
an overview of the knowledge on the lunar interior gained from Apollo.
The network further observed significant numbers of tectonic quakes and
impacts (Kawamura et al., 2017). Since a network was used, a tentative
identification of shallow tectonic quakes with surface faults was possible in
a few cases, allowing to estimate the energy budget of the moon due to
shrinking (Watters et al., 2019).

Seismometers have been part of all proposals for future network sci-
ence on the moon, specifically the Lunar Geophysical Network (Weber
et al., 2021). One scientific goal would be to explore the lunar crust in
more detail. Since the Apollo age, it is known that significant parts of it are
KREEP terrains, understood to be mantle material from an overturn in an
early lunar magma ocean. These can be distinguished spectrally from orbit,
but should produce a significant imprint in crustal thickness. The crustal
density models of the moon are actually those of highest resolution in the
whole solar system, due to data from the GRAIL mission (Wieczorek et
al., 2013), but nonunique with respect to the average thickness of the crust,
as well as the inner-crustal layering. Receiver function analysis to detect
layering in the crust, was limited by the infamously strong scattering in lu-
nar seismograms, but also by the low performance of the Apollo horizontal
component seismometer.

A future seismic network on the moon would consist of state of the
art three-component seismometers, to better detect shear waves and con-
verted phases. Central nodes could be equipped with very high fidelity
sensors (Kawamura et al., 2022), based on optical readout or supercon-
ducting gravimeters to directly observe normal modes. These would have
resolution on the structure around the chemical layer above the core-mantle
boundary and a potential inner core. Both features were seen in the analysis
of Weber et al. (2011) and are of high importance to formation models not
only of the Moon, but also of Earth, since the giant impact model derives
the Moon from the Earth and a mars-sized impactor.
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4.2 Seismicity

The lunar seismicity is famously divided into two families: the shallow and
deep moonquakes. While the shallow moonquakes happen independently
of another (their distribution in time is a Poisson process), the deep moon-
quakes follow a tidal cycle. The seismogram signals are so similar, that
several clusters can be identified, in which moonquakes of similar focal
mechanism repeat. This waveform similarity has been used to identify new
moonquakes in the noise by template matching (Bulow et al., 2005). In
general, all moonquakes show a very high corner frequency compared to
their moment magnitude (Oberst, 1987). The peaked response curve of
the Apollo seismometers makes the estimation of the absolute event mag-
nitude challenging (Kawamura et al., 2017), but most estimates agree that
the lunar seismicity is about four orders of magnitude below the terrestrial
one (Knapmeyer et al., 2006). The seismicity of the Moon is relatively well
known after nearly eight years of registrations by the Apollo stations. New
mission concepts even rely on the recognition and re-use of source clus-
ters that were identified in the Apollo data. The Apollo data is however of
limited value when concerning the far side of the Moon, where it is un-
known if it is entirely aseismic, or if the core and partial melt layer on top
of the core mantle boundary absorb all seismic waves from far side sources.
Specifically the polar regions and the far side might harbor more regional
tectonic activity that has been impossible to observe.

4.3 Mission perspectives

The good accessibility of Moon, with launch windows almost every month
means that mission complexity is significantly reduced. The NASA CLPS
program tries to leverage this by buying delivery of scientific instruments to
the lunar surface from commercial companies without prescribing a mission
architecture. It is therefore likely that very different designs of seismic sta-
tions and network will be deployed over the next decade, starting with the
Farside seismic suite (FSS), which is to land near Schrodinger crater in 2025
(Panning et al., 2021). Among the main challenges are the high amount of
radiation (essentially equivalent to interplanetary space, with the chance for
solar extremes), the high temperature difference between day and night and
the 14-day long cold night. The two latter require significant battery capac-
ity to ensure heating and therefore survival of a lander through the night.
The Apollo 11 EASEP station is an example for instrumentation that did
not survive the lunar night.



Seismology in the solar system 21

A lunar geophysical network of multiple nodes, each equipped with
a seismometer (Weber et al., 2021) has been mentioned as a New Fron-
tiers Class mission in the Decadal Survey of 2010 and 2022. The currently
planned human landings during the Artemis program would allow to bring
significant amounts of scientific payload with them, specifically, if the lan-
der is a SpaceX “starship”. However, at the time of writing, the specifics of
the Artemis program, the exact landing concept and therefore, the scientific
program are not yet defined. The European Large Logistics Lander (EL3)
foresees to deliver about 100 kg of scientific payload to the lunar surface in
the early 2030s, which could easily form another geophysical node.

5. Mars

5.1 Potential scientific goals

Apart from the Earth and the Moon, Mars is the only planet on which
a seismometer has been operated for an extended period of time. The
NASA-led InSight mission landed in Southern Elysium Planitia with the
seismometer SEIS developed by a range of European partners under lead-
ership of the French space agency CNES and the Institute de Physique du
Globe (IPGP) Paris (Lognonné et al., 2019). The InSight mission (Banerdt
et al., 2020) has shown that Mars is tectonically active, with a seismicity
above that of the moon; similar to quiet intraplate regions on Earth. Post-
InSight seismic investigations could focus on one of three aspects:

* To ensure good ground coupling, SEIS was deployed to the surface
of Mars using a robot arm (Trehu-Ollennu et al., 2018). Due to the
absence of active obstacle avoidance systems, the InSight landing site
was selected to be flat and devoid of craters. This resulted in a loca-
tion with sand as top layer and limited InSight’s ability to observe long
period signals (below 50 mHz). This prohibited observation of tidal de-
formation at the period of the Phobos orbit, which would have added
a strong constraint on the rheology of the mantle (Lognonné et al.,
2019; Van Hoolst et al., 2003). A future long period seismic observa-
tory would therefore have to be installed at least on bedrock to improve
coupling to the ground at long periods. This installation would require
either guided landing on exposed bedrock or a rover to deploy the
seismometer on suitable ground in some distance of the lander. A sig-
nificant noise source was the tether, the rigid connector from SEIS
to the lander, which contained 80 analog channels for scientific and
housekeeping data (Zweifel et al., 2021; Hurst et al., 2021; Scholz et
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al., 2020). A future mission would benefit from a much thinner tether,
possibly only for power transmission, while data is transmitted wire-
less or on only two wires in serial digitized form. The long period
background noise could be further reduced by burying the whole sen-
sor assembly. This however would require a careful selection of a site
where burial is possible to a depth of significantly compacted ground.
‘While first layered models of the crust and mantle, including the radius
of the core were obtained by InSight using a single station only (Dril-
leau et al., 2022; Duran et al., 2022; Khan et al., 2021; Knapmeyer-
Endrun et al., 2021; Stihler et al., 2021), many unknowns remain: The
interior of the core has not been observed yet (e.g. by SKS waves),
and even though tentative observations of Pdiff were made (Horleston
et al., 2022), the lowermost mantle is constrained only very sparsely
by seismic data. The detection of magnitude 4 quakes in Southern
Tharsis (Horleston et al., 2022) suggests that much more small seis-
micity could be present there, unobservable from InSight’s location. At
the same time, Plesa et al. (2021) showed that geodynamical models
predict significant lateral variations in seismic wave speed, potentially
higher than on Earth. A global network of 4—6 seismometers, com-
bined with other geophysical sensors could observe the full global
seismicity, seismic phases over a wider distance range, and potentially
also the above-mentioned three-dimensional structures in the Martian
interior, as deviations from the wavefield predicted for a purely layered
planet (Fig. 5).

InSight observed localized tectonic activity near the Cerberus Fossae
graben (Fig. 6), in contradiction to existing models of wide-spread
compressive stress from lithospheric cooling (Phillips, 1991; Knapmeyer
et al.,, 2006). This observation has strong implications for the general
mechanisms of tectonic activity on terrestrial planets. To better under-
stand the mechanisms, it would be worth while to locate marsquakes
precisely in one of the active systems, for which a multistation seis-
mic network is necessary. Due to the low intrinsic seismic attenuation,
energy above frequencies of 1 Hz is transmitted well and observable,
which allows to use light-weight, short period instruments, such as the
InSight SP-sensor (Stahler et al., 2022).

5.2 Mission perspectives

Landing on Mars has been executed successfully nine times by NASA and
once each by the Soviet Union (Mars 3 on December 2, 1971, Perminov,
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Figure 5 Global seismic wavefield stack for Mars, using the interior model In-
Sight_KKS21_GP of Stahler et al. (2021).

Figure 6 Image of South Western Elysium Planitia on Mars, taken on March 15, 2021,
by the digital exploration camera (EXI) of the UAE Hope probe. The horizontal lines in
the lower part of the image are the grabens of Cerberus Fossae, the source of most
marsquakes recorded by the InSight mission so far (Giardini et al., 2020; Perrin et al.,
2022; Zenhdusern et al., 2022). Image: MBRSC/UAE Space Agency/CU-LASP/EMM-EXI.
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1999) and the Chinese Space Agency (Zhurong on May 14, 2021). All these
landers were fundamentally operating a combination of a heat-shield and
parachute for initial deceleration. The Mars Exploration Rovers Spirit and
Opportunity used airbags for final approach and landing, while the large
Perseverance and Curiosity rovers were lowered to the ground from a sep-
arate spacecraft, colloquially termed sky crane. The Discovery class missions
InSight and Phoenix used hydrazine retrothrusters for final deceleration
and had no active obstacle-avoidance systems. These techniques are cur-
rently considered to place a lower limit of about 200 million USD on any
mission, before scientific instruments are even considered, requiring at least
a Discovery class budget for future landed missions.

A potentially cheaper option is to use penetrators, i.e. spacecraft that
are landing with terminal velocity and decelerate either by penetrating up
to a few meters into ground or by having a deformable front part. As de-
scribed in Lorenz (2011), the concept has been proposed several times over
the last decades, but was never successfully executed. However, it must be
noted that no penetrator mission failed during landing; Mars-96 was lost
due to failed upper stage separation after launch, while DS-2 likely got lost
with the mother spacecraft Mars Polar Lander. Overall, Mars 1s the location
suited best for simple penetrator missions, since the atmosphere can fulfill
initial deceleration and — more importantly for a low-cost mission — atti-
tude control, removing the need for active propulsion. A semihard lander
concept has recently been proposed by engineers from JPL under the name
SHIELD (Barba et al., 2021). It would utilize a deployable drag skirt of
2 meter diameter for deceleration to obtain a low ballistic coefficient and
therefore terminal velocity of < 70 m/s without the use of a parachute. At
least four of such landers could be stored in a single Falcon-9 sized payload
fairing and would therefore allow to build a seismic network on Mars. Dur-
ing landing, instruments, including the seismometer would have to survive
deceleration of up to 2000 g, depending on surface character. The JAXA
seismometer planned for the Lunar-A mission (Mizutani, 1995; Shiraishi et
al., 2008) is specified for 5000 g and would therefore be a candidate in-
strument. The seismometers of the Ranger 3/4/5 missions was tested up
to 3000g (Lehner et al., 1962). For a free-fall landing on the Moon, it was
encapsulated in a balsa wood impact limiter sphere and submerged in freon.
Other instruments, such as the InSight SP seismometer could be hardened
in a similar way during flight and landing.

A ultra-high sensitivity mission would require a soft lander, likely in
combination with a rover to reach a suitable installation site after landing.
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While such a mission is well within the technical possibilities of NASA and
likely also CNSA and ESA, it would likely require a flagship class budget
for landing and operations and could therefore only be executed as part of
a larger rover mission. However, NASA and ESA are currently executing
the Mars Sample Return campaign, involving the Perseverance rover and
likely 3 more launches until 2030. Given the size of the mission and its
considerable strain on the budget of both involved agencies, it is unlikely
that any additional scientific payload will be added to it, to avoid mission
and budget creep. The delay of the ESA ExoMars landing due to the stop in
collaboration with Roscosmos will further affect all Western Mars missions.

As a final word, it should be noted that the landscape of possibilities
on Mars is likely to change, if various private space companies, foremost
SpaceX, succeed in constructing reusable high performance launch vehi-
cles, that would increase mission cadence and lessen weight limitations.
However, launch cost is not at all a constraining factor typically and other
factors (e.g. the availability of a high bandwidth communication network)
limit mission design on Mars.

6. Phobos and Deimos

6.1 Potential scientific goals

For the two Martian moons, it is not even known whether they consist of
consolidated material or form rubble piles (Le Maistre et al., 2019; Dmitro-
vskii et al., 2022). If they form rubble piles, seismic wave propagation in a
usual sense is not possible and the strongest signal will instead be the nor-
mal modes of the moons. A more consolidated object however could be
propagating seismic waves efficiently; due to the small size with high am-
plitudes even for small quakes. The high thermal gradient and strong tidal
signal from Mars is likely to trigger a significant amount of small phobos-
or deimosquakes, if the moons as a whole are consolidated enough. The
rigidity of the uppermost surface layer could be estimated from the decel-
eration of a lander, information on mechanical properties of the soil surface
will also be gained from the JAXA MMX rover, which will land and drive
on the surface of Phobos.

6.2 Mission perspectives

The launch windows for Phobos and Deimos are identical to those of Mars,
yet landing requires an entirely different skill set. A sample return mission to
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Phobos, MMX (Martian Moon eXplorer) is planned by JAXA for launch
in 2024 (Kuramoto et al., 2022), building on their extensive expertise in
missions to asteroids. The mission will not carry a seismometer, but dur-
ing the landed time windows, the spacecraft’s IMU will listen for ground
vibrations. Given that the lander stays on the surface for only a few hours
and performs sampling operations during that time, the detection of a pho-
bosquake would be a lucky event. The mission will perform a geodetic
experiment, mapping the shape of Phobos using imaging and LIDAR and
combining it with Doppler radio tracking of the spacecraft to obtain grav-
ity coefficients from which the interior can be inferred (Matsumoto et al.,
2021).

7. Ceres

7.1 Potential scientific goals

Ceres shows trace of a subsurface ocean, which would contain a significant
amount of the water of the asteroid belt. Surface morphology indicates that
this ocean is indeed partially liquid and forms yet another ocean world.
A seismic mission could explore the depth of the ice/ocean interface, the
thickness of the ocean, but also the homogeneity of the ice layer above.
A warm ocean would result in slushy layers at the bottom of the ice that
would significantly increase attenuation.

Since the planet has no moons, the tidal dissipation is insignificant. Yet,
the NASA Dawn mission observed signs of recent cryovolcanism (Ruesch
et al., 2016): The Ahuna Mons topographic feature is 4 km high at a width
of 16 km and only lightly cratered. The age is estimated to be 210 £ 30
million years, i.e. very young in the context of a small planet. It is debated
whether the dominant tectonic process on Ceres is solid state convection
inside the icy crust, leading to dome formation (Bland et al., 2019) or in-
stead global contraction, as evidenced by ubiquitous thrust faults (Ruiz et
al., 2019). It is well possible that these thrust faults were indeed created in
an early stage of the planet’s formation and are thus fossils of the planet’s
ancient tectonics. The latter seems to be the case on Mars, too, where
no seismicity could be attributed to thrust faults, lobate scarps or wrinkle
ridges so far. Following the example of Mars, where Cerberus Fossae, one
of the youngest surface features 1s also the most seismically active, Occator
crater would be a prime target. The crater shows bright spots (faculae), in-
terpreted as deposits of salts from eruption of brines (Nathues et al., 2020;
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Figure 7 Occator crater on Ceres, the proposed landing site for a NF-class Ceres sample
return mission (Castillo-Rogez et al., 2022). The bright spots are understood to be young
carbonate salt deposits from subsurface brines. A seismometer could help to constrain
the current tectonic activity and from it the deposition rate. The view is a composite of
two DAWN images, avoiding overexposure of the bright spots. Image credit: NASA/JPL-
Caltech/UCLA/MPS/DLR/IDA, PIA19889.

Schenk et al., 2020) (see Fig. 7). If these brines are deposited by an en-
dogenic process, it would also lead to contemporary seismic activity, that
could be picked up even by a short period seismometer.

A broadband Ceres seismometer would investigate the global distribu-
tion of tectonic activity. Since high resolution orbital images exist from the
Dawn mission, at a resolution of 35 m, attribution to individual fault sys-
tems or centers of cryovolcanism would be possible. Assuming large enough
Ceresquakes, the seismic data could be used to investigate layering of the
planet, including the depth of the ocean.

7.2 Seismicity

The seismicity of Ceres is unknown. Given the absence of a partner ob-
ject for tidal forcing and low interior heat flow, it is likely to be low. The
presence of recently deposited brines (Nathues et al., 2020) suggests that
seismicity driven by interior processes might be present. Due to the loca-
tion of Ceres in the Asteroid belt, meteorite impacts are a likely seismic

source.
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7.3 Mission perspectives

Ceres can be reached relatively easily, typically with a Mars flyby, leading
to a 3—4 year trajectory for orbiter missions. The Dawn mission used so-
lar electric propulsion, leading to a 6 year trajectory, including a 400 day
research trip to asteroid Vesta.

In the aftermath of the Dawn mission, lander missions have been pro-
posed; due to the low gravity, even sample return missions are feasible. An
interesting concept is proposed by Castillo-Rogez et al. (2022), in form of
an electrically propulsed orbiter that is able to land and relaunch as a whole,
returning samples to Earth. The mission is supposed to collect samples of
carbonate salts as well as the darker reference surface materials and return
it to Earth at <20°C to prevent alteration. The mission would benefit
from investigating recent tectonic activity in Occator crater, to determine
the samples’ context. Unfortunately no seismometer is currently foreseen.
A slightly modified version of this mission was proposed as a candidate
for a New Frontier class mission in the Decadal Survey 2023-2033 (Nat.
Academies, 2022), still without seismic measurements.

A tip to the hat goes to the student participants of the 42nd Alpbach
summer school 2018, who developed Calathus, a more classical dual or-
biter/lander sample return mission, in the cost range of a NASA flagship
mission or an ESA L-class mission (Gassot et al., 2021).

8. Jupiter and Saturn - the giant planets

8.1 Potential scientific goals

For this topic, see the excellent overview in Gaulme et al. (2015). Seis-
mology in the common sense, using a landed mass-and-spring sensor is
of course impossible on a gas giant, instead measurements focus on long
period deformation, detected by astronomical means. As all bodies, the gi-
ant planets have normal modes whose shape and frequency depends on
their interior’s elastic parameters. Since the bulk of the interior is in fluid
state without shear modulus and yet gravity is significant given their size,
the nomenclature of helioseismology is typically used. Compared to Earth,
where the elastic moduli dominate as restoring force and gravity and self-
rotation (the Coriolis force) can be treated as second order parameters, in
the sun or the gas giants, the modes need to be treated separately by their
primary restoring force (Guillot and Gautier, 2015).
*  Pressure modes (p-modes) are the closest analog to normal modes on
Earth. The restoring force is the pressure field, or the gradient of the
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scalar potential p = V¢, analog to the case of the acoustic wave equa-
tion. Their sensitivity is typically constrained to the outer layers.
Gravity modes (g-modes) have the gravity, or more precisely buoyancy
as restoring force. They can therefore only form in convectively stable
regions, where no density inversions exist and lateral density contrasts
are low.

Surface gravity modes (f-modes) are analogous to deep water gravity
waves in the ocean, with the weight of surface vertical displacement as
restoring force. Their sensitivity is therefore highly constrained to the
outermost shell of the planet.

Inertial modes (i-modes) can occur in rapidly rotating planets, such as
Jupiter and Saturn, restored by the Coriolis force.

Allin all, these modes create a complex overlapping picture of spectral peaks

in the surface displacement and of course cross terms and coupling exist.

Opver time, four approaches have been considered to observe the normal

modes of Jupiter remotely.

Variations in infrared brightness, caused by temperature perturbations
from p-modes. A 1 m/s velocity field corresponds to 10 mK in tem-
perature perturbation, visible in mid-infrared, which are difficult to
observe, given the limited sensitivity of photometric sensors in this op-
tical wavelength window. Because of these difficulties, no dedicated
instrument has been developed so far.

Spectroscopy of reflected light. This method has been improved con-
siderably on instrument side since in response to the exoplanet detec-
tion campaigns. In 2011, the seismology-dedicated SYMPA Fourier
spectro-imager detected radial modes of maximum amplitude of
49*% ) cm, at a frequency of 1213 + 50 pHz, with a mean large fre-
quency spacing between radial harmonics of 155.3 £ 2.2 pHz (Gaulme
etal., 2011), placing a weak constraint on the planets interior structure.
Spectroscopy needs to take into account the large rotation contribution
at the fringes of around 25 km/s.

Photometry of reflected light. Here, brightness variations in reflected
light are used. Compared to the other two methods, the signal-to-noise
ratio is low, but sensors in visible wavelengths are widespread. However,
the complex surface pattern of the Jovian clouds means that only spe-
cific modes can be observed. Another problem arose when trying to
apply this method to Neptune with the extended NASA Kepler mis-
sion “K2”, which observed the planet for 50 days at a 1-min cadence.
No oscillations of Neptune could be detected (Rowe et al., 2017). But
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Figure 8 Cassini image of Saturn’s rings taken by the ISS infrared camera. Major subdi-
visions are labeled by the author. Kronoseismology is done using density waves in the
broad, but faint C-ring. Image credit: NASA/JPL/Space Science Institute, PIA06536.

it became apparent that oscillations of the Sun in the reflected light
perturbed the signal.

*  Kronoseismology: The rings of Saturn are shaped by resonance with
the interior modes of the planet. Density waves exist in all rings, but
specifically in the innermost C-ring (see Fig. 8), they are excited by
certain normal modes of the planet (Hedman and Nicholson, 2013).
This is observationally accessible via photometry of the exact ring pat-
tern during stellar occultations during the Cassini mission (Fuller, 2014)
and led to the discovery of a diftuse, but stable stratified core of the
planet (Mankovich and Fuller, 2021).

8.2 Mission perspectives

Using ring seismology, the interior models of Saturn cannot be refined
any further, given the high resolution on density waves in the C-ring
obtained by Cassini from radio occultation experiments. Future research
would therefore focus on Jupiter. Gravimetric observations by Juno (Du-
rante and less, 2021) detected gravity perturbations that are compatible
with the presence of p-modes, which proved the existence and excitation
of these modes, although they could not be further identified.
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A Doppler imaging camera for Jupiter seismology was proposed as a
payload for the ESA JUICE mission (Soulat et al., 2011), but ultimately
not selected. Given that Juno, a general purpose mission is currently active
in the Jupiter system and two flagship class orbiter missions (JUICE and
Europa Clipper) are due to launch until 2025 (although both focused on
the icy moons), the need for another large Jupiter orbiter has not been fore-
seen by the Decadal Survey. Instead, Doppler spectroscopy from Earth will
likely be the only possible method for the foreseeable future. The success
of SYMPA was followed on by the JOVIAL sensor (Gongalves et al., 2019)
and dedicated instruments to measure Jupiter’s zonal wind speeds, e.g.
PMODE-I on the AEOS 3.6 m telescope atop Mount Haleakala, Maui,
Hawai’i (Shaw et al., 2022) are built. Observations of the normal modes
with increased precision compared to SYMPA would however be fortu-
itous, possibly due to a large impact. To measure Jupiter’s interior modes
with high enough precision, multiweek continuous observation campaigns
(at stable weather) would be necessary, which are likely only possible from
Antarctica (Shaw et al., 2022). In the far future, it could also be done from
a long-lived optical Jupiter observatory at Lagrange-point L1, as proposed
by the Chinese space agency CNSA (Hsu et al., 2021).

9. lo

9.1 Potential scientific goals

While Europa, Ganymede, and Callisto are all icy moons, Io is a terrestrial
planet without any surface ices (or water absorption features whatsoever
Smith et al., 1979). The ice fraction on these moons actually increases with
distance from Jupiter, which is one of the problems moon formation models
face (Shibaike et al., 2019). In how far the interior structure and composi-
tion of lo is related to the structures of the other icy moon’s rocky cores,
and in how far these permit certain formation scenarios, can be understood
only if the interior structures of them all are better resolved. While Io’s ac-
tive volcanism (discovered by Voyager I, Smith et al., 1979) is a fascinating
mission goal in itself, the moon is also a perfect natural laboratory to un-
derstand tidal heating in multibody systems. To quote the KISS report on
Tidal heating: “The Io—Europa—Ganymede system is a complex and del-
icately built tidal engine that powers Io’s extreme volcanism and warms
water oceans in Europa. lo’s gravity generates a tidal bulge within Jupiter,
whose dissipation transfers some of Jupiter’s rotational energy into lo’s or-
bit, moving it outwards and deeper into a 2:1 eccentricity resonance with
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Europa. This in turn increases lo’s eccentricity, resulting in enhanced tidal
heating. Ultimately, Jupiter’s rotational energy is converted into a combi-
nation of gravitational potential energy (orbits of the satellites) and heat via
dissipation in both Jupiter and the satellites” (de Kleer et al., 2019). The
tidal heating is ultimately the cause of Europa’s liquid ocean, which may be
a permanent feature or periodic (Hussmann and Spohn, 2004). Since tidal
heating is the process creating the many ocean worlds in the Solar system
(Nimmo and Pappalardo, 2016) and in other exoplanet systems, under-
standing it has significant consequences for habitability, as well as evolution
of planetary systems. Prior to the observations of Voyager I, Peale et al.
(1979) predicted that the deep interior of Io should be largely molten be-
cause of the tidal heating. Schubert et al. (1981), in explicit contradiction,
proposed a thin, molten layer between the crust and a solid interior and an
iron core. The thickness of the molten layer is estimated to be at least 50
km, with a melt fraction exceeding 20% (Khurana et al., 2011). Van Hoolst
et al. (2020) even consider a magma ocean possible. The size of the core
is somewhere between 19% and 50% of lo’s radius (Anderson et al., 2001).
Seismological experiments could determine layer thicknesses and core ra-
dius, and, via shear modulus and attenuation, constrain the melt fraction in
the asthenosphere.

9.2 Seismicity

As with all other large moons of the giant planets, Io’s seismicity is not
known. However, the planet shows obvious surface tectonic activity, which
implies large strain and regular brittle failure, i.e. ioquakes. A popular ap-
proach to estimate seismicity has been to use the (relatively well known)
tidal dissipation and assume that a certain part of that energy is released
seismically. Hurford et al. (2020) estimated the ratio between tidal dissipa-
tion and seismic energy over an orbital cycle for the Earth’s moon to be
1.7 -1073 and assumed that this ratio would be a good first order estimate
for other tidally active worlds. From this assumption, they found that Io
would release an annual seismic moment on the order of 5- 10" Nm/a
(see Table 1, where the values are per ten orbital cycles). Assuming that the
largest possible ioquake releases 70% of the available moment (in analogy to
Shallow Moonquakes), this implies that one to two magnitude 6 ioquakes
would occur per month — a rate comparable to that of the Earth. The as-
sumptions behind this scaling analysis may of course be simplistic, but it’s
nevertheless highly plausible that Io may be the most seismically active solid
body after Earth. The existence of ridges structures oriented according to



Table 1 Estimated tidally-induced seismic moment in various planets, released over ten rotational cycles and per (terrestrial) year. The table
is slightly modified from Hurford et al. (2020) and references therein. The columns are: Mpartner, the mass of the partner body in the two-
body system; T, the rotation period in (terrestrial) days, R, the radius of the planet; g, the half-axis, e, the ellipticity of the orbit, k,/Q, the
normalized tidal Love number, Et, the estimated tidal dissipation energy; Y My, the total seismic moment per ten orbital cycles; My, the
equivalent moment magnitude. Note that this table assumes that the ratio of tidal dissipation to seismically released energy found on the
moon (1.7 - 1073) is applicable to the other worlds. Planets in italics are systems where tidal dissipation is due to rotation and not due to
orbit eccentricity. For comparison, the average annual seismic moment release of the whole Earth is shown in the last column, illustrating that
interior dynamics can lead to vastly higher seismicity.

Mpartner T R a € ka/Q Z M My, Z M My,

[kg] [days] [km] [km] [%] [Nm/10 cyc] [Nm/yr]
Io 1.90 - 102 1.769 1821.6 421,700 0.41  0.015 2.3-1018 62  48-107 7.1
Europa 1.90-10%  3.551 1560.8 670,900 1 0.0054 1.5-10V 54 1.5.10'8 6.1
Titan 5.68-1020  15.945 2575 1,200,000 2.88  0.004 2.7-1010 49 6210 5.1
Moon 5.97-10% 273 1737.2 384,399 5.5 0.0012  8.0-10! 39  1.1-101 4.0
Enceladus 5.68-10%0  1.37 252 237,948 0.47  0.0036 1.0-10" 33 2.7-101 42
Earth/Lunar - 1 - - - 1.2-101> 4 4.4.1016 5.0
Mars/Solar - 1.03 - - - 1.5-1013 2.7 5.3-.10M 3.8
Mars/Phobos - 0.32 - - - 1.6- 1010 0.7 1.8-10'2 2.1
Mercury/Solar - 58.65 - - - 1.2-101 4 7.5.10M 3.8
Earth (tectonic) — - - - - - - 7.61-10%1 85
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the directions of tidal stresses supports that tidally driven tectonism could
be active (Bart et al., 2004).

While the existence of tectonic events is currently hypothetical, the
volcanic activity of Io is obvious and documented photographically (Smith
et al., 1979). One can thus expect to record seismic signals of the kind
known from volcanos on Earth, i.e. distinct transient events as well as a
more or less continuous tremor. Optical observation of volcanic centers
on the surface could provide epicenter information and thus support the
construction of travel time curves and the inversion for interior structure.

9.3 Mission perspectives

Despite the spectacular surface colors, landing on Io is actually not particu-
larly dangerous, since the surface volcanism is locally constrained. A larger
problem is Io’s place very deep in Jupiter’s gravity well, which would re-
quire considerable A" reserves and a launcher of SLS or Falcon Heavy
class. The location in Jupiter’s radiation belt poses a major design driver
for lander electronics — contrary to orbiter missions which can minimize
the radiation dose by performing only brief, repeated flybys, as in the IVO
mission profile (Adams et al., 2012; McEwen et al., 2014), while a lander
would need dedicated shielding of electronics.

A more realistic option for seismology may therefore be an orbital de-
tection of seismic deformation using Interferometric Synthetic Aperture
Radar (InSAR) during multiple flybys or deployment of a few retroflectors
that can be queried with a laser on an orbiter. A more realistic option for
seismology may therefore be an orbital detection of coseismic deformation
using Interferometric Synthetic Aperture Radar (InSAR) during multiple
flybys, a technique which is routinely applied to significant Earthquakes,
or deployment of a few retroflectors that can be queried with a laser on an
orbiter (Laser vibrometry, see de Kleer et al. (2019), and references therein).
Via the latter, normal modes could be observed to constrain the deep in-
terior of the planet, while the former would mostly serve to understand
shallower lithospheric strength (Fig. 9).

10. Europa

10.1 Potential scientific goals

A liquid subsurface ocean on Europa was first predicted from the internal
energy budget by radioactive decay and tides (Lewis, 1971; Cassen et al.,
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Figure 9 Global seismic wavefield stack for Europa, using an interior model of Vance et
al. (2018b) with a crustal thickness of 20 km.

1979), and later supported by flyby measurements during the Galileo mis-
sion (Schubert et al., 2004). The thickness of the ice layer above the ocean
is related to composition and temperature of the water; measurements of
said value would therefore constrain these parameters, which have strong
implications for habitability of the ocean. The ESA JUICE mission, as well
as the NASA Europa Clipper will therefore both carry radars to measure the
thickness during multiple flybys (Bruzzone et al., 2013; Phillips and Pap-
palardo, 2014). At this stage, the attenuation of electromagnetic waves by
ice under Europa conditions is not well known, and the detection of a re-
flection of the ice bottom by either of the mission’s radars is likely, but not
certain (Eluszkiewicz, 2004; Aglyamov et al., 2017). A surface-deployed
seismometer would be sensitive to ice thickness via 3 routes:

* A layer above a fluid half space forms a specific seismic phase, termed
Crary phase after it’s first descriptions on floating arctic ice (Press and
Ewing, 1951; Crary, 1954). The phase 1s an almost monochromatic,
radially horizontally polarized superposition of SV reverberations. Its

. . i . . .
central frequency is fc, y \/1_(?, where d is the ice thickness and
vs, vp are S- and P-wave speeds, respectively. For the range of'ice thick-
nesses predicted for Europa (5-30 km) (Vance et al., 2018a), fc, would
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be between 0.11 Hz and 0.44 Hz, i.e. well-observable by a short period

seismometer. This has made it a prominent candidate for ice thickness

determination since 20 years (Kovach and Chyba, 2001); the phase is

also well-determinable in synthetic seismograms (Stihler et al., 2018),

but its robustness against heterogeneous ice of varying thickness is at

this stage not known.

* Since the ocean cannot propagate shear waves, S-waves and specifi-
cally horizontally polarized SH waves will be reflected almost fully at
the ice-ocean interface. Any seismic signal should therefore contain
strong reverberations of shear waves, whose traveltime Ty, would be
directly proportional to ice thickness d: Ty, = 2d/vs. The observability
of direct reverberating phases would be affected by seismic attenuation,
which reduces shear wave amplitude strongest. However, the rever-
berating waves would also be present in the ambient seismic noise of
Europa and could be retrieved by autocorrelation (Stihler et al., 2018).

* The ice thickness places an upper limit on the period of Rayleigh
waves. If the ice is on the thinner side of previous estimates (below
10 km), this limit would be below 5 seconds, i.e. potentially observable
by a short period sensor (Panning et al., 2006; Stahler et al., 2018).

All in all, the different potential observables provide a certain redundancy

in determining the ice thickness using seismic methods, which is one of

the reasons, why a seismometer has been an element of the Europa lander
mission concept, that is currently awaiting NASA adoption and funding

(Hand et al., 2017).

This mission described several other science goals of a seismometer,
specifically to observe water or brine lenses within the ice. Seismic methods
are usually good at detecting heterogeneities at depth, but as it was ruth-
lessly pointed out by (Grimm et al., 2021), the elastic impedance contrast
between mushy ice and liquids is not particularly strong and determin-
ing even a “1D” layered seismic velocity profile below a lander is by no
means a trivial process. Yet, the nonuniqueness of geophysical observations
in a single station is even worse for electromagnetic, specifically potential-
based methods. Also, Hobiger et al. (2021) demonstrated using InSight data
that long-term observation of ambient vibrations at a single location can
constrain even complicated subsurface structure, using geological context
information, if available.

The habitability of Europa’s ocean would be increased by transport of
surface material into the ocean, since the Jovian radiation oxidizes surface
material, creating a potential energy source for primitive life, if transferred
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back into the ocean. Subduction in the ice has been proposed based on
the geomorphology of linea on Europa’s surface (Prockter and Pappalardo,
2000), but has not been observed in-situ. As InSight demonstrated on Mars,
locations of seismic sources can be determined well using a single seis-
mometer and shed light into the dominant tectonic process on a planet.
Subduction zones on Earth cause well-observable continuous seismicity
even in between the largest events, so a seismometer deployed close to a
linea should be able to pick up its signature. This would confirm imaging
data from orbit in one location and would allow inference over the whole
planet (and in similar locations on Enceladus).

A separate question of high importance for habitability is the geological
activity of the sea floor. The mid ocean ridges on Earth provide hab-
itable environments independent of sunlight and subocean volcanism on
Europa could play a similar role. Such activity, even in the past could be
inferred from the chemistry of the dark patterns on Europa’s surface, but
europaquakes in the silicate crust or mantle would be a unique indication of
current activity. Marusiak et al. (2022¢) estimated that rocky europaquakes
above magnitude 5 would be observable by a surface seismometer of the
kind proposed for the Europa lander. Such magnitudes would be quite sig-
nificant and are at the upper end of what is observed on Earth’s mid-ocean
ridges directly (not counting the adjacent transform faults, which often
produce earthquakes of 7 and higher), but by no means impossible.

Finally, the sound speed in the ocean itself is affected by the ocean’s
chemistry. A final seismic velocity model of the planet at the end of the mis-
sion would be contingent of the ocean’s salt content. Durin et al. (2022)
demonstrated a fully consistent inversion of diftferent seismic observables
with other geophysical, as well as mineralogical data in a thermodynami-
cally consistent model for Mars. Such an effort could be the final result of
an observation campaign on Europa as well, delivering uncertainty limits
on composition of the ocean, the thickness of the various layers and the
wave speeds in the silicate interior.

10.2 Seismicity

Panning et al. (2018) estimated the seismicity rate of Europa based on the
available energy from tidal dissipation to be between 10'® — 10'® Nm/a,
which is above the value of 10'> — 10! Nm/a observed for Mars (Banerdt
et al., 2020), but 5 orders of magnitude below the Earth. Assuming this
value is correct, a few dozen europaquakes from the icy crust should be
observable over a month by a Europa seismometer as defined in (Hand et
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al., 2017). Assuming that the ratio of tidal dissipation to seismic moment
is about the same on all tidally active moons in the solar system (Hurford

et al., 2020), Europa would be the second most active moon after To (see
Table 1).

10.3 Mission perspectives

Europa is challenging to land and operate on. Landing needs to be en-
tirely propulsive, due to the lack of an atmosphere and Europa is deep in
the gravity well of Jupiter. Since Europa is in the distance of highest ra-
diation within Jupiter’s magnetic field, a surface mission requires extensive
and heavy metal shielding, which worsens the eftect of the high-§ 17 landing.
‘Within realistic weight constraints, a surface mission is limited to a duration
of a few weeks and a scientific payload of tens of kg. The Europa lander
concept (Hand et al., 2017) managed to fit a seismometer into these con-
straints. The instrument would be similar in performance to the InSight
SP seismometer (Lognonné et al., 2019; Pike et al., 2016), with the goal
of listening to body waves of europaquakes in the ice. Observation of long
period surface waves, flexural ice modes or normal modes of the whole
planet would likely not be possible with an instrument of this sensitivity.
The observability of seismic waves from quakes in the silicate mantle would
highly depend on their magnitude, but would be made less likely by the
presence of soft layers on the seafloor or the ice bottom (Marusiak et al.,
2022c¢). In general, operation of a warm lander on ice will pose challenges
to coupling of seismic sensors due to melting and tilting (Marusiak et al.,
2022b).

A spacecraft in orbit at Jupiter distance can still operate on solar pan-
els, but their size would be prohibitive for a landed mission. Power would
therefore have to come from an RTG, or for a short-lived mission from
high-power-density batteries.

The Europa Lander concept is the last iteration of a 3 decade long
process of missions to explore the planets surface and interior. The ups
and downs of this history are excellently described in Brown (2021). At
this stage, it is a well-developed concept with a surface lifetime of 60-90
days. Yet, it would be the most expensive planetary robotic mission ever
executed by NASA, which is why the Decadal Survey 2023—2033 did not
recommend its execution as a Flagship mission until missions to Enceladus

and Uranus have been realized.
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Figure 10 Global seismic wavefield stack for Ganymede, using the interior model of
Vance et al. (2018b).

11. Ganymede and Callisto

11.1 Potential scientific goals

Ganymede, Callisto, and Titan form the three large ice moons of the solar
system and yet, each one has at least one peculiarity that makes it difficult
to sum them in one group: Ganymede is the only moon with a current-day
magnetic field, Callisto has a very low moment of inertia, suggesting only
partial differentiation (Nagel et al., 2004) and Titan is Titan (see next sec-
tion). For all three planets, the low density implies an ocean deep enough
for high-pressure ices to form, inhibiting flow of reductants from the man-
tle into the ocean (Vance et al., 2018b). The presence or absence of these
ice layers however depends strongly on the salt content of the ocean, as well
as on the poorly known equation of state of salty water at high pressures
and low temperatures. Measuring the surface ice thickness could constrain
the salt content of the ocean and thus the presence of a high pressure ice
layer, even if no direct phases from the high pressure ice can be observed
(Stdhler et al., 2018). Seismology could therefore directly address questions
of habitability (Vance et al., 2018a). In the case of Ganymede, quakes from
beyond the core shadow could give insight into the size of a liquid core
and the existence of a solid core, as implied by the magnetic field. For Cal-
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listo, the question of differentiation of the rocky mantle could be answered
much clearer by seismology than by moment of inertia (Mol) measure-
ments from space. As described in Chapter 3 (Knapmeyer and Walterova,
2022), moment of inertia estimates can come with significant errors and
lead to long-lived misestimation of core sizes (Fig. 10).

11.2 Seismicity

Ganymede shows strong indication of surface tectonics, although its age is
difficult to estimate from existing images. Knowledge about current-day
tectonics will improve significantly with data from the JUICE mission in
the next decade. Callisto’s heavily cratered surface indicates that current-
day resurfacing and thus tectonic activity is limited. The higher distance
to Jupiter, compared to Europa, means that the tidal energy budget for
seismicity is low, but both planets have significant interior heat stored from
formation that could drive tectonic deformation.

11.3 Mission perspectives

Tidal deformation, will be measured by the Ganymede Laser Altimeter
GALA, to estimate the ice layer thickness (Enya et al., 2022) during the
late stage of the JUICE mission, when the spacecraft is orbiting Ganymede.
This may be seen as a long period proxy to seismology and likely the closest
for some time. Landing on Ganymede or Callisto has been proposed since
the Voyager age at least (Boain and Beckman, 1980) and penetrators have
been proposed specifically by European institutions as payloads for Jupiter
system flagship missions regularly (e.g. Vijendran et al., 2010), similar to
the Huygens Titan probe on the Cassini mission. Just as regularly, these
payloads were canceled to reduce mission complexity. After JUICE, an-
other Ganymede mission with a lander to either Ganymede or Callisto is
not likely to happen before the 2040s. In the meantime, one may watch
the 1976 German dystopian movie “Operation Ganymed” starring Jiirgen
Prochnow about the difficult return of astronauts from a mission to find life
on Jupiter’s largest moon.

12. Titan

12.1 Potential scientific goals

Since Titan will be visited by a seismometer in 2034, the science goals of
a seismic experiment have been described well already, see e.g. Barnes et
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al. (2021) for an overview. A primary goal is the confirmation of a lig-
uid ocean below the surface via observation of an interface with strong
seismic impedance contrast at depth. A peak near 36 Hz in electric field
signals measured during the Huygens descent were interpreted as the Schu-
mann resonance of a 55-80 km deep conductor (Béghin et al., 2012), i.e.
the ice-ocean interface. These values are plausible given thermodynamical
modeling of the whole ice layer (Vance et al., 2018b), but far from undis-
puted. As on other ocean worlds, shear waves will be completely trapped in
the ice layer and should lead to well observable reverberations. Compared
to other ocean worlds, Titan is likely to harbor methane clathrates (i.e. ice-
methane hybrids) near the surface (Mousis et al., 2015), which would have
a significant effect on the thermal conductivity and therefore convection
of the planet (Kalousova and Sotin, 2020). These clathrates will have re-
duced seismic velocities by up to 10% compared to pure ice (Marusiak et
al., 2022a), which could be detectable by Rayleigh wave dispersion curves.
An open question is the level of viscoelastic attenuation in the ice layer,
given the high temperature of the ice below a few 100s of meters of depth.
As described in Chapter 5 (Bagheri et al., 2022), ice has a very low quality
factor Q ~ 10 at tidal periods, but the scaling to seismic frequencies is not
well constrained.

Due to the existence of large lakes, as well as an atmosphere, Titan might
be the only other place in the Solar System in which ocean-generated
microseisms can be observed (Stihler et al., 2019). A seismometer deployed
north of 60° latitude could likely observe the waves created on Kraken mare

by a hurricane, enabling remote sensing of the atmosphere.

12.2 Seismicity

The tidal deformation of Titan’s ice crust (Mitri et al., 2007) shown by
Cassini gravity measurements is a plausible source of seismic activity. While
Titan’s orbital period is significantly higher than Europa’s or Ganymede’s
(15.9 vs 3.6/7.2 d), its orbit’s high eccentricity could allow tidal forces to
drive significant tectonism (see Table 1). Whether or not the rocky core of
the planet shows significant tectonic activity, is unknown. As on Europa,
the science value of detecting quakes from the core would be high, since it
seafloor tectonics would enrich the ocean with potential nutrients, but the

detection limit is significantly higher than for an iceshell quake.
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Figure 11 Global seismic wavefield stack for Titan, using an interior model from Vance
et al. (2018b) with a crustal thickness of 33 km.

12.3 Mission perspectives

Titan is one of the 2 places in the solar system with a seismic experiment
in preparation: The dragonfly lander will be launched in 2027 and deploy a
relocatable octocopter on Titan in 2034. The mission will contain a single
vertical component seismometer, delivered by JAXA and based on the in-
strument planned for the Lunar-A mission (Mizutani, 1995; Shiraishi et al.,
2008), plus two or more horizontal geophones. The instrument will not be
comparable to the InSight VBB seismometer, but should be able to detect
local seismicity.

13. Enceladus

13.1 Potential scientific goals

Enceladus is the only ocean world where water from the subsurface ocean
is accessible in situ without drilling through kilometers of ice. A long-lived
plume of water vapor and ice has been observed near five distinct fissures
(called tiger stripes) near Enceladus’ south pole (see Fig. 13). The Cassini
orbiter was able to probe these ejecta directly and found strong indications
for a source in the subsurface ocean (Teolis et al., 2017). This means that a
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Figure 12 Global seismic wavefield stack for Enceladus, using an interior model from
Vance et al. (2018b). Note that for modeling reasons, a constant ice thickness of 15 km
over the whole planet is assumed, while it gravimetric observations indicate that the ice
is significantly thinner near the south pole (Porco et al., 2006).

mission to Enceladus would be directly tasked with determining whether
the ocean supports life today or at least has done so in the past (Choblet et
al., 2021).

13.2 Seismicity

Enceladus has a tidal dissipation larger than Earth’s moon, but at a radius of
only 252 km. It can therefore be expected that the strain rate of the crust
is very significant. The water plume sources near the tiger stripes could
produce similar long-duration seismic signals as geysers on Earth. The small
diameter and relatively thick ice layer facilitates seismic waves orbiting the
planet multiple times (Fig. 12).

13.3 Mission perspectives

Sampling the plumes could be done from orbit, but the high impact ve-
locities would limit the observability of large molecules (as it has been the
case for Cassini’s measurements), so the science return of a lander would
be significantly higher. The last decadal survey recommended an Enceladus
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Figure 13 Cassini image of two “tiger stripe” fissures near Enceladus’ south pole with
water vapor emerging (visible against the dark surface below the terminator). The fis-
sures have been identified as the source of the plumes by (Porco et al., 2014). Image by
NASA/JPL/Space Science Institute, PIA 17183.

orbiter at low priority, so the design has been updated into a “Orbilan-
der” concept, i.e. an orbiter that is capable of landing on the surface after
an extended reconnaissance and remote sensing phase (MacKenzie et al.,
2021). The current decadal survey (Nat. Academies, 2022) recommended
this mission concept as a flagship mission after finalization of the Uranus
orbiter mission, with a launch date after 2037 and landing during favorable

communication geometries to Earth in the 2050s.

14. The Uranus and Neptune system

Uranus and Neptune are the two ice giants of the solar system and
are thereby representing a class of planets that is very common amongst
exoplanets discovered so far. Both of them have a number of planet-like
moons that are potential targets for landed missions. However, all of them
are known from a few images only, obtained during the flyby of Voyager 2
through the Uranus (Stone, 1987) and Neptune systems (Stone and Miner,
1989) in 1987 and 1989, respectively. Primary science goals would therefore
be to research the surface geology, including geomorphology.
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Figure 14 Voyager 2 image of the Uranus moon Miranda. The surface shows linea and
TODO. Image by NASA/JPL, PIA 18185.

14.1 Potential scientific goals

Uranus has 4 large moons, Ariel, Umbriel, Titania and Oberon, between
1100 and 1550 km radius, all of which have densities between 1.4-1.7
grams per cubic cm, implying a rock to ice ratio of 2 to 3. A fifth large
moon, Miranda, has a diameter of 470 km, but a density of only 1.2 g/cm?,
implying an even higher amount of water ice. The surface morphology of
Miranda (Fig. 14) implies that the outer ice layer underwent subduction-
like processes in the past, at a similar rate to Europa (Hammond and Barr,
2014; Stern et al., 2018), which suggests that due to tidal heating, a sig-
nificant part of this ice was in liquid form at least at one point in the past
(Nimmo and Pappalardo, 2016). An Uranus orbiter mission will perform
dedicated flybys on the large moons and thereby constrain their interiors
from gravimetric measurements, similar to what Galileo did in the Jupiter
system (Sohl and Spohn, 1997). The question whether the liquid ocean still
exists today is one that could be answered by a seismic experiment (see the
Europa section for details), but as on Europa and Titan, measuring the seis-
micity of the planet alone would go a long way in constraining its energy
budget.

Neptune has one major moon: Triton, which is comparable in size to
the Jovian moon Europa and at an average density of 2.061 g/cm?® widely
understood to be covered by several hundred km of frozen or liquid ice
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(Nimmo and Pappalardo, 2016). As on the icy moons of the gas giants, the
thickness of the ice and the existence and depth of a potential ocean would
be primary science targets for a seismic installation. A unique feature of
Triton is its retrograde orbit, which is not found for any other moon of
comparable size (the next largest moon, Phoebe with a retrograde orbit
around Saturn, has only 0.08 times the mass of Triton), likely the result
of capture, possibly due to collision with an original satellite. Similar to
Europa, Triton has a relatively young surface age, around 100 Ma (Stern and
McKinnon, 2000), as demonstrated by the small number of visible impact
craters, implying geological activity over most of the age of the solar system
and therefore most likely until today. As on Europa, a relatively thin ice shell
opens the possibility of ice convection, potentially even subduction and
thus the possibility of large thrust faults with tritonquakes of magnitudes of
5 and larger.

Of the other neptunian moons, two (Proteus and Nereid) are around
400 km in diameter, but both are irregular in shape, and possibly formed
during the capture of Triton (Goldreich et al., 1989), when the natural
neptunian satellites were cannibalized or deorbited by the newcomer.

14.2 Seismicity

No estimations of the level of seismicity of these moons are available up to

now.

14.3 Mission perspectives

The Decadal Survey 2023-2033 (Nat. Academies, 2022) recommended a
flagship mission to one of the ice giants, and preferred a Cassini-like or-
biter in the Uranus system over one to Neptune, on grounds of feasibility.
Specifically, launch opportunities arise in 2031 and 2032 for a 13 year cruise
without the need of inner solar system gravity assists. A Neptune mission
would require significant technical development, specifically relies on the
SLS rocket, while planning for a Uranus orbiter could start immediately.
ESA’s “Voyage 2050 report (Tacconi et al., 2021) has expressed interest in
contributing an atmospheric entry probe or moon lander to a NASA flag-
ship mission to an ice giant, similar to the Cassini/Huygens contribution,
where ESA delivered the Huygens Titan lander. The next years will show
whether this contribution will materialize and whether it will be in form
of a Uranus entry probe or a lander on Miranda or another large moon.
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A mission to the Neptune system is therefore very unlikely to be even
considered before the 2040s. At this time, there would likely be a push for
such a mission to contain at least a short-lived lander probe to Triton.

Due to the distance to the sun, solar power is not feasible for sustained
operation and as for the Europa Lander, such a mission would have to rely
on high performance batteries or RTGs.

15. Interstellar objects

15.1 Potential scientific goals

The first discovery of an interstellar object is less than five years old, when
1172017 U1 (‘Oumuamua) was observed on 2017 October 19 by the Pan-
STARRSI telescope system and confirmed to be traveling on a hyperbolic
orbit, i.e. not been bound by the sun’s gravity (Meech et al., 2017). The
limited amount of observations that were possible in the short time win-
dow of observation confirmed a rocky, red surface without any trace of
degassing, as it would be observed for a comet from the Solar System’s Oort
cloud (Bannister et al., 2019). Surprisingly, a second interstellar object was
found only 2 years later, this time before aphelion, so that its dynamical be-
havior during approximation of the sun could be observed and the object
21/Borisov could be confirmed to be an ice-rich comet (Bodewits et al.,
2020; Guzik et al., 2020).

The investigation of interstellar objects is obviously interesting. Inter-
stellar objects entering the solar system on hyperbolic trajectories are the
only solid matter from outside the solar system that will be accessible to in
situ characterization in the foreseeable future. A lander mission would carry
simple instruments to obtain a chemical composition of the top layers. The
rigidity of the object however is difficult to assess from the outside, but the
distinction on whether the object is a homogeneous body, an ice-rock mix-
ture or even a “rubble ball”, a very weakly consolidated object, is of high
interest to constrain the source context. The SESAME/CASSE seismic ex-
periment on the Philae mission to comet 67P/Churyumov-Gerasimenko
showed a mechanically extremely weak core below a harder surface layer
(Knapmeyer et al., 2018). The latter is likely the result of previous en-
counters of the comet to the sun (Groussin et al., 2019). Whether similar
layering exists for true interstellar objects would be quite interesting. As
the contact of the TAG sampler on the OSIRIS-REx mission to Bennu
showed, even asteroids can have surprisingly low rigidity in its uppermost
layers (Berry et al., 2022).
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15.2 Seismicity

Interstellar objects of the size encountered so far are unlikely to sustain
significant tectonic activity themselves. A possible mechanism for seismic
sources is thermal stress induced by the approximation of the sun or cooling
while leaving the solar system. Another option would be the combination
of a slow impactor mission with a landed seismometer or some kind of
repeatable source on the lander, like the hammering devices used on Philae
and InSight, or the mortars used on Apollo 14 and 16.

15.3 Mission perspectives

The observation of two interstellar objects in relatively short time has trig-
gered significant interest in developing a mission for in situ exploration of
objects to be detected in the near future (Hein et al., 2019; Seligman and
Laughlin, 2018; Castillo-Rogez et al., 2019). Proposals exist for missions
that are prepared and wait in storage for the discovery of a suitable object,
either on Earth, or the sun-earth L2 point. Even though fly-by missions are
significantly easier, a lander using solar-electric propulsion could be feasible
(Hein et al., 2022). A landed mission would bear similarity to Philae on
the ESA Rosetta mission and could do seismic or acoustic investigations to
constrain subsurface properties either during landing Biele et al. (2015) or
by listening to seismic waves excited during operation of a drill or simi-
lar instrument (Knapmeyer et al., 2016, 2018). The intercept point to any
interstellar object would likely be outside of Jupiters orbit and therefore
solar energy is not an option for a small lander. The lifetime of a surface
mission would therefore be limited by battery capacity and seismic exper-
iments would be coordinated with sampling or impactor operations. The
primary mission of Philae on comet 67P, sustained by the primary battery
only, for example, was about 68 hours.

16. Lessons learned from Insight

16.1 Scattering

Terrestrial seismology builds on clearly separated arrivals of ground motion,
called “phases”. Only the fact that seismic waves travel mostly unperturbed
through the earth and thus arrive in short pulses made it possible to disen-
tangle the plethora of signals being reflected and converted at various layers
and interfaces inside the planet. A necessary condition for such clean phases
is that the length scale of heterogeneities inside the planet is larger than the
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wave lengths involved (Aki and Richards, 2002). The first seismograms ob-
served on the moon showed that this condition is not fulfilled there and
that instead, the lunar crust scatters all seismic phases beyond recognition
(Blanchette-Guertin et al., 2012). The classical explanation for this is a high
impact rate due to the lack of an atmosphere and a lack of mechanisms to
heal small cracks, due to the absence of fluids, combined with very low
intrinsic attenuation, again due to extremely low water content. Prelimi-
nary analyses of Martian seismic data showed surprisingly high amount of
scattering (Menina et al., 2021; Karakostas et al., 2021), at least close to the
InSight landing site. Since this scattering seems limited to the uppermost
kilometers, investigations of “clean” mantle phases were possible neverthe-
less (Duran et al., 2022; Drilleau et al., 2022).

It is likely however, that at least all airless rocky planets (Mercury) will
be more similar to the Moon in terms of problematic scattering. Strongly
cratered icy worlds like Ceres or Callisto might be similar, while the tidal
heating in Europa, Titan and Enceladus may lead to ductile deformation of
the crust and healing of heterogeneities.

This scattering will affect single station, three component seismic mea-
surements. It is possible that gradiometric measurements, e.g. measurements
of rotational motion (Bernauer et al., 2021) or distributed measurements
at multiple locations (Walter et al., 2020) could allow to detect coherent
wavefronts even in presence of strong scattering. However, sensitivity of
such sensors is typically too low for planetary applications still (Bernauer et
al., 2020), even though the field is rapidly progressing, e.g. with the PIO-
NEERS sensor currently developed by a European collaboration (Garcia et
al., 2019a).

16.2 Timing

The Sesame Casse experiment on the ESA Rosetta mission was the first
seismic experiment that used vibrations from a mechanical hammer as
source in 2014. An issue encountered in the analysis, was the limited coor-
dination between instruments. A dedicated trigger line from the MUPUS
hammer to the SESAME recording system was considered too complex in
the preparation phase. Instead, the two instruments exchanged messages in a
common part of the onboard computer memory to coordinate hammering
and recording, and an on-ground assessment of the seven involved clocks
and their individual drift rates was carried out during the evaluation (Knap-
meyer et al., 2016). This made initial experimentation much more difficult
(Knapmeyer et al.,, 2018). The Rosetta mission was launched in 2004,
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the problem was encountered in 2014, but surprisingly, the same prob-
lem occurred again during the InSight HP3 seismic experiment, launched
in 2018, when the seismometer SEIS was listening for seismic waves pro-
duced by the hammer of the HP? heat flow probe (Spohn et al., 2021;
Sollberger et al., 2021). The lack of a joint time signal between the two
instruments HP? and SEIS meant that a convoluted process was necessary
to infer the exact time of each hammer blow from the seismic signal itself,
significantly increasing the uncertainty of the observation. Since the dis-
tance between any hammering or drilling instrument and a seismic sensor
1s unlikely to be more than a few meters and seismic velocities > 500 m/s
are expected, the precision of the joint timing source needs to be < 100 ps,
which is below the typical resolution of spacecraft bus clocks.

16.3 Bandwidth

InSight was able to transmit 6 seismic channels of 20 sps each over much
of the mission due to availability of orbiters with relay capacity (Odyssey,
Mars Reconnaissance Orbiter and the ESA Trace Gas Orbiter). This far ex-
ceeded the premission planning, where a single 10 sps vertical channel and
the 3 native channels of the seismometer were foreseen. In retrospect, one
event type, the “super high frequency events”, likely thermal cracking near
the lander, would not have been detected with the original configuration
(Dahmen et al., 2020), while another type, the very high frequency events,
would have been much more difficult to spot, given that their energy is
mainly on the horizontal channels above 2 Hz. It was specifically foreseen
to retrieve higher bandwidth data of specific events by manual requests.
Such events were either to be detected in the low bandwidth streams or
in one specific “ESTA-SP” channel, that contained the integrated signal
energy in a narrow frequency band above 10 Hz. This process worked suc-
cessfully overall, with the caveat that the ESTA-SP channel was polluted
too much by glitches and wind-related transient signals to be of much use
overall.

Any future seismic mission (save for a lunar one) will likely be dramati-
cally more constrained in terms of bandwidth, so that only a subset of data
can be transmitted. At the same time, low sampling rates risk omitting in-
teresting signals of local events. Classic, lossless seismic compression (Ahern
et al.,, 2012) reduces the amount of data by 30-50%, which is by far not
enough.

Another possibility would be advanced preprocessing of data onboard.
Fig. 15 (top) shows a spectrogram of 26 hours of vertical component VBB
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Figure 15 Top: Spectrogram of one Sol of seismic data, plot in the style of Giardini et
al. (2020), fig. 1a. 3 marsquakes can be identified easily. Bottom: Same plot, subjected
to level 10% lossy JPEG compression. The size of this figure is 108 kByte, i.e. 2% of the
original seismic data, yet the marsquake time windows can still be identified.

data of InSight, as described by (Giardini et al., 2020). Over the course
of the day, the wind noise increased dramatically over noon, masking all
potential marsquakes. In the evening, S0235b, the highest SNR event
of the first Martian year, can be seen. This spectrogram is equivalent to
24.7 3600 20 24 = 41.4 MBit or 5.2 MByte of seismic data. As described in
(Clinton et al., 2021), operationally, all significant marsquakes can be easily
detected in one such spectrogram. Fig. 15 (bottom) shows the same spectro-
gram as JPEG graphic, stored with high compression. The 3 marsquakes can
still be detected in this graphic, yet the file size of this graphic is 108 kByte,
i.e. 2% of the original seismic data. From this small file, interesting time
windows could easily be identified for transfer of data at full bandwidth.
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Whether spectrograms or similar, wavelet based time-frequency represen-
tations are the optimal way of producing low bandwidth daily overview
files needs to be investigated and weighted against the computational power
available onboard.

For certain mission concepts in the outer solar system, e.g. the Europa
Lander (Hand et al., 2017), the short mission duration will require the lan-
der to exercise its scientific campaign mostly autonomously without “Earth
in the loop”. This may mean that seismic events need to be identified au-
tonomously by the lander itself. Given the phenomenology of nonseismic
events, even in terrestrial planets (Ceylan et al., 2021; Dahmen et al., 2021;
Stahler et al., 2020), let alone on icy ocean worlds, this process is nontrivial
and will require significant theoretical work over the next years. Given the
surprises we saw with both moonquakes and marsquakes, it is unlikely that
a fully autonomous processing can find all kinds of events without prior
knowledge of typical examples.

17. Conclusion

The InSight mission to Mars has demonstrated that even a single, two
year seismometer mission is enough for a first global determination of the
deep interior of a planet. It did confirm geodetic observations from orbit
concerning the core radius, as well as imaging-based inferences of current
day tectonics in Cerberus Fossae. Furthermore, it allowed to constrain pre-
viously inaccessible parameters, such as the crustal thickness or the rate of
quakes. Finally, unexpected discoveries were made, such as the high amount
of scattering in the shallow crust or the strong concentration of seismicity
in Cerberus Fossae. The seismic observations, like travel times also provide
a quantitative dataset to test future interior models of Mars against for the
coming decades.

A similar dataset would be highly valuable for any of the other planets
and moons of the solar system. Yet, given the difficulty and cost of land-
ing, it needs to be weighted against orbital data, geodetic, radar or image
based, which is easier to obtain. From a purely subjective perspective, five
questions stand out that can be only addressed by seismology.

1. The tectonic mechanisms of Mars. InSight has shown that seismicity on
the red planet is very focused on one young volcanic feature: Cerberus
Fossae. This suggests that seismicity needs weakening of the crust by
locally high heat flow, with constraints on the crustal thickness and
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composition. Cerberus Fossae would therefore be a unique place in the
solar system to study coseismic crustal deformation of terrestrial planets.
The tectonic context of samples on Ceres. A Ceres sample return mis-
sion in Occator crater would rely heavily on knowledge of the age and
deposition mechanism of these briny samples. Even a low-sensitivity
seismometer could pick up small quakes near the landing site to deter-
mine whether signals related to active cryovolcanism exist and suggest
a young age of the deposits.

The ice thickness and ocean depth of Europa and Titan. The Europa
Clipper radar will have a good shot at finding a reflection from the ice-
ocean interface, but the success of this measurement is subject to the
poorly constrained electromagnetic absorption in the icy crust. Yet, the
crustal thickness and ocean depth are the strongest quantitative con-
straints on composition of the ocean and thus its habitability. A seismic
experiment could give an independent constraint. Hopefully, the Drag-
onfly seismometer will perform good enough to prove this concept.
The formation history and tidal heating of the large moons. The four
Galilean moons differ so strongly in their interior profiles (as con-
strained from geodetic data) that it is difficult to judge whether our
formation models work on them. Given that tidally heated planets
and moons in resonance might be significantly more common in other
planetary systems (think of Trappist-1), constraining even only the in-
terior of Ganymede or lo seismically would go a long way in calibrating
the models we apply to exoplanets.

The meteoroid impact rate throughout the solar system. At the time
of writing, there are no confirmed detections of meteoroid impacts by
InSight, even though candidate signals exist and are reviewed. The rate
of crater formation is assumed to be known when determining the age
of planetary surfaces, yet the rate of new impacts cannot be constrained
well, due to the strong effect of target material on observability of fresh
craters. A seismic observatory on a planet can constrain this rate di-
rectly, which also has a direct implication for estimating the density of
small bodies in the solar system and the resulting hazard for Earth and
interplanetary spaceflight.

The experience from InSight will make it possible to build smaller, low-

power seismometers, which can be added to any future landed mission at a

low cost in terms of complexity and energy.
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1. Introduction

After almost two thousand years, the wisdom of Seneca’s words still
holds: “Much that is still unknown to us will be known to mankind in the future
only, and much is preserved for times when memories of us are long gone. The world
would be a small thing if it took not the entire world to fathom it” (after the
German translation by O. and E. Schénberger, English by MK). They are
found in the conclusion of the seventh book of his Naturales Quaestiones,
which also concludes the entire work.

Like Seneca took the occasion of a recent violent earthquake in Pompeji
to discuss the origins of Earthquakes in the sixth book of the Quaestiones,
we here take the occasion of the recent seismological determination of the
core radius of Mars (Stihler et al., 2021) to step back and examine how
our knowledge about the sizes of planetary cores evolved with time. For-
tunately, we do not yet live in times when the memories of the natural
philosophers of antiquity are forgotten — quite the contrary, the digitaliza-
tion of old journals and books facilitates and accelerates the access to much
of the relevant literature, and to literature of which we did not know be-
forehand that it exists, or might be relevant. This allows investigating how
far back into time we have to go to find out when and where thinking
about planetary cores actually started.

Plato was not at the beginning of the story. Not even close. But as it
turned out during our research, the developments during the renaissance
can’t be understood without Aristotle. Plato was Aristotle’s teacher, and the
recognition of the Earth as a globe fell into their time — no globe, no core.
On the other hand, PLATO (Rauer et al., 2016) will not be at the end, not
even close. But it may open doors, or vistas, rather, to places where seismic
experiments will be reserved to future generations, when the present study
is long forgotten. The name Plato is thus found at — approximatively — two
ends of a story: from a flat earth to an infinite universe, from a cosmos who
is a “Living Creature” to searching the cosmos for living creatures (“Living
Creature” with capitals is used to designate the universe in R.G. Bury’s
translation of Plato’s Timaeus).

1.1 Why are cores interesting?

The core-mantle boundary (CMB) is the most significant discontinuity
within the solid Earth, in terms of density contrast, change in composition,
change in elastic properties and electric conductivity.
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The core has been the source of the Earth’s magnetic field for a very
long time, while Mars’ magnetic field died out a long time ago (Acuna et
al., 1999). It is an ongoing debate in how far the longevity of the Earth’s
geodynamo depends on the formation and growth of its inner core (e.g.
Landeau et al., 2017; Driscoll and Du, 2019, and references therein), and
while a solid inner core has unexpectedly been found in the Moon (Weber
et al., 2011), the existence of an inner core in Mars is generally doubted,
but the question not yet finally settled.

The Earths core contains 16.3% of the volume of the planet, and
contributes 32.5% of its mass (computed for PREM, Dziewonski and An-
derson, 1981). With these proportions, and with 32 weight-% of the bulk
Earth, but 85.5 weight-% of the core being iron (e.g. Henderson and Hen-
derson, 2009), almost 87 weight-% of the Earth’s inventory of iron are
contained in the core.

On the other hand, with only 11.4%, the contribution of the
R, =3480 km core to the Earth’s moment of inertia is the same as that
of the outermost approx. 215 km (PREM: 5.7% of the mass in 10% of the
volume). About half of the moment of inertia results from the outermost
1000 km, the upper mantle alone contributes almost three times as much
as the entire core.

As is described in sections 4.1 and 4.3, one explanation for the existence,
composition, and properties of planetary cores that was discussed in the past
was that the core mantle boundary is the result of a phase transition. This
turned out to be not the case, but the core nevertheless interacts with
the phase transitions of the mantle: In the Earth, the transition to post-
Perovskite occurs just above the core mantle boundary. In a similar fashion
it was uncertain for a long time, if the Wadsleyite—Bridgmanite transition,
occurring at 660 km depth in Earth, also occurs in Mars — or if the CMB
is above the depth where the necessary pressure is reached. Simulations of
mantle convection (Harder and Christensen, 1996; Harder, 1998) showed
that this endothermic transition would have a thermal blanketing effect —
thus the question for its existence is crucial for the planform of mantle
convection in Mars, and, ultimately, might be connected to the formation
of Tharsis.

Theories of the formation of the Moon have to explain the similarities,
but also the differences between the compositions of Earth and Moon. “The
existence of a lunar core ... provides a reservoir for missing siderophile elements which
are of great value in constraining lunar origin models” (Mueller et al., 1988, pp.
6349-6350) — a large core within the Moon would thus help to explain the
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low abundance of siderophile elements, when it can be made plausible that
a significant portion of them segregated into the core.

The above are only a few trivia and contexts, one can possibly name
many more, and in much more detail — which would be a review of its
own right. The question for a single number, the radius of the core, is thus
connected to questions concerning the formation, evolution, and inner
workings of the terrestrial planets.

1.2 Structure of this work

To limit the scope of this study, we will understand as a planetary core only
metallic cores that were segregated from an initially rocky mantle, where
“metallic” means especially iron-nickel alloys as found in meteorites, but
not the relaxed astronomical definition of “being heavier than Helium”
or elements that changed into a metallic state under high pressure. This
excludes metallic hydrogen zones within the giant planets as well as the
rocky parts of icy moons (which still may contain iron cores) from the
consideration. However, as we will see, it was not always accepted that the
Earth’s core is an iron-nickel alloy, so some room must be given to rock-
based core models nevertheless. A treatment of the interiors of icy moons,
under special consideration of tidal deformation, is given by Bagheri et al.
(2022, this volume).

We will first describe how we evaluate the literature, especially concern-
ing different conventions that were used to express the moment of inertia
factor, and the handling of measurement uncertainty (section 2). We then
explore the farther past to find out when and how the notion of an inner
structure of the Earth was developed (section 3). The main part of the study
is devoted to the determination of the core radii of Earth, Moon, and Mars,
and the progress especially in the 20th and 21st century (section 4). We add
considerations of exoplanets and the observational constraints and concep-
tual approaches to describe their interiors (section 5). In some concluding
remarks (section 6) we attempt to distill a few lessons that can be learned
so far.

Our study is based on a large collection of numerical values which
we present only graphically. All numbers, together with precise references,
are collected in an accompanying document (Knapmeyer and Walterova,
2022) which is published on a file hosting service. This document precisely
proves the sources of all numbers, and contains a few extra paragraphs of
peripheral interest. Where we explicitly refer to these paragraphs, we give
their numbers, preceded by an “S” (for “supporting information”).
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2. Methods: evaluation of the literature

The present work is a compilation of literature from more than two
millenia, during which the scientific thinking of the world changed signifi-
cantly, as did the formats of publication and the style in which publications
are written. Fortunately, vast libraries of scientific literature are available in
digital form via the internet nowadays, making even treatises written in the
17th century available in a near original form. Some of the cited sources
are in Latin, French or German. Where we cite verbatim from these, we
provide loose translations to English as well, but we think it is sometimes
worthwhile to present the original formulations.

A review, by definition, requires condensation and, to a certain degree,
simplification of the reviewed materials. This section describes some rules
we followed during the evaluation and compilation of the references used.

Concerning the moment of inertia factor (MoIF for short), we focused
on studies that provided new estimates. This is however not as straightfor-
ward as one might think. An important part of the discussion of the Martian
MolF deals with how to correct for the Tharsis anomaly (see section 4.3
Mars for details), and new approaches in this regard influence later publica-
tions concerning the interior structure of Mars without re-evaluating old
or adding new measurements. Community consensus is also expressed in
what values e.g. modeling studies use, not only in what is measured.

The moment of inertia factor depends on the reference mass and radius
used: ideally, one would rescale all published values to common references.
An obstacle is, however, that many studies do not make explicit which
reference mass and radius was used, but assume a reader well-informed
about the state of research at the time. A review like the present one could
be used to provide reasonable assumptions about the state of the art at any
time, but these would nevertheless only be educated guesses. Since feasible
resolutions of the comparative plots shown in this study hardly show any
difference between published and rescaled values, no rescaling was applied.

While the designation of an ellipsoid’s moments of inertia as A, B, and
C, and I for the mean moment of inertia, is consistently used throughout
the literature, different normalizations were used to signify a central mass
concentration. The more recent literature usually speaks of quantities like
C/MR? and I/MR? as the moment of inertia factor, i.e. normalizes the
planetary moment of inertia to that of a point mass rotating about an axis at
a distance given by the reference radius. Some earlier works sometimes ap-
ply an additional normalization to the moment of inertia of a homogeneous
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sphere, i.e. divide this by 2/5 (e.g. See, 1905a,b). Another representation is
¢ =3C/2MR? (e.g. Jones, 1932; Jeffreys, 1961; Eckert, 1965; Lamar and
McGann, 1966), originating in lunar libration theory, which yields ¢ =1
for a hollow shell of infinitesimal thickness. For easier comparison, we con-
vert all numerical values to the 1/MR?-normalization.

Uncertainties of the MolE, but also for the Love number k5, are usually
not found in the older literature (e.g. See, 1905a,b; Jeffreys, 1937; Ram-
sey, 1948; Eckert, 1965). The more recent satellite-geodetic publications
meticulously analyze the error budgets, including e.g. relativistic effects of
spacecraft velocity, or accelerations due to solar light pressure, among oth-
ers (e.g. Christensen and Balmino, 1979; Konopliv et al.,, 2013, 2016).
Some unaccounted discrepancies nevertheless remain, and formal uncer-
tainties are artificially inflated by factors of 2 (Konopliv et al., 2016, 2020),
3 (Genova et al., 2016), 5 (Folkner et al., 1997; Konopliv et al., 1998), 10
(Konopliv et al., 2001; Goossens and Matsumoto, 2008), or even 40 (Kono-
pliv et al., 2013) to account for unknown or unmodeled error sources.
Many authors however do not make explicit what statistical meaning their
uncertainty boundaries have (i.e. whether they are formal standard devi-
ations, or inflated). Comparing one author’s 1o to another’s no without
further explanation appears misleading, although we acknowledge that un-
known sources of error may exist and must be accounted for. We show
both the formal and inflated uncertainties in our figures to illustrate the
impact of uncertainty inflation.

Concerning the core radius itself, it is even less obvious what constitutes
a new estimation: most of the literature applies similar methods to the same
measured data, and mainly varies the additional assumptions necessary to
arrive at an inversion problem that is not hopelessly underdetermined. We
tried to gather from the literature what authors think is a plausible value
or range of values. Ranges given nevertheless will be too wide in some
cases, as it makes sense to set up parameter studies with boundaries slightly
exceeding the plausible range, just to make sure that all possible solutions
are covered.

Some authors do not provide numerical values for the core radius, but
graphical representations of structural models only (e.g. Jeftreys and Bullen,
1967; Cole, 1972; Bertka and Fei, 1998a; Kavner et al., 2001). In these
cases, measurements in the paper’s figures were made to obtain the core
radius. Sometimes, we had the impression that the values given in texts are
only weakly supported by the shown histograms or other graphics. In these
rare cases, values were also measured in the figures and preferred to what is
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given in the text. The commented tables in the Knapmeyer and Walterova
(2022) document from where each and every value originates.

This review will not discuss the evolution of our knowledge of plane-
tary masses in great detail. Mass estimations result in the product GM of
the Newtonian constant of gravity, G, and the mass M in question. The
uncertainty attached to M (and consequently the mean density) is often
dominated by the uncertainty of G (e.g. Birch, 1952; Bills and Ferrari,
1978; Pitzold et al., 2019, see also S4), which is notoriously difficult to
measure, and still the least known of all fundamental constants (with an
uncertainty in the order of 100 ppm, while other fundamental constants
are known at sub-ppb level, NIST, 2019). Section S4 of Knapmeyer and
Walterova (2022) gives a brief overview on the evolution of our knowledge
of G, and for which celestial objects its uncertainty dominates that of the
mass.

Measurements of the MoIF were conducted telescopically even in the
early 20th century, but meanwhile, spacecraft missions play a crucial role.
We therefore complement our depictions of the MolF and core radius time
series with timelines of these missions. We distinguish between fly-by, or-
biter, and lander missions, but not between hard and soft landing, stationary
landers vs. rovers etc., as this would require too many symbols and colors,
and finally become illegible. For each mission, we document arrival and
mission end dates, sometimes also launch dates, in UTC time. We also
distinguish between “failures” and “successes”, although this is not always
straightforward, e.g. when a Lunar orbit could not be reached, but a fly-by
was managed and valuable radio tracking data was returned. Our classifica-
tion of successes might thus be different from what is found elsewhere.

3. Ye olden days: early and earliest history

When studying the evolution of our modern knowledge about plan-
etary cores, one question arises first: How far into the past do we have to
look to find the origins of this knowledge, and especially of the concept of
a core within the Earth?

This also touches the question of which opinions or results should be
reported: In general, it is a mistake to judge historical decisions, opin-
ions, and events in hindsight, from the perspective of today’s knowledge.
It is anachronistic to say, from the hindsight perspective of our knowl-
edge, that Gutenberg got the core radius of Earth right already in 1914:
There were other authors after 1914 who presented radii more than 20 km,
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at times more than 50 km different from his value, and in 1914 it was
not obvious how good Gutenberg’s solution was. The views concerning
the Earth’s interior of Athanasius Kircher (1602—1680) were somewhere
between mainstream and avantgarde in his time, and deserve being men-
tioned, while discussions concerning the prison of damned souls partly
belong to another storyline. Finding the point in time at which different
lines of thought start diverging is not straightforward, and, following Woot-
ton (2015), it might not even exist. We nevertheless found it enlightening
to read the arguments concerning hell, as they shed light on the overall
mindset of renaissance natural philosophers, who developed modern sci-
ence while being deeply rooted in their religious traditions.

We here first look back into the more distant past, as natural philosophy
in the Renaissance was directly influenced by antique Greek and Roman
texts, some just rediscovered, some embedded into the official religious
doctrine. We also attempt to obtain a sketchy impression of ideas from
outside the European tradition. Then we fast forward to the 16th century,
where we find the roots of our modern views.

3.1 The subsurface world in mythology and early natural
philosophy

Theories about what is underneath our feet were developed since the ear-
liest times. All cultures that were exposed to volcanoes and earthquakes,
caves, sources of rivers, and other phenomena that connect the subsurface
to human experience, have some kind of related theory or mythology.

Gods and demons related to earthquakes are indeed found in many cul-
tures — examples are Kabrakan, the Maya “Destroyer of the Mountains”
and the Aztec god of caves and earthquakes Tepeyollotli, the Polynesian
Mabhuike, the Norse Loki (convulsing in pain in his captivity), the Greek
“Shaker of the Earth” Poseidon Ennosigaios, or Raluvimbha, the god of
all natural phenomena of the Baventa in Transvaal (the list is derived from
Lurker, 1989, whose spelling of names we follow). Japanese mythology
knows of the giant catfish Namazu, who is immobilized with a large boul-
der by the Kashima and Ebisu deities. Sometimes, Ebisu is unable to hold
the pressure, allowing Namazu to wiggle — and earthquakes result (e.g. Lud-
win et al., 2007). Well known to probably all geologists is the Hawai’ian
goddess of volcanoes and lightning, Pele, who came to Hawai’i after being
banned from Tahiti (Lurker, 1989).

Taylor (1995) interprets two legends from the Tonga islands of Ni-
uafo’ou and Totua, in terms of volcanic eruptions: Both report that Samoan
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demons stole the summit of a mountain, but were caught in the act, and
henceforth dropped it into the ocean in a hectic getaway.

In the light of the obliteration of most of the Hunga Tonga / Hunga
Ha’apai islands in January 2022 (scientific papers about which are just being
published) one can imagine that the idea of theft might occur to people
who intend to sail to an island and find nothing. Hunga Tonga is (or was)
approx. 100 km south of Tofua.

Indications for a possible relation of the Israelite’s god YHWH to vol-
canism are reviewed by Dunn (2014). Given that the biblical god YHWH
is an evolution of one or more earlier tribal deities, associations with a
mountain or volcano deity are possible, even though the appearance in
thunderstorms (e.g. in the book Exodus) are better known and prevailing
among scholars (Lurker also lists YHWH among the mountain deities).
A number of verses of the Old Testament dealing with apparitions of
YHWH describe phenomena well known from volcanic eruptions, like
fire, black smoke, earthquakes, and others. One example is found in the
Psalms: “The earth rocked and shook; the foundations of the mountains trembled;
they shook as his wrath flared up. / Smoke rose in his nostrils, a devouring fire
poured from his mouth; it kindled coals into flame. / He parted the heavens and
came down, a dark cloud under his feet” (Psalm 18.8-10, cited from the New
American Bible, 2002). Having witnessed a number of thunderstorms per-
sonally, and seen video footage from eruptions of the last decades, we agree
that Psalm 18 does not refer to a thunderstorm.

[t has been suggested that the Greek myths of Cyclopes actually refer to
volcanoes (Scarth, 1989, and references therein). Scarth indeed interpreted
the blinding of Polyphemus by Odysseus as description of an eruption of
Mt. Etna, and Polyphemus’ cave as Etna’s main crater, while the other
cyclopes are metaphors for the subsidiary craters. Scarth also suggested that
most details of the Polyphemus story could be interpreted as related to
Etnean eruptions, from the cyclops’ violence towards Odysseus’ comrades
to his tenderness towards his sheep, and even the sheep’s black wool.

On the other hand, Hine (2002) did not see the Cyclopes live under
volcanoes and argues that Greek authors had only hearsay knowledge of
volcanoes, since before 79 CE the Etna was the only active volcano visi-
ble from any major city, thus mainland Greeks never saw one (despite the
catastrophic effects of volcanism on earlier cultures in the Eastern Mediter-
ranean). Another indication for the lack of experience with volcanos, in
Hine’s view, is the absence of specific words for “volcano” in both classical
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Greek and Latin (the island named Vulcano today was known to ancient
writers as Hiera; Vulcan was the god of fire and patron of blacksmiths).

In any case, we consider the description of Polyphemus’ rage an inter-
esting parallel to the Tahitian legend of stolen summits: Upon Odysseus’
provocations, Polyphemus “became all the more angry at heart, and broke off the
peak of a high mountain and hurled it at us” (Homer, Odyssey, Book 9, p. 351,
English by A.T. Murray and G.E. Dimock), and a little later he “lifted up
again a far greater stone, and swung and hurled it, putting into the throw infinite
strength. He threw it a little behind the dark-prowed ship, [...] And the sea surged
beneath the stone as it fell, and the wave bore the ship onward and drove it to the
shore” (Odyssey, Book 9, p. 355).

In religion and mythology, narrative is more important than description,
but Greek and Roman writers also provided more factual accounts.

Descriptions of earthquakes and volcanism often speak of fires — n.b.
that without Newtonian gravity and accretional heat, and without nu-
clear processes, combustion is the only way to produce heat and thus
the only explanation of volcanic heat available to ancient scholars. The
pseudo-Aristotelian collection of phenomena, On Marvellous Things Heard
(see Aristotle, Minor works, 4th cent. BCE c; since this book is part of the
traditional text corpus and at least considered to originate from one of
Aristoteles’ successors in the peripatetic school, authorship questions are of
little relevance here), paraphrases e.g. “mupog pevua” (“fiery streams”, Aris-
totle, 4th cent. BCE ¢, marvelous thing no. 154), “stream of fire” (Aristotle,
4th cent. BCE ¢, no. 38), or “outpouring fire” (Aristotle, 4th cent. BCE c,
no. 105).

Fire is also behind volcanism for Lucretius (e.g. “ex imis vero furit ignibus
impetus Aetnae”, “from the depths come the fiery eruptions of Etna”, Lucretius,
ca. 60 BCE, De Rerum Natura, book 2, 593, translation W.H.D. Rouse,
revised by M.E Smith), and Seneca (63 CE; e.g.” ignesque nonnumquam per
aliquod ignotum antea montis aut rupis foramen emittat, aliqguando notos et per
saecula nobiles comprimat”, “and sometimes it [the Earth] emits fires from a pre-
viously unknown opening of a mountain or a rupture, sometimes it conceals those
that were known and famous for ages” Seneca, Naturales Quaestiones, book VI,
chapter 4, article 1, translation MW). Pliny the Elder (77 CE) lists several
mountains that are on fire: “ardet Aetna noctibus semper”, “flagrat in Phaselitis
mons Chimaera, [...]” (“Etna always glows at night”, *“Mount Chimaera |...]
is on fire”, Pliny the Elder, 77 CE, Naturalis Historia, book II, CX, transl.
H. Rackham), “montem Epopon, cum repente flamma ex eo emicuisset” (*“ Mount
Epopos, is said to have suddenly shot up a great flame”, Pliny, 77 CE, Naturalis
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Historia, book II, LXXXIX, transl. H. Rackham). His nephew, Pliny the
Younger (104 CE?) theorized little, but gave a famous description of the
79 CE eruption of Mt. Vesuvius, where he said “Interim e Vesuvio monte
pluribus locis latissimae flammae altaque incendia relucebant, quorum fulgor et clar-
itas tenebris noctis excitabatur)” (*“Meanwhile on Mount Vesuvius broad sheets of
fire and leaping flames blazed at several points, their bright glare emphasized by the
darkness of night”, Letters, book VI, XVI, transl. B. Radice).

Besides the connection of volcanic phenomena with fire, the mentioned
authors agreed that the interior of the Earth contains caves or voids. The
idea that earthquakes are caused by flows of water or air (e.g. “So the cause
of earth tremors is neither water nor earth but wind”, Aristotle, 4th cent. BCE b,
Meteorologica, book II, chapter VIII, transl. H.D.P. Lee) requires open space
in which these can flow. According to Aristotle, “the severest earthquakes occur
in places where the sea is full of currents or the earth is porous and hollow” (Aristo-
tle, 4th cent. BCE b), and the underlying motions of air are even the cause
for the Earth’s internal fire: “for when the air is broken up into small particles,
percussion then causes it to catch fire” (Aristotle, 4th cent. BCE b). Lucretius
(60 BCE) thought that “primum totius subcava montis / est natura, fere silicum
suffulta cavernis” (*“Firstly, the whole mountain is hollow beneath, being supported
for the most part upon caverns in the basalt rock.”, Lucretius, De Rerum Natura,
book 6, 682—683, translation W.H.D. Rouse, revised by M.E Smith).

Much later, Strabo (7 BCE?b, Geography, book 6, 2.8) describes that a
liquid pours out of Etna’s crater (“paxag”, a small river), and also that it
emits flames, smoke, and “pddpouvg”, i.e. glowing, nearly molten material.
In book 5, 4.9, Strabo repeats Pindar’s suggestion of a subterranean con-
nection from the Naples regions “and extending as far as Sicily, is full of fire,
and has caverns deep down in the earth that form a single whole, connecting not only
with one another but also with the mainland; and therefore not only Aetna clearly
has such a character [...], but also the Lipari Islands, and the districts round about
Dicaearchia, Neapolis, and Baiae, and the island of Pithecussae [called Procida
today, MK]” (Strabo, 7 BCE?a, Geography, book 5, 4.9, transl. H.L. Jones).

Strabo’s is the most extended system of interconnected cavities we found
explicitly described in the antique literature, although the unknown author
of the Latin poem Aetna (written prior to the 63 CE destructive earthquake
around Pompeji) compares the Earth to a living organism, with large clefts
and chasms instead of veins (Aetna, 95-105). In lines 445—448 the author
says about the island named after Vulcan (i.e. Vulcano island north of Sicily):
“atque haec ipsa tamen iam quondam exstincta fuisset, / ni furtim aggereret Siculi
vicinia montis / materiam silvamque suam, pressove canali / huc illuc ageret ventos
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et pasceret ignes” (“And yet this very island would long ago have been extinct had
not its neighbor, the Sicilian mountain, always been secretly providing it with its
own fuel and material, or through some sunken channel been driving the winds this
way and that to feed the flames”, Aetna, translation Duft and Duff, 1934).

As the source of the volcanic heat, Aetna identifies the volcanic rock
itself: “sed maxima causa molaris / illius incendi lapis est” (“But the paramount
source of that volcanic fire is the lava-stone”, Aetna, 400-401, translation Duff
and Duff).

Seneca (after the 63 CE Pompeji earthquake) also imagines enormous
voids: “[...] sunt et illic specus vasti ingentesque recessus ac spatia suspensis hinc
et inde montibus laxa; sund abrupti in infinitum hiatus, qui saepe illapsas urbes
receperunt et ingentem ruinam in alto condiderunt” (“there are also vast caverns,
corridors and hallways, with mountains rising here and there. There are also abrupt
abysses of infinite depth, which often devoured entire cities and bury their ruins in
their depths”, Seneca, Naturales Quaestiones, book III, chapter 16, article 4,
after the German translation by O. and E. Schénberger, English by MK).
Seneca also cites Democritus with the words “aliqua pars terrae concava est”
(“a considerable part of the Earth is hollow”, Seneca, Naturales Quaestiones, book
VI, chapter 20, article 1, after the German translation by O. and E. Schon-
berger, English by MK).

3.2 Celestial bodies in early natural philosophy

Plato’s cosmos, as described in his dialogue Timaeus (Plato, 4th cent. BCE)
is made of four elements (Tim., 32¢), and is unique (32b), finite (33b-c)
spherical (33b, 62d), artificial (69b-c), alive (30b), blessed (34b), aesthetic
(33b), teleologic (38c-e, 39b-c), and anthropocentric (91d-e).

The Sun and the planets are created for a specific purpose: “[...] the sun
and moon and five other stars, which bear the appellation of “planets”, came into
existence for the determining and preserving of the numbers of Time” (Timaeus,
38c/d, translation R.G. Bury). They apparently needed some training,
though: “[...] and when they had been generated as living creatures, having their
bodies bound with living bonds, and had learnt their appointed duties; then they
kept revolving [...]”
planets.

(Timaeus, 38¢). And there is no suggestion of any other

The plan of the creating God worked out, and humans learned time
keeping, astronomy, mathematics, and philosophy from observing the sky:
“Vision, in my view, is the cause of the greatest benefit to us, inasmuch as none of the
accounts now given concerning the Universe would ever have been given if men had
not seen the stars or the sun or the heaven. But as it is, the vision of day and night
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and of months and circling years has created the art of number and has given us not
only the notion of Time but also means of research into the nature of the Universe.
From these we have procured Philosophy in all its range, than [sic| which no greater
boon ever has come or will come, by divine bestowal, unto the race of mortals. This
I affirm to be the greatest good of eyesight” (Plato, Timaeus, 47a/b, translation
Bury). These lines, although in a different, unspecified translation, are the
motto above the PLATO mission definition study report of ESA (PLATO,
2017). In how far Plato’s narrating character, or the Timaeus of Locri after
whom he is apparently modeled (see Bury’s introduction to the dialogue),
would be bewildered by our considerations on exoplanets and their habit-
ability must remain as speculative as the notion that Giordano Bruno would
have applauded the PLATO project.

Plato did not say of what material the planets and the Moon consist,
but the sphere of the fixed stars “He wrought for the most part out of fire [...]”
[Timaeus, 40a]. The stars rotate not only around the axis of the cosmos
as a whole, but also around themselves (“uniform motion in the same spot”,
Tim., 40b, as Bury translates). This idea of rotating stars, however, is not
foreboding something Plato could impossibly know, but by this motion
each star “conceives always identical thoughts about the same objects” (Tim., 40b),
i.e. the idea of a rotation is embedded in the animistic-teleologic concept
and has nothing to do with conservation of an angular moment.

It is difficult to say if Plato thought the Earth spherical, drum-shaped,
flat, or otherwise. The Timaeus is very unspecific here. Morrison (1959)
analyzed the usage of words in Plato’s Phaedo and several works of other
authors to argue that Socrates” description in the Phaedo, contrary to the
interpretation of many others, should not be understood as the description
of a globe. Instead he suggested that Socrates had a hemispherical Earth
in mind, where the entirety of the inhabited surface is the flat face of the
hemisphere, while the volume contains Hades and Tartaros and is dedi-
cated to the post mortem treatment of souls. Couprie (2005) took Socrates’
comparison of the Earth with a dodecahedral leather ball more verbatim,
but also thought that the entire description of the Earth in the Phaedo is
a mixture of geography and mythology, and, given Plato’s thoughts about
reality and our perception of it, one even has to be careful with words like
“schematic” and “real”.

By all means, the idea of a spherical Earth was apparently new at Plato’s
time, and Aristotle considered it necessary to defend this view against earlier
concepts.
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Aristotle (4th cent. BCE a) was convinced that the Earth is spherical.
His On the Heavens gives several correct arguments, and even considers pos-
sible to reach India by sailing westwards. The circumference he cites for the
Earth is 85% too large (see S2.1) but of the right order of magnitude (Er-
atosthenes carried out his famous experiments long after Aristotle’s death).
He was obviously aware of the Earth’s volume. Aristotle concluded that
the Earth is “pn péyav mpog 10 t6dv actpwv éyebog” (“not large in comparison
with the size of the other stars” (On The Heavens, book II, ch. XIV, transl.
W.K.C. Guthrie). The pseudo-Aristotelian On the Cosmos (the authorship
and dating of which is uncertain) has “set in the depth at the center of the cos-
mos, densely packed and compressed, is the whole mass of the earth, unmoved and
unshaken [&xivntog kai dodhevtog]” (On the Cosmos, section 3, translation
Furley). In general, Aristotle was more interested in the Earth’s exterior
than in its interior.

Aristotle knew that the Moon is spherical (On the Heavens, book I, ch.
XI, see also S2.1). According to his five elements cosmology, the Moon
and all other heavenly bodies needed to consist of Aether, and only Aether,
since this is the only element that allows for eternal existence and motion
(see also S2.1).

Lucretius (60 BCE) saw both Sun and Moon moving through air rather
than Aether, only the part of the cosmos beyond the Sun is in Aether
(“Hunc exordia sunt solis lunaeque secuta / interutrasque globi quorum vertuntur in
auris”, “ This was followed by the beginnings of sun and moon, whose globes revolve
in the air between the two”, Lucretius, De Rerum Natura, book 5, 471-472,
translation W.H.D. Rouse, revised by M.E Smith).

At least part of the Moon is — accidentally — made of earth material ac-
cording to Pliny the Elder (77 CE): The Moon and the stars are nourished
by the Earth’s moisture and the Moon can apparently take material of the
Earth with it in the process of drinking, hence “maculas enim non aliud esse
quam terrae raptas cum humore sordes” (“her spots being merely dirt from the earth
taken up with the moisture”, Pliny, 77 CE, Naturalis Historia, book II, VI,
46, transl. H. Rackham).

Plutarch (approx. 85 CE) went a step further and concluded from the
Moon’s ability to reflect light that it must consist of earth-like material,

3

since “... if we see that the moon is illuminated not as the air is rather than as
the earth, the things upon which the same agent produce the same effects must be of
similar nature” (Plutarch, 80 CE?, Concerning the face..., 931c, transl. Cherniss

and Helmbold).
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As a tentative (as our survey of ancient literature is cursory and incom-
plete) conclusion we get the impression that witnessing earthquakes and
volcanos were at the brink of the comprehensible for early civilizations.
Language and ideas formed from everyday experiences were hardly suit-
able to describe, not to mention understand, these kinds of events. There
was hardly even a word for lava, both Greek and Roman authors used fire
metaphors for centuries. Analogies with combustion and fire are abound,
but explanations were mostly limited to what is visible at the surface. The
subterranean caves often mentioned in the explanation of earthquakes ap-
pear to be limited to what we would call crustal depths today, at least we
found little that unequivocally describes the deep interior of the Earth.
Planets were mere lights in the sky, and especially the Aristotelian philos-
ophy, which became dominant in Christian Europe, denies any analogy
between Earth on the one hand side, and the Moon and the planets on the
other side.

3.3 At the dawning of the age of science

Before Galileo, it was hardly possible for European natural philosophers
to think, not to mention write, about the interior of celestial bodies. At
Galileo’s time, the prevalent model of the world was still that of Aristotle,
with its inherent heresies fixed by the work of Albertus Magnus, Thomas
Aquinas and the Dominican Order of Preachers (e.g. Flasch, 2013). In Aris-
totle’s thinking, the universe consisted of five elements, four of which were
found only in the sublunar world (earth, water, air, and fire), while the
supralunar world, including the Moon, entirely consisted of a fifth element,
the aether (Aristotle, On the Heavens). The four sublunar elements were as-
sorted around the center of the Universe in concentric shells, earthen the
innermost, surrounded by water, air, and fire, in this order. The supralunar
world was thought as a spherical contraption, where a number of rotating
aether-shells held the planets and stars. Aristotle insisted that this universe
has a finite diameter, that there is no outside, and that there is only one
such universe — this one world is everything that exists (Aristotle, On the
Heavens).

Leonardo da Vinci, in the early 16th century, applied his mechanical
understanding to the Aristotelian model of — ideally — concentric spheres
consisting of the elements earth and water. Since Aristotle thought the
earth-element heavier than the water-element, the former should be within
the latter, and both concentric with the center or the cosmos. Which is ob-
viously not the case. Leonardo understood that rivers, by means of eroding
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mountains, move mass from the dry part of the earth into the submerged
part, shifting the center of gravity of the whole: the earth-sphere “[...] will
make itself lighter and in consequence will make itself more remote from the center
of the gravity of the earth, that is from the center of the universe which is always
concentric with the center of the gravity of the earth.” (codex Leicester, 17, trans-
lation MacCurdy, 1955, p. 325) ”[...] and the earth and the mountains will
emerge out of the sphere of the water lightened by this part, and will also make itself
lighter by the weight of the water which rested upon it, and will come so much the
more to raise itself towards the sky. And the sphere of the water in this case does not
change its position, because its water fills up the place from which the gravity of that
part of the earth that fell divided itself; [...]” (Leic. 36 r., translation MacCurdy,
p. 356). What Leonardo describes here is a center-of-mass-center-ot-figure
offset of the earth-sphere, caused and continually increased by the erosion
of mountains. He recognizes that this will ultimately bring former sea floor
above the water level, giving an explanation for fossilized shells and oysters
in the mountains.

Balance requires that “it must needs be therefore that there is a great mass of
water within the earth, in addition to that which is diffused through the lower parts
of the atmosphere and runs through the rivers and springs” (Leic. 36 r., translation
MacCurdy, p. 355) and “Necessity makes the machine of the earth empty of earth
and full of water, after the fashion of a vessel filled with water |...]” (Leic. 35
v., translation MacCurdy, p. 352), i.e. the earth-sphere is hollow and filled
with water.

At the same time, non-Aristotelian cosmologies, denying the entire
five-elements concept, circulated at least since 1417. In this year, Poggio
Bracciolini re-discovered Lucretius’ De Rerum Natura (60 BCE) — Lucretius
states that there is “illimitable space empty in every direction” (p. 177), and that
in this “[...] unfathomable universe [...] it cannot by any means be thought likely
that this is the only round earth” (p. 177) and one is “[...] bound to confess that
there are other worlds in other regions and different races of men” (p. 178).

In Galileos time, such ideas were dangerous: Giordano Bruno also con-
sidered the stars to be just distant suns, surrounded by other Earths with
their respective inhabitants. Maybe his cosmological ideas were not con-
sidered as his most depraved heresies, but the sentence against him clearly
condemned them as heretic and erroneous. Bruno burned on the stake in
February 1600, and all his writings were prohibited and remained so until
the roman church discontinued its Index Librorum Prohibitorum in 1965 (see
the cited 1900 edition of the index of forbidden books; also Bruno, 1584;
Rowland, 2008, see also S2.4).
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A luckier opponent of the Aristotelian world model was William
Gilbert (in Anglican England). In his book on magnetism (Gilbert, 1600),
he described “the true earth-matter we hold to be a solid body homogeneous with
the globe, firmly coherent” (p. 68), there are just “certain hollows” and “veins
and arteries” (p. 64) that contain and transport water. Although “the earth’s
center is the center of the earth’s magnetic movements” (i.e. the origin of the field
at the surface, p. 150), Gilbert did not describe any specific structure that
produces the field — from his experiments with a spherical magnet, he con-
cluded that “All the inner parts of the earth are in union and act in harmony,
and produce direction to north and south” (p. 184) thus the Earth as a whole
behaves like “loadstone” (sic, p. 313). Also, Gilbert was aware that lodestone
(i.e. magnetite), as dug from the earth, is closely related to iron (*... the best
loadstone is the most excellent iron ore .., p. 63).

Then Galileo published a little book (the Sidereus Nuncius, Galilei,
1610a,b, English translations from the former, Latin from the latter). On
only 60 pages he announced the discovery of satellites around Jupiter, stars
never been seen by human eyes before, and the pockmarked surface of the
Moon. Galileo described the surface of the Moon as “inequalem, asperam,
cauitatibus” (p. 9 in 1610b, “uneven, rough, crowded with depressions”, p.
42 in 1610b) and generally compared it to “7Telluris facies” (p. 9, “the face
of the Earth”, p. 42). Galilei not only claimed that the Moon has moun-
tains, he also measured the height of some to be “eminentior [...] miliaribus
Italicis 47 (p. 19, “higher than 4 Italian miles”, p. 54) and thus “Lunares em-
inentias terrestribus esse subliminores” (p. 19, “the lunar prominences are loftier
than the terrestrial ones”, p. 54). According to Aristotelian (and thus church-
official) doctrine, the Moon consists of aether and is eternal and perfect
— attributing landscapes and explicitly comparing it to the Earth, the ma-
terial of which is subject to decay and corruption, was a bold move and
raised suspicion against the new instrument. Nevertheless, Galileo’s work
was welcomed, even celebrated, not only among Copernicans, but also
clerics like Cardinal Barberini, the later pope Urban VIII, who said he saw
“some very wonderful things concerning the Moon and Venus” (commentary of
A. van Helden to Galilei, 1610a, p. 112) through the telescope.

Other observations and publications contributed to the demise of the
Aristotelian world model: Tycho Brahe demonstrated that the new star
that appeared in the constellation Cassiopeia was not a meteorological
phenomenon but must be situated in the sphere of the fixed stars (see Gin-
gerich, 2005) — and thus that the supposedly eternal, unchangeable realm
of the stars is not that unchangeable. Even more spectacular was the comet
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of 1577 — of which Brahe demonstrated that it is moving at a distance larger
than that of the Moon, contrary to Aristotle (Meteorologica), who considered
comets as a meteorological phenomenon. Kepler (1609) knew that the per-
fection of circles is unsuitable to describe the observed motion of Mars. His
attempt to explain the motion of planets by some force emanated by the
sun (rather than by live souls as in the Aristotelian view) were considered by
contemporaries as “whimsical speculations, that do not belong to astronomy, but
to physics ... How is that supposed to serve astronomy?” (from a letter of Gdansk
astronomer P. Criiger, translated by MK after M. Caspar’s introduction to
Kepler, 1609). Astronomy, at that time, was a purely descriptive endeavor.

In parallel to the new views of the outer cosmos, the thinking about
the interior of the Earth also changed. Although Aristotle explained earth-
quakes by winds flowing into and out of the subsurface, and although he
was aware of the Earth’s immense circumference, he did not describe the
bulk of its interior any further.

One approach to further detail the Earth’s interior is the hypothesis
of the central fire. The existence and widely used therapeutical eftects of
hot springs called for an explanation of their heat, and a whole body of
literature developed around this problem, as Vermij (1998) describes. The
suggested heat sources however needed to be close to where the springs are
found.

In his Principia Philosophiae, Descartes (1644) attempted to develop a
Grand Unified Theory (as we would call it today) and claims to describe
all known phenomena: “Nullae naturae Phaenomena in hac tractatione fuisse
praetermissa” — “No natural phenomena were omitted in this treatise” (book IV,
article 199, English by MK after the German edition of Descartes, 1644).
With a theory of matter similar to that of Lucretius, i.e. small particles of
different shapes and sizes and purely mechanical interactions like collisions,
friction, and locking. The described phenomena include comets, the su-
pernova of 1572, sunspots, magnetism, earthquakes, volcanoes, the nature
of mercury, the reason why water does not burn, and the production of
glass, among others. In 1663, the atomistic nature of his treatise granted
Descartes a number of entries in the Index Librorum Prohibitorum, which are
still found in the 1900 edition (Index, 1900, see also Wohlers’ introduction
to his translation of Descartes, 1644).

Sunspots play a major role in Descartes’ hypothesis about the origin of
the Earth: the Earth originally was a fixed star (“antea fuerit sidus lucidum”,
“once was a luminous star”, 111, 150; ““Fingamus itaque Terram hanc, quam incol-
imus, fuisse olim ex sola materia primi elementi conflatam, instar Solis, quamvis ipso
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esset multo minor;”, ““Let us assume that the Earth was initially made only of the
first element, like the Sun, although it was much smaller.”, TV, 2), and formed in-
dependently of the Sun (IV, 2). This star produced more and more sunspots,
which finally completely encrusted it, and it slid into the dominion of the
Sun and became a planet (IV, 2). Some of the particles of which the Earth’s
sunspots consisted transformed into particles of other sizes and shapes, and
formed layers around a core of stellar material (“Harum prima & intima I
continere tantum videtur materiam primi elementi”’, “The first and innermost re-
gion I obviously contains matter of the first element [of which the stars and the
Sun consist, MK] only”, 1V, 3) — from the center outward the Earth now
consists of stellar matter, sunspot material (“[...] maculis Solis, quae cum sint
ejusdem naturae atque hoc corpus M [...]”, “sunspots, which are of the same nature
as the body M [the second layer from the center, MK]”, 1V, 4), a layer in
which metals form, the land surface with its topography, water, and air (IV,
3, 4, 44). Descartes shows a schematic and obviously unscaled cross-section
through the earth, but does not estimate the dimension of the innermost
region. His entire treatise is a purely qualitative narrative.

Ciancio (2018) considers Descartes as the one who finally helped the
idea of a central fire to acceptance, although Descartes explains volcanic
“fire” by burning sulphur and bitumen (Descartes, 1644, IV, 78) rather
than by the stellar material in the Earth’s center. Before, the central fire
hypothesis was dismissed by many, since it was at odds with emerging views
about the genesis of rock and ore, the nature of fire as such, Aristotelian
philosophy, and the widespread beliefs about the Christian hell (a discussion
of the evolution of the central fire hypothesis is given by Ciancio, 2018,
from which our summary is derived). The two still famous cross-sections
of the Earth in tome 1, book 4 of Athanasius Kircher’s Mundus Subterraneus
(Kircher, 1664) were probably inspired by Kircher’s expedition into the
summit crater of the Vesuvius, which convinced him that some fire must
exist within the Earth, to drive and fuel volcanic eruptions. While the
figures appear to simply show a network of caves and furnaces of fire which
feed the volcanoes at the Earth’s surface, and an independent plumbing that
feeds the sources of rivers and the oceans, Kircher’s text equates the shown
central fire with the Christian hell, the eternal prison of damned souls. It
must be noted that the association of the Christian hell with fire and heat
is not universal and likely rather young. In 1320, Dante Alighieri describes
hell as a cold place with Satan frozen mid-breast in ice, in accordance with
the Aristotelean order of elements (Dante, ca. 1321).
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EA DEM FERIA

Ex tgﬁm interpellat Abrabamum  Epulo ﬁuﬂm

anlmaqn. Anno xxxiy

Figure 1 The center of the Earth is occupied by hell, as illustrated in this early cross-
section. Credit: The circles of hell and limbo (containing Abraham and Lazarus) beneath
the earth; snakes appear at the surface of the earth. Engraving by J. Wierix, 1595. Well-
come Collection. Public Domain Mark.
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One contradiction to Aristotle lies in the dictum that fire is lighter than
air and will rise to its natural place, directly below the Moon. A marginal
note on Kircher’s page 171 summarizes a discussion of how — in Kircher’s
view — this contradiction could be resolved: “Ignis sub Luna non est elemen-
tum.” — Fire below the Moon is not a (pure) element, and hence it does
not ascend moonwards. Some authors (Cesi, Cabeo, Riccioli, see Ciancio,
2018, and references therein) accepted the presence of internal fires, but
avoided mentioning a large central fire, and thus the confrontation with
Aristotle. They also avoided the confrontation with the catholic church and
the inquisition — a widespread belief was that the place of eternal damnation
is at the location farthest from god, i.e. in the center of the universe, which
coincides with the center of the Earth as illustrated in Fig. 1 (Fabbri, 2018,
see also S2.2. This traditional belief is also what Harold Jeftreys referred to
in his letter of 01. June 1932 to Inge Lehmann: “I should have thought a
good Jesuit would have jumped at the discovery of hell, but he reacts all wrong.”
— Lehmann argued that Jesuit scientist ].B. Macelwane misunderstood her
discussion of PKP amplitudes and structure within the core. Cited after
Hjortenberg, 2009, p. 691).

Ciancio (2018) also cites the Mathematicae totius, a comprehensive ed-
ucational book on mathematics, astronomy, geography, optics, music and
other topics by Kircher’s fellow Jesuit Pierre Gautruche (1668). In this
book, Gautruche sketches an interior of the Earth where Kircher’s heating
and plumbing is limited to an outer region (Tabula IX, in the figure sec-
tion that follows p. 208 of Gautruche’s book). The majority of the Earth’s
interior is homogeneous, and only a small central region is reserved for
a central fire, which also constitutes “carcerem damnatorum” (p. 219), the
prison of the damned souls. For Gautruche, the homogeneous material of
the deep interior imparts its magnetism on iron whenever ore or lodestone
is formed (“Nam primo, constat, virtutem Magneticam a Terra derivari in fer-
rum’”, “It is clear, that the magnetic power of iron derives from Earth”, transl.
MW and S. Schwinger, Gautruche, 1668, p. 226), and since he knew
Gilbert’s work and his description of how to demagnetize a needle with
fire (Gilbert, 1600, p. 190), he concluded “Ignes subterranei vim illam Mag-
neticam prorsus interimerent.” (“The subterranean fires would have completely
suppressed the magnetic force.”, transl. Ciancio, 2018; Gautruche, 1668, p.
228). Gautruche nevertheless does not rule out the central fire, but con-
cludes that it has no physical effect. Although Gautruche gives the diameter
(3436 leagues) and volume (21254065200 cubic leagues, p. 219 — too much
even when using w = 22/7 from Gautruche’s p. 44) of the Earth with great
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precision, he does not assign a radius to the innermost zone. The Mathemat-
icae totius appears to be an attempt to bring together the emerging scientific
and the traditional religious views, but does not provide an unequivocal
description.

Gautruche was not the only one to discuss the physical dimensions of
hell. Galileo (1588) already analyzed Dante’s descriptions geometrically.
Burton (1651) cites two brothers of the Societas Jesu, Franciscus Ribera
and Leonardus Lessius (Lessius, 1620). Ribera arrives at a diameter of “200
italian miles [...] stadia mille sexcenta”, (Burton, 1651, p. 246), but his confrere
Lessius disagrees, because this would be an unnecessarily vast cavern — too
much space for the damned could alleviate the severity of their punishment.
According to Lessius’ own computations, a much smaller hell is more than
sufficient: “Quod ad magnitudinem illius cavitatis attinet, etiam si diameter eius
esset solum unius leucae seu quatuor milliarium Italicorum, hoc est pedum viginti
milium, satis capax esset, non solum ad omnia damnatorum corpora excipienda, sed
etiam ad multitudinem decuplo maiorem [...]” (“Regarding the magnitude of that
cavity, then if its diameter were only one league, or four Italian miles, that is twenty
thousand feet [or about 6 km, MW, it would be spacious enough to contain not
only all bodies of the damned men but also an amount ten times greater |...]”,
Lessius, 1620, p. 474, translation MW). These estimations make clear that
their authors think of hell as a physical place, not a supernatural or spiritual
one. Also, they locate it in the center of the Earth.

In 1683, Halley suggested that the Earth is actually not a dipole, but a
quadrupole magnet, since the magnetic declinations he listed are incom-
patible with a dipole field. Contrary to previous authors he was convinced
that the reasons for the declination must be in the source of the terrestrial
magnetic field, rather than in local disturbances like ore bodies. Later on,
he noticed two major obstacles to his theory, firstly, that all known magnets
have only two poles, and secondly, that the four poles are not fixed but
moving. In 1692, Halley came up with a hypothesis he thought might ap-
pear “Extravagant or Romantick [sic]” to some (Halley, 1692, p. 564): Since
moving large masses within the earth might change its center of gravity,
resulting in “very wonderful Effects ... as History never yet mentioned” (p. 567),
he suggested that “a Nucleus or inner Globe included within ours, with a fluid
medium in between” (p. 568) might be rotating around the same axis of rota-
tion, but at a slightly different rate to explain the observed westward drift
of the field. Then the outer shell could have two magnetic poles, and the
nucleus two additional ones. Anticipating the Aristotelian teleologic argu-
ment that his magnetic nucleus lacks a reasonable final cause and is too
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Figure 2 The Earth’s internal shells as suggested by Edmund Halley in 1692, motivated
by the observation of a nondipole magnetic field. The vertical line indicates the axis of
daily rotation. Credit: The Royal Society, Phil. Trans. R. Soc., vol. 17, iss. 195, https://doi.
org/10.1098/rstl.1686.0106, reproduced with generic permission for articles older than
70 years or in open access. Clipped graphs at the top of the figure belong to an article by
Hon. Francis Roberts on trumpets. Approx. 30% of the original page were clipped from
the top, and approx. 15% from the right.

useless to exist, he suggests that there might be even more internal shells,
separated by a few hundreds of miles of atmosphere and possibly inhabited
(Fig. 2). Today, this reminds us of Verne (1864) in the best case, but pro-
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viding space for inhabitants is an excellent final cause in an anthropocentric
philosophy. Halley suggested that the innermost magnetic nucleus has a di-
ameter of “about two thousand miles” (p. 577), but his only argument was
that the proportions of the internal shells shall reflect the proportions of
Mercury, Venus, and Mars.

In 1687, just between Halley’s 1683 and 1692 papers, Newton pub-
lished his Philosophiae Naturalis Principia Mathematica (see Newton, 1726).
In this massive volume, subdivided into three books, Newton introduced
the concepts of mass and inertia, refined the concept of density, and re-
placed the “heaviness” and “lightness” of the Aristotelian elements with a
quantitative force of gravitation. Newton not only described new methods
and theories, but also demonstrated their power by solving a number of as-
tronomical problems. Among these were the determination of the masses of
the planets, including that of the Earth (book III, proposition 8). Newton’s
analysis of the shape of the Earth (book III, prop. 39) and different densities
found at the surface of the Earth and in mine shafts (book III, prop. 10),
allowed asking for the density structure of the earth. The formulation of
proposition 8 can also be seen as the first suggestion of a radially symmetric
internal structure of planets:

Si Globorum duorum in se mutuo gravitantium materia undique, in regionibus

quae a centris aequaliter distant, homogenea sit: erit pondus Globi alterutrius in
alterum reciproce ut quadratum distantiae inter centra. (Newton, 1687)

If two globes gravitate toward each other, and their matter is homogeneous on all
sides in regions that are equally distant from their centers, then the weight of either
globe toward the other will be inversely as the square of the distance between the
centers. (Newton, 1/26)

A remark found in a preliminary manuscript version, published posthu-
mously (Newton, 1728a,b, see also S3), gave rise to a method to extend
density comparisons to whole mountains, and ultimately led to the first
results on the Earth’s core as described in section 4.1 (p. 89).

The 17th century saw what Wootton (2015, p. 111) called a “silent
revolution” from the ancient natural philosophy to modern science, as it
was a process extended over a century or more, rather than being centered
around a few key persons as the above might suggest. Wootton points out
that Galileo, when he stated “prima fosse d’accertarsi del fatto” (*First, we have
to make certain what the facts are”, cited after Wootton, 2009), he had to
borrow the word “fact”, and the concept of the undeniable scientific truth,
from jurisprudence. Also, Galileo had to use “convoluted phrases” (Wootton,
p. 58) to announce that he discovered Jupiter’s moons, since a word for
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discovery did not exist in Latin, and the possibility of discovering something
new was not a concept in natural philosophy.

Because of these developments, and because of what is found about
the Earth’s interior in the literature cited, it appears meaningful to take
the 17th century as the beginning of any discussion that could involve the
Earth’s core, and not to search for any earlier contributions.

4. Core radii of Earth, Moon, and Mars

In this section, we review the research on the terrestrial planets, first
for the Earth, then follows the Moon, and finally Mars. It is impossible to
completely disentangle all storylines, as many of the involved people were
active in several fields, and working about several planets. Therefore, it was
not possible to avoid all redundancies.

4.1 Earth

Much of what is presented here is also found in histories of geophysics,
like those by Bolt (1982), Kertz (1999, in German), or Musson (2013),
but for a complete view of the development, and its implications for the
geophysics of other planets, it appears useful to have a closer look on the
investigation of the Earth’s core. From the 1950s onward, however, the
body of literature on the Earth’s core grows quickly, and we do not attempt
to achieve complete coverage.

As a test of Newton’s new physics, Bouguer’s 1735 expedition to Peru
aimed at testing if the Earth is indeed the oblate spheroid predicted by
Newton (1726, book III, prop. 39), or if it has the prolate shape favored
by Cassini (see Smallwood, 2010, and references therein). One of the ex-
periments carried out was to determine the deflection of the plumb-line
by the edifice of the Chimborazo, a relatively isolated stratovolcano (which
was not recognized as a volcano at the time). Bouguer dismissed the Co-
topaxi since, as a volcano, “il y fout lieu de croire qu’elle n’a pas beaucup de
solidité” (“there is every reason to believe that it is not very massive”, translation
MK, Bouguer, 1749, p. 377) and he did not expect it to produce a suffi-
cient effect. With a height of more than 6200 m, the Chimborazo is close
to the three-miles dome Newton used to estimate the expected amount of
deflection (S3). The observed deflection was however much smaller than
the expected, and the experiment was generally considered as a failure (the
simulation of Smallwood, 2010, shows that the small deflection found by
Bouguer was correct, and that the then-unknown isostatic compensation
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has a significant effect). Bouguer suggested “Il y a beaucup d’apparence qu’on
trouvera en France ou en Angleterre quelque montagne d’une grosseur suffisante ...”
(“It appears that one might find a sufficiently large mountain in England or France
.7, translation MK, Bouguer, 1749, p. 389) to repeat the experiment under
more comfortable conditions.

The idea that volcanoes are not very massive, even hollow (see also
Lucretius, section 3.1), was supported by Leopold von Buch (1825, cited
after Mather and Mason, 1967, p. 210) in his upheaval theory, which as-
sumes that the first stage of the formation of a volcano is the build-up of a
glant, bubble-like dome. Von Humboldt (1845) explicitly said “[...] heben
elastische Déampfe entweder einzelne Theile [sic| der Erdrinde zu domformigen,
ungedffneten Massen [...]” (““... elastic vapours lift either single parts of the Earth’s
crust into dome-shaped, closed masses .., translation MK, p. 254), i.e. volca-
noes initially form like bubbles on boiling water. Verne (1869) adopted this
concept when his Captain Nemo operates a coal mine under the circus-tent
like shell of an extinct volcano.

In 1772 (printed 1775), Maskelyne proposed that suitable mountains
are indeed found in Britain. Field campaigns to Mt. Schiehallion (spelled
Schehallien back then) were finished by 1776, and results were published by
Hutton in 1778. The observed deflection of the plumb-line was 11.6”, and
the mean density of the Earth determined as 4.5 gcm™, larger than that
of surface rock. Hutton’s interpretation was that “great quantities of metals,
or such like dense matter” (Hutton, 1778, p. 783) must be present in the
Earth’ interior, and assuming a density of 10 g cm™ for a mixture of known
metals, Hutton concluded that “nearly 2/3 of the diameter of the earth, is the
central or metalline part” (Hutton, 1778, p. 784). In short, he suggested that
the Earth is layered, has a discontinuous density structure, and a metal core
(Playfair, 1811, collected an array of rock samples from the Schiehallion
and concluded that Hutton’s density is a little too low, but did not revise
Hutton’s core radius).

Benjamin Franklin (1793) concluded, from the presence of fossilized
oyster shells in rocks above sea level, that much deformation of the surface
occurred in the past, and had difficulties to imagine this to happen when
the Earth is entirely solid. He suggested that the solid surface is that of a
thin shell floating on a dense liquid, and, extrapolating pressure experiments
with air, he supposed that air can be compressed to densities beyond that of
gold, and thus constitute this dense fluid.

Cavendish (1798) found a larger mean density for the Earth (even larger
than Playfair’s), but did not discuss the Earth’s interior any further. Gravity
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experiments concerning the Earth’s mean density are also related to exper-
iments to determine the Newtonian constant of Gravity, G, (see S4), and
research branched into Earth interior on the one hand, and nongeologi-
cal G-measurements on the other — nowadays, Cavendish’s result is usually
converted into a determination of G and the relation of his work to the
constitution of Earth is rarely mentioned.

The 19th century saw a complex debate about the interior structure of
the Earth, reviews of which are given by Zoppritz (1881, in German), or
Brush (1979). With a mean density and Newton’s law of gravity, it was pos-
sible to compute the hydrostatic pressure down to the Earth’s center (where
P = 7180593750 Ibs ft> or 343 GPa, according to Sayles, 1888), tempera-
ture could be estimated from gas theory (e.g. Richter, 1879, p. 62, who
found T = 103400 °C for the Earth’s center, and T = 19000 °C at 637 km
depth) or from geological evidence (geologists considered volcanos as di-
rect connection to a completely liquid interior underneath a thin crust, as
many laypersons still do today). The question arose what materials could
withstand the conditions of the Earth’s interior. Since the surface is obvi-
ously solid, one question was to which depth the solid material, termed
“crust” to distinguish it from any nonsolid below, may extend. It must be
kept in mind when reading about crustal thicknesses of hundreds of kilo-
meters, that the vocabulary of the 19th century was different from today’s
— language was not yet differentiated into crust and mantle.

Humphry Davy (1808) offered an alternate approach to explain volcanic
heat: He found that metals like Potassium and Sodium (which he discovered
and named) “cannot exist at the suiface of the globe; but it is very possible that
they may form a part of the interior” (p. 369), and then “their accidental exposure
to the action of air and water, must produce the effect of subterranean fire, and a
product of earth and stony matter analogous to lavas” (footnote on p. 369). To
further investigate this, he traveled to Vesuvius, Italy, several times from
1814 to 1820 and conducted a number of experiments on freshly erupted
lava (Davy, 1828) and “... from known facts, there appears to me no other adequate
source [for volcanic fires, MK] than the oxidation of the metals ..”” (Davy, 1828,
p. 250), but admits that hot springs and temperatures in mines “render it
probable that the interior of the globe possesses a very high temperature: and the
hypothesis of the nucleus of the globe being composed of fluid matter, offers a still more
simple solution of the pheenomena [sic] of volcanic fires” (p. 250) than his theory.
Maybe he would have liked that Potassium indeed plays an important role
in planetary heat production, although by radioactive decay rather than
oxidation.
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When Hopkins (1842) interpreted the Earth’s precession and found a
solid shell thickness of at least 800 km, he only distinguished between a solid
outer shell and a liquid core below, although he recognized the existence
of a solid inner nucleus as another possibility. The absence of any fluid layer
at all, was however excluded by the precession. Hopkins did not discuss the
nature of the liquid material, but focused on the implications of his result
for volcanos: the global subterranean lava ocean is reduced to small lava
lakes embedded in a thick shell.

Hennessy (1851) further elaborated the approach of Hopkins (1842),
adding the volume change during solidification to the theory, and arrived at
a shell thickness of at least 18 and at most 600 miles. He explicitly excluded
the existence of a solid inner nucleus (on the grounds that solidification
can’t start at center and surface at the same time, although Hopkins argued
for the opposite) and considered the effects of temperature and pressure on
density as more important than composition — apparently to refute Hutton’s
conclusion concerning a metal core.

Haughton (1851, cited after Pratt, 1859) computed an equilibrium
thickness, due to the depth- and temperature-dependent melting point,
and increased the maximum thickness to 768 miles (1235 km) — which
Pratt (1859) did not accept, claiming that Haughton made a mathemati-
cal error and uses unphysical arguments. Haughton (1859) felt personally
attacked, but assumed that the controversy suftered from the separation of
Calcutta (where Pratt resided) from Dublin (Haughton).

Pratt (1859) also cites Haughton with the words “the subject would appear
to be excluded from the domain of positive science, and to possess an interest for
the mathematician only” (p. 327) — which Oldham (1906) confirmed: “...
geologists have turned in despair from the subject, and become inclined to confine their
attention to the outermost crust of the earth [sic|, leaving its centre as a playground
for mathematicians” (p. 456, Oldham however referred to the state of the
core, while Haughton meant its size).

The idea of a gaseous interior was re-invented by Ritter (1879, referring
neither to Descartes, 1644, nor to Franklin, 1793), based on the discovery
of the critical temperature at which the phase boundary between liquid and
gas no longer exists, concluding “... dass die Erdkugel aus einem gasférmigen
Kerne und einer denselben umschliessenden festen Rinde besteht” (... that the
Earth consists of a gaseous core, enclosed by a solid crust” Ritter, 1879, p. 16),
in which any chemical compound dissociates, and only the elements are
present.
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Sayles (1888, p. 19), on the contrary, insisted that “Even hydrogen would
be as hard as diamond [...]” under the conditions of the Earth’s center, but
gives no further argument for this view.

Supporting the idea of a gaseous core, Milne (1903) argued that crustal
material would melt below a depth of about 65 km (“40 miles”, Milne,
1903, p. 539), due to high temperature and pressure melting. Below about
320 km (“200 miles”, Milne, 1903, p. 539), the material would become
gaseous, but still have a very dense atomic packing. He suggested that the
iron-nickel alloy found in meteorites might be a condensate form of this
substance that he calls “Geite” (Milne, 1903, p. 539, the word is composed
from “geo” and the usual suffix “~ite”, the intended pronunciation is ap-
parently “geite” or “ge-ite”). This material is supposed to have a density of
approximately 6 gcm™ and a P-wave velocity above 9.5 kms~! as indicated
by velocity observations also reported by Milne.

Building on the magnetism arguments of Halley’s, Thomson (Lord
Kelvin) found that, “... if there were a spheroidal iron core 2000 miles diam-
eter, cool and magnetic to within 100 miles of its sutface, sunk to the centre of a
spheroidal space of lighter fluid 3000 miles diameter, enclosed within a solid crust
2500 miles thick, the moment of inertia would be only about one-half per cent.
[sic] less than it would be if the whole were rigid [i.e. solid].” (Thomson, 1863,
p- 581), thus he combined the magnetic field constraint with geodesy. As
origin of this iron sphere, he suggested a big iron meteorite that hit the
early Earth. In addition, he hinted that the actual rigidity of the Earth’s
interior might be determined from “the velocity of natural or artificial earth-
quake waves” (Thomson, 1863, p. 581) — Thomson recognized the potential
of seismic methods and of the joint interpretation of different geophysical
observables.

Wiechert (1896, 1897) maintained that molecules are strong enough
to withstand the conditions at depth, and to limit the density to which
materials can be compressed. To him, iron was the most likely constituent
of the core, because of its abundance in the Sun, in meteorites, and the
depth-dependent iron content of magmas (Wiechert, 1896). He used mea-
surements of the Earth’s ellipticity to constrain the size of the iron core.

Thomas J.J. See considered “Professor Wiechert’s hypothesis that the Earth
has an iron core [as] ingenious rather than probable” (See, 1905a, column 125)

— to him, “... our Earth is still effectively a gaseous sphere, except that the increase
of density under tremendous pressure has rendered it highly rigid like a ball of steel”

(See, 1905a, column 130). See himself computed internal pressures to a
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high precision, but offered little in terms of material properties to support
this view.

The debate so far generally suffered from the inaccessibility of its sub-
ject. The properties of matter under extreme conditions, i.e. the equations
of state, even solidification at surface pressure (e.g. Zoppritz, 1881), were
known much worse than today. Mistrust between protagonists, who were
concerned that their opponents misjudge or ignore evidence from other
disciplines (see Brush, 1979) sometimes increased the temperature of argu-
ments (e.g. Pratt, 1859, vs. Haughton, 1859). And, most importantly, the
geodetic observations available (surface and mean density, ellipticity, pre-
cession) left the problem of the internal structure underdetermined. New
types of observations were necessary, but already underway.

Mallet (1849), in the Admiralty’s “Manual of Scientific Enquiry”, de-
scribed for the members of the Navy not only what observations should
be made during earthquakes, but also how to build makeshift seismoscopes
from materials available on ships, and what kind of rocks to collect for
the later determination of their elastic moduli. The progresses that could
be made with self-recording seismometers, rather than seismoscopes, were
known at least since the early 1840s (Forbes, 1844, see also Musson, 2013,
and Wood, 1988, and references therein). The first teleseismic recording
was that of an earthquake in Tokio, using horizontal pendulums in Pots-
dam and Wilhelmshaven (von Rebeur-Paschwitz, 1889).

At that time, it was not well understood what is actually visible in a
seismogram, and what kind of wave motion could be expected. Rebeur-
Paschwitz described distinct phases of motion in his recordings, but did not
distinguish wave types. In 1900, Oldham described analogous three phases
of motion in recordings of 11 events at several observatories, and presented
travel time curves for all three phases. He identified the first two phases
with “condensational” (i.e., longitudinal, p. 165) and “distortional” (i.e. trans-
verse, p. 165) waves, and the third with surface waves, possibly of the type
suggested by Rayleigh (1885). Oldham concluded from the curvature of
the travel time curves, that ray paths are curved and propagation velocities
increase with depth, as predicted e.g. by Schmidt (1888). Using Snell’s law,
he connected the surface velocity at the source to the velocity at the ray’s
turning point and obtained velocities of 10, 12.5, and 15 km/s at depths of
1000, 2000, and 3000 km, respectively, and also estimates of the bulk mod-
ulus at these depths, similar to what Thomson (1863) suggested. Oldham
also predicted that the presence of a core of solid iron (“which may reasonably
be supposed to exist”, Oldham, 1900, p. 168) would result in a sudden veloc-
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ity increase, and complications of the ray path. On density considerations,
Oldham (1900) predicted that the radius of this metallic core is about 0.55
times the Earth’s radius, and that “paths which emerge at a distance of 90° of arc
from the origin” (p. 168) will just touch it, and observations from more than
90° “will be interesting to see” (p. 168).

Three years later, evaluating 14 different earthquakes, Oldham (1906)
found that S-waves arriving at more than 120° of distance are much delayed
with respect to an extrapolation of arrivals from shorter distances. He con-
cluded that “the central four-tenths of the |Earth’s| radius are occupied by matter
possessing radically different physical properties, inasmuch as the rate of propagation
of the first phase [a P wave, MK] is but slightly reduced, while the second-phase
waves [i.e., S waves, MK] are either not transmitted at all, or, more probably, trans-
mitted at about half the rate which prevails in the outer shell” (Oldham, 1906, p.
472). So, Oldham identified a low velocity material, but he neither claimed
that it is liquid, nor that it is metallic or gaseous, but only that there is a
significant physical difterence (Muir and Tsai, 2020, showed that Oldham’s
P wave data, although perhaps mixing P, Pdiff, PP, and PKiKDP, is sufficient
to infer the existence of a core in a Bayesian framework and assuming that
only P and PKP are involved. This demonstration does however not answer
the question asked in the title of Muir and Tsai’s paper, whether Oldham
actually did discover the core, as Oldham mainly relied on S arrivals. It only
supports that his data set was sufficient to infer a core from P arrivals).

In the first contribution of the series of papers Uber Erdbebenwellen (On
Earthquake Waves), Wiechert and Zoeppritz (1907) first reconsidered argu-
ments concerning the Earth’s interior based on flattening of the ellipsoid
and implications in terms of the density laws of Laplace and Roche. These
however require a volume reduction of the rock by an implausible 80%.
Wiechert and Zoeppritz preferred a compositional change to a significant
density change under pressure. Based on Wiechert’s older idea of an iron
core, a reasonable range for rock density and the observed flattening of the
Earth, they suggested that the core has a radius of 75% to 80% of the Earth’s
radius, with a density of the iron slightly above 8 gcm™.

Wiechert and Zoeppritz (1907) suspected that Oldham’s observations
of delayed arrivals were based on a confusion of SS with S phases (in our
modern nomenclature, which did not exist in 1907; the claim is easily sup-
ported today by comparing Oldham’s data to model travel time curves, as
e.g. in Muir and Tsai, 2020), and Wiechert stated “Ich muf3 mich auch der An-
sicht von Dr. Zoeppritz anschliefen, dafi den Oldam’schen [sic] Folgerungen nicht
beigepflichtet werden kann [...]” (“I must concur with Dr. Zoeppritz’ view that
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Oldham’s conclusions cannot be endorsed”, transl. MK, Wiechert and Zoep-
pritz, 1907, p. 519). In a footnote added in proof (p. 508), Wiechert and
Zoeppritz (1907) announced that, by comparing seismograms from Samoa
with European stations, it was possible to trace rays down to 3370 km
depth, into the core, showing that the velocity within the core is lower
than that immediately above it. Further results for the thickness of the rocky
“crust” are summarized in Wiechert’s introduction to the posthumous pa-
per of Zoeppritz and Geiger (1909), based on ray path constructions for P
and S waves.

This paper also details the announced ray tracings and turning point
depths below 3000 km depth (Zoeppritz and Geiger, 1909, Fig. 2 on
p. 420). Using the turning point depths, Zoeppritz and Geiger also com-
puted P- and S-wave velocities as function of depth (their Fig. 4, on p.
424), showing a linear increase down to 1500 km or 1600 km depth, and
constant velocity below.

It turned out, however, that the data set used so far was insufficient, and
that earthquakes at larger distances revealed that velocities below 3000 km
depth are not constant. In addition, travel times for large distances turned
out to be too uncertain. Zoeppritz proposed to augment the travel time ob-
servations with evaluations of amplitudes, which was applied by Zoeppritz
et al. (1912, published posthumously). An amplitude theory for geomet-
ric spreading of spherical P-wave fronts in an ideally elastic medium was
applied to amplitude measurements from 71 earthquakes. This resulted in
replacing the velocity-discontinuity at a depth of 1500 km, and the con-
stant velocity below that depth, by three discontinuities (at 1194 £ 50 km,
1677 £ 100 km, and 2436 £ 150 km, where the given uncertainties are
only rough estimates) and nonconstant velocities. Zoeppritz et al. (1912)
do however not interpret any of these discontinuities as the core-mantle
boundary.

Geiger and Gutenberg (1912) extended the analysis to the amplitudes
of S waves and multiples like PP, PPP, or SPS (and introduced the reader
to this previously unused shorthand nomenclature in an extra paragraph).
Combining their results with those of Zoeppritz et al. (1912) they arrived at
discontinuity depths of 1193 £50 km, 1712+ 100 km, and 2454 £+ 100 km
(Geiger and Gutenberg, 1912, p. 668). They also obtained S-wave velocities
for turning point depths and found that Poisson’s ratio at the depths of
the discontinuities takes values of 0.273, 0.270, and 0.282, respectively (p.
669). The authors do however not claim that any of their discontinuities
(““Unstetigkeitsflachen”) mark the limit of the core, and from a Poisson’s ratio
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below 0.3 one can obviously not conclude the presence of liquid material
(and they didn’t).

Gutenberg (1914) further continued these analyses by the introduction
of more rigid selection criteria. The target he aimed at could be hit only
with registrations of earthquakes with well-known epicenters (to within 2°
of distance); his catalog comprises 78 events from 1904 to 1911 from dis-
tances beyond A = 80°. Some of these were already used in the previous
papers of the Gottingen group, but reanalyzed, with an assumed travel time
accuracy of 3 s. Seismograms used were recorded in Géttingen in most
cases. Again, amplitudes were used to support the interpretation of uncer-
tain travel times. As a first conclusion, the small amplitudes of P beyond
A =103° suggest that the P wave turning points enter a low velocity zone
for these distances, only to reappear again somewhere between A = 136°
and A = 144°. This low velocity layer made impossible the application of
the Wiechert-Herglotz method, as used before, and required Gutenberg to
compare candidate models with his observations in order to find the best
velocity structure. To better constrain the distance at which P reappears,
Gutenberg (1914) uses 14 additional stations, most of them for only one
event.

Gutenberg (1914) compared 28 different velocity models with his data.
For depths below 2480 km, he assumed vp/vsg = 1.8, or a Poisson’s ratio of
roughly v = 0.28, as it was apparently not possible to compute the S-wave
velocities for such depths. From page 153 onwards, Gutenberg suddenly
starts to speak of mantle (“Mantel”) and core (“Kern”, the latter reaching up
to a radius of 3480 km), without having argued why any of his observations
is related to the core. When writing his manuscript, he probably knew the
results already. His final result is: “Die Erde besteht demnach aus einem Kern
(r = 3500 km) und aus einem Mantel, dessen Konstitution sich an 3 Stellen
ungleichmapfig, jedoch nicht sprungweise, dndert.” (“The Earth therefore consists of
a core and a mantle, the constitution of which [i.e., the mantle] changes unevenly,
but not discontinuous, at 3 depths”, transl. MK, Gutenberg, 1914, p. 176,
signed Gottingen, 18 July 1912). By the assumed Poisson’s ratio, Gutenberg
implied that the core is solid, and he did not exclude the possibility of S
waves transmitted through the core. His figure 9 actually shows an S-wave
leg through the core, for a phase the modern nomenclature not even has
a name for (akin to SKS, where the core-leg is an S-wave rather than a
P-wave, Storchak et al., 2003).

Usually, Gutenberg’s (1914) paper is cited as the one which determined
the Earth’s core radius, but as Fig. 3 shows, this is a little bit too simple:
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Figure 3 Evolution of Earth core radius with time. A circle indicates a single value, a line
ended with triangles indicates the interval from the upward pointing triangle to the
downward pointing triangle. All symbols are drawn at the year the respective publica-
tion appeared. Numerical values in Knapmeyer and Walterova (2022).

Several works in the following decades found rather different radii. But the
work of Gutenberg indeed marks a considerable decrease of the disagree-
ment between authors.

In the same year, Rudolph and Szirtes (1914) undertook it to construct
a global travel time curve based on 74 events from the years 1906 to 1913,
recorded at 1570 stations worldwide. They saw continuous P and S travel
time curves without any gap between 108° and 150° and trace both up
to 149° (Rudolf and Szirtes give distances in km, tracing arrivals up to
16600 km). They report that “TVon der ersten reflektierten P-Welle zweigt sich
bei A = 12500 km ein stark ausgeprigter und durch sehr viele Beobachtungen
gestiitzter Wellenzug ab” (*“ PP branches into a pronounced wavetrain at A = 112°,
which is supported by very many observations”, Rudolph and Szirtes, 1914, p.
738), which they interpret as a wave “welche an dem Erdkern gebrochen, oder
was vielleicht wahrscheinlicher ist, reflektiert ist” (“which was refracted, or perhaps
more likely, reflected, and the Earth’s core”, Rudolph and Szirtes, 1914, p. 738).
From the shapes of their travel time curves they conclude, that the velocity
discontinuity at the core-mantle boundary is less pronounced than assumed
before, and too weak to produce any conversions.

Angenbheister (1921) basically confirmed the findings of Rudolph and
Szirtes (1914) from his analysis of 26 Events that occurred in the Tonga
region between 1907 and 1916, and showed a figure of the P, PP, and P’
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travel time curves (P’ denoting the additional phase that branches from PP).
The core is however not his main concern, and by locating the CMB “in
rund 3000 km Tiefe” (“at about 3000 km depth”, Angenheister, 1921, p. 124),
he kept himself out of that discussion.

Macelwane (1922) however cited the works of Rudolph and Szirtes
(1914) and Angenheister (1921) as “have since shown that the latter belong to
a branch of the first reflected waves” (Macelwane, 1922, p. 480), i.e. claimed
that Angenheister’s P’ phase (simply called P by Gutenberg, 1914, but in-
terpreted as P wave entering the core, i.e. PKP, and interpreted as PcP by
Rudolph and Szirtes, 1914) is neither PKP nor PcP, but PP, and also main-
tains that the state of the core — liquid or solid — is undecided, although
“seismologists and geophysicists suppose the core of the earth to be a rigid solid”
(Macelwane, 1922, p. 480). Comparison with travel times for the ak135
model (Kennett et al., 1995) shows, that Angenheister actually traced PKP
and PKIKP.

Two vyears later, Macelwane (1924) reported the observation of an S
wave that passed through the core, supporting his view that the core is
solid, i.e. has a nonzero rigidity, and consists of heavy metals like iron.

Another two years later, Jeftreys (1926) combined the results of Oldham
(1906) and Gutenberg (1914) with Love numbers and density estimations
based on the Adams—Williamson equation, in order to infer that “There
seems to be no reason to deny that the earth’s metallic core is truly fluid” (Jeftreys,
1926, p. 383).

During the late 1920s, Inge Lehmann already suspected the existence of
a velocity discontinuity within the core. In a letter to Harold Jeftreys, dated
31 May 1932, she wrote “There is hardly anything to disprove the existence of
such a surface in present observational data” (facsimile of the letter in Hjorten-
berg, 2009, p. 688). In a paper with what is about the shortest possible
title, Lehmann used a two-layer model with constant velocities to illustrate
the reflection and refraction of P waves in the core, and the resulting travel
time curves. Considering amplitudes and arrival times of core phases she
found that what she called the P’; branch of the travel time curve is actu-
ally a reflection from within the core (i.e. PKiKP in modern nomenclature,
Storchak et al., 2003), and concludes: “We take it that, as before, the earth
[sic] consists of a core and a mantle, but that inside the core there is an inner core in
which the velocity is larger than in the outer one” (Lehmann, 1936, p. 97).

By combining observations of PcP and ScS with those of phases trans-
mitted through the core (PKP, SKS, but also multiples), Jeftreys (1939a,b)
could determine the P-wave velocities within the outer and inner core,
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but left the S-wave velocities undetermined. Jeffreys (1939¢) then provides
extensive travel time tables, and P- and S-wave velocities for phases ob-
served at distances up to 107°, and derives the core radius with a formal
uncertainty of less than 5 km.

Since a propagation velocity of 0 means that no signal is observed, the
S velocity in a liquid core can’t be measured directly but must be inferred
from other constraints. The continued nonobservation of seismic phases
with S-wave legs in the outer core, even in modern compilations (e.g.
Astiz et al., 1996) is not a proof, since S-wave legs through the inner core
also keep escaping from observation, although consensus is that they should
exist.

Concerning the state of the core, Gutenberg (1929) warns that the
properties “solid” and “liquid” should not be confused with the aggre-
gate state with which they are connected in everyday experience, but that
a body is “fest, wenn er eine meflbare Righeit (Formstabilitit) besitzt, als fliis-
sig, wenn ihm diese fehlt, er dabei sein Volumen durch Druckminderung nur wenig
vergrofert” (“solid, when it has a measurable rigidity (form stability), liquid, when
it lacks this but increases its volume only little under pressure reduction”, p. 455,
translation MK).

In his Seismological Tables, Jeftreys adds that the observed amplitude of
SKS “seems to indicate that the core must be fluid even to the shortest periods”
(Jettreys, 1939c¢, p. 408), i.e. the material behaves like a fluid under stresses
acting at the time scale of seismic waves as well as on the 12-hour scale of
the tides.

It appears like, by 1939, the description of the Earth’s core was basically
as is found in any modern textbook, but this is not the case. In the 1950s,
the question of the core radius was re-iterated (or maybe continued after
WWII), and the discussion of the composition and interior constitution of
the Earth was also not finished.

In 1941, Kuhn and Rittmann revived the gaseous interior concept once
more (without referring to Descartes, 1644; Franklin, 1793, or Ritter,
1879, and ignoring or unaware of Lehmann, 1936): “Insbesondere zeigt sich,
daf3 die Hypothese, wonach die Erde einen im wesentlichen aus Eisen bestehenden
Kern besitzen sollte, voraussichtlich aufgegeben werden mufs” (“It especially turns
out that the hypothesis, that the Earth has a core predominantly consisting
of iron, likely needs to be abandoned”, transl. MK, Kuhn and Rittmann,
1941, p. 216). Instead, they proposed that ““... die innersten Teile der Erde aus
praktisch unverinderteter, stark wasserstoffhaltiger Solarmaterie bestehen” (... the
innermost parts of the Earth consist of basically unmodified solar matter with a high
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hydrogen content”, transl. MK, Kuhn and Rittmann, 1941, p. 216). They did
not generally doubt the abundances of elements in meteorites and the Sun,
but the possibility of a differentiation within a reasonable time. In their
view, the Earth’s core has a much larger radius than previously thought
(4000 km) and consists of “Solarmaterie” (“solar matter”, P. 231), i.e. gas
with the composition of the Sun. The discontinuity at 2900 km depth, and
the S wave opacity of deeper regions, is not due a change in composition,
but due to a reduction of the Maxwell relaxation time under pressure and
temperature.

Kuhn and Rittmann (1941) provided a coherent framework of thought,
and their arguments were taken seriously, although they were in stark con-
trast to Goldschmidt’s argument that a separation into silicate and iron shells
1s “... unumgdanglich, falls die Erde wrspriinglich schmelzfliissig gewesen ist” (...
unavoidable, if the Earth was initially molten and liquid”, Goldschmidt, 1922,
p- 919), which is based on processes used in steel production as well as on
the structure of meteorites, especially Pallasites.

Kronig et al. (1946) however found that Kuhn and Rittmann provide
too little motivation for the proposed change of the Maxwell relaxation
time and suggested that this might be found by a phase transition of Hy-
drogen: Specifically, they suggested that Hydrogen undergoes a transition
from the molecular H; to an alkali-like atomic grid. From energy consid-
erations they found that such a state would indeed have a lower energy,
and that the transition would occur at a pressure compatible with that at
a depth of 2900 km within the Earth. The required density could be ob-
tained by 10 mass-percent of Hydrogen with heavier elements. (It should
not go unnoticed that Kronig et al., 1946, grossly underestimated the nec-
essary pressure, and that metallic hydrogen has not yet been demonstrated
in the lab, see Gregoryanz et al., 2020, and references therein.)

Ramsey (1948) further supported this case by showing that the known
densities and moments of inertia of terrestrial planets can be reproduced
with the metallic-hydrogen model. He extended the energy argument to-
wards a stability criterion and found “If the mass is 0.793 Mg the radius of
the core is approximately 1000 km, and this is the smallest core possible in a stable
configuration” (Ramsey, 1948, p. 413). Interestingly, although he denies that
the Earth’s core consists of iron, he sets up his model calculations with “No
allowance ... for the tendency of heavier elements to condense towards the centre of
the Earth” (p. 411), i.e. he denies that an iron core could form in spite of
the separation effect.
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Ramsay took a contribution of J.D. Bernal to a discussion held by the
Royal Astronomical Society in April 1936 (Bernal, 1936) as example for
a discontinuous density change without alteration of composition: “Dr.
Bernal had been asked whether a new state of the old material, probably olivine,
was likely at high pressure” (Bernal, 1936, p. 268) and might be responsible
for what was then called the “20°-Discontinuity” and located by Jeffreys
at 480 km depth in the same meeting (the travel time triplications of the
olivine phase transitions at 410 km and the 660 km depth overlap around
20° distance, which probably posed an additional challenge in seismogram
interpretation). Referring Goldschmidt’s experiments on Magnesium ger-
manate, Bernal answered that “By analogy it therefore seemed probably that at
high pressure olivine would adopt a cubic form” (Bernal, 1936, p. 268). Ramsey
(1948), and also Jeffreys (1937, 1939¢), refer to this statement by Bernal like
to a study conducted by him, although it was an oral assessment of results
obtained by Goldschmidt.

In his discussion of the hypotheses of Kuhn & Rittmann and Ramsay,
Birch (1952) hardly left any doubt that he considers them inappropriate.
He found that it “is evidently more reasonable to reserve hydrogen for the giant
planets ... than to attempt the construction of small planets having mean densities
between 4 and 5.5 of so light a component” (Birch, 1952, p. 275). Neither the
density of the Earth, nor those of the other terrestrial planets (for which
Birch had the newer data compared to Kuhn and Rittmann, or Ramsay),
nor the equations of state provide a reasonable argument for large amounts
of hydrogen in the core. He also dismissed Kuhn and Rittmann’s claim that
iron can’t segregate into the core as being based on inadequate assumptions
on viscosity. Both outer and inner core may be alloys, but according to
Birch, iron is very likely the dominant constituent. According to a recent
review, Hydrogen contributes less than about 0.25 weight-percent to the
composition of the core (Hirose et al., 2021).

While not referring to phase transitions, Bullen (1949) also preferred
the idea that the core-mantle boundary does not constitute a change in
composition but only reflects an effect of pressure. He argued that astro-
nomical observations of both Earth and Mars are better explained if only
the inner core consists of iron. He later detailed this (Bullen, 1957a) such
that the mantle is a mixture of metallic iron, and several oxides down to a
depth where all these, except the metallic iron, melt and thus allow the iron
to sink downwards and form the inner core, again supported by astromet-
ric data of Mars. Keith Edward Bullen in 1966, stated that his ... attitude
has been to express formal results in the form ‘If B then Q’, rather than ‘Because
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B therefore Q’ and to discuss the limitations, as well as the strengths, of particular
models.” (Bullen, 1966b, p. 237). He wanted his studies to be understood
such that his models explain the data better than other models, while being
open to yet different models that provide even better explanations.

The composition of the core is an important part of the discussion of the
bulk composition of the terrestrial planets in general. Hypotheses about the
origin and evolution of all planets could be tested by comparison of Earth
with the few data available for the other planets. This will be detailed fur-
ther in the following sections, especially that on Mars (section 4.3, p. 126).

After World War II, a new type of data became available: Nuclear ex-
plosions provided a controlled source strong enough to sound not only
the crust, but also the lower mantle and core (Gutenberg and Richter,
1946; Gutenberg, 1946). Underwater explosions conduced at the Bikini
atoll coupled better seismically into the solid Earth than airborne explo-
sions such as “Trinity” (Carder and Bailey, 1958). The test named “Bikini
Baker” (24 July 1946, 09:34:59.7 GMT, vyield about 20 ktTNT; accord-
ing to Shurcliff, 1947) was the first recorded at up to 79° distance, and
PcP phases were identified at A = 35° and A = 63° (Carder and Bailey,
1958). In preparation of the International Geophysical Year 1957, seismic
stations were deliberately deployed to record seismic waves from nuclear
explosions (Carder and Bailey, 1958) and several seismologists of the time,
such as Keith Bullen got ever so slightly carried away in demanding dedi-
cated “clean” nuclear explosion campaigns for seismology (Bullen, 1957b;
Griggs and Press, 1961). Carder (1964) further evaluated the observed core
reflections to estimate the core radius.

Core radius determinations using PcP did not satisty Sacks (1966), who
returned to determining the boundary of the core shadow from the ampli-
tude ratio between P and Pgg. As an additional advantage of this approach,
he considered that the decay of Py, according to analog model studies of
Rykunov (1957, citation in Sacks, 1966), depends on the rigidity within
the core. Sacks obtained an upper limit rigidity of 10® dyne/cm? (i.e.
10 MPa) for the interior of the (outer) core. Knopoft and Gilbert (1961)
however showed that the potential for the diffracted P wave is the same for
rigid and liquid spheres for high frequencies, and Guttenberg (1960; actu-
ally, this is by the well-known Gutenberg with a single “t”, but the name is
misspelled on the paper) already argued that Rykunov’s wavelengths are too
large. Continuing the previous study, Sacks (1967) slightly revised his ra-
dius estimate and suggested that the discrepancies between his result, those
of other authors, and the Jeffreys—Bullen standard solution might also be
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due to mantle structures not yet recognized. He did not elaborate on core
rigidity.

A previous estimate by Press, comparing the amplitudes of ScS with
those of ScSScS, concluded that the rigidity of the outer core is at most
10 GPa, and, considering its incompressibility, indicated “a state unlike that
of a normal solid” (Press, 1956, p. 124). Anderson and Kovach (1964) could
further reduce this upper limit estimation by a factor of 5. In the intro-
duction to the 1967 compilation of the Seismological Tables, Jeftreys said “S
below [the core-mantle boundary| does not appear to exist. For this and other
reasons this central core is generally believed to be liquid” (Jeffreys and Bullen,
1967, p. 3).

Another new type of data became available on 22 May 1960, with the
great Chile earthquake (My, ~ 9.5, Purcaru and Berckhemer, 1982): free
oscillations. Ironically, Benioft et al. (1959) essentially reported the nonob-
servation of free oscillations in weeks to months of gravimeter and strain
meter data from different locations shortly before this event. Benioff et al.
(1961) then presented free oscillations spectra from two earthquakes (Chile,
and Kamchatka, Nov. 1952).

Several authors (see Dorman et al., 1965, and references therein) found
that the observed free oscillation periods can be explained only if the core is
larger than assumed before. Press (1968) constructed five million models in
a Monte Carlo search and found necessary an even larger (by 6 km) radius
increase than Dorman did. This was also supported by Haddon and Bullen
(1969).

Buchbinder (1971) mentioned the frequency dependence of Q in the
liquid core, but since he considered only a narrow frequency range around
1 Hz, an evaluation is not possible. He only noted a Q contrast between
outer and inner core which might be the result of the transition from liquid
to solid.

The phase-transition theory for the Earth’s core was essentially aban-
doned by Bullen in 1973, when he suggested that the outer core consists
predominantly of Fe,O, which is unstable under surface conditions, but be-
comes stable under core conditions, as was found theoretically just briefly
before. The location of the core mantle boundary still retains a pressure-
dependency, but also marks a chemical boundary. The inner core, according
to this model, would consist of pure iron. Bullen saw the necessity for a
new model arising from improved values for the Earth’s moment of iner-
tia factor, among other reasons. He did not consider the phase-transition
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hypothesis as falsified, “But the case against it is sufficiently strong to make it
desirable to seek alternatives” (Bullen, 1973, p. 68).

In the early 1970s, the necessity of a new physically self-consistent Earth
model became clear, i.e., of a model that can be used as a self-consistent
reference for astronomical, seismological, and geodetic studies. An IUGG
working group for the development of such a model was set up in 1971.
With wide applicability in mind, mass, radius and moment of inertia were
introduced as constraints in addition to seismological data, which consisted
of body waves, surface waves, and free oscillations. With their PEM series
of models, Dziewonski et al. (1975) demonstrated that the construction of a
physically meaningful Earth model from the given constraints and with the
envisioned parameterization is feasible. The ultimate result of these efforts
is PREM (Preliminary Reference Earth Model, Dziewonski and Anderson,
1981). In the late 1980s, IASPEI initiated the replacement of the Jeffreys—
Bullen travel time tables with a more accurate and versatile set of tables,
based on a larger data set and employing modern computational methods.
The resulting IASP91 model (Kennett and Engdahl, 1991) is intended as
a tool for seismogram analysis only and thus focuses on precise travel time
fits and computational pragmatism.

A central shortcoming of IASP91 is its core structure, since PKP travel
times do not have turning points in the outermost 1000 km of the core,
and no shear wave observations in the inner core (PKJKP) were available.
Several studies investigated alternative core structures to find an improve-
ment.

Morelli and Dziewonski (1993) considered IASP91 to be biased by the
dominance of paths from pacific hypocenters to European stations, resulting
in predicted travel times that are systematically too fast (P) or too slow (S).
Their model SP6 has a modified PREM lower mantle and core structure,
but Morelli and Dziewonski found “no need to change” (p. 188) the core
radius of PREM.

Kennett et al. (1995) also recognized that IASP91 travel times deviate
from observations by one to a few seconds. They relocated events from
the ISC catalog and constructed an improved model with reduced veloc-
ity gradients in the deeper core, and a core radius adopted from SP6, but
subsequently reduced by 0.5 km.

Kaneshima and Helffrich (2013) evaluated multiple reflections within
the core, namely SmKS phases, where m is the number of reflections at
the CMB underside. These phases are sensitive for those regions within
the core where PKP has no turning points. The core radius of PREM was
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retained, only the velocity structure was modified, and the fit with respect
to SmKS phases was evaluated.

Kennett (2020) was cautious against using PREM as body wave travel
time fit, since its construction is dominated by free oscillations data at fre-
quencies much lower than those of body waves. In addition to the accuracy
of predicted travel times, he aimed at the derivatives of elastic moduli in
terms of which equations of state are formulated. He used starting mod-
els produced by combining several previous models, and optimized these.
The resulting preferred model has a core radius 0.5 km smaller than that of
PREM, and an improved velocity structure — size matters less than internal
structure here. The data used is a mixture of mantle, but especially core
phases in order to better constrain the outermost outer core.

A new twist on the question of the state of the core came from first-
principle computations of Belonoshko et al. (2019), who predicted that
the inner core consists of iron in a bodycentric cubic rather than hexag-
onal close-packed crystal phase — and that this bce iron, under inner core
conditions, has a viscosity below 150 Pas, comparable to liquid iron, while
the hcp configuration is unstable under the assumed conditions and thus
not expected to exist in the inner core. The bodycentric cubic phase is
also supposed to better fit the anelastic attenuation and density of the inner
core. This result, at least, confirms that rheology and state of matter are
unintuitive and should not be used synonymously, as Gutenberg (1929, see
above) warned.

Dorn et al. (2015) and Baumeister et al. (2020) deliberately hurled
themselves back into the preseismological era by reducing the used con-
straints to those that might be available for Exoplanets: mass, radius, assump-
tions on the composition, and Love numbers, but evaluated with algorithms
not available in the early 20th century. Dorn et al. assumed that the com-
position of the host star is a good proxy for the bulk composition of the
planet, and ran a Markov Chain Monte Carlo inversion. Baumeister et al.
(2020) trained a neural network to circumvent CPU-expensive model eval-
uations, and investigated the relative importance of composition and Love
number k as constraints. Both estimated the Earth’s core radius (of PREM)
as validation test. The approach of Dorn et al. yielded an underestimation,
where the PREM radius is outside the 95% confidence interval, although
not entirely excluded. The radius interval to which 95% of the Baumeis-
ter et al. (2020) parameter space are mapped contains the PREM radius,
even if k, is not used, but is biased high. When using k, the distribution
is biased slightly low, but much narrower than without. Baumeister et al.
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saw their approach as a tool for a quick first interpretation, to guide more
time-consuming detailed modeling with modified compositions. A critical
factor for both Dorn et al. and Baumeister et al. is the assumed compo-
sition. Dorn et al. named the assumption of a pure Fe core as cause for
the underestimation of its radius, and intended to include lighter elements
in future models. It remained open, however, how the core alloy can be
inferred from the host star composition. In a follow up study with a gen-
eralized implementation, Dorn et al. (2017a,b) took the previous paper as
demonstration of relative importance of compositional results, but stick to
the pure Fe core. The improved method was not validated against Earth,
but against Neptune.

A new view on the seismic wavefield is the evaluation of seismogram
cross-correlations between stations, giving access to structures not directly
illuminated by rays from a source to one of the stations. Ma and Tkal¢i¢
(2021) used only 10 carefully selected events, but all stations from which
data is available, to construct a correlogram with global coverage, and derive
a global 1D velocity model. The core radius is however inherited from
PREM.

The investigation of the Earth’s core started more than 300 years ago,
a period which covers several independent developments. These include
the development of the modern concept of science — in contrast to natural
philosophy — during the 17th and 18th century, as foundation of the de-
velopment of physical and chemical theories allowing for the description
of the Earth’s interior, and for the development of suitable measurement
methods. The continuous improvement of technology, including seismo-
graphs and telescopes, but also computational aids, accelerated the gain of
knowledge during the past decades.

One has to keep in mind that not even the mathematical notation we
use today was available in the 17th century (see also Cajori, 1928). For

’

example, the symbol “+” was first used for division in 1659, before that

it was used for subtraction by many; Leibnitz introduced “:” for division
. VI . .
in 1684. Kepler wrote g instead of 8x°. Descartes introduced the now

common superscript notation for positive integer exponents in 1637, but
today’s use of negative and noninteger exponents is found first in a 1676 let-
ter by Newton. Geiger and Gutenberg (1912) refer to graphical integration
methods (p. 656), slide rules (“Rechenschieber”, p. 664) and the “fiinfstelligen
Tafeln fiir Maschinenrechnen von Dr. EG. Gaufs” (“five-digits tables for [me-
chanical] machine computations by Dr. EG. Gauf3”, p. 664; this Dr. EG. Gaul3
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is not to be confused with the better-known namesake C.E GauB) for their
numerical computations.

Seismogram recording on (smoked) paper or film limited the possibili-
ties of data exchange; filtering and deconvolution of instrument responses
was impossible. The development of the seismological phase name notation
is apparent in the publications from the first half of the 20th century cited
above, and reflects the growing understanding of wave propagation within
the Earth, and of the structure of the Earth.

Francis Birch stated that the core-mantle boundary “is the best determined
... discontinuity of the interior” (Birch, 1952, p. 231). The community’s inter-
est in determining the size of the core, rather than its physical properties,
apparently decreased since the 1960s, and the investigation of fine structure
shifted into focus, i.e. that of the small-scale velocity structure around the
core mantle boundary, and possible topography of the core, the very nature
of the D” zone, and to the fitting of depth derivatives of parameters. These
topics, however, are outside the scope of the present study, and will not be

followed.

4.2 Moon

While the diameter of the Moon and its distance from the Earth were
known already in antiquity (Hipparcus of Nicaea found a smallest dis-
tance of 71 and a largest of 83 earth radii in the 2nd century BCE, see
van Helden, 1985), the determination of mass, density, and moment of
inertia had to wait until Newton developed the respective concepts.

Once the theory of gravity was established, physical interpretations of
astronomical observations could evolve as quickly as mechanics in general.
In the 5th volume of his Mécanique Céleste, Laplace already gave the rela-
tive moments of inertia (C — A)/C = 0.00059701 and y = (B— A)/C =
0.000563916 for the Moon (Laplace, 1825, p. 287). Wichmann (1848)
obtained (C — A)/C = 0.000599 and y = 0.000564. Both Laplace’s and
Wichmann’s results are based on observations of the physical libration.
Houzeau (1882) reported two more such results, obtained by Nicollet in
1823 and Stambucchie and Kreil in 1837.

The first solution that assigns an explicit value to C is apparently that
given by See (1905a), which he derived by assuming that the Moon fol-
lows Laplace’s density law for a chemically homogeneous body. Hence his
value can’t be used to infer the interior structure of the Moon, since it is a

prediction, not a measurement.
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The estimated polar MolF of de Sitter (1915, cited after Jeftreys, 1936)
exceeds that of the homogeneous sphere, although the uncertainty is such
that a mass concentration towards the lunar center still appears possible. This
MolF is based on actual observations of the lunar orbit and the motion of
its perigee and nodes, including relativistic effects. De Sitter corrected it
to a slightly lower value in 1927, the mean value still pointing to a density
decrease with depth, but with increased uncertainty.

Jones (1932) evaluated stellar occultations observed between 1672 and
1908 to improve the orbital elements of the Moon. Here, the Moon’s (and
also the Earth’s) radius, mass and moments of inertia enter into the secu-
lar motion of perigee and orbital nodes. The polar moment of inertia was
determined from libration theory as C/MR? = 0.58. This result is “very im-
probable” (p. 51), as Jones remarked. It contains a systematic error due to the
deviation 8k of the reciprocal flattening of the Earth from 297, which en-
ters as a bias term 0.148k. Jones (1932) thought that “Such a discordance is not
alarming” (p. 51) and considered a reciprocal flattening of 296 “quite possible”
and 295 “reasonable” (p. 51), but considered the evidence for 297 too strong
(as in the International Ellipsoid 1930, e.g. Kahle, 1984). The correspond-
ing value of the Geodetic Reference System 1980 is, however, 298.257 (e.g.
Kahle, 1984), resulting in an even larger value of C/MR? = 0.697. Since a
hollow sphere with an infinitesimally thin shell has C/MR? = 2/3, this and
other high values suggested that the density within the Moon decreases
considerable with depth, leading to a gravitationally unstable configuration
of its interior.

Jeffreys (1934) relied on the mean densities of planets only when he
inferred that the Moon has no core at all, since the average density of the
Moon is too close to that of Olivine to allow for any heavy metal core.
Jeffreys (1937) expanded this thought with regard to the phase transitions
of Olivine, which he estimated to occur at 474 km depth in the Earth but
not occurring at all in the Moon. He thus maintained the conclusion that
the mean density of the Moon does not allow for an iron core.

A more plausible value for the Moon’s polar moment of inertia, i.e.
smaller than 0.4, is that cited by Wildt (1947). The reference given by
Wildt (“H. Jeffreys, M.N., Geophys. Suppl., 4, 62, 1940”) could not be
found; the closest match for the cited moment of inertia factor is that of
Jeftreys (1936).

Ramsey (1948) used the Moon, among other bodies, to test his the-
ory, that the Earth’s core is a metallic high-pressure modification of mantle
minerals (Kozlovskaya, 1967, cites this as the Lodochnikov—Ramsey hy-
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pothesis, apparently — bot not explicitly — referring to Lodochnikov, 1939,
which we could unfortunately not obtain. Brush, 1982, discusses the vari-
ous compositional hypotheses in more detail). To this end he assumed that
all terrestrial planets share the same composition. For the Moon he modeled
a mean moment of inertia close to that for homogeneous density. Follow-
ing his arguments lined out in section 4.1 the Moon can’t have a core as it
would be unstable under lunar pressure conditions. The high moment of
inertia factor appears to be a sufficient argument to Ramsey to see his the-
ory corroborated. He did not attempt to predict the Moon’s flattening, via
the Radau—Darwin equation, since he considered the observed flattening
to be too large to be compatible with the hydrostatic equilibrium that is
prerequisite to the equation.

After a re-evaluation of the lunar libration and shape, Jeftreys (1961) still
obtains a mean MolF above 0.4, but again with an uncertainty that easily
allows for a central mass concentration.

Eckert (1965) obtains an even larger value from a new evaluation of
the motions of the orbital nodes of the Moon, and considers the deviation
from a constant-density sphere as too large to reject the result as a simple
error. As possible cause he proposes deviations from an elliptical shape, and
considers further investigation necessary.

The sensitivity of density models for the polar moment of inertia factor
used in the inversion was investigated by Solomon and Toksoz (1968) in a
relatively rarely cited paper (a survey on Google Scholar on 17 Feb. 2022
resulted in only 13 citations, compared e.g. to 94 for Kuhn and Rittmann,
1941 in German language, and 130 for Ramsey, 1948; Scopus knows of
only 3 citations for Solomon and Toks6z). Using a polynomial density
model that allowed for analytical inversion they showed the nonuniqueness
of the inversion and the insensitivity of observables for the central portion
of the Moon.

The “hollow moon [sic] paradox” (Kaula, 1969, p. 1584) did not just van-
ish from one paper to the next, but was resolved by improved understanding
of motions in the Earth—-Moon-System. On a seminar held at JPL in 1967,
van Flandern (1968) suggested that all previous observations of lunar li-
bration were flawed by a combination of effects: firstly, new charts of the
lunar limb showed a systematic offset in the limb determination due to the
higher mountains on the southern hemisphere of the Moon. In addition, it
became clear during the preparation of these charts that “the geometric center
shifts back and forth with respect to the center of mass” (van Flandern, 1968,
p. 13) while it was assumed before to remain at a constant offset to the
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Figure 4 Evolution of parameter estimations for the Moon. Top: Moment of inertia fac-
tor (circles for polar, diamonds for mean MolF), and k2 (squares), middle: Core radius,
symbols as in Fig. 3, bottom: Spacecraft missions (gray: failed, blue: fly-by, green: lan-
der, orange: orbiter, red: Apollo ALSEP. Diamonds indicate arrival times, bars indicate
life time.), right: core radius estimations since 2019. Mission data is mostly from Siddiqi
(2018), for details and all other numerical values see Knapmeyer and Walterova (2022).

south of the center of mass, i.e. the locations of the two were not deter-
mined correctly before. And, finally, the availability of atomic clocks led
to the insight that Earth’s rotation is not as uniform as implied in earlier
evaluations, an eftect which Kaula (1969) considered the most important
one, and the correction of which resulted in a MolF close to 0.4.

Using radio tracking on missions Mariner II and IV, and Ranger III to
IX, the uncertainties of the Earth’s and Moon’s masses were reduced by a
factor 6.8 and 48, respectively (the Mariners contributed to the determina-
tion of the lunar mass via a monthly trajectory perturbation; Sjogren et al.,
1966). The trajectory of Luna 10, as evaluated by Akim (1966) is the old-
est spacecraft-based estimation of the polar moment of inertia factor given
by Ferrari et al. (1980), who present re-evaluations of 14 results from the
earlier literature.

Beginning in the mid-sixties, new MolF estimates resulting from space-
craft tracking were produced in rapid succession, corresponding to the high
launch rates up to the late 1970s. We found only six publications of moment
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of inertia factors larger than 0.4 after 1966 (not counting those re-evaluated
by Ferrari et al., 1980), and none of these was published after 1972: Having
spacecraft near the Moon was the game changer (clearly visible in Fig. 4).

The Lunar Orbiter missions allowed determining low order spherical
harmonic coefficients of the lunar gravity field up to degree and order 4,
plus Cso, Ceo, Cro, Cso, from two years of data and five orbiters (Lorell,
1970). At the time, this was a major computational effort, since “The amount
of data is so great as to cause a handling problem even for modern high-speed comput-
ers” (p. 191). In combination with moment of inertia ratios obtained from
libration observations, it was then possible to estimate the polar moment
of inertia factor. This gravity solution could be extended to degree 15 by
Liu and Laing (1971), who also obtained a revised moment of inertia fac-
tor. Sjogren (1971) provided a cross-check of these results with previously
unused tracking data from Lunar Orbiter I'V.

Cook (1970) complained that many authors do not make explicit to
which radius they normalize their moment of inertia factors, thus introduc-
ing unnecessary difficulty into the discussion of the fluctuations between
published values of J; and C. He made clear that the same radius should
be used as in the determination of J», and that a phrase like “mean radius”
is not enlightening and does not correspond to mathematical requirements
in the definition of the respective series expansions. He adds, however, that
the uncertainty introduced by using different radius values “is less than other
sources of error” (p. 193).

From the overall abundance of iron in the universe at large, and estima-
tions that all bodies with radii in excess of 100 km would experience an
early molten phase, Firsoft (1969) concluded that “The Moon must have a
nife [sic] core” (i.e. Ni-Fe, Firsoft, 1969, p. 193) and proposed a three-layer
structure of crust, mantle, and core, where the core covers 35% of the lunar
radius (or 608 km) and contains 10% of the lunar mass. With a 174 km
crust, a plausible mass partitioning appears possible that fits the overall mass
and hydrostatic equilibrium figure.

Using a thermodynamical approach that allowed for a pressure and tem-
perature dependent density, Nakamura and Latham (1969) investigated the
possibility of a chemically homogeneous Moon. Even when including a
thin low-density layer to match the expected basaltic density at the surface,
the modeled moment of inertia factors were too large, and Nakamura and
Latham concluded that, if the actual MolF is smaller than 0.401 £ 0.001,
the Moon can’t be chemically homogeneous. Assuming iron as constituent
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of a candidate core, they found that this core most likely covers 20% (or
347 km) of the radius, but at most 30% (or 521 km).

Cook (1970) however suggests that, although the presence of Mascons
and the “likely” (p. 193) offset between the center of figure and the center
of mass are evidence against a homogeneous density, the available data are
insufficient to determine if a real concentration of mass towards the cen-
ter exists. He also remarks that C for a triaxial ellipsoid of homogeneous
density will exceed 0.4 when referenced to the radius of a sphere of equal
volume, implying that the interpretation of the MolF is less straightforward
than often assumed.

The lunar gravity field was not the only window to the lunar interior
that was opened by spacecraft missions. Runcorn et al. (1970) investigated
the magnetic properties of samples returned by Apollo 11, including rema-
nent magnetization. From the magnetization of these samples, but also field
and gradient measurements in situ, they concluded that mare lava must be
magnetized, and that an internal dipole field is a likely explanation — and
a small iron core would be its source. Runcorn (1962) already interpreted
the nonspherical shape of the Moon as the result of internal convection that
deforms the rigid outer shell. From the parameters of the shape, and using a
then recent result on the relation between the planform of convection and
the thickness of the convecting layer, he deduced a possible range for the
radius of a lunar core, as well as the driving temperature difference. The
possible core radius range inferred from magnetization partially overlaps
with that of Runcorn (1962), although it also allows smaller cores.

In a theoretical study using a two-layered Moon-model consisting of a
light crust of 50 to 100 km thickness and a mantle, but without core, Cole
(1971) demonstrated that the mass and Moment of Inertia factor of the
Moon could be satisfied without the assumption of an iron (or otherwise
heavy) core. He did not deny the possibility of a lunar core, but showed
that the MolF alone does not require one.

The Apollo 15 Laser altimeter data supported that the lunar center of
mass is offset towards the earth from its center of figure, by about 2 km
(Michael and Blackshear, 1972). To account for this, Michael and Blacks-
hear tested models with dense crustal slabs on the near side of the Moon, in
addition to a spherically symmetric structure. It turned out that this yields a
reduction of the polar moment of inertia factor and thus indeed contributes
to the solution of the “hollow moon paradox”. Concerning the difficulties
in the mathematical description of the lunar gravity field they comment “...
that the Moon is a wonderfully complicated gravitational object with many localized
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gravitational anomalies near its surface and perhaps in its interiot, and these anoma-
lies are difficult to represent in a finite mathematical formulation. There is very little
that can be done about [this], except perhaps to enjoy the challenge” (p. 389).

At about the same time, the geodetic interpretation of Kaula et al.
(1974) obtained a maximum possible radius of an iron core of 400 km,
under a mantle of olivines and pyroxenes to account for the necessity of a
material from which surface basalts could be derived.

Signals from one deep moonquake cluster (A33) suspected to be on
the far side, and a “large” (Nakamura et al., 1973, p. 49) meteoroid impact
that occurred in the evening of 17th July 1972 near Mare Moscoviense
provided seismic signals on the Apollo seismic stations that were sensitive
for the deep interior. S waves from the impact were missing at the Apollo
14 and 16 stations, as were P from A33 at Apollo 16, and S from A33 at
Apollo 14. This lack of signals gave rise to the concept of a partial melt layer
in the central region of the Moon, with a melt fraction of a few percent.
The radius of this region was estimated to be between 700 and 800 km, but
“The possibility of a very dense, molten, metallic core similar to that of the earth is
ruled out by considerations of both moments of inertia and seismic wave velocities.
The radius of about 700 km is too large for such a core” (Nakamura et al., 1973,
p- 51) — a statement which probably does not intend to exclude an iron
core at all, but only to state that it cannot have such a large radius. In any
case, the dictum was later modified by Toksoz et al. (1974), who find a 700
km FeS core compatible with the constraints.

With one additional distant impact on the 19 Sep. 1973, Nakamura et al.
(1974, 1976) turther difterentiated between partial melt layer and iron core
and concluded from the P wave delays “suggests that the moon has a central,
low-velocity core” (Nakamura et al., 1974, p. 137) with a radius between
170 km and 360 km and perhaps consisting of iron sulfide, although they
didn’t consider the available data a sufficient constraint for conclusions on
composition.

The interpretation of the July 1972 impact was doubted by Goins et al.
(1981), who argued that the signal is weak, the signal-to-noise ratio low,
and the uncertainty of arrival times so high that the alleged P-wave delay
is not significant — and thus the evidence for a core is inconclusive. Goins
et al. considered a region of increased shear wave attenuation possible, but
conclude that “The existence of a lunar core remains an open question. All lunar
data ... allow but do not require a core” (p. 5027).

Absent any additional seismic sources on the far side, and without suc-
cessful detection of free oscillations (the authors “recently searched” (p. A121),
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and also refer to an otherwise apparently unpublished master thesis), Naka-
mura et al. (1982) agree that “... the question of the existence of a metallic core
remains unresolved” (p. A121), at least from the seismological point of view.

Cook (1975) also concluded that neither the moment of inertia — due
to the large uncertainty of the MolF — nor the seismic data, nor the magne-
tization of rocks provides sufficient evidence to make definitive statements
about the deep interior of the Moon. He emphasized that the MolF is very
close to that of a homogeneous sphere and, even if smaller than 0.4, “the
uncertainty is at present too great to make any useful statement about the maximum
density of a core with a radius of 2-300 km” (p. 290). Based on an estimation
of the central pressure of the Moon, and the bulk modulus of Earth’s man-
tle rock under that pressure, he did not expect a density increase by more
than 5%.

Bills and Ferrari (1976; 1977) however showed that an additional den-
sity contrast within the Moon, besides that at the base of the crust, must
exist to obtain the observed deformation and moment of inertia tensor.
They demonstrated how a step-wise combination of assuming a Fe-FeS
eutectic core, the mean density of the entire Moon, and the polar MolF
pose incremental constraints on the density profile. The density in the core
region is determined by the assumed composition only, but regions above
800 km depth are well constrained. Introducing the full moment of inertia
tensor and “some a priori knowledge on each of the [eleven| parameters” yields an
overdetermined problem, but still the outer regions are better constrained
than the core region. The multi-layered models of Bills and Ferrari (1977)
all share the same, predefined core.

Levin (1979) was more certain that a core must exist, and that the com-
bination of seismological results and the moment of inertia factor rules out
a pure FeS core — the core could be pure iron, or contain a small amount
of FeS.

Lunar magnetism provided another clue via the induced field resulting
from the Moon’s passage through the Earth’s Magnetic tail once per month.
Data from Explorer 35, Apollo 12, and the Apollo 15 and 16 subsatellites,
evaluated with two different methods, either require or allow a small iron
core (Goldstein et al., 1976a,b). The evaluation of Wiskerchen and Sonett
(1977) supports the existence of a metal core, but point to a larger radius
than that of Goldstein et al. (1976a).

In addition to tracking orbiting spacecraft (Lunar Orbiter, Apollo sub-
satellites, e.g. Ferrari, 1977; Explorer 35, Explorer 49, e.g. Blackshear and
Gapcynski, 1977), and laser ranging of cube corner reflections on the lu-
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nar surface (e.g. Dickey et al., 1994), the landings of the Apollo missions
offered another opportunity: tracking the transmitters of the surface ex-
periments (ALSEP), in relation to background Quasars (Slade et al., 1977).
The ALSEP stations were however shut down in September 1977 (Bates
et al., 1979) and it appears that this approach did not contribute to the
geodesy of the Moon. It did contribute to the geodesy of Mars, as we shall
see in section 4.3.

The shutdown of the ALSEPs also ended the passive seismic experiment
on the Moon, only the Laser Ranging Retro-Reflectors remained usable.
At that time, the only seismic constraints on the core radius were still the
recordings of the 1972 impact mentioned above (Latham et al., 1978). The
Apollo LRRR as well as the reflector on the Lunokhod 2 rover were con-
tinuously in use by ranging stations on Earth (Miiller et al., 2019). The
reflector on the Lunokhod 1 rover was considered lost for decades due to
a km-range uncertainty in the rover’s location, but was identified on im-
ages taken by the Lunar Reconnaissance Orbiter in 2010, and after a first
successful measurement in April 2010, its location could be determined to
within centimeters, and the reflector added to the network of lunar laser
ranging stations (Murphy et al., 2011).

Ferrari et al. (1980) not only presented a new solution for the polar
moment of inertia factor, but also a table that places it into relation to
values since 1969, to justify the new approach of combining tracking (of
Lunar Orbiter 4 only) and laser ranging data. This table is essentially a
conversion of the table of Cyy and Cy; values of Ananda (1977), using
new values of libration parameters. The Ferrari et al. (1980) solution is
within 0.50 the mean of their comparison table, but slightly below its mean.
The uncertainty of the new result is controlled mainly by the Doppler
data, pointing to a way of future improvements. The harmonic coefficients
were determined only to degree and order 5 here, an improvement to the
degree and order 16 solution of Ferrari (1977) was not intended. The lunar
laser ranging data also provided the first solution for the lunar elastic Love
number k; that we found, although with a rather large uncertainty.

When considered in parallel, as Russell et al. (1981) suggested, mag-
netic sounding, gravity, and seismology are all “consistent with some sort of
small lunar core” (p. 835), but do not agree on its size, are sensitive to differ-
ent properties, and thus allow for different compositions. As Russell et al.
pointed out, the radius constraint from magnetic sounding with the Apollo
15 and 16 subsatellites gives a lower limit of the core radius. This constraint
furthermore depends on the iron content of the crust, and requires only
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that the core is conductive, but is not quantitative. Russell et al. suggested
that even molten basalt could explain the observations. Their conclusion is
to suggest dedicated missions to obtain better data in all geophysical disci-
plines.

With the Apollo dataset completed, and without new missions, com-
positional studies could be based on a static set of observations and im-
provement of the underlying techniques. Hood and Jones (1987) used the
seismic velocity model of Nakamura (1983) as well as the mean and crustal
density, and also the Moment of inertia factor, and constructed models for
different compositions and thermal evolution histories. They found that,
depending on core composition and other model details, core radii from
about 280 km to about 480 km are compatible with their constraints, and
slightly less if magnetic sounding constraints are added.

While Hood and Jones conducted forward modeling, Mueller et al.
(1988) attempted an inverse method to interpret the Nakamura (1983) ve-
locity model in order to obtain compatible compositions and core radii.
This approach allowed better assessment of the trade-offs between un-
knowns, e.g. between crustal thickness and core radius. They found “no
petrological information that can be utilized to constrain core size” (p. 6346). The
focus of this study, however, was on the composition, and the related ques-
tion of the origin of the Moon.

The k, estimation of Dickey et al. (1994) has a reduced uncertainty,
about small enough to constrain the core radius to a 100 km interval. The
estimation however builds on a roughly estimated core radius, rather than
providing one.

Using gravity field coefticients and librational observations, one obtains
four equations to determine the three principal moments of inertia of the
Moon, i.e. the problem is overdetermined. Authors often use only three
of the possible constraints, depending on their respective uncertainties or
other considerations. Bills (1995) analyzed the four different approaches
that arise from omitting one constraint, and also a way to test for the
self-consistency of gravitational and librational measurements. He demon-
strated that the mean moment of inertia factor, which is the most important
constraint on the density distribution, depends most on the choice of con-
straints used for its computation. Bills suggested that the origin of the
discrepancies between the different solutions lies in the assumption that
the Moon is rotating as a rigid body — while a viscous, fluid core would
likely remove them.
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The magnetometer onboard of Lunar Prospector provided a measure-
ment of the induced magnetic dipole moment that results from passages
through the Earth’s magnetotail. An electrically conductive core would re-
ject the outer field, and the resulting perturbation could be translated into
an estimation of the core radius (Hood et al., 1999). The authors favor a
metallic core, but point out that the electric conductivity of a molten sili-
catic core could be large enough to produce the same effect. They however
considered it difficult to keep a silicatic core molten up to today, and also
argued that other constraints are in favor for a liquid metallic core. The core
radius range of Hood et al. was confirmed by a corresponding analysis of
Kaguya magnetometer data (Shimizu et al., 2013), which yielded an inter-
val that is slightly narrower, but is completely contained within the Hood
et al. interval.

In the early 21st century, interest in the re-interpretation of Apollo
seismic records renewed and a series of new publications was produced by
several authors across the globe. This arose mainly from the availability of
much more powerful computers than in the 1970s, and also new analysis
techniques (Nakamura, 2015).

Khan et al. (2000) re-evaluated the arrival times of Nakamura (1983)
using a fully nonlinear Markov-Chain Monte Carlo technique rather than
a linearized inversion and produced an ensemble of compatible velocity
models for the lunar interior down to 1000 km depth. Although this study
did thus not contribute to the question of the core size, it shows advantages
of modern computational methods: the fully nonlinear treatment of the
problem, and the uncertainty estimation implied by the distribution of ve-
locities in the solution ensemble. A direct comparison of older and younger
velocity models (Knapmeyer and Weber, 2015) shows that the Khan et al.
(2000) ensemble generally suggests higher velocities than other studies be-
low 500 km depth but also a general compatibility. Also, Khan et al. (2000)
are an early example for an inversion method that became increasingly pop-
ular in the 21st century.

From their own mantle composition calculations, which are based on
the Nakamura (1983) velocity model, Kuskov and Kronrod (2001) found
“insuperable objections to the seismic velocities proposed by Khan et al. (2000) in
the lunar lower mantle” (p. 208), although Khan et al. (2000) invert the same
data that Nakamura (1983) used, and can thus be considered as improve-
ment of the older model. Kuskov et al. (2002) renew this rejection and add
that the “[...] velocity estimates of Goins et al. (1981) and Nakamura (1983) are
in general agreement with the allowed field of theoretical velocities. |...] Petrologi-
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cally and geophysically admissible ranges of velocities and densities may be utilized
as a significant constraint for analysis of the internal structure of the Moon using
the Apollo seismic data” (p. 188). The formulation is somewhat awkward as
it suggests that petrological modeling, which needs assumptions on com-
position and temperature, is epistemologically superior to the inversion of
seismic arrival times into seismic velocities. The velocities depend on shear
and bulk moduli, and also density, which reflect composition only indi-
rectly via the equations of state of the material. Evaluation of these requires
knowledge of pressure and temperature, where the latter bears a consider-
able uncertainty even on the Earth. At the same time, structural parameters
can be derived from the seismological data directly, without any recurrence
to composition.

The same inversion approach was used by Khan and Mosegaard (2001),
and extended to a greater depth: after careful selection of suitable data, spec-
tral analysis of five meteoroid impact yielded a spectrum of free oscillations,
thus allowing to invert for shear wave velocity and density down to the
center of the Moon, using total mass and moment of inertia as additional
constraints. The resulting model ensemble shows near-constant densities
throughout the upper mantle, and a gradual density increase below about
1200 km depth. For a liquid core, one expects zero shear wave velocity as
in the Earth’s outer core, but S-wave velocities in the central region are
4.7 £ 1.5 km/s according to this inversion. Also, ““Densities seem to be more
in the realm of an FeS or silicate core, although an Fe core cannot rigorously be
excluded” (p. 1794): the density at the center is only 4.7 & 0.4 g/cm?®. The
question of the state of the core was investigated by Khan et al. (2004) and
Khan and Mosegaard (2005) in dedicated studies with a liquid-vs.-solid hy-
pothesis testing design, both concluding that, with the used data, a liquid
core is more likely than a solid one.

The inversion of Khan and Mosegaard (2001) considers only the seismic
data (plus mass and MolF), but not the already available constraints from
magnetic sounding, with which any Moon model must be compatible as
well. Wieczorek and Zuber (2002) pick up the low central density of Khan
and Mosegaard as a central argument in their suggestion that the core of
the Moon is a titanium rich silicate mixture as result of Ilmenite segregation
from the lunar magma ocean. The electrical conductivity of the proposed
composition could be high enough to produce the observed magnetiza-
tion without requiring much larger cores than with a Fe/FeS composition.
Contrary to Hood et al. (1999), Wieczorek and Zuber argue that an iron



120 Martin Knapmeyer and Michaela Walterova

core would be frozen today, while a silicate core could be maintained in
liquid state today.

Laser ranging determinations of k; led to a series of slightly different
values and allowed estimating the flattening of the lunar core, thus support-
ing the case for its liquid state (Williams et al., 2005, 2006, 2007, 2008;
Williams and Boggs, 2008). A systematic offset between k, solutions from
Laser ranging on the one hand, and spacecraft tracking on the other hand,
was resolved by Goossens and Matsumoto (2008) in a joint evaluation of
data from several spacecrafts (the Lunar Orbiters I to V, Apollo 15 and 16
subsatellites, Clementine, Lunar Prospector, and SMART-1). A limitation
that could not be overcome is the necessity to inflate the formal uncer-
tainty to account for sources of uncertainty that could not be modeled. An
important step in the determination of the lunar gravity field was achieved
with the twin satellites of the Japanese SELENE mission, which for the first
time allowed measurements over the far side, which is invisible to Earth-
based tracking stations (Matsumoto et al., 2010; Goossens et al., 2011). The
discrepancy between Laser ranging and spacecraft tracking solutions for k
however reappeared.

The GRAIL mission, also with a twin-satellite system, resulted in a
much higher spatial resolution of the gravity field, and a substantial reduc-
tion of the uncertainty on k» (Konopliv et al., 2013; Williams et al., 2014).
The mission used Ka-Band rather than S-Band communication between
satellites, i.e., frequencies roughly ten times higher than in the ground-
based tracking, which “provides a stunning 4 orders-of-magnitude improvement
in measurement of the spacecraft along-track velocity” (Konopliv et al., 2013,
p. 1416).

Structural information, the dynamical behavior of the Moon in its orbit,
and compositional information from rock samples and meteorites can be
used to construct compositional models for the crust, mantle and core of
the Moon. Even with seismic velocity models that do not reach down to
the lunar center, such modeling can predict the core radius based on the
available amounts of iron and thermodynamic stability criteria. The study
of Mueller et al. (1988) is mentioned above, and similar studies followed at
the end of the 1990s.

Kuskov and Kronrod (1998) used the same velocity model (Nakamura,
1983) and building blocks (but added Sulfur as possible core constituent).
Two different ranges for the core radius resulted, depending on the pres-
ence or absence of Sulfur in the core. In a subsequent study (Kuskov and
Kronrod, 2001), with a slightly more complex set of building blocks, these
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radius ranges were modified and narrowed down. In both studies, Kuskov
and Kronrod concluded with regard to the origin of the Moon that “The
chemical composition of the Moon is different from that of the Earth’s upper man-
tle and bears no genetic relationship fo the terrestrial material as well as to any of
the known chondrites” (Kuskov and Kronrod, 2001, p. 221, almost the same
formulation is found on p. 302 of Kuskov and Kronrod, 1998).

After a re-evaluation of the raw data, involving re-reading of arrival
times, relocation of the seismic sources, and construction of a new seismic
velocity model, Lognonné et al. (2003) arrived at an essentially opposite
conclusion, namely that “This composition can be explained by the collision
between the primitive Earth and an impactor with a composition close to enstatite
chondrites” (p. 42).

With a massive processing of seismogram stacks of 38 Deep Moon-
quake clusters (chosen after determining S-wave arrival times for all known
106 clusters), involving polarization filtering and array-beamforming with
respect to the expected arrival times of a variety of reflected phases (combi-
nations of P-to-S and S-to-P conversion at different interfaces) for a broad
range of core and inner core radii, Weber et al. (2011) identified shear
wave energy reflected from the top of the alleged partial melt zone, the
core-mantle boundary, and the boundary between the solid inner and lig-
uid outer core of the Moon. The conversion of the respective arrival times
into absolute radii depends on the shear wave velocities in mantle and crust
and is thus somewhat model dependent. However, since the travel time
of waves is an integral over all velocities along their path, the result is not
very dependent on details of the velocity model. The reflection from the
inner-core-outer-core boundary (ICB) could be identified as a liquid-solid
interface by the lack of SH-polarized waves — in a liquid, the incoming
wave would be a P-wave (K-leg of SKiKS), and reflection can thus occur
only in SV polarization, as the SH-polarization does not couple with P.
While the radii of interfaces inherit some epistemic uncertainty from the
mantle structure, their presence is probably the most robust result of Weber
et al. 2011).

While Weber et al. (2011) reported the results of seismic waveform
processing (and their figure 2, from which interface depths are measured,
is derived directly from the seismograms), Garcia et al. (2011) followed
an inverse modeling approach in which an ensemble of velocity and den-
sity models is constructed, using arrival times (involving source relocation),
mass and moment of inertia as constraints. The energy of SH-polarized
ScS phases was then computed based on the obtained mantle models, and
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compared to the Apollo seismograms to identify the best fitting core ra-
dius. A range of likely core radii resulted, the middle of which was adopted
for the sought (very preliminary) reference model. An erratum (Garcia et
al., 2012), with a correction for an erroneous pressure computation, con-
tains the final VPREMOON model but does not change the core radius.
The VPREMOON core radius is about 50 km larger than that of We-
ber et al. (2011), and the radius ranges given in the two papers overlap
only slightly: A certain allowance for the depth-velocity tradeoft must be
considered when comparing the two results, as Weber et al. (2011) used
a prescribed mantle structure. Despite the differences between approaches,
the two studies obtained very similar results that differ by much less than
the range of values in previous publications.

Garcia et al. (2011) did not investigate the existence of an inner core
and do not search for seismic phases related to an inner-core-outer-core
boundary. In consequence, the resulting VPREMOON model does not
contain an inner core. The authors nevertheless acknowledge the likely
existence of an inner core for thermodynamical reasons and point out that
the density VPREMOON assigns to the core is of limited value without
further constraints on the inner core, and that GRAIL and KAGUYA might
provide important clues. That VPREMOON does not contain an inner
core does thus not imply that Garcia et al. denied its existence.

Neither Weber et al. (2011) nor Garcia et al. (2011) provide core phase
travel times in numerical form. The beamforming-approach of Weber et al.
(2011) does not require the determination of individual arrival times, which
is actually a strength, since phase picking is a somewhat uncertain, subjec-
tive endeavor. The resulting absence of respective tables however makes the
subsequent use of core phase constraints in other studies difticult.

While Weber et al. and Garcia et al. were searching for ScS phases and
building their core models, the GRAIL mission worked on improving the
mass, moment of inertia, and Love number constraints, that are necessary
to constrain the density of the core. Since the entire core contains less
than 1.5%, and the inner core less than 1% of the lunar mass (Williams et
al., 2014), resolving their respective contributions involved improvements
on the Earth’s gravitational coefficients and the lunar ephemeris as well.
Williams et al. (2014) conducted a detailed analysis of the GRAIL results
to analyze the constraints arising from the new data. A tradeoff between
the radii of the outer and inner core and their densities remained, but the
existence of a solid inner core was shown explicitly to be compatible with
the geodetic information. In addition, Matsumoto et al. (2015) confirm
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that the combined GRAIL and LLR data require a low viscosity zone at
the base of the lunar mantle.

Dorn et al. (2015, see also our discussion of their results for the Earth
on p. 27), benchmark their approach, which is intended for the analysis
of exoplanets, using the lunar core radius of Kuskov and Kronrod (2001).
The latter obtained 310 km to 320 km for a pure iron core, and Dorn
et al. (2015) conclude that their result “matches the independent estimate [i.e.
Kuskov and Kronrod] reasonably well with 0 < R, < 380 km (95% credible
interval)” (p. A38). They do not comment on the core radii obtained by
Weber et al. (2011) and Garcia et al. (2011).

Kuskov and Belashchenko (2016) undertake molecular dynamics simu-
lations to estimate properties (density and sound velocity, among others) of
FeS alloys under lunar core conditions and find, in comparison with Garcia
et al. (2011) and Weber et al. (2011), a “[...] good agreement of P-wave veloc-
ities in the liquid outer core, while the calculated core density does not match [...]”
(p- 49), and from this discrepancy between their own modeling and the
data processing and inversion of Garcia et al. and Weber et al., Kuskov et al.
conclude that “[...] the most probable outer core radius should be less than 330 km
[...] found by Weber et al. [...]” (p. 49). Moreover, “If can be concluded from these
results that future seismic measurements are needed to provide further observational
constraints on the composition and physical properties of the core” (p. 49), a con-
clusion at which Kuskov and Kronrod (1998) and Kuskov et al. (2002) also
arrived, in similar words.

From 2017 onwards, an international team at the International Space
Science Institute Bern/Beijing started compiling a new reference data set
for the seismological analysis of the Moon from the wealth of literature
that accumulated in the previous almost 50 years, and also to improve the
accessibility of the data (Nunn et al., 2020). Based on this data, and us-
ing three different parameterizations and inversion methods, Garcia et al.
(2019) produced three new velocity and density models for the lunar inte-
rior. These show that, with the most recent methods, the crust and mantle
up to a depth of approx. 600 km are relatively well resolved, while the dis-
tributions of Apollo stations and seismic sources leave “Deep mantle and core
structure [...] poorly constrained” (p. 37). New seismic data would be required
to further improve our knowledge of the deepest regions.

Viswanathan et al. (2019) again combined GRAIL and Lunar Laser
Ranging Data (meanwhile 48 years of observation) to estimate the mean
radius and flattening of the core-mantle boundary, assuming a hydrostatic
liquid core within a nonhydrostatic lithosphere of a frozen-in shape. A criti-
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cal parameter for their resulting radius range is the assumed crustal thickness
and density, which was provided by GRAIL (Wieczorek et al., 2013). Al-
though the flattening of the CMB naturally plays an important role in the
interpretation, it remains unclear to what extent the asymmetric distri-
bution of crustal thicknesses between near and far side, with hemispheric
average thicknesses outside of the adopted thickness interval is relevant for
the result. The interior model was deliberately set up without an inner
core, justified by a brief remark in the supplementary information (“recent
GRAIL analyses (Konopliv et al., 2013, Lemoine et al., 2013) showed no signa-
ture thereof”, p. 3). This is however not supported by the given references.
According to Konopliv et al. (2013), detection of the periodic variation of
gravity field coefficients Cyy and Sy1 would require including the accelera-
tion of the spacecraft due to its heat radiation, which is not included in the
force budget of their gravity model GLO660B. Lemoine et al. (2013) state
explicitly “In this paper we have not estimated the periodic harmonics of C»y and
So1 that represent the expected signature of core motion [...]. The estimation of these
periodic terms will be the subject of future work.” Williams et al. (2014) finally es-
timate the inner core’s radius from GRAIL data. The effect of omitting the
inner core on the uncertainty of the core radius estimate by Viswanathan
et al. (2019) remains unclear.

Kronrod et al. (2018) attempted a joint inversion of seismic travel times,
geodetic and tidal, geothermal, geochemical and petrological constraints,
the latter from an assumed set of constituents. The results of this study were
somewhat inconclusive, and in order to obtain any solution at all, it was
necessary to relax the constraints from seismic travel times (by inflating their
uncertainties by a factor 3 compared to the reference they were taken from)
and to introduce additional constraints, like fixing the crustal parameters.
The authors were dissatisfied themselves with this outcome.

In a new attempt, Kronrod et al. (2020) used a similar set of constraints,
and fixed another subset of model parameters (e.g. thickness, density and
seismic velocities of the crust, inner core density) with a slightly extended
set of observables (bulk contents of Al,O3 and FeO were treatedas ob-
servables). Again, inflating the uncertainties of seismic travel times was
considered necessary. Under the assumed conditions and constraints, the
authors concluded that a completely solid core is ruled out. The most likely
core radius is 300 km, but with an uncertainty range from 50 km to 350
km.

A previously unused nonlinear optimization method, Particle Swarm
Optimization, was employed by Zhong et al. (2021) to invert the mass,
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radius, and moment of inertia as derived from a degree and order 1500
GRAIL gravity field solution for core structure. The most likely core radius
reported by the authors is relatively large, compared to other studies from
the 21st century, and the admissible range of core radii (according to their
Fig. 2) reaches the upper boundary of the explored range (650 km). For the
inner core, a most likely radius could be estimated, but admissible values are
found within the entire explored range (100 to 350 km).

Kronrod et al. (2022) attempted to reconcile seismological, geodetic,
and geochemical data in order to estimate not only the size but also the
composition of the core. The core radius, in their formulation, is derived
from thermodynamically feasible compositional models. They assumed that
the core is subdivided into a liquid outer and a solid inner core, as found by
Weber et al. (2011). No seismological data beyond this result was included,
the seismic constraints used were only the P and S travel times (no crustal
conversions) underlying the mantle model of Weber et al. (2011), but not
the beamforming results on which Weber et al. (2011) based their inter-
pretations, or other numerical constraints concerning core phases. It was
thus not possible for Kronrod et al. (2022) to fully employ the seismolog-
ical constraints on core size. The posterior probability functions shown by
Kronrod et al. (2022) have nonzero values for core radii between 250 and
470 km. The authors however name 300 to 350 km as the possible interval.

Based on the experience from Earth one would have expected that pas-
sive seismology would solve the problem of the lunar core size. Geophysical
investigations, i.e. mainly seismology and measurements of magnetic and
electric properties of the core indeed draw a relatively clear picture. Never-
theless, core radii discussed in studies published since 2011 differ little from
those published between 1980 and 2000. Compared to the 1960s, only
the largest radii were abandoned, and it is commonly accepted that the
Moon has a core, and also that it is subdivided into an outer and inner core.
That the range of discussed core radii is nevertheless relatively large may in
part result from the difficulty to reconcile the seismological results on core
size, partial melt directly above the CMB, and deep moonquake source
depth with compositional models. In part, the radius discussion is however
impeded by the format of numerical representation of the seismological ev-
idence, and the challenges that apparently arise from fully integrating them
into modeling procedures. It remains to be seen whether a future lunar
seismic network (as part of a lunar geophysical network) with more global
station distribution can lead to a travel time dataset that is used more widely
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by the community (see also the discussion of future seismic experiments in
Chapter 2, Stihler and Knapmeyer, 2022).

4.3 Mars

Mars is one of the five planets known since antiquity; there are few objects
in the sky that shine brighter. It played a major role in the development of
modern astronomy and for overcoming the geocentric cosmos, as the mo-
tion of Mars is the central topic of the near 500 pages of Kepler’s Astronomia
Nova (1609), where he found the first and second of the Keplerian laws of
planetary motion — without telescope.

At this time, first estimations of Mars’ true radius were already made;
the oldest one we found is due to Albategnius, who saw Mars at a visible di-
ameter of 94 arc seconds, which translates into a radius of nearly 34100 km
(880 CE, cited after Houzeau, 1882). The first radius estimation that cap-
tures the correct order of magnitude was apparently that of Le Monnier,
who reported an optical diameter corresponding to an equatorial radius of
3590 km (1746, cited after Houzeau, 1882). Radius measurements con-
ducted throughout the 19th century are scattered between 3200 km and
4100 km, with a mean of 3490 + 160 km (see Fig. 5, S6.3.1), and biased
toward high radii.

In 1784, Herschel reported a series of observations of bright spots in
the polar regions of Mars, and how they change with time. After metic-
ulous analysis, he concluded “that the bright polar spots are owing to the vivid
reflection of light from frozen regions; and that the reduction of those spots is to be
ascribed to their being exposed to the sun” (Herschel, 1784, p. 260). Herschel
continued reporting observations of the diameter of Mars, and found, after
corrections for perspective that “The true proportion, therefore, of the equatorial
to the polar diameter will be as 1355 to 1272 (p. 268). Finally, supporting
earlier observations made by Cassini with his own observations of star oc-
cultations, Herschel concludes “that this planet is not without a considerable
atmosphere” and that some individual observations require “the variable dis-
position of clouds and vapours floating in the atmosphere of that planet” (p. 273),
such that “its inhabitants probably enjoy a situation in many respects similar to
ours” (p. 273).

Six different types of observational errors, all of which lead to an in-
creased diameter, were discussed by Campbell (1895). Caring for all of
them, and using a yellow glass filter, he obtained a radius only about 58 km
too large, and only few of the newer values in our collection deviate from
the true radius by more than that. The precision that could be achieved by
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Figure 5 Relative uncertainties of Mars’ radius, mass, and moment of inertia factor over
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vertical line indicates the arrival of the Mariner IV mission at Mars. Numerical values in
Knapmeyer and Walterové (2022).

careful observation gave rise to another source of error, which Campbell
eliminated coincidentally by blocking red and blue wavelengths in order to
reduce chromatic aberration: With a series of photographs taken system-
atically with different color filters from infrared to violet, Wright (1924)
demonstrated that the radius of Mars appears larger in violet than in in-
frared: “we have in round numbers 120 miles [approx. 190 km, MK] as the
radial excess of the violet over the infra-red images” (Wright, 1924, p. 251). His
interpretation is that the infrared photos show the planetary surface, while
the disc visible on the violet photos is only the atmosphere, which scatters
short-wavelength light. With an orange-yellow filter, Campbell’s result is
thus closer to the true radius than it could be in white light.

The significance of Wright’s observation for our study lies in the fact
that a +5% bias in radius results in a near -10% bias in I/MR? and a near
-15% bias in mean density when mass and moment of inertia are held fixed.

A spacecraft came to the rescue, in the form of the Mariner IV fly-
by in 1965: When the spacecraft went into occultation behind Mars, the
local radii at the entrance and exit points could be determined (Fjeldbo et
al., 1966) and translated into a mean radius (Bullen, 1966). The accuracy
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of Radius, Mass, and Mol improved considerably with the presence of
spacecraft near Mars (Fig. 5). We'll return to the space age later.

Long before that, See (1905a,b) provided a first estimate of the Martian
moment of inertia factor, by inverting Laplace’s density law to the observed
mass and radius. The resulting density distribution is coreless, as Laplace’s
law 1s a continuous function for the entire planet, but allowed an estimation
of the flattening of Mars, and its moment of inertia.

An example for how comparative planetology can help solving prob-
lems concerning the Earth is the work of Jeffreys (1937). He aimed to
obtain constraints on the depth of a seismic discontinuity within the Earth
from a comparison of Earth, Moon, and Mars. The discontinuity in ques-
tion was determined to be at either 350 km or around 474 km depth within
the Earth (depending on who was asked), and the question was if it might
indicate a phase transition of Olivine. The Moon, being small, provided
an estimation of the densities above the discontinuity. For Mars, Jeffreys
pointed out that the uncertainty in its radius makes the main contribution
to the uncertainty of its density. Using the relation between depth and den-
sity found for Earth, Jeffreys found that the hypothesis of a phase transition
at the given depth in Earth, when transferred to the size and mass of Mars,
requires the presence of a heavy core. If the discontinuity announces the
presence of a new material, the Martian data can be reproduced without
core. However, “The evidence from Mars is indecisive; it shows at any rate that
the central core must be much smaller than in the Earth, and possibly absent [...]”
(Jeftreys, 1937, p. 67). Jeftreys compared his density models to the real Mars
via the flattening of the Martian ellipsoid, which could be derived from
observation of Phobos’ orbit, and which Jeffreys connected to the moment
of inertia factor of his density models via the Radau—Darwin equation.

The theory of phase transitions led Ramsey (1948) to the same conclu-
sion he already got for the Moon: Mars is too small to support the phase
transition he considered to be behind the Earth’s seismic discontinuity at
2900 km depth. Therefore, like the Moon and all small bodies, Mars can-
not have a core at all.

This view is supported by Bullen (1949), who also constructs an Earth
model where the outer core is a pressure effect and only the inner core
is chemically distinct from the material between crust and inner core. In
this view, the Earth’s outer core is a high-pressure phase of mantle material,
while Mars can again not support the required pressure, but has a (metal)
inner core. A revised radius for Mars led Bullen (1957a) to revisit his eval-
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uations, but he still concludes that neither the Earth’s nor Mars’ core need
to be thought as containing much elemental iron.

To deal with the problem of the uncertain planetary radius, MacDonald
(1962) constructed models on a number of different planetary radii. Like
Jeffreys (1937); MacDonald used a constraint obtained from the Phobos
orbit observations: these yielded a J, corresponding to a rather high polar
moment of inertia, close to a homogeneous body, and hence required a
small core only.

Lyttleton (1965) also supported the hypothesis that the outer core of
the Earth is a high pressure phase of mantle material, and consequently,
by comparison of pressures and likely temperatures in Mars and Earth, ex-
cluded the possibility of a liquid core in Mars. He argued that all of Mars
is rocky material, and can be described by a “two-zone model with the inner
core having physical properties similar to those of the mantle of the Earth” (Lyt-
tleton, 1965, p. 24). Based on this, and with material parameters informed
by seismological data for the Earth’s mantle, Lyttleton constructed a series
of Mars models with different fractions of mass contained below the phase
transition. Interestingly, the material behavior under high pressure results in
a lower limit of the moment of inertia factor, which, according to Lyttle-
ton’s theory for Mars, must exceed 0.38. As Lyttleton noticed himself, his
model ensemble can’t be used to infer the actual core radius, since the plan-
etary mass and radius (still before Mariner 4) are too uncertain. In addition,
he suggested that observations from spacecraft could settle the question of
mountains — he considered the formation of mountains an important clue
to internal temperature and processes, but neither limb nor shadow obser-
vations produced unambiguous evidence for mountains on Mars so far.

Kovach and Anderson (1965) introduced a third hypothesis into the
controversy between chemically identical or different terrestrial planets:
The bulk composition of the planets might be identical, but the composi-
tions of the different cores might differ by their content of light alloys, and
they show that Earth and Mars models based on this hypothesis can satisfy
the astronomical observations, namely mean density and polar moment of
inertia. They find that, if the radius of Trumpler (1927, 3310 + 12 km),
is combined with the Phobos-based moment of inertia factor, “Mars must
be a [sic] undifferentiated and nearly homogeneous body, but it is not necessary
fo violate compositional identity with the earth” (Kovach and Anderson, 1965,
p. 2879). Even a “somewhat larger mean radius [...] of 3325 km” (p. 2879) still
allows for a near identical composition. Nevertheless, “If a core is formed by
downward drainage of heavy elements, we can say that Mars is in an earlier stage of
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evolution than the earth” (p. 2879), and an interpretation of the Earth’s core-
mantle boundary as pressure-induced phase transition is not inevitable. As
we know now, both mentioned planetary radii are too small, while the
adopted C/MR? = 0.3836 is too large, and far-fetched conclusions are thus
to be taken with a grain of salt.

Ironically, the differentiated Mars model of Kovach and Anderson
(1965) has a core radius very close to that of Stihler et al. (2021), but they
dismissed the differentiation option because the associated polar moment
of inertia (0.35) is much smaller than the value they considered realistic.

Bullen (1966b) dismissed the entire approach of Kovach and Anderson
(1965) as an “ad hoc device” (Bullen, 1966b, p. 236) and maintained the
phase transition hypothesis.

After a re-assessment of the available mass, radius and flattening data, and
with modified equations of state, Kozlovskaya (1967) constructs a number
of Mars models which require the existence of a small iron core. Although
she supports that all terrestrial planets formed from the same pristine ma-
terial, she allows for different compositions of Earth, Venus, and Mars,
since the thermal conditions at the places where these formed might have
differed, i.e. a differentiation of the pristine material with respect to the
distance of the Sun took place.

The first to use data from the Mariner IV fly by is apparently Binder
(1969; Bullen, 1966a, only suggested that the new radius may have signifi-
cant implications). The Mariner IV observations reduced the uncertainties
on radius, mass, and moment of inertia significantly; the latter was now
clearly below that of a homogeneous sphere (Fig. 6). In consequence,
Binder found an iron core necessary to reconcile his compositional model
with these observations. Binder apparently thinks this core as solidified, but
also assumes that it might have maintained a dynamo in the past.

An alternative hypothesis for the composition of Mars is that of Ring-
wood (see Ringwood and Clark, 1971, and references therein), who sug-
gested that the different mean densities of Venus, Earth, and Mars are due
to different oxidation states. Ringwood and Clark (1971) reject the hypoth-
esis that the Martian iron did not differentiate into a core on the grounds of
the oxidation state of the Martian atmosphere, and also the (by then only
likely) oxidation of surface rocks. Their preferred model has a large core,
mostly consisting of solid Magnetite in a high-pressure hpp lattice, and pos-
sible a thin (100 km) liquid outer core. A large liquid core is excluded by
the authors, also because of the absence of a magnetic field.
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Figure 6 Evolution of parameter estimations for Mars. See Fig. 4 for a description of plot
elements. Mission names are indicated in the middle panel. Mission data is mostly from
Siddiqi (2018), for details and all other numerical values see Knapmeyer and Walterova
(2022).

Shortly afterwards, Bullen (1973) suggested that planetary cores are
chemically distinct and consisting of iron, but, depending on the inter-
nal pressure, outer cores of Fe;O would form in the larger planets. Mars
is too small for Fe,O to be stable, and thus its core would consist of Fe
only, and, by analogy with the Earth’s inner core, be entirely solid. With
this model, it was possible to reconcile geodetic data from the planets with
the overarching concept of a shared bulk composition.

Johnston et al. (1974) build their core models of an Fe-FeS mixture and
do not discuss the possibility of magnetite or Fe,O.

Mariner 4 reduced not only the accepted value of the moment of iner-
tia factor (Lorell and Shapiro, 1973 give C = 0.375 % 0.006, scratching the
theoretical lower bound of Lyttleton, 1965, from below), but also the expec-
tations concerning Mars as neighboring planet: While the late 19th century
thought Mars as a largely earthlike world, but aged and dying, research in
the 20th century step by step replaced biology and imagination with ge-
ology, as described in the first chapter of Hartmann and Raper (1974).
The fly-by of Mariner 4 resulted in 21 complete pictures and revealed a
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Moon-like surface (all reproduced in Leighton et al., 1967). Mariner 4 was
followed by Mariners 6 and 7, which returned another 200 images. Collins
(1971) summarizes that “The Mariner 6 and 7 flights have finally revealed a
unique Martian character, distinctly different from that of either the Earth or the
Moon” (p. 147). After these three fly-by missions, Mariner 9 entered an
orbit around Mars (Mariner 8 failed) and, with more than 7000 images
returned (Hartmann and Raper, 1974), allowed for a detailed topographic
map of the entire surface of Mars. With the first preorbital science pic-
ture of Mariner 9 it became clear that Nix Olympica, originally the name
of an albedo feature, was a giant mountain, recognizable as such since it
protruded above the dust storm active during approach. The next two im-
ages showed that there are three other mountains of comparable height
to the east (Hartmann and Raper, 1974), and initially named South Spot,
Middle Spot, and North Spot (McCauley et al., 1972). Mariner 9 also dis-
covered Valles Marineris, rampart craters, dunes, and many other features.
Knowledge about the Martian surface was revolutionized, and it even be-
came necessary to define a new nomenclature (exit Nix Olympica, enter
Olympus Mons, enter the dichotomy), which was adopted by IAU in 1973
(following a recommendation of Commission 16 at the XV. IAU general
assembly, Trans. AU, 1973, see also de de Vaucouleurs et al., 1975). The
planet which was suspected to have no mountains at all (see Lyttleton, 1965)
has in fact the largest mountains of the solar system.

Mariner 9 confirmed the smaller moment of inertia value obtained from
Mariner 4, even indicated a still smaller value, and also allowed mapping
of the global gravity field and improving the mass measurement (Lorell
and Shapiro, 1973). The degree 9 gravity solution of Jordan and Lorell
(1975) identifies Tharsis not only as topographic, but also as a gravimetric
maximum, which even distorts the low-degree gravity coefticients.

Binder and Davis (1973) recognized that the Mariner 9 observations
of the Martian shape imply that a straightforward interpretation of |, in
terms of hydrostatic equilibrium is probably too simple, and corrections
for isostatic and nonisostatic contributions from the crust are necessary to
compare a spherically symmetric model with real Mars. Since they lacked
information on the structure of the crust, they could only evaluate a series
of test models.

Doppler tracking of the Mariner 9 spacecraft allowed for the recon-
struction of the gravity field of Mars. Reasenberg et al. (1975) produced a
sixth degree and order spherical harmonics solution, while Sjogren et al.
(1975) first fitted a set of discrete point masses and then derived a ninth de-
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gree and order solution from their combined gravity field. Both solutions
match closely and find a significant anomaly associated with Tharsis, with
a gravity high between Pavonis Mons and Ascracus Mons. Sjogren et al.
(1975) show that a single mass anomaly connected to Tharsis is responsible
for most of the variability of the gravity field.

Therefore, Reasenberg (1977) concluded, the J> coefficient of the grav-
ity field expansion contains a contribution from a nonisostatic mass distri-
bution under Tharsis, which must be considered when converting J» into a
moment of inertia. From a geometric model of Tharsis, based on assump-
tions of its geological origin and structure, Reasenberg computed a con-
siderable reduction of the polar moment of inertia from C/MR? = 0.377
down to C/MR? = (0.3654, which is the lowest value resulting from mea-
surement so far (with the exception of the lower end of Lorell and Shapiro’s
uncertainty interval).

A different approach towards a nonhydrostatic correction was presented
by Cook (1977), in terms of an analysis of the deviation in spherical
harmonic coefficients, attempting to determine the deviation in J, from
coefficients which should be zero in the hydrostatic case, but are nonzero
in reality. Cook concluded that the necessary correction on the moment of
inertia factor is much smaller than those by Binder and Davis (1973) and
Reasenberg (1977), and that it does not invalidate models constructed with
an uncorrected value.

Kaula (1979) found the discrepancy between Binder and Davis (1973),
Cook (1977), and Reasenberg (1977) rather dissatisfying, even more so as
the previous works do not explain where the discrepancy might originate.
He presented an approach to Reasenberg’s Tharsis-removal concept in sim-
pler expressions. His conclusion is that Reasenberg’s “deterministic solution is
better than Cook’s [...] statistical extrapolation plus his opposite interpretation of the
significance of the large J»»” (Kaula, 1979, p. 195, emphasis in the original).

The arguments of Reasenberg (1977) and Kaula (1979) were in turn
considered insufficient by Bills (1989), who proposed that their common
result should be considered as the upper bound of the plausible range. In his
view, Mars must be considered as a triaxial ellipsoid, on the grounds that
a random distribution of inhomogeneities on a comparatively massive ho-
mogeneous sphere most likely results in a triaxial ellipsoid, and that Venus
actually showed this configuration (according to Bills, 1989, and references
therein). Bills also points out that the only means to solve the problem is by
measuring the precession rate of Mars, which would provide a direct scal-
ing factor between ], and the polar moment of inertia. With an approach
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based on the modeling of Tharsis’ gravity anomaly in terms of a spherical
harmonics expansion, Zuber and Smith (1997) obtained a corrected po-
lar moment of inertia factor of 0.361 < C/MR? < 0.366, supporting the
approach of Reasenberg.

The last publication of a core radius smaller than 1000 km (with the
notable exception of Dorn et al.,, 2015) after Binder (1969), is, to our
knowledge, that of Okal and Anderson (1978, see Fig. 0). In preparation
for the Viking missions, they aimed at identifying the kind of seismic ob-
servations most useful to discriminate between the difterent theories. Okal
and Anderson did thus not predict that the core might be small, but provide
new criteria for the recognition of a small core. Their preferred model (well
known in the literature as AR model) is not small, but has a core radius of
1694 km.

One can thus say that the most significant single event in the determi-
nation of the Martian core radius was the Mariner 9 mission: With Mariner
9, small cores disappeared from the discussion of Mars.

A remarkable outlier in terms of the investigated core radii is the study
of Schubert and Spohn (1990), who have the largest of all cores in our
collection in their model suite (with R, =2468.06 km). This value resulted
from, on the one hand, assuming a Fe-FeS composition of the core to limit
the possible densities, and, on the other hand, the uncertainty of the mean
moment of inertia factor resulting from the ongoing discussion of how the
observed ], coefficient has to be converted into the polar moment of in-
ertia. The lower limit of their core radii is attained for a pure iron core
(R, =1546.44 km). This underlines the importance of both compositional
assumptions, and appropriate uncertainty propagation for core radius stud-
1es.

The Viking twin missions were launched only four years after Mariner 9,
and resulted in additional milestones of Martian research. In the 1960s,
Woinke already argued for Mars as the SNC parent body (see Dreibus and
Winke, 1985, and references therein), by the end of the 1970s, several au-
thors argued for a Martian origin of the SNC meteorites. The soil sample
analyses of Viking showed “close compositional similarities” between Mar-
tian soil and Shergotty meteorites (Wood and Ashwal, 1981, and references
therein), while trace gases trapped are similar to the trace gas content of
the Martian atmosphere, again based on Viking measurements (McSween,
1984, and references therein). Dreibus and Winke (1985) considered the
trapped gases as the most striking evidence for a Martian origin, and ar-
gue that the SNC thus support that a CI chondritic composition explains
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neither the composition of the Earth nor that of Mars, and also not that
of Venus. The SNC meteorites thus became important witnesses of the
composition of Mars, and even allowed conclusions about the evolution of
Mars.

The Viking missions also allowed determining the precession rate, and
provided a handle on the polar moment of inertia without the assumption
of hydrostatic equilibrium (Yoder and Standish, 1997). Since the period of
precession is much longer than the typical mission life time (the rate of
7.83 arc sec estimated by Yoder corresponds to about 165000 years), its
uncertainty is considerable and the resulting uncertainty of the moment
of inertia factor relatively large. The obtained value of C/MR? = (.355 =+
0.015 encompasses the corrected moments of inertia of Reasenberg (1977),
Kaula (1979) and Bills (1989) as well.

An improvement of the uncertainty on precession became possible with
the Mars Pathfinder lander (Folkner et al., 1997). Although short-lived it-
self, the long time between Viking and Pathfinder (about 20 years) resulted
in a significant advance in the orientation of Mars’ rotational axis. Further
improvement resulted from the recovery of previously unused tracking data
of the Viking I lander. The new precession rate led to an increase of the re-
sulting C and a decrease of its uncertainty, C/MR? = 0.3662 + 0.0017 now
clearly excluded the low value of Bills (1989). It also showed that the old,
uncorrected value of 0.377 was indeed to high, and corroborated Reasen-
berg’s (1977) interpretation of the Tharsis bulge, as Folkner et al. (1997)
pointed out: “Our estimate favors the Reasenberg interpretation” (Folkner et
al., p. 1750). In terms of the core radius, the new precession rate implies
that “[...] the core radius can range from 1200 to 2400 km without an additional
constraint such as core composition” (Folkner et al., 1997, p. 1750).

Bertka and Fei (1998a) nevertheless considered the uncertainty of the
precession rate as too high and the knowledge of the crustal thickness too
poor to provide a sufficiently precise estimation of the moment of inertia,
but expected a significant improvement from the Mars Pathfinder mission.
Based on the compositional constraints due to SNC meteorites, they con-
structed a series of density profiles and attempted to estimate a feasible
range of moment of inertia factors, given plausible geochemical and ge-
ological assumptions. With a late-breaking new moment of inertia factor,
they conclude that the iron content of the Martian mantle is larger than that
of the Earth, and that the mantle may contain a perovskite layer just above
the CMB. With all of their mantle and core compositions (all from the
Fe-FeS system), they obtain core radii smaller than 1750 km. In a follow-
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up, Bertka and Fei (1998b) adapt their models to the Pathfinder results and
allow for additional light elements in the core, obtaining a feasible radius
range from 1276 to 1809 km, the latter with a Fe;O4 composition and 27
weight-% of Oxygen in the core. Their main conclusion is that a CI chon-
dritic composition is insufficient to explain the formation of all terrestrial
planets.

Sanloup et al. (1999) suggested a new compositional model based on
a mixture of three different classes of chondrites, rather than CI only,
constrained by the oxygen isotopic composition of SNC meteorites, and
yielding relatively large cores up to 1865 km radius. Sanloup et al. consid-
ered the MolF range defined by the Reasenberg (1977) / Kaula (1979)
estimations and the much lower value of Bills (1989) as the acceptable
range, “which has been recently confirmed by the Pathfinder mission” (Sanloup
et al.,, p. 51, referring to Folkner et al., 1997, see also above).

With Hydrogen instead of Oxygen in the core, and a chondritic Fe/Si
ratio, Zharkov and Gudkova (2000) constructed a series of models cov-
ering core radius range of approx. 400 km in width. From the successful
construction of models that fit the Pathfinder MolF value and a compo-
sition close to that of Dreibus and Winke, they conclude that the DW
compositional model is not as unequivocally invalidated as some assumed.
The largest core of Zharkov and Gudkova (2000) has a radius of 1702 km.

In a study of annual variations of snow depth on Mars with Mars Global
Surveyor MOLA data, Smith et al. (2001) presented a new value and un-
certainty for the k; Love number, in passing and without any discussion.
According to their footnote, it was apparently obtained as a by-product
of the inversion routine. The obtained value, ky = 0.055 4 0.008 could be
considered as corroboration of the 0.05 assumed earlier, e.g. by Lemoine et
al. (2001), or Christensen and Balmino (1979).

A new solution, k, = 0.153 £ 0.017 (with uncertainty inflation of five),
was presented by Yoder et al. (2003), derived from three years of radio
tracking of Mars Global Surveyor. This solution was accompanied by a new
determination of the precession rate and polar moment of inertia factor,
and represents a major step in the understanding of the Martian core, as it
is indicative of a fluid state, while the lower value mentioned by Smith et
al. (2001) would imply that the core is solid.

With this result from Mars Global Surveyor, a new milestone was also
achieved in the determination of Mars’ core radius: After Yoder et al.
(2003), cores smaller than 1500 km in radius disappeared from the liter-
ature (again, with the exception of Dorn et al., 2015).
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Later missions consolidate this result, and even supported slightly higher
values. Using of the laser altimeter of Mars Global Surveyor, MOLA, to de-
termine the distance to Phobos instead of the Martian surface amounted to
an improved tracking of Phobos. The long-lived missions Mars Global Sur-
veyor, Mars Reconnaissance Orbiter, and Mars Odyssey provided tracking
data for continuous improvements of gravity field solutions, and also love
numbers, precession rates, and Moment of inertia factors.

Partly in preparation of the first purely geophysically focused mission to
Mars, InSight (Banerdt et al., 2013), a number of new models was created
(Khan et al., 2018; Plesa et al., 2018a,b), and a set of reference models,
intended to represent the best knowledge, was compiled (Smrekar et al.,
2019). Khan et al. (2018) introduced new descriptions of the viscoelastic
behavior of olivine, and complex models of composition and phase transi-
tions within Mars, to reduce the core radius range of a Bayesian ensemble of
radially symmetric models. Plesa et al. (2018a) built 3D thermal evolution
models, with different chemical compositions and enrichments of radioac-
tive elements in the crust. Their modes were based on earlier studies (Plesa
et al., 2015, 2016), but constraints were updated and larger cores allowed,
which proved necessary since none of the models with core radius smaller
than 1800 km fitted the constraints. The determination of the core radius
was however not the goal of the studies of Plesa et al.

Smrekar et al. (2019) compiled a review of the knowledge on Mars’
interior structure prior to the InSight mission, and show a set of reference
models that reflect this knowledge, with core radii from 1718 km to 1850
km.

The core formation scenarios of Brennan et al. (2020) were published
after InSight started operations on Mars, but before its first results on core
radius were published, i.e. without seismological constraints. The same is
true for Konopliv et al. (2020), who, like Brennan et al., were more con-
servative in their core radius estimations than Smrekar et al. (2019).

The first core radius estimation based on InSight seismological data was
actually published by authors not in the InSight mission team. Deng and
Levander (2020) used the autocorrelation of ambient vibrations (“noise”) to
identify discontinuities beneath the InSight lander. This method produces a
time series showing maxima at times that corresponds to the travel time of
reflected phases; the times of the maxima are converted into depths using
a set of velocity models that were computed prior to the InSight mission,
partly by members of the mission team. This yielded a core radius between
1790 and 1870 km.
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Interestingly, this radius interval is identical to the 1830 + 40 km of
Stahler et al. (2021). This study is based on the more classical approach
of identifying core reflected S waves, i.e. the ScS phase. Six marsquakes
with sufficient SNR were identified, waveforms rotated and filtered to en-
hance arrivals in SH polarization, and stacked according to the predicted
ScS arrival times of an ensemble 5000 velocity models compatible with
other body wave arrivals. A new arrival time inversion, including k; and
moment of inertia as additional constraints then resulted in the final core
radius estimation.

When working with InSight seismogram data, it is important to know
about a number of peculiarities that arise from technical and environmental
conditions. These are described in a dedicated paper (Kim et al., 2021). The
most severe peculiarities are probably the so-called glitches (steps in acceler-
ation) and spikes (steps in displacement), which represent a self-noise of the
sensor assembly. Methods for their detection and mitigation were described
by Scholz et al. (2020). An unfortunate property of glitches and spikes is
that they tend to occur in pairs, with separations of 280 and 368 s (Kim
et al., 2021). Although Deng and Levander (2020) used their own process-
ing methods to suppress artefacts, Kim et al. show that the autocorrelation
nevertheless is clearly affected by them. The glitch and spike separations
are near identical to the arrival times reported by Deng and Levander (280
s for the Olivine-Wadsleyite transition and 375 s for PcP). Kim et al. do
not go as far to declare the results of Deng and Levander incorrect, but
state that “fwo strong phases in the LF ACFs interpreted as P-wave reflections |...]
are substantially affected by the presence of glitches” (Kim et al., 2021, p. 2998).
The remarkable similarity of the core radii of Deng and Levander (2020)
and Stihler et al. (2021) is then an unfortunate combination of using spe-
cific a priori velocity models and a certain periodicity in the occurrence of
glitches. Deng and Levander themselves, who are both co-authors of Kim
et al. (2021), are apparently not entirely convinced of this interpretation; at
least not as much as to publish any comment or correction to their 2020
paper. We thus report their result, and include it into our figures, as it is a
result considered correct by its authors.

Stihler et al. (2021) not only present a core radius, but also first in-
terpretations of the planetological significance of their result. First, the
observation of ScS supports the earlier finding that the core is at least
partially liquid: An S-wave reflection from an interface between to solid
materials would be much weaker than from a solid-liquid interface. Sec-
ond, an inversion that used constraints other than the seismological also
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solved for core density and suggested that light elements in addition to the
traditionally assumed Sulfur are likely present in the core: “C, O, Si, N,
and H, are all potentially viable candidates” (Stihler et al., 2021, p. 446), while
a pure Fe-S core would require a sulfur concentration above 30 wt%, un-
known from meteorites. A near-eutectic fracton of light elements would
also make the nucleation of an inner core unlikely and thus provide a clue
to the demise of the Martian geodynamo. Finally, a large core produces a
larger seismic core shadow, and can thus result in a downward bias of esti-
mations of the seismic moment rate of Mars, especially since much of the
Tharsis plateau is within the core shadow for InSight. The mean density of
the core found by Stihler et al. is so difficult to reconcile with cosmochem-
ical constraints, that Khan et al. (2022) proposed a new global composition
of the planet, significantly increased in volatiles. Plesa et al. (2022, this vol-
ume), describe consequences of the results of the InSight mission for our
understanding of the geodynamic and thermal evolution of Mars.

The Rotation and Interior Structure Experiment (RISE) of Insight
(Folkner et al., 2018) intends to augment previous measurements of the
martian precession rate with a measurement of the nutation rate, and thus
provide an independent determination of the core radius, and the moment
of inertia of the core. At the time of writing, an updated precession rate and
moment of inertia factor for the planet as a whole is published (including
tracking data from Viking 1, Pathfinder, Opportunity, and InSight; Kahan
et al., 2021), but the results concerning the core directly are not finalized.

As we have shown, the Mariner IV and IX missions to Mars resulted
in the most pronounced changes, InSight may prove as another example.
Although Mars was under close scrutiny at least since Kepler, and although
surface structures, seasons, and climate could be observed telescopically
from Earth for a long time, the two Mariner missions provided informa-
tion without which all interpretation of Mars’ interior structure would be
doomed. Interestingly, the most important information, in terms of inte-
rior structure, were geometric in nature: finally a precise radius (Mariner
IV), and, from Mariner IX: Mountains.

These alone do of course not determine an interior. But the determi-
nation of precession (to overcome the hypothesis of a hydrostatic figure), of
the Love number (to reduce the nonuniqueness of density modeling) and,
finally, of seismic reflections from the core mantle boundary, all rely on
the continued presence of spacecraft in orbit and on the surface. Moreover,
from the InSight seismic experiment, core phase travel times are published
within the event catalog, for use in future inversions.
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5. Exoplanets

Considering exoplanets in a dedicated section might appear prema-
ture, since most of them are observed only indirectly, by disturbances they
cause in the observation of their host stars. Their interior structure is nev-
ertheless subject of debate, and of interest not only for the identification of
truly earthlike planets, but also for the general understanding of planetary
formation.

5.1 Observational constraints

Most of the currently known exoplanets have been discovered by indirect
detection techniques, such as transit photometry, radial velocity measure-
ments (RV) or transit-timing variations (TTV).

Transit photometry stands for measuring the stellar flux and its varia-
tions caused by periodic passing of a planet in front of the host star. As
might be expected, such stellar occultations can only occur if the planet is
“transiting”, and their probability depends on the extent and orientation
of the planetary orbit relative to the observer. The quantity derived from
transit light curves is the ratio between the planetary and the stellar radius.

The second method, spectroscopic RV measurements, rely on the vary-
ing Doppler shift of the host star’s spectral lines, as it moves forward and
backwards with respect to the observer due to the gravitational pull by the
orbiting planetary companion. Such a motion can be detected even if the
exoplanet is not transiting (as was the case of, e.g., Proxima Centauri b;
Anglada-Escudé et al., 2016) and enables the estimation of the minimum
planetary mass, relative to the stellar mass. The amplitude of the RV vari-
ations depends on the orientation of the planetary orbit. In the best-case
scenario, with an orbit viewed edge-on, the actual planetary mass equals
the “minimum mass” estimated by this method. In the worst-case scenario
with a face-on orbit, the star’s motion has no radial component and the
method cannot be applied.

If there are multiple planets orbiting the host star, their mutual grav-
itational interaction can, in principle, affect the timing and duration of
stellar occultations (in the transit light curves) as well as the timing of max-
imum RV variations. The TTV method is then based on fitting the transit
light curves with gravitationally perturbed orbit (or orbits) and inferring
the masses (and also orbital parameters) of the perturbers. This technique
enables the indirect detection and characterization of planets that are not
necessarily transiting and provides relatively precise estimates of planetary
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masses, again with respect to the stellar mass (e.g., Agol and Fabrycky,
2018).

As we have seen in the previous paragraph, the measurements of exo-
planetary parameters by indirect techniques are always relative. The preci-
sion of exoplanetary characterization can only be as high as the precision of
the host star characterization. With the revised stellar parameters from the
Gaia mission (Gaia Collaboration et al., 2016), the uncertainty of exoplan-
etary radius measurements obtained by Kepler is around 5% (Fulton and
Petigura, 2018). For the PLATO mission, the radii of Earth-sized exoplan-
ets around brighter stars (with relative magnitudes below 10) are expected
to be estimated with a ~3% uncertainty (Rauer et al., 2016). The typical
uncertainty of current mass estimations of small exoplanets is around 20%,
but the PLATO mission aims at reducing this value down to 10% (to scale:
for an Earth-sized planet, a 10% mass uncertainty corresponds to the mass
of a Mars-sized planet).

Considering the continuously increasing time baseline of both photo-
metric and spectrometric observations, combined with the expected pre-
cision of new, ongoing or planned missions (CHEOPS, JWST, PLATO),
several authors discussed the possibility of measuring not only the mean
radius of exoplanets but also their shape. As a consequence of rapid rota-
tion or possible tidal interaction with the host star, the planet assumes the
shape of an oblate or prolate ellipsoid, which might then affect the mea-
sured transit light curve (e.g., Seager and Hui, 2002; Carter and Winn,
2010; Correia, 2014; Zhu et al., 2014; Hellard, 2019; Hellard et al., 2020).
With the orbital period known, and with an assumed interior structure
of the exoplanet, the rotational flattening can constrain the planet’s spin
state. On the other hand, given an assumption on the spin rate (e.g., the
synchronous rotation), the flattening provides an insight into the interior
structure. Fitting the transit light curves by an ellipsoidal planet may also
refine the resulting exoplanet radii and densities (Correia, 2014).

Hellard et al. (2020) predicted that the rotational and tidal deformation
of hot Jupiters (close-in gas giants) would be observable by the CHEOPS,
JWST, and PLATO missions. Akinsanmi et al. (2020) later proposed as-
sessing the exoplanetary oblateness by a combination of photometric and
spectroscopic measurements and illustrated that a Saturn-like rotational flat-
tening might be detectable by existing high-precision spectrographs (such
as ESPRESSO; Pepe et al., 2014). Needless to say that most of the present-
day studies focus on detecting the deformation of gas giants as the tidal and
rotational response of Earth-sized rocky planets is generally smaller. The
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first estimation of an exoplanet’s shape from a transit light curve has been
achieved only recently. Using light curves acquired by the CHEOPS, HST,
and Spitzer missions, Barros et al. (2022) reconstructed the tidal deforma-
tion of an extreme, exotic world: the hot Jupiter WASP-103b. Although
the empirical limits on an exoplanetary Love number were also posed in an
earlier work (Hellard et al., 2020; for WASP-121b), it was first in the case
of WASP-103b that the deformed shape was detected at a 30 confidence
level.

In addition to measuring the shape, i.e., the rotational flattening or tidal
prolateness of exoplanets, one can also consider the dynamical effects of
tidal interaction reflected in the tidally-induced orbital evolution. The or-
bital evolution includes long-term changes in the orbital period as well as
relatively short-term phenomena, such as the apsidal motion. Apsidal mo-
tion then translates to transit timing variations or changes in the transit
duration (Ragozzine and Wolf, 2009). A drawback of this method, when
compared to the planet shape estimation, is the dependence on a large
number of unknowns: the tidal deformation and flattening of both the star
and the planet, the orbital eccentricity, the contribution of relativistic pre-
cession, and the perturbations from other planetary or stellar companions.
Nevertheless, the method has already yielded a few early k, estimations (all
for hot Jupiters). For nonresonant multiplanetary systems, tidal effects com-
bined with third-body perturbation can drive the planets’ orbits to a tidal
fixed point, at which they keep a constant eccentricity and aligned or anti-
aligned apses (Batygin et al., 2009). The tidal Love number k; is then linked
to the fitted orbital eccentricity. Batygin et al. (2009) apply this conclusion
to the hot Jupiter HAT-P-13b and discuss its core mass. For systems with
a single planet, Csizmadia et al. (2019) further proposed detecting apsidal
motion in the variations of RV measurements and estimated k> of a massive
gas giant WASP-18AD.

Although the observational prospects are still more optimistic for close-
in gas giants, Bolmont et al. (2020) also discussed the effect of tidally-
induced apsidal motion on the TTV signal of the famous multiplanetary
system TRAPPIST-1 (Gillon et al., 2017). The system consists of a tightly
packed resonant chain of seven exoplanets with masses compatible with a
rocky composition. According to the authors, the tidally-induced apsidal
motion of the innermost planets with Earth-like tidal parameters should be
comparable with relativistic effects, which still lie under the observational
threshold. However, for more extreme tidal parameters, hypothesized for
ocean worlds, the accumulated difference in observed and theoretical transit



Planetary core radii: from Plato towards PLATO 143

times over several years already yields a detectable effect (Bolmont et al.,
2020).

Last but not least, auxiliary information about the bulk composition of
exoplanets might be acquired from measuring the elemental abundances in
the spectra of the planet-hosting stars. As the other methods, this is not
straightforward and only indirect, since it requires an accurate model of
the stellar atmosphere and spectrum formation processes (Asplund et al.,
2009). Regarding the Fe/Si, Mg/Si, and C/O abundance ratios, which are
of particular importance for the exoplanet core sizes and mantle mineralo-
gies, Sun-like values are typically being reported for nearby Sun-like stars
(e.g., Gilli et al., 2006; Suirez-Andrés et al., 2018; Bedell et al., 2018).
This observation inspires exoplanetary interior models assuming Earth-like
composition.

In total, we can think of the following existing or potential obser-
vational constraints: the mass, the radius, the fluid Love number kg, the
dynamically-inferred Love number at the orbital frequency k»(w), and the
relative elemental abundances in the host star’s spectrum. The fluid Love
number derived from rotational flattening might or might not be the same
as the frequency-dependent Love number k,, which participates in the or-
bital evolution. Specifically, for rocky bodies, k, is a function of rheology
and its value depends on the ratio of the tidal loading period to a char-
acteristic relaxation time. This period is, in most cases, cases equal to half
the rotational or the orbital period. If both the rotational flattening and
the dynamical effect of tides are measured, the core size and density of an
exoplanet can be constrained by the same type of models that are currently
used for Mercury, Venus, and other solar system bodies with lacking seis-
mological measurements. An illustration of this approach will be provided
at the end of this section.

5.2 Interior structure of exoplanets
5.2.1 Mass-radius relationships

The characterization of exoplanet interiors draws inspiration from our
knowledge about the solar system bodies. The structural models are thus
constructed with the assumption that the exoplanets are made of the same
basic components as the planets in our immediate neighborhood: iron, sil-
icates, water, and light elements like hydrogen and helium. In the case of
solid exoplanets, a differentiated interior is typically considered, with more
or less complex mantle mineralogy and with various light element con-
centrations in the core. The results of structural models are mass-radius
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relationships. Their comparison with the observed mass and radius then
yields an estimate of the planet’s interior structure and core size.

One of the oldest mass-radius relationships for cold, chemically-
homogeneous spheres was derived by Zapolsky and Salpeter (1969), who
found the scaling law

M =aR’peen, 1)

with M, R being the planetary mass and radius, respectively, pcen the central
density, and o symbolizing a mass- and composition-dependent dimen-
sionless parameter. Further, more realistic models, focusing specifically on
rocky bodies, were presented in the dawn of the era of exoplanetary ex-
ploration. Valencia et al. (2006) studied the interior structure and scaling
laws for exo-Earths, super-Earths (large rocky exoplanets with Earth-like
core mass fraction), and super-Mercuries (planets with a high core mass
fraction). Regarding the core composition, the authors considered a wide
range of assumptions: Fe with 8 wt% Si, pure Fe or FeO, and Fe with an
alloy fitting PREM (Dziewonski and Anderson, 1981). For both the total
planetary radius and the core radius, a scaling law of the form R o« M# was
proposed: for a super-Mercury with a fixed core composition and a variable
core mass fraction (CMF), the dimensionless exponent B of the planetary
radius or the core radius does not change much. The effect of a variable
CMF on the radii is smaller than the effect of surface temperature, which
affects the planet’s thermal state. For a super-Earth with a fixed CME the
effect of the assumed core composition on the resulting core radius is larger
than the effect of the observed planetary radius. The discussion is further
extended to the effect of water and the model is applied to a particular
exoplanet in Valencia et al. (2007a,b).

A different form of the mass-radius relationship was found by Seager et
al. (2007), who followed in the steps of Zapolsky and Salpeter (1969) and
derived scaling laws for homogeneous spheres consisting of planet-building
materials as well as for differentiated exoplanets with a simplified interior
composition. For both classes of models, the authors found the relationship

R 1 M M\®
logiy —=a+ zlog;y, — - (_) ; )
" mq

3 mi
where ¢, @, 6, 11, and my are composition-dependent tabulated values. Sea-
ger et al. (2007) do not discuss the effect of light elements in the core, and
their results primarily reflect the bulk composition of the extrasolar worlds.
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A logarithmic form of the mass-radius relationship was also found by Fort-
ney et al. (2007), who studied a wide range of exoplanetary mass-ranges
as well as the effect of stellar irradiation. A similar, two- or three-layered
model with fixed composition of the individual layers (pure Fe, MgSiOs,
and H,O) is presented by Zeng and Sasselov (2013). In a two-layered model
with fixed core and mantle compositions, the core size (as well as the in-
ternal pressure) can be determined from the mass and radius measurements
uniquely. In three-layered models, the solution is nonunique and is repre-
sented by a curve on a ternary diagram. An interesting point of the study
by Zeng and Sasselov (2013) is the consideration of both differentiated and
nondifterentiated planets. In the differentiated case, the variation in the
CMF results in covering the mass-radius diagram by curves spanning the
entire range between the two extremal homogeneous cases (e.g., pure Fe
sphere and pure MgSiO3 sphere). For the nondifferentiated exoplanets, the
radius corresponding to a given mass might be smaller or greater, depending
on the level of oxidization of iron.

Zeng et al. (2016) derived a semi-empirical mass-radius relationship
with equations of state extrapolated from PREM. In the model, they ex-
plicitly address the core size. Assuming an Earth-like interior structure, they

fit the results to
R M\ 137
— ) =(1.07-0.21 x CMF) [ — . )
R@ M@

where @ indicates the terrestrial value. The expression holds for CMF < 0.4
and 1Mg < M < 8Myg. From Eq. (4), the CMF of Earth-like exoplanets can
be obtained. The authors also note that in order to distinguish a 20% CMF
apart from a 30% one, the planet radius needs to be measured with a 2%
precision, or the mass needs to be measured with a 6% precision. Neither
of these precisions is accessible with existing or upcoming exoplanetary
missions. Li Zeng and his colleagues also apply the mass-radius relation-
ships to exoplanets with existing mass and radius measurements, obtaining
either the bulk compositions (Zeng and Sasselov, 2013), or even the CMFs
(Zeng et al., 2016). In a later work (Zeng and Jacobsen, 2017), the authors
present a simplified two-layered interior structure based on the assumption
of the local gravitational acceleration increasing linearly in the core and
staying constant in the mantle and keeping the equations of state derived
from PREM (accepting an up to 20% error in the central density and an
up to 16% error in the mantle density, with respect to PREM densities).
They also suggest the following procedure for estimating the core radius:
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1) calculate the surface gravity from observed M and R, 2) determine CMF
from Eq. (3), and 3) calculate core radius fraction (CRF) from a scaling law
CRF = +vCMF. In the scope of the simplified model, the moment of in-
ertia factor can be estimated as (Zeng and Jacobsen, 2017)

1 1
MolF = 3 (1 + gCMF2> ) 4)

The models described above either treat the planetary composition as
a free parameter, or they fix it to the terrestrial values. However, several
authors have taken an alternative approach, relying on the following obser-
vation from the solar system: the abundances of most chemical elements in
Cl-type chondritic meteorites show a close agreement with the abundances
in the solar photosphere (e.g., Asplund et al., 2009). This type of meteorites
is also believed to represent the most pristine material from which the so-
lar system bodies formed and serves as one source of information about
the bulk Earth composition (McDonough and Sun, 1995; and references
therein). On the other hand, constraining the planetary composition by the
spectrum of the host star does not take into account possible heterogeneities
in the accretion disc (e.g., Taylor, 1993, see also the evolution of theories
about the composition of Mars in section 4.3), differential condensation of
the planet-forming elements in high-temperature regions close to the host
star (Thiabaud et al., 2015), or further catastrophic events, which might
have led to the depletion of planetary mantles (Marcus et al., 2010). Sim-
ilarly, the partitioning of Fe and the light elements Si, S, and O between
core and mantle is poorly constrained.

The elemental abundances in the host star’s spectrum were first consid-
ered in the model of Sotin et al. (2007). Starting with a set of five indepen-
dent parameters (Mg/Si, Fe/Si, Mg-Fe partitioning, H,O abundance, and
the total planetary mass), the authors constructed interior structure mod-
els and predicted the planetary radii. The core size in their model depends
uniquely on the planetary mass and the elemental abundances; its compo-
sition is fixed to 87% Fe and 13% FeS. Building on the work of Sotin et al.
(2007), Grasset et al. (2009) investigated the detectability of water on a wide
mass-range of solid exoplanets or ice giants. Besides the main objective of
the work, the authors also discussed the effect of core and mantle compo-
sition on the resulting core size and planetary radius. For a fixed mass, the
addition of FeS to the pure iron core (by up to 40 mol%) leads to an increase
in the core radius (by up to 20%), but the planetary radius only increases
by 1%; an observation similar to that of Valencia et al. (2006). The results
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are also affected by the Mg/ (Mg+Fe) ratio in silicates, which implies a 30%
difference in the core size when varied over the range [0.65, 1], with the
planetary radius variation below 2%. Conversely, for a fixed radius, Unter-
born et al. (2016) found that the core size, the light element concentration
in the core, and the consideration of low-pressure elements in the upper
mantle have a major impact on the resulting mass.

Motivated by the nonuniqueness of interior models, (Dorn et al., 2015,
2017a,b) performed Bayesian probability analyses aimed to determine the
sensitivity of interior structures to the observational uncertainties. They
conclude that it is possible to constrain the exoplanetary core size and man-
tle composition from mass-radius observations informed by the host star’s
elemental abundances. While all observational uncertainties are equally im-
portant (especially for super-Earths and other massive planets), the accuracy
of Fe/Si and Mg/Si abundances has the major effect on the inferred core
size. The authors openly admit that the inferred core sizes are underesti-
mated since a purely iron core is considered (Dorn et al., 2015, see also
sections 4.1 Earth and 4.3 Mars). However, as illustrated in Dorn et al.
(2017D), the elemental abundances are only known with a high uncertainty
and the core size cannot be well constrained by present-day measurements.

5.2.2 Tidal parameters

The mass-radius relationships set constraints on the bulk composition of
exoplanets and, with a set of assumptions on the interior structure, they
provide a basic characterization of the extrasolar worlds. Although the
models often predict the core size, this prediction depends on the consid-
ered concentration of light elements in the core as well as on the thermal
state of the mantle. As in the case of solar system bodies, an additional con-
straint on the radial structure can be posed by the measurements of the tidal
or rotational deformation. In particular, the fluid Love number k¢ depends
on the density distribution, and despite its own inherent nonuniqueness
(Kramm et al., 2011), provides additional constraints.

Padovan et al. (2018) presented a method for calculating the fluid Love
number of exoplanets and illustrated the effect of different central mass
condensations. In a parametric study with a two-layered planet of fixed
mass and radius, the authors show how kr and MolF depend on the relative
core size and density. The smaller the core, the smaller both mentioned
quantities. The ability of kf to solve the mass-radius tradeoff is also shown
in an application to three realistic interior models of a rocky exoplanet with
a constant mean density. Tobie et al. (2019) used the structural model of
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Sotin et al. (2007) to calculate the tidal response of silicate and ice-rich
exoplanets. As in the original work, the authors considered a fixed core
composition (87% Fe and 13% FeS) and derived scaling laws for the tidal
Love number k; and the quality factor Q. Consistent with other studies, it
is found that for a given mass (of an ice-less planet), the magnitude of k; is
controlled by the core size and thus by the bulk Fe fraction. A more detailed
treatment of the tidal response and its applications for interior structure
studies is given by Bagheri et al. (2022, this volume).

The model of Sotin et al. (2007) was also adopted by Baumeister et
al. (2020), who explored the applicability of a machine learning technique
(mixture density networks) on the inference of radial structure. In particu-
lar, the authors considered the mass, radius, and the fluid Love number as
an input and the distribution of relative thicknesses of individual layers as
an output. Among other results, Baumeister et al. (2020) illustrated the ex-
treme nonuniqueness of mass-radius measurements on the case of the Earth
as well as the great reduction in the number of possible solutions when ks is
considered. Despite several simplifications (e.g., the prescribed core com-
position), the machine-learned approach enables a fast first characterization
of a large number of exoplanets, which can then be studied by dedicated,
more realistic models.

5.3 Simplified model “exoplanet”

In this section, we briefly discuss the sensitivity of moment of inertia factor
and k, measurements to the size and density of an exoplanetary core. On
the way to this goal, we will assume that the model planet consists of two
or three homogeneous layers and its response to periodic tidal loading by
the host star is purely elastic. We note, however, that the tidal Love number
k>, which can be potentially derived from the tidally-induced portion of
apsidal motion, generally depends on the ratio of the orbital period to the
characteristic relaxation time of the planet-forming material (e.g., Efroim-
sky and Lainey, 2007; Ferraz-Mello, 2013; Correia et al., 2014). For the
illustration purposes, the transient as well as steady state creeping of the
planetary material is neglected.

Considering a two-layered spherical planet consisting of a homogeneous
core (index “C”) and a mantle (“M”), the moment of inertia factor can be
expressed analytically as

2 RZ(pc — pm) + RYom
5R} R{ (pc — pm) + Ry om

MolF = ©)
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Similarly, for a three-layered model with a lithosphere (“L”) the MolF
1s
2 R - R - R?
MolF= g:(pc om) + M (om — pr) + EPL. ©)
5R{ R¢ (pc — pm) + Ry (om — pL) + Ri oL

In both equations above, p; are the respective densities of the indi-

vidual layers and R; are the outer radii. If we introduce the relative radii
& = R;/Rypp and relative densities A; = p;/pypp, Where “upp” indicates the
uppermost layer, we can likewise write

28 (e =D +1
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The moment of inertia factor, in this simplified case, is thus fully char-
acterized by the density contrasts at CMB and at the base of the lithosphere
and by the relative thicknesses of the layers. For a known rotational flatten-
ing f = (Req — Rpo)/Req and the planet’s rotational period Py, the MolF
can be estimated from the Radau—Darwin equation (e.g., Murray and Der-

MolF =

(®)

mott, 2000), under the explicit assumption of the hydrostatic equilibrium.
However, we should also note that Eqs. (5)—(8) only hold for an idealized
spherical planet. In reality, the MoIF will depend on additional geometric
factors due to the deformed figure (e.g., Zharkov and Sobisevich, 2005).

An alternative measure of the density contrasts and radial stratification
of the planet interior is the fluid (or secular) Love number k¢, which pa-
rameterizes the reaction of a planet in hydrostatic equilibrium to the tidal
or rotational potential. An analytical expression for the fluid Love number
has been derived by Folonier et al. (2015). In particular, the authors give k¢
of a two-layered model, which reads as

5(c+(1=20)&) (2+3rc+3(1—2c)&2)

f= 3 5 (9)
(2+340) (2hc+5(1 = 20) &) = 92c (1 —A0) &2
Additionally, it can be related to the rotational flattening by
[ —1 (10)

=§6J+6M B
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Figure 7 The core radius fraction (red isolines) and the relative core density (color-
coded according to colorbar) of a two-layered model exoplanet as a function of the
moment of inertia factor (x-axis), the elastic tidal Love number (y-axis), and the di-
mensionless mantle rigidity (individual plots). As explained in the text, larger mantle
rigidities correspond to smaller bodies.

where ¢ and €y are the equivalent Jeans and MacLaurin homogeneous
spheroids, respectively. Folonier et al. (2015) also provide a method for
the analytical calculation of fluid Love numbers for planets consisting of
more than two layers. The resulting formulae are, however, too complex
for this simplified overview. The link between the fluid Love numbers and
the mean MolF can also be approximated by the Radau—Darwin equation
(e.g., Murray and Dermott, 2000; Zharkov and Sobisevich, 2005).

The elastic Love number k,, corresponds to the deformation of a planet
with tidal loading periods below the relaxation time of planet-forming
materials. It can only be expressed analytically for a homogeneous, incom-
pressible sphere; for two-layered or even three-layered models, the resulting
expression would already be extremely complex. Therefore, we calculate k»
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numerically from the normal mode theory (e.g., Sabadini and Vermeersen,
2004; Tobie et al., 2005).

With the moment of inertia factor given by (7) and with the elastic
Love number ky, we can assess the relative radius and relative density of an
exoplanetary core. For the sake of this model, we assume that the planet
consists of a fluid core and an elastic mantle with the dimensionless effective
rigidity pug given by
_n

PgR’

The dimensionless effective rigidity defines the ratio between the con-
tributions of elasticity and self-gravity to the tidal response and depends
on the tidal effective mantle rigidity u, the average mantle density p, the

UE (11

surface gravity g, and the planet radius R. For giant planets and massive
super-Earths, we may expect a self-gravity-dominated regime with ug < 1.
Moons and asteroids are basically in the elasticity-dominated regime with
e > 1 and, for Earth-sized planets, we have ug ~ 1. Fig. 7 illustrates the
effect of the core radius fraction (CRF) and the ratio between the core and
mantle densities on the observed MolF and elastic k,. For large and mas-
sive planets, the value of the elastic k» is dominated by the planet’s density
structure and contains the same information as MolF (or k). As we consider
smaller or stiffer planets (plots with higher ug), the ensemble of different
core sizes and densities slowly unfolds. For Earth-sized worlds, k» is mainly
sensitive to the core size, while MolF is an indication of the core-mantle
density contrast.

6. Concluding remarks

The evolution of our knowledge of planetary core radii, but also
of the quantities on which the evaluation of the core radius relies, shows
certain repeating patterns.

All measured quantities will always carry aleatoric and epistemic uncer-
tainties. At the same time, most geophysical inverse problems are under-
determined, as is the inversion of a moment of inertia factor into a core
radius, and their result is e.g. a tradeoff curve between two parameters.
Measurement uncertainty adds an extra dimension to the nonuniqueness
of inversion results, in that it extends the tradeoff curve into a band of
nonzero width.

As seen best for the parameters concerning Mars, formal estimations
of uncertainty sometimes result in an underestimation of the actual uncer-
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tainty — which becomes obvious when successive measurements of the same
quantity are mutually incompatible, although their error bars are small.
Many of the older publications do not provide any uncertainty estimates
at all. We did not investigate the history of planetary mass estimations, but
the history of the estimation of Newton’s gravitational constant G, shows
the same: When relying on the formal error only, independent measure-
ments yielded mutually incompatible results, even after meticulous analysis
of all possible sources of error (e.g. Michaelis et al., 1995). The remaining
discrepancies may be attributed to “epistemic uncertainty” (the statistical
standard term), “unknown unknowns” (often attributed to Donald Rums-
feld, former US Secretary of Defense), “dark uncertainty” (Merkatas et al.,
2019), and heuristic approaches (uncertainty inflation factors, see section 2)
might be the only practical way to carry on with a result.

All known uncertainties should be propagated end-to-end, from mea-
surement to inversion result, which is of course easier said than done. But
although an underestimated result uncertainty might look good in an ab-
stract, in the long run it does not support scientific progress.

A popular method of uncertainty treatment are Bayesian methods, often
implemented in the form for Monte Carlo Markov Chain methods. In
how far these methods can treat epistemic uncertainty, and which inversion
method is most appropriate for a given problem, is outside the scope of this
work. We can only suggest to make cognizant choices.

In several cases we were unable to track down the origin of numerical
values, or numerical values were not given at all, when the authors appar-
ently assumed that their value would be clear to all readers, based on explicit
conventions or common use at the time of their writing, and within their
scientific community. Also, some authors refer to results published only
in contributions to conferences, or internal reports of their institutions.
Meanwhile, many decades or even centuries later, it is not always possible
to reconstruct — especially for the outsider — what alluded conventions were
(how long were Greek stades again? What is the conventional reference ra-
dius for Moon gravity studies, and why?). More than five decades after the
first landing on the Moon, it has become clear that the life time of data
collected in space missions can be very long. Besides the well organized
archives run by space agencies, each author should think of readers trying
to use their results after their own retirement, and take care for traceability.

As is most obvious in the case of Mars, the uncertainty of quantities
like planetary radius, mass, moment of inertia factor, and, ultimately, the
core radius, may evolve discontinuously, dependent on single experiments.



Planetary core radii: from Plato towards PLATO 153

Times of gradual improvement, or no improvement at all, are interrupted
by sudden changes. These discontinuities in knowledge tend to occur when
dedicated in-situ experiments are conducted by spacecraft. The evolution
of measurements of the lunar moment of inertia factors shows this very
clearly — with the spacecraft missions of the 1960s it became clear very
quickly that all previous determinations were significantly too high — “sig-
nificant” not only in statistical terms, but in terms of their physical and
planetological implications. The recognition of systematic overestimations
and resulting misinterpretations repeated when Mariner IX revealed the
Tharsis bulge on Mars.

Without the Apollo seismic network, the Laser Retro Reflectors, and
the rock samples, or without long-term observation of the martian pre-
cession, or a precise surface topography, it would have been impossible
to reach the current state of knowledge about the interior of Moon and
Mars. Encounters of spacecraft with other celestial bodies, be it 1P/Hal-
ley, 67P/Churyumov—Gerasimenko, Pluto, Io, Enceladus, Titan, and many
others, have also revealed insights that revolutionized our understanding.

Seismological experiments so far require the presence of an instrument
(or several) on the surface of the planet. This is not easy to achieve (Stihler
and Knapmeyer, 2022), but has the great advantage that wavefields can, at
least in principle, be inverted for structural parameters unambiguously, a
property that potential fields do not provide. The wavelengths of seismic
body waves also allow for a high spatial resolution, which is important as
the discussions about phase transitions, and the effect of phase transitions on
mantle convection and geodynamo operation show. Needless to mention
that these are connected to the problem of habitability.

The geodetic and astrometric methods of interpreting orbital param-
eters, and how they change in time, have the great advantage that they
can be conducted over long distances — telescopes on Earth can not only
track the moons of Mars, but also determine the masses of exoplanets. The
same instrument can serve to investigate many different bodies, not even
restricted to planets.

The main goals of PLATO are “to detect and characterize extrasolar planets,
including terrestrial planets in the habitable zone (HZ) of their host stars. Charac-
ferization here means to derive accurate planetary radii, masses, and ages” (Rauer
et al., 2016). The “state of our current ignorance” (to cite a section heading
from the otherwise unrelated work of Borwein et al., 1989) is such that the
core radius problem for exoplanets requires assumptions that appear bold in
the light of the exploration of our neighboring planets. Extrapolating from
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the number of hypotheses about Moon and Mars that were dropped in the
past, and given the sensitivity of some geodynamic properties for internal
pressure and core size, our assumptions on exoplanets prove inappropriate.
With the information we can currently hope to obtain about these objects,
the inverse problem will remain underdetermined. But this might change if
our understanding of planetary formation and evolution improves, driven
not only by the objects in the solar system, but also by a growing ensemble
of extrasolar systems at various stages of their evolution.

Scientific knowledge evolves along a meandering path. Assumptions
and approximations are often unavoidable and may lead us astray for a while.
One lesson to learn from the past is, that even in the early 20th century,
long before spacecraft became available at all, the comparison of Earth with
other planets was actively sought to test assumptions about inaccessible re-
gions within the Earth. The inaccessibility of the interior of exoplanets
surpasses the inaccessibility of the Earth’s interior by far. This makes even
more important to devise tests for all employed hypotheses and assump-
tions, and to keep in mind that models for exoplanets must not contradict
the observations made in our solar system.
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1. Introduction

A variety of numerical modeling studies have been used to investi-
gate the thermal evolution and interior dynamics of Mars (see Breuer and
Moore, 2015; Smrekar et al., 2019, for a review). These studies use either
fully dynamical 2D/3D simulations that self-consistently model the evo-
lution of mantle flow and through their nature can address local output
quantities in regions of interest or 1D parametrized models that track the
evolution of global quantities, such as the global mantle temperature or the
average surface heat flow. Fully dynamical 2D and 3D models have been
used to predict the surface heat flow and seismicity distribution on present-
day Mars (Plesa et al., 2016, 2018a), the effects of impacts during the early
thermochemical history (Ruedas and Breuer, 2017; Roberts and Arkani-
Hamed, 2017), partial melting and crust-mantle differentiation (Ruedas et
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al., 2013; Plesa and Breuer, 2014), and the formation of the martian crustal
thickness dichotomy (Keller and Tackley, 2009; Golabek et al., 2011). On
the other hand, 1D parametrized thermal evolution models have been ap-
plied to investigate the crustal formation and crust-mantle differentiation
(Hauck and Phillips, 2002; Breuer and Spohn, 2006; Morschhauser et al.,
2011), as well as mantle degassing (Fraeman and Korenaga, 2010; Grott et
al., 2011), the magnetic field evolution (Breuer and Spohn, 2003; Williams
and Nimmo, 2004), the thermal state of the lithosphere (Grott and Breuer,
2008; Thiriet et al., 2018), and the coupled thermal-orbital evolution of
Mars and its moon Phobos (Samuel et al., 2019).

With the arrival of the InSight mission in 2018 (Banerdt et al., 2020),
a new chapter of planetary geophysics has begun. Equipped with a seis-
mometer (SEIS, Lognonné et al., 2020), a heat flow probe (HP?, Spohn
et al., 2018) and X-band telecommunication capabilities that allow to pre-
cisely measure the rotation of Mars (RISE, Folkner et al., 2018), InSight
investigates the interior of Mars from its core to the surface.

InSight’s measurements represent the most direct set of constraints for
the interior of Mars. The crustal thickness (Knapmeyer-Endrun et al.,
2021), the thickness and thermal state of the lithosphere (Khan et al., 2021),
and the size of the core (Stihler et al., 2021) provide important informa-
tion for modeling of thermal evolution and investigating physical processes
active in the interior of Mars. In turn, numerical models of the thermal
evolution combined with InSight measurements can be used to constrain
poorly known parameters, such as the rheology of the mantle, distribu-
tion of heat producing elements (HPEs) between the mantle and crust, and
the evolution of the surface and core-mantle boundary (CMB) heat flows.
Previous 1D models that used inversion techniques for the interior struc-
ture, composition, and thermal state of the mantle or made assumptions
of the present-day thermal structure have made predictions about the seis-
mic structure of the martian mantle (e.g., Khan et al., 2018; Zheng et al.,
2015; Gudkova and Zharkov, 2004; Sohl and Spohn, 1997; Mocquet et
al., 1996). More recent thermal evolution models have directly addressed
the seismic observations of InSight. These models investigated the effects of
crustal thickness and its enrichment in HPEs on the thermal evolution and
present-day partial melt distribution in the interior of Mars (Knapmeyer-
Endrun et al., 2021), studied the consequences of a molten layer at the base
of the mantle on the thermal history and core size measurements (Samuel
et al., 2021), and estimated seismic velocities variations due to the interior
temperature distribution (Plesa et al., 2021).
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In this study we focus on 3D thermal evolution models and discuss re-
sults presented in previous studies and new simulations in the framework of
the recent InSight data about the martian crust, mantle, and core. In Sec-
tion 2 we review the mathematical equations used by geodynamic models
to calculate the thermal evolution of Mars. Section 3 presents the effects of
the crustal thickness variations on model predictions for heat flow and elas-
tic lithospheric thickness variations, as well as on the distribution of partial
melt zones in the mantle. The dynamics inside the martian mantle, seis-
mic velocities variations due to mantle thermal anomalies, and constraints
from tidal deformation are discussed in Section 4. In Section 5 we list the
core size estimates from geodetic data and seismic observations and discuss
their consequence on the mantle dynamics and convection pattern. The
seismogenic layer thickness and the present-day seismicity are discussed in
Section 6. In the last section (Section 7) we present a summary of geody-
namic models and their findings and suggest future investigations.

We discuss in detail selected models that are compatible with the crustal
thickness and core radius estimates that were derived from InSight’s seis-
mic measurements. Throughout this study we illustrate how model results
can be related to available geological and geophysical observations. For our
models we use both global constraints such as the thermal lithosphere thick-
ness (Khan et al., 2021) and estimates of the tidal deformation of Mars
(Genova et al., 2016; Konopliv et al., 2016, 2020), as well as local data
sets, such as the present-day elastic lithosphere thicknesses at the north and
south poles (Phillips et al., 2008; Wieczorek, 2008; Broquet et al., 2020,
2021) and the location of partial melt that could explain recent volcanic
activity in Tharsis and Elysium volcanic centers. We highlight how our
knowledge of the thermal history and present-day state of the interior has
improved with the recent InSight results and discuss what future models
need to address in order to further constrain the thermal evolution of Mars.
Current geodynamic modeling will also help to identify scientifically inter-
esting landing sites for a future seismic network that may become available
after 2030 (Stdhler and Knapmeyer, 2022).

2. Geodynamic modeling and thermal evolution of
Mars

Geodynamic models that are used to investigate the interior dynamics
of rocky planets in general, and of Mars in particular, numerically solve for a
set of conservation equations. While a 3D spherical geometry is the choice
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for investigating the convection pattern in the interior and relating the
results to local observations, 2D models have the advantage of being com-
putationally faster making it possible to test a larger parameter space with a
higher spatial resolution compared to their 3D counterparts. The equations
and parameters used in these models are typically nondimensional. They are
scaled with the mantle thickness D as length scale, a reference thermal dif-
fusivity « as time scale, and the initial temperature difference AT across the
mantle as temperature scale, although some codes use dimensional quanti-
ties (Kronbichler et al., 2012; Heister et al., 2017). The advantage of the
nondimensionalization is that characteristic dimensionless numbers such as
the Rayleigh number, which is defined as the ratio between parameters
driving convection and those opposing it, can be used to describe the con-
vection system without needing to know the exact detailed parameters of
a simulation.

The system of equations that is solved includes the conservation of mass,
linear momentum and thermal energy (e.g., Schubert et al., 2001). Their
nondimensional formulation for a system assuming a Newtonian rheology,
an infinite Prandtl number as appropriate for high viscosity media with
negligible inertia, a variable thermal expansivity and conductivity, using
the Extended Boussinesq Approximation (EBA), and including solid-solid
phase transitions read (e.g., Christensen and Yuen, 1985):

V.= 0, (1)

V- [n(Vii+ (Vi)T)] = Vp+ (Raa T — Y7, RbT)E, = 0, (2
DL _ v . (kVT)— Dia(T + To)u, — 2

— L DRy (T + Ty) — H = 0, (3

where 1 is the velocity vector, u, is its radial component, 7 is the viscosity,
p is the dynamic pressure, « is the thermal expansivity, T is the tempera-
ture, ¢, is the unit vector in radial direction, f is the time, k is the thermal
conductivity, Di is the dissipation number, and ® =17 :£/2 is the viscous
dissipation, where = and ¢ are the deviatoric stress and strain-rate tensors,
respectively.

The Rayleigh number that describes the vigor of convection, the in-
ternal heating rate H that controls the mantle heating due to radioactive
elements (HPEs), and the dissipation number Di that accounts for the in-
crease of temperature due to adiabatic compression eftects are defined as
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follows:

ATD? D? D
Ra:%’ H_’OQHL, Di:&’ ()

nKk kAT G

where g is the gravitational acceleration, ¢, is the mantle heat capacity, and
Qppe is the heat production rate in Wkg™!.

Previous geodynamic models accounted for two exothermic phase tran-
sitions, and, in case of a small core radius, for an additional endothermic
phase change. While exothermic phase transitions tend to accelerate mantle
flow, the endothermic one slows it down and promotes layered convection.
In particular, the endothermic phase transition from wadsleyite/ringwood-
ite to bridgmanite has been suggested to affect the style of convection. This
phase transition significantly changes the CMB heat flow and leads to a low
degree convection pattern that was proposed by previous studies to explain
the formation of the Tharsis volcanic province (Harder and Christensen,
1996; Breuer et al., 1998; Spohn et al., 1998; Van Thienen et al., 20006).
However, this phase transition is not relevant for models with a core radius
of 1700 km or larger, and in these scenarios the convection in the mantle
is characterized by more than one plume (Spohn et al., 1998; Michel and
Forni, 2011).

One of the most important parameters in geodynamic models is the
mantle viscosity, which is temperature and pressure dependent and fol-
lows an Arrhenius law. Its nondimensional formulation (e.g., Roberts and
Zhong, 2000) reads:

®)

E+zV E+z,V
n(T,Z)zeXP< T2V _EtE )

T+Ty Ty+To

where z is the depth, E and 17 are the activation energy and activation vol-
ume, respectively, T is the nondimensional surface temperature, and z,s
and T, are the reference depth and temperature where the reference vis-
cosity is attained. The temperature dependence of the viscosity is controlled
by the activation energy while the pressure dependence by the activation
volume (e.g., Karato and Wu, 1993; Hirth and Kohlstedt, 2003).

At the temperature and pressure conditions of planetary mantles the
viscosity varies over orders of magnitude and is the parameter primarily
controlling the vigor of convection, the formation of a stagnant lid — an
immobile layer at the top of the convecting mantle caused by the strong
increase of viscosity with decreasing temperature —, and the convection
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pattern in the mantle. The latter is sensitive to the increase of the viscosity
with depth, and may result in a low degree convection pattern for a strong
depth-dependent viscosity or a sudden viscosity increase (i.e., a viscosity
jump) in the mid-mantle (Roberts and Zhong, 2006; Keller and Tackley,
2009). Such a convection pattern has been previously proposed to explain
the crustal thickness dichotomy and focused volcanic activity in Tharsis,
which is the largest volcano-tectonic region on Mars (e.g., Harder and
Christensen, 1996; Breuer et al., 1998; Zhong and Zuber, 2001; Roberts
and Zhong, 2006; Keller and Tackley, 2009).

Geodynamic thermal evolution models account for the decay of ra-
dioactive elements with time and employ a cooling boundary condition at
the CMB. Using a 1-D energy balance the evolution of the CMB temper-
ature is calculated under the assumption of a constant core density and heat
capacity (Stevenson et al., 1983; Steinbach and Yuen, 1994):

dTcus

dt

CcPe I/c = _quU (6)

where ¢, p., and I/, are the core heat capacity, core density, and core vol-
ume, respectively. Toyp and ¢, are the temperature and the heat flow at the
CMB, respectively, while A, is the CMB area.

Geodynamic models have been employed in previous studies to inves-
tigate the effects of crustal thickness variations, as derived from gravity and
topography data, on the surface heat flow variations and the thermal state
of the lithosphere (Plesa et al., 2016, 2018b). The crust in these studies does
not change with time, but varies spatially according to the chosen crustal
thickness model (Wieczorek and Zuber, 2004; Wieczorek et al., 2022). Re-
sults show that the crustal thickness variations and the crustal enrichment in
HPE;s control the surface heat flow distribution at present day, the thickness
of the lithosphere and the lithospheric temperature variations. In addition
to global output quantities such as the average lithosphere thickness, av-
erage surface and CMB heat flows and average mantle temperature, these
models can provide local values that can be compared to regional estimates.
This is essential to evaluate constraints provided by local measurements and

helps to put regional scale data in a global context.
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3. Crustal thickness estimates, partial melting, and the
thermal state of the lithosphere

The thickness of the crust provides important constraints for later
planetary differentiation after core formation and for the overall thermal
evolution of the mantle. The crust that is built after the initial differentiation
of the planet and the crystallization of a potential magma ocean records
the magmatic activity through time, as it is formed by partial melting of
the mantle. During mantle melting, incompatible elements such as heat
producing elements (U?3238 K* and Th?*?) and volatiles (e.g., H,O and
COy) are preferentially enriched in the melt. The melt, due to its lower
density compared to the surrounding mantle rises to the surface, where it
crystallizes and produces the crust. While volatiles, such as HyO and CO,
are released in the atmosphere, the heat producing elements (HPEs) remain
stored in the crust that becomes more enriched than the primitive mantle.

On Mars, the bulk of the crust has been built during the early history
(Greeley and Schneid, 1991; Nimmo and Tanaka, 2005) with an intense
volcanic activity during Noachian. Over time, volcanic activity declined
and became more focused in Tharsis and Elysium, the largest volcanic
provinces on Mars. Young lava flows in both Tharsis (Neukum et al., 2004;
Hauber et al., 2011) and Elysium (Vaucher et al., 2009) indicate that Mars
has remained volcanicaly active over most of its history and that partial melt
production in the planet’s interior may be ongoing. The crustal heat pro-
duction rate that was derived from the surface abundances of thorium and
potassium recorded by the gamma-ray spectrometer (GRS) on board Mars
Odyssey (Taylor et al., 2006a) indicates a higher crustal enrichment fac-
tor compared to typical values for mid-ocean ridge basalts on Earth (Kaula
et al., 1981). The GRS data shows also a rather homogeneous distribu-
tion with crustal thorium abundances between 0.2 and 1 ppm (Taylor et
al., 2006b), indicating much smaller variations than those observed on the
Moon (Lawrence et al., 2000). Based on this rather homogeneous distribu-
tion of thorium and potassium at the surface of Mars and assuming that the
surface abundance of HPE:s 1s representative for the entire crust, it was sug-
gested that crustal thickness variations have a stronger effect on the crustal
heat flow variations (Hahn et al., 2011).

Perhaps the most prominent geological feature on Mars is the crustal
dichotomy. The cause for the difference in elevation and crustal thick-
ness between the southern highlands and the northern lowlands is poorly
known. Crustal thickness models that can explain the gravity and topogra-
phy data are nonunique. While an anchor point given by a crustal thickness
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Figure 1 Distribution of the crustal thickness (a, b, and c), associated heat flow varia-
tions (d, e, and f) and elastic lithosphere thickness (g, h, and i) at present day. Panels a, d,
and g show the thin crustal thickness end-member with an average crustal thickness of
40.6 km and a crustal density of 2550 kg m—3. Panels b, e, and h present a crustal thick-
ness model with and average thickness of 43.1 km and a density difference between
northern lowlands (3000 kg m—3) and southern highlands (2600 kg m~3). In panels c, f,
and i an end-member model with an average crustal thickness of 71.4 km and a crustal
density of 3000 kg m~—3. The white and gray contour lines show the 0 km level of sur-
face topography obtained from the Mars Orbiter Laser Altimeter (MOLA) on board Mars
Global Surveyor (MGS).

value at a known location can help to constrain these models, one major
assumption that remains is the density of the crust and how it varies later-
ally (Wieczorek et al., 2022). When considering different crustal densities
for the northern lowlands and southern highlands, the difference in crustal
thickness across the dichotomy boundary can be small (Fig. 1a), entirely
absent (Fig. 1b), or clearly visible (Fig. 1c).

Seismic data from the InSight mission have been used to determine
the crustal thickness at the InSight landing site (Knapmeyer-Endrun et al.,
2021). In the initial receiver function analyses, which are sensitive to the
local crustal structure beneath the Insight lander (Knapmeyer-Endrun et
al., 2021), two possible crustal models were permissible: a two layer crust
based on two strong seismic discontinuities below the surface at depths of
about 8 and 20 km, or a three layer crust that included a third weaker
discontinuity recorded in the data at about 39 km depth. These seismic
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constraints can be used in combination with gravity and topography data
to construct global crustal thickness models of the planet (Wieczorek and
Zuber, 2004; Wieczorek et al., 2022). For the two layer model, such mod-
eling predicts an average crustal thickness somewhere between 24 and 38
km (Knapmeyer-Endrun et al., 2021), whereas for the three layer model
the average thickness is predicted to be between 30 and 72 km (Wieczorek
et al., 2022). We note that the range of crustal thicknesses in Wieczorek et
al. (2022) for the three layer model is slightly larger than the range of 39 to
72 km presented in Knapmeyer-Endrun et al. (2021). This is because the
initial study considered that the density of the crust was laterally homoge-
neous, whereas the latter study considered cases where the density of the
crust could differ across the dichotomy boundary.

While none of the two crustal thickness models (two layer or three
layer) can be currently excluded based on the receiver function analysis,
thermal evolution models typically produce a thicker crust than the average
crustal thickness predicted by the two layer model (Knapmeyer-Endrun et
al., 2021). Moreover, a recent study by Kim et al. (2021) that analyzed free-
surface multiples of the P-wave and combined these with receiver function
analysis also favors the three layer crust scenario. Therefore here we will
discuss only models using the three layer crust scenario.

In Fig. 1 we show three crustal thickness models that match the gravity
and topography data, and that are anchored at the InSight landing site by
the three layer crustal thickness derived from the seismic observations. The
crustal thickness models represent end-members in terms of crustal densities
and crustal thicknesses. The thinnest crust uses a crustal thickness at the
InSight landing site of 31 km and the lowest considered crustal density of
2550 kgm™ (Fig. 1a) leading to an average crustal thickness of 40.6 km. An
end-member model with a crustal thickness of 49 km at the InSight landing
site and the highest crustal density value of 3000 kgm™ (Fig. 1c¢) leads to an
average crustal thickness of 71.4 km. In addition to the two end-member
models, Fig. 1b shows another model that uses a crustal thickness at InSight
landing site of 47 km and different densities for the northern lowlands (3000
kg m™) and southern highlands (2600 kgm™>). This model has an average
crustal thickness of 43.1 km. In this case, the dichotomy in crustal density
largely erases the crustal thickness dichotomy that is prominent in the other
two models in Fig. 1a and c.

Previously, crustal thickness models have been combined with geody-
namic models to investigate the effects of crustal thickness variations on the
surface heat flow variations and thermal state of the lithosphere (Plesa et
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al., 2016, 2018b). These models show that crustal thickness variations are
the main contributions to the heat flow variations and mantle plumes have
only a minor effect (Plesa et al., 2016). Here we discuss 3D thermal evolu-
tion calculations similar to Plesa et al. (2016, 2018b) that include updated
crustal thickness models, which have been constrained by InSight seismic
data. A list of the parameters used in the geodynamic simulations is shown
in Table 1, while details of the crustal thickness modeling are discussed in
Wieczorek et al. (2022) and crustal parameters are shown in Table 2.

In the absence of direct heat flow measurements, the elastic lithosphere
thickness at various times and locations can be used as a proxy for the sur-
face heat flow, as it can be linked to the thermal state of the lithosphere. The
elastic thickness characterizes the stiftness of the lithosphere in response to
loading and can be related to the mechanical thickness, given a rheological
model. The mechanical thickness is directly linked to the thermal state of
the lithosphere, since it can be identified with an isotherm (McNutt, 1984)
and thus, it can be directly compared to lithospheric temperatures from
thermal evolution models (Fig. 1). This comparison can be performed at

Table 1 Parameters used in the geodynamic models in Fig. 1.

Symbol Description Value

D Mantle thickness 1550 km

Tef Reference temperature 1600 K

Dref Reference pressure 3 x 107 Pa

E Activation energy 3 x10°Jmol™!

|24 Activation volume 10 x 107° m3 mol~!
Tinit Initial mantle temperature 1800 K

AT Initial temperature drop across the mantle 2000 K

o Reference thermal expansivity 25x107>K™!

n Reference viscosity 102! Pas

& Mantle heat capacity 1142 kg ' K~!

0 Mantle density 3500 kgm™3

¢ Core heat capacity 850 kg~ ' K~!

Oc Core density 6000 kgm—3

g Surface gravity acceleration 3.72ms™2

k Mantle thermal conductivity 4Wm~!K!

ke Crust thermal conductivity 3Wm K

K Mantle thermal diftusivity 1x1070m?s™!

Q Total initial radiogenic heating (mantle 2333 x 10712 Wkg™!

and crust)
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Table 2 Parameters of the crustal thickness models shown in Fig. 1. A detailed descrip-
tion of the crustal thickness models is presented in Wieczorek et al. (2022). py and ps are
the densities of the northern lowlands and southern highlands, respectively, avg. d is

the average crustal thickness, min. dc and max. dc¢ are the minimum and the maximum
InSight

crustal thickness values, and d¢ is the crustal thickness at InSight location.
Model ON 0s avg.d, min.d. max.d, df"Sight
lkgm~—3] [kgm~3] [km] [km] [km]  [km]
Thin crust 2550 2550 406 117 724 31
Density dichotomy crust 3000 2600 431 29 130.4 47
Thick crust 3000 3000 71.4 5.0 157.2 49

various times during the evolution and at different locations, depending on
the time and location, for which elastic thickness estimates are available.
The base of the mechanical lithosphere can be calculated following the
approach of Grott and Breuer (2008) and Plesa et al. (2016, 2018a) and
assuming a bounding stress of op of the order of 107 Pa (Grott and Breuer,
2010; Burov and Diament, 1995), which gives the temperature associated

T, = g |:log (037)]1 7)

where E, A, and n are rheological parameters, R is the gas constant, and &

with ductile failure:

is the strain rate. A list of the rheological parameters used to calculate the
mechanical thickness is shown in Table 3.

The mechanical thickness represents an upper bound for the elastic
lithosphere thickness. However, it should be noted that the mechanical
and elastic thickness are similar for small curvatures and bending moments

Table 3 Rheological parameters used for the calculation of the mechanical lithosphere
thickness (Grott and Breuer, 2008, and references therein).

Symbol Description Value

E, Activation energy, dry olivine dislocation creep 5.4 x 10° Jmol ™"
Ejia Activation energy, wet diabase dislocation creep 2.76 x 10 Jmol~!
Ay Prefactor, olivine dislocation creep 2.4 x 10710 pa—r -1
Agia Prefactor, diabase dislocation creep 3.1 x 10720 py=s~!
Hof Stress exponent, dry olivine dislocation creep 3.5

Ndia Stress exponent, wet diabase dislocation creep ~ 3.05

oB Bounding stress 107 Pa

& Strain rate 10151
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as it is the case for the large geological features that are considered here
(McGovern et al., 2004; Belleguic et al., 2005). Thus in the following, we
will use the term “elastic thickness”.

The elastic thickness of the mantle and crust can be determined using
Eq. (7) for their individual rheological parameters (Table 3). For the calcu-
lations presented here, we use parameters for a dry olivine mantle and a wet
diabase crust similar to Grott and Breuer (2008). These rheological param-
eters have been found to match best the elastic thickness estimates available
tor the early history (Noachian epoch) and present-day Mars (Grott and
Breuer, 2010; Breuer et al., 2016; Plesa et al., 2018b). If a layer of incom-
petent crust separates the elastic cores of the mantle D,, and crust D,, then
the elastic thickness of the crust and mantle system is significantly reduced
and the effective elastic thickness can be calculated as follows (Grott and
Breuer, 2008, 2010):

D, = (D}, + D))3. 8)

Otherwise, if the elastic thickness of the crust equals the crustal thick-
ness, then the effective elastic thickness is the sum of the two contributions.

On Mars, gravity and topography analysis, lithospheric flexure studies,
and estimates of the brittle to ductile transition indicate elastic lithosphere
thicknesses smaller than about 25 km during the Noachian epoch (Grott
et al.,, 2013, and references therein). These small values suggest a warm
lithosphere and/or a low mantle viscosity during the early martian history
(Grott et al., 2013; Thiriet et al., 2018; Plesa et al., 2018b). On the other
hand, present-day elastic thickness estimates that are available for the north
and south poles of Mars indicate a much thicker and colder lithosphere at
these two locations. This has been concluded based on the lack of down-
ward deflection with uncertainties of 100200 m, beneath the north polar
cap as seen by the MARSIS and SHARAD radars (Phillips et al., 2008),
while for the south polar cap a maximum lithospheric flexure of 770 m
has been found (Broquet et al., 2021). Previous elastic lithosphere thickness
estimates with values larger than 300 km for the north pole (Phillips et al.,
2008) and larger than 150 km for the south pole (Wieczorek, 2008) have
been reevaluated in two recent studies (Broquet et al., 2020, 2021). The
latest estimates indicate an elastic thickness between 330 km and 450 km
for the north pole of Mars (Broquet et al., 2020) and a value larger than
150 km with a best fit of 360 km for the south pole (Broquet et al., 2021).

The present-day elastic thickness estimates at the north and south poles
of Mars represent some of the strongest constraints for the thermal evolu-
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tion models (Plesa et al., 2018b). Successful models require that the elastic
lithosphere thickness values at these two locations are compatible with the
present-day estimates. The elastic thickness is anti-correlated to the crustal
thickness and surface heat flow (Fig. 1). Regions of thick crust typically
associated with the southern hemisphere and in particular with volcanic
centers show an elevated heat flow and a thin elastic thickness compared to
the northern hemisphere and in particular within impact basins. This is due
to the fact that a thicker crust has a higher amount of HPEs and a stronger
blanketing eftect than a thinner crust. The crustal blanketing effect is pro-
duced by the lower crustal conductivity compared to that of the mantle.
This leads to higher subsurface temperatures in regions covered by a thick
crust compared to areas with a thin crust.

The magnitude of surface heat flow and elastic thickness variations de-
pends on the magnitude of crustal thickness variations. In the following, we
discuss the effects of crustal thickness variations for the present-day surface
heat flow and elastic thickness pattern taking as examples three geodynamic
simulations that use the three different crustal thickness models presented
in Fig. 1. The geodynamic models use the bulk heat production rate of
Taylor (2013) and assume that the mantle contains about 43% of the bulk
heat production rate, a value that lies in the range suggested by Knapmeyer-
Endrun et al. (2021) to produce localized melting regions in the interior at
present-day. A crustal thickness dichotomy leads to a dichotomy in surface
heat flow and elastic thickness. The smallest surface heat flow and elastic
thickness variations are obtained for the thinnest crust scenario (Fig. 1d, g),
where crustal thickness variations are more than a factor two smaller com-
pared to the thickest crust scenario. The crustal thickness variations for the
case where the crustal density differs across the dichotomy boundary are
about 25 km smaller than for the thickest crust scenario. However surface
heat flow and elastic thickness variations are more pronounced in this case
due to the difference in the crustal density and therefore the amount of
crustal HPEs between the southern and northern hemispheres. Due to the
lower crustal density of the southern compared to the northern hemisphere,
the volumetric heat production in the northern crust is higher than in the
southern crust leading to a warmer crust on the northern compared to the
southern hemisphere. This is reflected also by the higher surface heat flow
in the northern part of the Tharsis region compared to the southern part.

The elastic thickness is thickest in areas of thin crust where the inte-
rior cools more efficiently. These areas are typically impact basins, with the
Hellas impact basin usually recording the highest elastic thickness values.
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Table 4 Results obtained of the crustal thickness models shown in Fig. 1. All values rep-
resent present-day values. Fs [min, max] is the average surface heat flux with minimum
and maximum values. T, [min, max] is the average elastic thickness with minimum and
maximum values calculated assuming a strain rate ¢ = 10~ 14 s~ 1. Fs/nSight is the surface
heat flux at InSight location. TeMP is the elastic lithosphere thickness averaged below
the north pole ice cap (i.e., within 10° from the north pole), while TeSP is the elastic
lithosphere thickness averaged below the south pole ice cap (i.e., within 5° from the
south pole). Tcyg is the core-mantle boundary temperature and Fcpyg is the core-mantle
boundary heat flux.

Output Thin crust Density dichotomy Thick crust
crust
F, (min, max) [mW m~2] {22.1 (16.3,30.0) 22.2(16.0,38.9)  22.3(14.4,33.1)
T, (min, max) [km] 267 ( 185, 326) 261 ( 61, 328) 234 ( 70, 348)
F,InSight (W m=2] 20.1 22.6 19.1
TP [km] 284 288 304
T,%P [km] 264 280 236
Teus [K] 2094.2 2092.7 2086.1
Feup [mMW m™2] 2.3 2.4 2.4

The thinnest elastic thickness is obtained in areas covered by a thick crust,
where the presence of an incompetent crustal layer (i.e., a weak crustal
layer formed by high crustal temperatures) may decouple the elastic cores
of the mantle and the crust, thus further reducing the elastic thickness. This
has been suggested to exist at present day in the Tharsis area around Arsia
Mons, where the crust is thickest (Grott and Breuer, 2010). Indeed such an
incompetent crustal layer is present in the crustal density dichotomy model
and the thickest crust scenario. While in the former this is located in Thar-
sis and in a small area in Elysium, for the latter the incompetent crustal
layer is present in the Tharsis area and in smaller locations in the southern
hemisphere due to the overall thicker crust in this scenario. As discussed in
previous studies, the strongest constraint is given by the elastic thickness at
the north pole. While at the south pole, all models present an elastic thick-
ness greater than 150 km being compatible with the latest estimate (Broquet
et al.,, 2021), only the thickest crust scenario presents an elastic thickness
larger than 300 km (i.e., 304 km) at the north pole (Table 4), a value that is
still lower than the recent estimate of Broquet et al. (2020). A higher elastic
thickness may be obtained if the mantle is more depleted in HPEs than
assumed in these models. However, a lower heat production in the mantle
might lead to scenarios in which partial melt production stops earlier than
suggested by the geological record in Tharsis and Elysium (Neukum et al.,
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2004; Vaucher et al., 2009; Hauber et al., 2011). Another solution to ex-
plain the discrepancy between the elastic thickness estimates and the values
obtained from geodynamic models would require that the load produced
by the polar cap is not yet at elastic equilibrium as discussed by Broquet et
al. (2020). This would lead to lower elastic thickness estimates, since in this
case the observed deflection would be the sum of a downward deflection
caused by the viscous relaxation and an upward deflection caused by some
form of postglacial rebound. Whether the north pole is at elastic equilib-
rium strongly depends on the viscosity of the lithosphere and mantle that
is linked to the parameters of the geodynamic model and would require
the computation of an individual elastic thickness estimate for each thermal
evolution model. Nevertheless, future work needs to address this aspect,
since this may significantly affect the number of admissible models that can
explain the elastic lithosphere thickness at the north pole of Mars.

In addition to the surface heat flow and elastic lithosphere, the thickness
of the crust and its variations can affect the amount and distribution of par-
tial melt that may still be produced in the interior of Mars today. Due to the
pronounced crustal blanketing effect and higher amount of crustal HPEs,
regions covered by a thick crust can be kept warm and their temperatures
can exceed the melting temperature and produce melt up to recent times.
Whether melt can still be produced in the martian mantle at present day
primarily depends on the amount of mantle HPEs.

The study by Knapmeyer-Endrun et al. (2021) showed that only a lim-
ited range of crustal enrichment, i.e., containing between 55-70% of the
total bulk of HPEs would lead to localized partial melt production at present
day in the interior of Mars. A strong crustal enrichment containing more
than 70% of the bulk amount of HPEs would lead to a mantle that is too
cold to produce melt at present day. On the other hand a mantle containing
more than 45% of the bulk amount of bulk amount of HPEs would be too
warm and lead to wide-spread melting at present day. For a crust with an
average thickness at the upper end of values obtained from InSight’s seismic
data this indicates a crustal enrichment in thorium and potassium similar to
the surface abundance as measured by the gamma-ray instrument on board
Mars Odyssey (Hahn et al., 2011; Taylor et al., 2006a). A thinner crust,
on the other hand, requires an enriched component in the subsurface in
order to avoid wide-spread melting in the interior of Mars at present day
(Knapmeyer-Endrun et al., 2021).

In Fig. 2 we show the present-day melt fraction and the depth of the
melt zone for the three models presented in Fig. 1. The melting temper-
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Figure 2 Distribution of partial melt zones at present day in the mantle for the models
presented in Fig. 1. Panel a, b, and ¢ show the melt fraction and panels d, e, and f show
the corresponding melt depth. The thin crust end-member is shown in panels a and d,
the density dichotomy crust in panels b and e, and the thick crust end-member in panels
candf.

ature is taken from Ruedas and Breuer (2017), who updated the solidus
parametrization of Ruedas et al. (2013) to include more recent melting
experiments from Collinet et al. (2015) and Matsukage et al. (2013). Fur-
thermore, Ruedas and Breuer (2017) include a correction to account for
the effects of Na, K, and Ca as suggested by Kiefer et al. (2015) that leads
to about 35 K lower solidus for the primitive martian mantle compared
to the terrestrial mantle. Additionally, the solidus used in each model in
Fig. 2 considers the effect of mantle depletion due to crust formation. The
solidus is increased linearly with the degree of depletion that each model
experienced according to the crustal volume.

The least melt is produced at depths larger than 350 km in the thin crust
model (Fig. 2a and d) that also has the smallest crustal thickness variations.
The crustal blanketing effect is more pronounced for the other two models
using a crustal density dichotomy and a higher density crust, respectively,
due to alocally thicker crust in these models. This results in a larger amount
of partial melt (higher melt fractions and more melt regions) and shallower
melt zones compared to the thin crust model.

In general, geodynamic models have difficulties to produce partial melt
zones at present-day beneath the Elysium volcanic province, even though
mantle plumes are present there. Melting takes place mostly in Tharsis and
underneath the southern hemisphere, as these areas are typically covered by
a thicker crust. Since the Elysium province lies in the northern lowlands,
it is difficult to focus mantle plumes underneath it that are hot enough to
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produce melt at present day. Interestingly, the crustal density dichotomy
model shows melting zones focused in Tharsis and Elysium. The melting
zone in Elysium is likely due to a thicker crust in this region compared
to the southern hemisphere and due to the reduced differences in crustal
thickness between the northern and southern hemispheres caused by us-
ing a lower crustal density in the south compared to the north. We note,
however, that the density difference between the southern and the north-
ern crust is quite extreme in this model (i.e., 400 kg m~3), and whether a
crustal thickness model with smaller density variations between north and
south can produce a partial melting zone at present day beneath Elysium
needs to be tested by future studies.

4. Mantle dynamics, seismic velocities variations, and
tidal dissipation

The thermal state of the mantle, the thermal lithosphere thickness,
as well as the location of hot mantle plumes and cold downwellings can
affect the variation of seismic velocities. Typically, the thickness of the ther-
mal lithosphere is the sum of the stagnant lid thickness and of the thermal
boundary layer where convective instabilities initiate. Below the thermal
lithosphere, the mantle temperature usually follows an adiabatic profile.
However, deviations from an adiabatic temperature profile may occur if
convection is sluggish due to a high pressure-dependence of the viscosity
or due to strong cooling of the interior, in which case the average tem-
perature profile lies between an adiabatic and a conductive profile (Fig. 3).
Parametrized thermal evolution models typically use either an adiabatic
mantle temperature profile or a conductive one, if convection stops (i.e.,
the Rayleigh number drops below a critical value). The 2D/3D geody-
namic models, on the other hand, self-consistently calculate the thermal
profile, and in these models, depending on the rheological parameters, the
thermal profile in the mantle may lie between an adiabatic and a conductive
profile.

The thermal state of the interior is to first order affected by the man-
tle viscosity. However, rheological parameters such as the activation energy
and activation volume that are determined by laboratory deformation ex-
periments have large uncertainties. While the activation energy of olivine
aggregates was measured to lie at about 375 £ 75 k] mol~! for diffusion and
520 4 40 kJ mol~! for dislocation creep (Hirth and Kohlstedt, 2003), the
activation volume is one of the most poorly constrained parameters with
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Figure 3 Effect of the pressure dependence of the viscosity, which is given by the ac-
tivation volume, on the temperature (a) and viscosity (b) profiles at present day. The
values for the activation volume are taken from Hirth and Kohlstedt (2003).

values between 0 and 20 cm?®mol~! (Hirth and Kohlstedt, 2003). These
values will substantially affect the mantle temperature profile (Fig. 3) and
also the mantle convection pattern. An activation volume of 6 cm® mol™!
leads to a larger number of plumes and downwellings compared to an ac-
tivation volume of 10 cm® mol~', as illustrated in the temperature maps at
mid-mantle depth (Fig. 4a and b). However, further increasing the acti-
vation volume would lead to scenarios, in which convection in the lower
part of the mantle is weak or even absent. This reduces the thickness of
the convective layer and increases the wavelength of the convection pattern
(Fig. 4c and d).

The viscosity could also be affected by the presence of water in the
mantle. Water concentrations in excess of 100 ppm can reduce the vis-
cosity by about two orders of magnitude (Karato and Wu, 1993) and can
significantly affect mantle cooling. On Mars, recent petrological analyses of
martian meteorites suggest a bulk water content of 137 ppm, with crustal
abundances of 1410 ppm and mantle water contents between 14 and 72
ppm (McCubbin et al., 2016). A wet mantle rheology during most of the
thermal history would not be able to reproduce strong mantle plumes in
recent times (Plesa et al., 2018b) as required by the petrological evidence
for local mantle temperatures (Filiberto and Dasgupta, 2015; Kiefer and Li,
2016). In addition, a dry rheology was favored by models that coupled the
thermal and orbital evolution of Mars and its moon Phobos, in order to re-
produce the orbital evolution of Mars’ closest satellite (Samuel et al., 2019).
Thus, according to thermal evolution models, water in the martian man-
tle was most likely lost during the earliest planetary evolution and most of
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Figure 4 Temperature variations at mid-mantle depth (775 km depth) correspond-
ing to the temperature profiles shown in Fig. 3. The models use an activation volume
of 6 cm3 mol~! (panel a), 10 cm3 mol~" (panel b), 15 cm3 mol~" (panel ¢), and 20
cm3 mol~" (panel d). The color scale has been clipped to show the locations of man-
tle plumes (bright colors) and downwellings (dark colors). For orientation the 0 km level
of the surface topography is indicated by white contour lines.

the thermal history was characterized by a dry mantle rheology. We note,
however, that geochemical reservoirs may complicate this interpretation, as
they could trap water in isolated regions inside the mantle and lithosphere
(Breuer et al., 2016).

The present-day thermal state of the interior is the result of billion
years of thermal evolution. Mantle plumes and cold downwellings may be
present in the interior of Mars at present day and would lead to tempera-
ture variations in the interior and to variations in the thermal lithosphere
thickness. These effects can only be investigated by using 2D and 3D geo-
dynamic models. Previous models showed that the thermal lithosphere can
be substantially thinner at the location of mantle plumes (Kiefer and Li,
2009), as their higher temperature decreases locally the viscosity and al-
lows the silicate material to flow (i.e., to convect) at shallower depths.
Conversely, the thermal lithosphere is thicker above cold mantle down-
wellings. Additionally, the variations of the thermal lithosphere thickness
are affected by the crustal thickness variations, as the latter has a higher
amount of HPEs and a lower conductivity compared to the mantle. This
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Figure 5 Profiles of the temperatures (panel a) as well as the shear wave velocities
(panel b) and compressional wave velocities (panel c) for the models presented in Fig. 1.
The TAY13 (Taylor, 2013) was assumed for the seismic velocities calculation. Full lines in-
dicate the average profiles throughout the mantle, while the shaded regions show the
corresponding variations.

leads to a higher lithospheric temperature and thinner lithospheric thick-
ness beneath areas covered by a thick crust (e.g., beneath volcanic provinces)
compared to regions of thin crust (e.g., impact basins). For models that in-
clude crustal thickness variations, the largest variations in temperature are
observed in the lithosphere. We also note that the largest temperature vari-
ations are obtained for models with a thick crust that exhibits larger crustal
thickness variations. In Fig. 5a we show average temperature profiles and
corresponding temperature variations at present day for the three thermal
evolution models presented in Fig. 1. The model with a crustal density di-
chotomy between the northern and southern hemisphere and the model
with a crustal density of 3000 kgm™ have crustal thickness variations of
127.2 km and 152.3 km, respectively, that lead to larger lithospheric tem-
perature variations than the crustal thickness model with a crustal density
of 2550 kg m~2, which has a difference of only 60.8 km between the min-
imum and maximum crustal thickness values.

On Mars, the average thermal lithosphere thickness has been estimated
based on the evaluation of seismic events recorded by InSight. Using direct
and surface-reflected body wave phases, a thermal lithosphere thickness of
400-600 km is required to explain the differential travel times obtained
for seismic events at epicentral distance between 25° and 75° from InSight
location and with moment magnitudes between 3 and 4 (Khan et al., 2021).
InSight’s estimate of the average thermal lithosphere thickness of Mars is
thicker than the thermal lithosphere on the Earth and suggests that Mars has
significantly cooled during its thermal history. This thick lithosphere and its
thermal gradient inferred from InSight data control the formation of low-
velocity zones in the interior of Mars that have been proposed in previous
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Figure 6 Effects of mantle composition on the compressional wave velocities (panels a,
b, and c) and shear wave velocities (panels d, e, and f) for three different mantle com-
positions: TAY13 (Taylor, 2013), YMD20 (Yoshizaki and McDonough, 2020), and KSLRD22
(Khan et al., 2022). Panels a and d show the thin crust end-member case, panels b and
e present the results for the density dichotomy crust, and panels c and f show the thick
crust end-member case.

studies (Mocquet and Menvielle, 2000; Zheng et al., 2015). Additionally, a
recent study by Plesa et al. (2021) showed that 3D thermal evolution models
with a crust containing less than 20% of the bulk amount of HPEs would
lead to a hot interior and a thin lithosphere. These models are incompatible
with InSight observations, as they would lead to S-wave shadow zones for
high-quality events in the Cerberus Fossae region, for which clear P- and
S-waves arrivals were recorded.

Temperature variations affect the seismic velocities with the strongest
velocities variation being present in the lithosphere and at the depth of
the olivine to wadsleiyte phase-transition (Fig. 5b and c¢). We note that
the effects of composition are minor compared to the effect of temperature
variations in the lithosphere. In Fig. 6, we show the differences between the
average seismic velocities profiles for the three models presented in Fig. 5.
We tested three of the most recent compositions that have been proposed
for Mars: the TAY 13 composition (Taylor, 2013), the YMD20 composition
(Yoshizaki and McDonough, 2020), and the KSLRD22 composition (Khan
et al., 2022). While the seismic velocities have been computed using these
compositions, the bulk amount of HPEs that was used in all thermal evo-
lution models was taken from TAY13. Other HPEs models with a higher
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abundance of radiogenic elements such as the model by Yoshizaki and Mc-
Donough (2020) would require a higher crustal enrichment in HPEs and
a similar amount of mantle HPEs as the models shown here in order to
avoid wide-spread melting in the mantle at present day. Thus, even for
other HPEs models the mantle temperature would be similar to the profiles
shown in Fig. 5.

For all three compositional models tested here, the seismic velocities are
nearly identical in the upper mantle and show slight differences in the lower
mantle, with minimally lower seismic velocities values for the YMD20 and
KSLRD22 compositions mainly due to the lower FeO content of these
models (14.7 £+ 1.0 wt% for YMD20 and 13.7 £+ 0.4 wt% for KSLRD22
compared to 18.1 £ 2.2 wt% for TAY13).

The temperature and hence the seismic velocities in the lithosphere fol-
low the crustal thickness variations. The crustal thickness pattern controls
their variations down to a depth of 400 km or even deeper in particu-
lar for models with a thick crust (Fig. 7). In Fig. 7, the thin crust model
(average crustal thickness of 40.6 km, left column) shows a pattern of the
S-wave velocity variations that closely follows the crustal thickness pattern
at 150 km depth. Lower-than-average seismic velocities are observed below
the southern hemisphere and are caused by the warmer temperatures due
to a thicker crust compared to the northern hemisphere. Conversely, the
areas covered by a thin crust, i.e., the northern hemisphere and large im-
pact basins such as Hellas, show seismic velocities higher than the average
value, due to the more efficient cooling and hence colder temperatures than
those beneath the southern hemisphere. This seismic velocities pattern is no
longer visible at 400 km depth. For the thick crust model (average crustal
thickness of 71.4 km, right column), however, a dichotomy in the S-wave
velocity variations is still visible at 400 km depth. Since all models in Fig. 7
use the same bulk heat production and the same amount of HPEs in the
mantle, the difference is caused by the stronger crustal thickness variations
and the more pronounced blanketing effect due to the low crustal con-
ductivity in the thick crust scenario compared to the thin crust case. In
the crustal density dichotomy case (middle column), the crustal thickness
pattern is more complex than in the previous two models, but the Tharsis
region is clearly distinguishable on the map of S-wave velocity variations at
400 km depth. Seismic velocities variations are small and about 1% in the
convecting mantle. Larger variations are observed again closer to the CMB,
where negative seismic velocity gradients may be locally present due to the
stability of larger proportions of garnet and ferropericlase at the expense of
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Figure 7 Seismic velocities variations at different depths throughout the mantle cal-
culated for TAY13 composition. Left column (panels a, d, g and j) shows the thin crust
end-member case. Middle column (panels b, e, h, and k) presents the density dichotomy
crust model, and the right column (panels ¢, f, i, and ) shows the thick crust end-member
case. For orientation, the gray contour lines show the 0 km level of surface topography.

ringwoodite (Plesa et al., 2021). We note however that this depends on the
chosen mineralogical model and mostly appears for the Taylor-composition
(Taylor, 2013), but is absent for the Yoshizaki- and Khan-compositions
(Yoshizaki and McDonough, 2020; Khan et al., 2022).

Depending on the location of seismic events, the propagation of their
seismic waves will encounter not only a different crustal thickness on the
path to the seismic station, but also a different lithospheric thickness and
lithospheric temperature. In Fig. 8 we show the differences between seismic
velocities profiles at present-day at three different locations on Mars (Thar-
sis, Utopia, and InSight) for the three thermal evolution models presented
in Fig. 1 and compare them with their corresponding average profiles. The
differences in the uppermost 400 km can be substantial. The largest dif-
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Figure 8 Seismic velocities profiles at selected locations compared to the average pro-
files. InSight profile is drawn at 136° longitude and 4° latitude. Tharsis profile is taken
at —115° longitude and 0° latitude, while the Utopia profile was selected at 115° lon-
gitude and 45° latitude. Panels a and d show the seismic velocities profiles for the thin
crust end-member, panel b and e for the density dichotomy crust case, and panels c and
f for the thick end-member case.

ferences are observed between Tharsis volcanic province (profile taken at
—115° longitude and 0° latitude) and Utopia impact basin (115° longi-
tude and 45° latitude), and are most extreme for models with a thick crust
in the Tharsis area (the thick crust model and the model with a different
density between the northern and southern hemispheres). Interestingly, the
model with a different density between the northern and southern hemi-
spheres shows the largest variations. This is caused by the higher volumetric
heat production in the northern hemisphere compared to the southern
hemisphere in this model. On the other hand, the average profile and the
profile at the InSight landing site are nearly identical. The largest difterence
between InSight and average profiles is observed for the thickest crust sce-
nario, where crustal thickness variations between these two locations are
more pronounced than in the other two crustal thickness models.

The uppermost layers are dominated by the seismic velocities of the
crust. While for the individual profiles at the three locations a sharp tran-
sition occurs at the crust mantle interface, this transition is more gradual
for the average profile. This is due to the fact that for the average profiles
both mantle and crustal areas are present at the same depth. In the upper-
most layers the crustal areas dominate but with deeper depth they become
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smaller being replaced by mantle areas. Right below the crust, the seismic
velocities reflect the large variations of the lithospheric temperatures, while
deeper in the convecting mantle these variations become much smaller and
therefore the difference in seismic velocities is minor. The olivine to wad-
sleyite phase transition is clearly visible for all models. The depth of the
phase transition depends on the temperature, and for the Tharsis profile,
which has a higher local temperature, the average phase transition depth
is at about 1110 £ 10 km, depending on the thermal evolution model. For
the InSight profile the average phase transition depth is shallower and about
1070-1080 km, due to a lower temperature at this location. All models
show the same average depth for the olivine to wadsleyite phase transition
at ~1095 km for the average profile, since the latter is nearly identical for
all models (cf. Fig. 5).

In addition to the seismic velocities, the thermal state of the mantle to-
gether with the size and state of the core (solid or liquid, see Section 5) also
affects the tidal deformation of a planet. The latter has been determined
for Mars from radio tracking measurements from Mars Odyssey, Mars Re-
connaissance Orbiter, and Mars Global Surveyor (Konopliv et al., 2016;
Genova et al., 2016; Konopliv et al., 2020). The lag of the tidal deforma-
tion caused by Mars’ closest moon, Phobos, is given by the phase lag ¢ that
describes the dissipation inside Mars and is linked to the thermal state of
the interior through the viscosity (Nimmo and Faul, 2013). The dissipation
can be also expressed in form of the tidal quality factor Q that is defined as
1/sin(e). Low values of Q would indicate a dissipative mantle caused by a
low viscosity and hence high mantle temperature, whereas a cold interior
and consequently a high viscosity would lead to high Q values.

On Mars, current available estimates for the tidal quality factor Q cal-
culated at the main tidal period of Phobos (5.55 hours) range between 72
and 105 (Ray et al., 2001; Lainey, 2016) and indicate a more dissipative
interior than that of the Earth, for which a tidal quality factor of 280 was
calculated at the lunar semidiurnal terrestrial tide (Ray et al., 2001). Here
we recalculate the tidal quality factor using the approach from Zharkov and
Gudkova (2005) that was also used by Khan et al. (2018):

Q =559 )
k>

Using the latest k» estimate of 0.174 + 0.008 (Konopliv et al., 2020),
we find a tidal quality factor of 97.3 & 4.5. However, the error bars would

increase when accounting for the frequency-dependency of ks, higher tidal
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terms, and the fact that dissipation occurs in both Mars and Phobos. Thus,
tollowing the approach of Khan et al. (2018) we increase the error bars and
use a tidal quality factor Q of 97 & 12, a range that includes the previous
estimates of Khan et al. (2018) as well as the new values obtained from the
most recent ky estimate.

Previous studies have used prescribed thermal profiles (Nimmo and
Faul, 2013) or temperature profiles from mantle convection models (Plesa et
al., 2018b) to calculate the dissipation in the interior of Mars and compare
the results with observations. The study by Nimmo and Faul (2013) uses
an extended Burgers model for dry olivine and finds that, for a grain size
of 1 cm, a present-day potential temperature of 1625 £ 75 K is required to
explain the dissipation in the interior of Mars. Plesa et al. (2018b) used the
present-day thermal state from mantle convection models and computed
the tidal quality factor Q. Using Q estimates in the range of 99.5 £+ 4.9
(Konopliv et al., 2016; Lainey, 2016), this study concluded that models
with an inefficient cooling of the interior caused by either a high amount
of HPEs in the mantle or a large increase of the viscosity with depth (i.e.,
due to a high activation volume) would be too dissipative to satisfy the
constraints. Conversely, models that contain nearly all HPEs in the crust
and have a cold present-day mantle lead to a much lower dissipation than
the suggested values for Mars. Thermal evolution compatible with the Q
estimates of Lainey (2016) indicates that between 37.6% and 68.3% of the
bulk amount of HPEs are concentrated in the crust (Plesa et al., 2018b).

Here, we calculate the tidal deformation of the three thermal evolution
models presented in Fig. 1. These models contain 57% of the total bulk
amount of HPEs in their crust, and thus lie within the range of models
that were found compatible with Q estimates by Plesa et al. (2018b). To
compute the tidal deformation, we use a semianalytical model based on the
normal mode theory for radially stratified viscoelastic bodies (Sabadini and
Vermeersen, 2004). The results are shown in Fig. 9 and Table 5, and are
discussed in detail below.

The model uses 100 layers for the mantle and 1 layer for the core,
which is assumes to be homogeneous. It uses as inputs the density, viscos-
ity and rigidity. While the viscosity profile comes from the geodynamic
simulations, the density and rigidity profiles depend on the mineralogical
model and are calculated by the thermodynamic code Perple_X (Connolly,
2009) using the thermodynamic formulation and database of Stixrude and
Lithgow-Bertelloni (2011). All three profiles (i.e., viscosity, density, and
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Figure 9 Panel a: Viscosity profiles throughout the mantle for the models shown in
Fig. 1. Panel b and c: mantle density and rigidity profiles, respectively, for the thick crust
end-member using three different mantle compositions TAY13, YMD20, and KSLRD22.
Panel d: calculated tidal quality factor Q and tidal Love number k5 for the three mantle
models (panel a) and three compositions (panel b and c).

rigidity) are temperature and pressure-dependent and are calculated from
the temperature profiles obtained by the geodynamic models.

For the tidal deformation calculations, we used the Andrade rheological
model and assumed that the planet is incompressible. Nevertheless, we note
that the assumption of compressibility might render corrections to k, that
are of the order of the observational uncertainty. While other rheological
models exist and have been applied to calculate the tidal deformation of
Mars and other rocky planets, the advantage of the Andrade model is the
small number of parameters it requires for the calculations (Castillo-R ogez
et al., 2011; Efroimsky, 2012). A detailed review of the theory of viscoelas-
ticity and tidal response, as well as their application to constrain the interior
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Table 5 Tidal deformation results for the three models presented in Fig. 1 using an
incompressible Andrade model, three different mantle mineralogies, and various values
of the tidal parameter o used in the Andrade model. According to Castillo-Rogez et al.
(2011) the tidal parameter ¢ was set to 1 for all calculations.

Tidal parameter Thin crust Density dichotomy crust Thick crust
TAY 13 composition (Taylor, 2013)

Q k2 Q k2 Q k2
a=0.1 56.50  0.191 | 56.60 0.191 56.81  0.192
a=0.15 81.40 0.178 | 81.71 0.178 82.47 0.179
a=02 137.94 0.173 | 138.75 0.173 140.92  0.173
a=0.25 253.90 0.171 | 25591 0.171 261.50 0.171
a=03 489.38  0.170 | 494.19 0.170 508.01 0.170
a=04 1955.25 0.169 | 1981.69 0.169 2060.93 0.170

YOS20 composition (Yoshizaki and McDonough, 2020)

Q ko Q ko Q ko
a=0.1 56.76  0.191 | 56.86 0.191 57.09  0.192
a=0.15 81.90 0.179 | 82.21 0.179 83.00 0.179
a=02 138.98 0.173 | 139.81 0.173 142.03  0.174
a=0.25 256.20 0.171 | 258.24 0.171 263.93 0.172
a=03 494.50 0.170 | 499.37 0.170 513.42 0.171
a=04 1980.81 0.169 | 2007.58 0.170 2088.06  0.170

KHA22 composition (Khan et al., 2022)

Q ko Q ko Q k>
a=0.1 56.69 0.189 | 56.79 0.189 57.01  0.190
a=0.15 81.77 0.177 | 82.08 0.177 82.87 0.177
a=02 138.72  0.171 | 139.53 0.171 141.74  0.172
a=0.25 255.58 0.169 | 257.60 0.169 263.27 0.170
a=03 493.03 0.168 | 497.87 0.168 511.85 0.169
a=04 1972.59 0.168 | 1999.18 0.168 2079.16 0.168

structure of Mercury, Venus, Mars, the Moon, and icy satellites is given in
Chapter 5 (Bagheri et al., 2022).

A recent study by Bagheri et al. (2019) has compared various rheological
models for Mars and found that all models can fit the observations when us-
ing a single frequency (i.e., at the main period of Phobos), but information
of the dissipation at additional frequencies could help to distinguish be-
tween the current rheological models. The same study concluded that the
Maxwell rheology would require very low viscosities to fit the available data
and rheologies such as Andrade, extended-Burgers, or Sundberg-Cooper
are more appropriate to use when studying tidal dissipation.
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The Andrade model that is used here is able to describe all components
of deformation (elastic deformation, viscous creep, and the transient An-
drade creep) and requires in total four parameters: the viscosity, the rigidity
and two empirically determined parameters o and ¢. The parameter ¢ de-
scribes the ratio between the timescales of the anelastic Andrade creep and
the Maxwell body and has been found to be close to one (Castillo-Rogez
et al., 2011). On the other hand « describes the duration of the transient
response, and values for olivine-rich mantle rocks lie between 0.1 and 0.5,
and mostly between 0.2 and 0.4 (Castillo-Rogez et al., 2011).

The average thermal state of the geodynamic models, which was used
to calculate the tidal deformation in Fig. 9, is very similar (cf. Fig. 5a). Al-
though the temperature and seismic velocities variations in the lithosphere
can be significantly different between the three geodynamic models (cf.
Fig. 7), the average viscosity, density, and rigidity profiles are very similar
(Fig. 9a, b, and c), with TAY 13 composition showing slightly larger den-
sities and higher rigidities than YOS20 and KHA21 composition, due to
the higher FeO content. Thus, the tidal dissipation values mainly depend
on the chosen value for «, for which a value between 0.2 and 0.15 seems
to fit best the observed dissipation in the interior of Mars (Fig. 9d).

5. Core radius estimates and their implications for the
interior dynamics

The core of a terrestrial planet is a witness of the earliest planetary
differentiation, when metal and silicates separate to form the layers inside
the planet. The size of the core is essential to determine the thickness
of the silicate layer (mantle and crust), when knowing the planet’s radius.
The thickness of the silicate layer in turn affects the mantle flow and the
convection pattern (i.e., number of mantle plumes and their distribution).
The latter can be linked to surface geological features such as volcanic and
tectonic provinces. For a detailed review that describes the methods and
the progress in determining of the core size of the Earth, Mars, and Moon,
as well as future opportunities for terrestrial exoplanets we refer the reader
to Chapter 3 (Knapmeyer and Walterova, 2022).

Many geodynamic studies have investigated the formation of the mar-
tian crustal thickness dichotomy, proposing a degree-one or ridge like
convection pattern. This pattern is largely favored for models using a small
core that allows for the presence of an endothermic phase transition at the
base of the mantle (Harder and Christensen, 1996; Breuer et al., 1998),
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similar to the 660-phase transition on the Earth. Models employing a spe-
cific mantle viscosity structure with a viscosity increase in the mid-mantle
(Zhong and Zuber, 2001; Roberts and Zhong, 2006; Keller and Tackley,
2009) and models that included the combined effects of a giant impact and
the subsequent dynamics in the mantle (Golabek et al., 2011) were also
able to produce a degree-one mantle pattern, but in these cases too the
core radius was about half of the planetary radius or smaller.

InSight’s measurements have revealed that the martian core has a ra-
dius of 1830 £ 40 km and is more than half the planet’s radius (Stihler et
al.,, 2021). This is consistent with estimates of the tidal Love number k,
(Konopliv et al., 2016; Genova et al., 2010) that were previously com-
bined with thermal evolution models and suggested a core radius strictly
larger than 1800 km (Plesa et al., 2018b). The k, value of Konopliv et
al. (2016) of 0.169 £ 0.006 has been recently updated by Konopliv et al.
(2020) to 0.174 £ 0.009. The most recent estimate was corrected for atmo-
spheric tides, and the uncertainties account for the fact that the correction
for atmospheric tides depends on the atmospheric conditions at the time
of observations (Konopliv et al., 2020). As shown in Fig. 9 models using
a core radius of 1850 km, a value that was previously used by Plesa et al.
(2018b) and is consistent with the seismic detection of the martian core
(Stahler et al., 2021), are also able to fit the latest k, estimate of (Konopliv
et al., 2020).

The large size of the core excludes the possibility of having a
bridgmanite-dominated lower mantle on Mars (Stihler et al., 2021), as
it is the case for the Earth. An endothermic phase transition at the base of
the martian mantle will no longer occur, as the pressure is too low for this
to take place. Even for models with smaller core radii (1700 — 1360 km) an
endothermic phase transition at the base of the present-day martian man-
tle was only marginally possible requiring CMB temperatures in excess of
2100 K (Spohn et al., 1998). In addition, the large radius of the core leads
to a small scale convection pattern with many small plumes distributed
throughout the mantle as illustrated in Fig. 10.

All three models in Fig. 10 have been built similarly to the models pre-
sented in (Plesa et al., 2016). They use the same crustal thickness with a
crustal density of 2800 kgm™ and a crustal enrichment that matches the
average value derived from GRS measurements. The crustal thickness is
derived from gravity and topography data and matches the crust-mantle dis-
continuity at InSight landing site, as observed in the seismic measurements
(Knapmeyer-Endrun et al., 2021; Wieczorek et al., 2022). The radius of
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Figure 10 Mantle convection pattern (panels a, b, and ¢) and temperature variations
throughout the mantle. All models use a crustal thickness with and average value of
61.3 km and a crustal density of 2800 kg m—3. Left column (panels a, d, g, and j) shows
a model with a core radius of 1500 km. Middle column (panels b, e, h, and k) shows
a model with a 1700 km core radius, while right column (panels ¢, f, i, and I) presents
a model with a core radius of 1850 km. Only the model shown in the right column is
compatible with core radius estimates by InSight.

the core has been varied between the three models with values of 1500
km, 1700 km, and 1850 km. While the former two values are incompati-
ble with the recent InSight data, the last value of 1850 km lies well within

the current core radius estimates (Stahler et al., 2021).
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The models show a shallow subsurface that is mostly dominated by
the crustal thickness variations with a temperature pattern similar to the
crustal thickness pattern (Fig. 10d—f). The effects of mantle plumes are
more pronounced for 1500 km core radius compared to the 1850 km
core radius. It can be observed that the case with the largest core shows
a short wave-length convection pattern compared to the small core model.
This is illustrated both in the temperature maps at mid-mantle depth
(Fig. 10g—1) and at 100 km above the CMB (Fig. 10j-1) that show the
presence of a larger number of plumes and downwellings for the model
with a core radius of 1850 km compared to the case with a core radius of
only 1500 km.

A large core that leads to a small scale mantle convection pattern is
at odds with the formation of the martian crustal thickness dichotomy
through an endogenous process. However, exogenic processes such as the
sequence of one or several large impacts may represent a key mechanism
(Wilhelms and Squyres, 1984; Frey and Schultz, 1988). Such scenario is
compelling, as it has been proposed to explain the elliptical nature of the
dichotomy (Andrews-Hanna et al., 2008; Nimmo et al., 2008; Marinova et
al., 2008). The effect on the subsequent dynamics in the mantle may lead to
mantle plumes in Tharsis and Elysium that with time may be stabilized by
the insulating effect of a thicker crust at those locations (Schumacher and
Breuer, 2006). This scenario, however, would not exclude weaker thermal
anomalies at other locations, that may have led to shorter episodes of vol-
canic activity (e.g., Syrtis Major, the Circum Hellas province) or may have
never resulted in the buildup of volcanic provinces at the surface.

Another important aspect of a large martian core is that it requires a
high amount of light elements to be able to match the planet’s mass. Sulfur
cannot be the only light element in the core, as its amount would then
exceed the abundance found in EH-chondrites, the most sulfur rich build-
ing blocks. Thus, other elements such as oxygen, carbon, and hydrogen are
required to match both the core density and to be compatible with geo-
chemical arguments (Stihler et al., 2021; Khan et al., 2022, and references
therein). The composition of the martian core has major consequences
for its evolution and the generation of an early magnetic field. A large
amount of light elements in the core could lead to a scenario in which
the core crystallizes from the top down (iron snow) by forming iron par-
ticles at the top of the core due to a steeper melting temperature than the
core adiabatic profile (Stewart et al., 2007; Rivoldini et al., 2011; Breuer
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et al., 2015; Helffrich, 2017; Davies and Pommier, 2018; Hemingway and
Driscoll, 2021).

A recent study by Hemingway and Driscoll (2021) investigated the crys-
tallization of the martian core and found that Mars may possess a partially
solid core today. However, the large amount of light elements places the
core composition close to the eutectic and likely prevented the crystalliza-
tion of an inner core (Stihler et al., 2021), due to the significant decrease
of the core melting temperature (Mori et al., 2017). In addition, Heming-
way and Driscoll (2021) used a simple thermal evolution model without
explicit treatment of the stagnant lid evolution. This most likely under-
estimates the mantle and core temperatures. Typical stagnant lid thermal
evolution models (e.g., Breuer and Spohn, 2003; Morschhauser et al., 2011;
Plesa et al., 2018b; Samuel et al., 2019, 2021) suggest that even at present
day the CMB temperature is too high to allow for core crystallization, in
particular for a high mantle viscosity that was found compatible with ad-
ditional geophysical and seismic constraints (Plesa et al., 2018b; Samuel et
al.,, 2019; Knapmeyer-Endrun et al., 2021). However, core crystallization
would undoubtedly take place in the future, when the core temperature has
sufficiently decreased to allow for core crystallization. The exact time and
style of crystallization will strongly depend on the core composition and
thermal state (Stewart et al., 2007).

The early martian dynamo was most likely driven by thermal buoyancy
inside the core until at least 3.7 Gyr ago (Mittelholz et al., 2020), placing
important constraints on the heat flow at the CMB. Thermal evolution
scenarios that maintain a CMB heat flow above the critical core heat flow,
above which thermal convection in the core sets in, for at least 800 Myr
need to be investigated in future studies. An important step for answering
this question has been undertaken by Greenwood et al. (2021), who used
1D parametrized thermal evolution models and showed that a prolonged
thermally driven dynamo can be sustained. Successtul models require core
thermal conductivities in the range of 16 — 35 Wm~™' K~! and mantle
reference viscosities of 10?! Pas or smaller and activation volumes smaller
than 6 cm® mol~! (Greenwood et al., 2021). However, geodynamic models
in a 3D geometry require higher viscosities and/or activation volumes to
explain localized melting at recent times (Knapmeyer-Endrun et al., 2021)
and a large present-day elastic lithosphere thickness at the north pole of
Mars (Plesa et al., 2018b). Thus future models need to investigate if both
constraints for the early magnetic field and recent thermal state can be
matched.
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6. Seismogenic layer thickness and the present-day
seismicity

Seismic observations provide the most direct view into the interior of
a planetary body and reveal the level of activity that the planet experiences.
While seismic observations have greatly improved our understanding of the
interiors of the Earth, Moon, and Mars, currently, the seismic activity for
other planetary bodies such as Mercury, Venus, or icy satellites can only
be indirectly estimated with large uncertainties. A comprehensive review
of the current state of knowledge of planetary seismology and directions
for future seismic investigations of planetary bodies is given in Chapter 2
(Stahler and Knapmeyer, 2022).

In the absence of plate tectonics and because Mars is smaller than the
Earth, its seismicity was suggested to be lower than that of the Earth and
mainly driven by planetary cooling. However, the level of seismic activity
was expected to be larger than the seismicity of the Moon recorded by
the Apollo seismic measurements (Ewing et al., 1971; Toksoz et al., 1974).
Previous seismic measurements on Mars were performed by Viking in the
1970s (Anderson et al., 1976). While the seismometer on Viking 1 failed
to uncage and could not record any data, Viking 2 collected data between
1976 and 1978. However, these measurements are strongly contaminated
by noise caused by lander vibrations due to wind, given the location of
the seismometer on the lander deck. During 146 sols of operation only
one event recorded by Viking 2 seismometer could be interpreted as a
marsquake (Anderson et al., 1977), but a seismic origin is difficult to estab-
lish in the absence of wind data during the event.

In the absence of unambiguous seismic recordings from Mars, previous
studies have estimated the level of seismic activity based on the analysis of
surface faults (Golombek et al., 1992; Golombek, 1994, 2002) and from
numerical models of planetary cooling (Phillips, 1991; Knapmeyer et al.,
2006; Plesa et al., 2018a). Maps of tectonic centers were compiled based
on orbital imaging of the surface. Using the Mars Orbiting Laser Altimeter
shaded topographic relief maps, Knapmeyer et al. (2006) compiled a global
fault catalog and used it to predict the martian seismicity and the distribu-
tion of epicenters by associating the event size with fault length. Another
study by Plesa et al. (2018a) used 3D geodynamic thermal evolution models
combined with spatial variations of crustal thickness to evaluate the seis-
mogenic layer thickness and the present-day martian seismicity. While all
previous models predicted that Mars is seismically active today with a seis-
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micity between that of the Moon and that of the Earth, the uncertainties
of the annual seismic moment covered several orders of magnitude.

Since more than three years, InSights seismometer (SEIS) has been
recording seismic events on Mars. In the absence of microseismic events
that are observed on the Earth, SEIS is able to record extremely small am-
plitude events on Mars (Lognonné et al., 2020). Although sensitive to the
martian wind that leads to a noisy environment during the martian mid-day
(Giardini et al., 2020), SEIS was able to record over 2000 teleseismic events
(InSight Marsquake Service, 2022) mostly during the late afternoon and
evening, when the noise level is low. For some of these events the location
could be determined and several of them have been localized in the Cer-
beus Fossae region (Zenhiusern et al., 2022) — a young fault system with a
minimum age of 10 Myr situated between 20° and 40° east of the InSight
landing site (Taylor et al., 2013). A recent study by (Horleston et al., 2022)
reported on distant seismic events, one of which could be located in Valles
Marineris (146°+7°). For many events, however, a localization is difficult
in particular due to large uncertainties in the backazimuth that are caused
by high scattering and noise levels in the seismic data. Therefore, for many
of the recorded seismic events only a distance can be provided, while the
direction that is required to determine the location of the source remains
unclear (Giardini et al., 2020). Recent advances in the study of these events,
by using a comprehensive polarization analysis, have been applied to im-
prove the estimates of the distribution of seismicity on Mars (Zenhiusern
et al., 2022).

On Mars planetary cooling was thought to be the main source of present
day seismicity. However, high frequency events detected by InSight may be
driven by solar illumination, the CO, cycle or annual solar tides (Knap-
meyer et al., 2021). Moreover, the high level of seismicity observed in
Cerberus Fossae (Zenhiusern et al., 2022) could be indicative of processes
such as magma ascent thorough the crust and lithosphere that may be on-
going on Mars. Indeed, some of the low frequency marsquakes have been
suggested to be related to volcanic tremor in Elysium Planitia region (Kedar
et al., 2021). Thus, seismicity may not only be linked to the cooling of the
interior, but also to ongoing magmatic processes, and knowledge about the
level of seismic activity and location of seismic events can help to constrain
the evolution and present-day state of the martian mantle. Global thermal
evolution models which use crustal thickness variations derived from grav-
ity and topography data and anchored by the seismic observations at InSight
landing site, show a close correlation between the crustal thickness varia-
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Figure 11 Maps of the seismogenic layer at present day computed using the 573 K
isotherm (panels a, b, and c) and the 1073 K isotherm (panels d, e, and f). Panels g,
h, and i show histograms for the seismogenic layer thickness. Panels a, d, and g show
the results obtained for the thin crust end-member case, Panels b, e, and h show the
seismogenic layer thickness for the density dichotomy crust, and panels ¢, f, and i show
the values that were obtained for the thick crust end-member. For orientation, the white
contour lines show the 0 km level of surface topography.

tions and the seismogenic layer thickness (Fig. 11). The latter is typically
estimated by using an isotherm that describes the depth up to which seis-
mic events could originate. In previous studies isotherms between 573 K
and 1073 K have been tested (Phillips, 1991; Knapmeyer et al., 20006; Plesa
et al., 2018a). The 573 K isotherm marks the temperature at which quartz,
the most ductile component of a granitic crust starts to show a plastic be-
havior (Scholz, 1998). Thus, this temperature is often associated with the
bottom of the seismogenic layer on Earth. The 1073 K isotherm is more
representative for a basaltic composition, as it marks the maximum depth of
oceanic intraplate quakes (Bergman, 1986; Wiens and Stein, 1983). Since
the majority of the martian crust is thought to have a basaltic composition,
this value has been suggested to be more representative for determining the
depth of the seismogenic layer on Mars.

In Fig. 11 the depth of the seismogenic layer is shown for the three
thermal evolution models discussed in Section 3 that employ the crustal
thickness variations illustrated in Fig. 1. The seismogenic layer was cal-
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Table 6 Seismogenic layer thickness obtained the three models presented in Fig. 1 us-
ing a 573 Kand a 1073 K isotherm. Min, median, and max show the minimum, median
and maximum values attained in each model.

Isotherm Thin crust  Density dichotomy crust  Thick crust
[km] [km] [km]

min 38.77 28.71 33.74

573 K median | 76.40 75.83 58.52
max 104.16 104.16 109.19
min 143.42 79.48 90.07

1073 K median | 219.15 221.50 193.87
max 265.29 266.55 281.77

culated by using the 573 K (Fig. 11a, b, and ¢) and 1073 K isotherms
(Fig. 11d, e, and f), and the results are shown in Table 6. Similar to the mod-
els presented in Plesa et al. (2018a), due to their effects on the lithospheric
temperatures, the variations of the crustal thickness control the seismogenic
layer thickness variations. For the 573 K isotherm a clear dichotomy can be
observed for the seismogenic layer thickness of the thin and thick crust end-
members (Fig. 1a and b). For the density dichotomy crust, where variations
in crustal density reduce the variations in crustal thickness, the seismogenic
layer thickness is more homogeneous, but shows small values in Tharsis and
Elysium provinces that are characterized by a thicker crust compared to the
rest of the planet. For the 1073 K isotherm the crustal thickness dichotomy
pattern is no longer visible for the thin crust model, as in this case this tem-
perature is attained at a depth that is no longer sensitive to the temperature
variations caused by the crustal thickness pattern. Due to the thicker crust
and higher amount of crustal HPEs in the thick crust model, a dichotomy
in the seismogenic layer is still visible for the 1073 K isotherm. The crustal
density dichotomy model shows a thin seismogenic layer in Tharsis and
Elysium areas and otherwise a rather homogeneous distribution.

For the 573 K isotherm the seismogenic depth is much shallower com-
pared to the 1073 K isotherm. The seismogenic layer thickness of the
models presented in Fig. 11 show values between 29 and 109 km when
the seismogenic layer is defined using the 573 K isotherm, while for the
1073 K isotherm the seismogenic layer thickness extends to depths of 282
km. Compared to the 573 K isotherm, the range of seismogenic layer thick-
nesses obtained with the 1073 K isotherm is nearly twice as large. As already
shown by Plesa et al. (2018a) the range of seismogenic layer thickness in-
creases for large crustal thickness variations. The values presented in Fig. 11
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are smaller than the high density crust models (HC models) of Plesa et al.
(2018a), but similar to the values obtained for the crustal thickness of Neu-
mann et al. (2004) (NC models) and those for a density dichotomy crust
(DC models). This is due to the fact that the HC models of Plesa et al.
(2018a) have a thick crust (87.1 km on average) with a high amount of
crustal HPEs and a cold mantle and lithosphere that lead to a thick seis-
mogenic layer. Later, these models were excluded, as they were found to
produce a much thinner elastic thickness than the south pole estimate due
to the presence of a decoupling layer between the elastic cores of the mantle
and crust (Plesa et al., 2018b). Furthermore, the average thickness of the
HC models exceeds 72 km and is thus incompatible with the recent seismic
data of the InSight mission (Knapmeyer-Endrun et al., 2021).

The seismogenic layer thickness is directly linked to the depth of seis-
mic events, since deep seismic events could be indicative of a cold and thick
lithosphere. For the three models shown in Fig. 11 some regions such as
the Tharsis region, Elysium Planitia, and Arabia Terra region show a difter-
ent seismogenic thickness depending on the exact model and the isotherm
used. We note, however, that deep events are necessary to be able to dis-
tinguish between seismogenic depth distributions predicted from thermal
evolution models (Plesa et al., 2018a). Shallow seismic events can occur
in both thin and thick seismogenic layers. In general, deep seismic events
would indicate that the 1073 K isotherm is more appropriate to define the
seismogenic layer thickness. Specifically, deep seismic events in e.g., Arabia
Terra could be indicative of a seismogenic thickness distribution such as the
one observed for the density dichotomy crust (Fig. 11), while deep seismic
events in Daedalia Planum around Arsia Mons and in the adjacent Terra
Sirenum region could exclude the thick crust model. Deep seismic events
in the northern part of the Tharsis province around Alba Mons would favor
the thin crust model, while seismic events as deep as 280 km could only be
obtained in Hellas basin in the thick crust model. However, source depths
of marsquakes recorded by InSight lie at about 20-50 km below the surface
(Brinkman et al., 2021; Stihler et al., 2021), but depth uncertainties remain
large (Brinkman et al., 2021). Thus, currently none of the seismogenic layer
distributions suggested by Plesa et al. (2018a) and shown in Fig. 11 can be
excluded based on the depth of seismic events.

The seismogenic layer volume can be calculated from the seismogenic
layer thickness and can be used to estimate an annual seismic moment
knowing the strain rate from thermal evolution models.

Mmm = 715 V,U,At, (10)
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where 7 is the seismic efficiency with values between 0 and 1 that describe
how much of the strain is released in form of seismic events compared to
aseismic deformation. The strain rate ¢ is estimated from thermal evolution
models. I/ is the seismogenic layer volume, p is the shear modulus and At
is the time interval used to compute the seismic moment.

Previous studies by Knapmeyer et al. (2006) and Phillips (1991) have
used parametrized thermal evolution models and investigated the rate of
planetary cooling to estimate an annual seismic moment. In a more recent
study, Plesa et al. (2018a) used global 3D models and estimated the annual
seismic moment distribution based on the local contributions of strain rates
associated with mantle cooling and convection. The contribution associ-
ated with convective stresses was found to be high in regions covered by a
thick crust that leads to higher subsurface mantle temperatures and lower
viscosities allowing for material to flow. The contribution associated with
cooling stresses on the other hand was found to be high in area covered
by a thin crust such as the northern hemisphere or large impact basins.
In the absence of a thick insulating crust, these areas cool more efficiently
and can produce higher cooling stresses compared to regions covered by a
thick crust. While the seismic moment contributions from convective and
cooling stresses are anti-correlated, given the fact that Mars is a stagnant lid
planet and thus convective stresses are negligible in the shallow subsurface,
the contribution from convective stresses is typically smaller compared to
that of cooling stresses. Moreover, the contribution of convective stresses
is entirely absent for the 573 K isotherm, as this isotherm would lead to a
thin seismogenic layer.

The distribution of the annual seismic moment is shown in Fig. 12.
For the 573 K isotherm the distribution of the annual seismic moment re-
flects the cooling pattern of the lithosphere that is controlled by the crustal
thickness variations. Areas covered by a thick crust show a lower annual
seismic moment budget, due to their slower cooling compared to areas
covered by a thin crust. For the 1073 K isotherm, on the other hand, the
annual seismic moment distribution is rather homogeneous. The contri-
bution associated with convective stresses illustrates that a higher seismic
moment can be attained in the southern hemisphere and the Tharsis and
Elysium volcanic provinces, given their thicker crust that leads to warmer
temperatures in those regions. The cooling stresses are more homoge-
neously distributed with slightly lower values in Tharsis and the southern
hemisphere in particular for the density dichotomy and thick crust models
(Fig. 12h and i, respectively). Nevertheless, when combining the contribu-
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Figure 12 Spatial distribution of the annual seismic moment budget computed using
the 573 Kisotherm to define the seismogenic layer thickness (panels a, b, and c). Panels
d, e, and f show the convective stresses contribution, panels g, h, and i the contribution
associated with cooling stresses, and panels j, k, and | the total annual seismic moment
budget computed using the 1073 K isotherm. Left column (panels a, d, g, and j) shows
the results obtained for the thin crust end-member case, middle column (panels b, e, h,
and k) shows the case with a density dichotomy crust, and right column (panels ¢, f, i,
and l) shows the thick crust end-member case. The white and gray contour lines show
the 0 km level of surface topography.

tions from cooling and convective stresses, the total contribution leads to a
more homogeneous pattern, as it was also discussed by Plesa et al. (2018a).

The total available annual seismic moment budget can be used to com-
pute a size-frequency distribution that often follows a Gutenberg-Richter
law. The size-frequency distribution indicates the number of events that
would be expected to occur over the course of a year with a seismic mo-
ment larger or equal to the largest assumed marsquake (seismic moment
M_0). The moment release obtained from global 3D thermal evolution
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Figure 13 Comparison of the moment-frequency diagram for the Earth, Moon, and
Mars. For Mars, the comparison includes the models presented in Fig. 1 (this study), pre-
vious seismicity estimates from Knapmeyer et al. (2006), Golombek (2002), Golombek
et al. (1992), and Phillips (1991), as well as the values derived from the InSight data
(Banerdt et al., 2020). Similar to Plesa et al. (2018a), the maximum seismic moment for a
marsquake was assumed to be 1029 Nm and the slope was set to 0.625 (Knapmeyer
et al,, 2006), as suggested from the analysis of quakes occurring above the olivine-
bridgmanite transition on Earth (Kagan, 2002).

models that include the recent constraints from the InSight data on core
size and crustal thickness is shown in Fig. 13. Models indicate an annual
cumulative seismic moment between 5.19 x 10'® and 1.52 x 10" Nm,
similar to previous values from thermal evolution calculations (Knapmeyer
et al., 2006; Plesa et al., 2018a). Fig. 13 also includes previous estimates
from lithospheric cooling computed using parametrized thermal evolution
models (Knapmeyer et al., 2006; Phillips, 1991), as well as from total slip
on surface faults (Golombek et al., 1992; Golombek, 2002). The seismic
moment release of the Earth was obtained from Harvard Centroid Mo-
ment Tensor catalog between 1976 and 2013, while that of the Moon was
derived from shallow moonquakes (Oberst, 1987). The seismicity of Mars
was derived based on InSight observations of marsquakes and extrapolated
to the entire planet to account for uncertainties in detecting small and dis-
tant events (Banerdt et al., 2020).

The size-frequency diagram in Fig. 13 is sensitive to the largest seismic
moment assumed. Values of the maximum possible seismic moment for
Mars were estimated based on data from oceanic and continental intraplate
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quakes on Earth and lie around 10 Nmyr~! (Phillips, 1991; Golombek
et al.,, 1992; Golombek, 1994). Adopting this value and using the total
cumulative moment release (Eq. (10)) the moment-frequency relation can
be calculated. Additional uncertainties are related to the seismic efficiency
n that lies between 0.025 and 1 for events on Earth (Ward, 1998b,a), with
values larger than 0.7 being representative for regions located at the border
between North American and Pacific plates and small values indicating
small strain regions, typical for central USA and northwest Europe (Ward,
1998b). In addition, the cumulative moment release is proportional to the
shear modulus, that for PREM varies between 26.6 GPa at the surface to
68.2 GPa at the base of the crust (Dziewonski and Anderson, 1981).

It is important to note that the models of Plesa et al. (2018a) and those
presented in Fig. 12 do not include the contribution of stresses produced
by lithospheric flexure due to loading. Tensile-compressive stresses as well
as shear stresses distribution in the martian lithosphere correlate with sur-
face structures and can aftect the seismic moment distribution in particular
in areas such as Tharsis, Hellas Planitia, Argyre Planitia, Acidalia Plani-
tia, Arcadia Planitia, and Valles Marineris (Gudkova et al., 2017; Batov
et al., 2018). In addition, although the seismicity distribution Fig. 12 in-
cludes the contribution from convective stresses that reflect the presence of
strong mantle plumes in the interior, it does not consider the contribution
from magmatic processes that may be ongoing on Mars. This contribution
may be specifically important in areas close to the large volcanic centers
in Tharsis and Elysium, and may explain the observed seismicity in Cer-
berus Fossae. Thus future models that evaluate the present-day distribution
of seismicity need to include these additional contributions.

Tectonic faults at the surface are important indicators of the internal
stress distribution in the lithosphere (Banerdt et al.,, 1992; Carr, 1974;
Golombek and Phillips, 2010; Wise et al., 1979). However, the distribution
of present-day seismicity cannot be robustly estimated from the distribution
of these features, as this would require knowledge of which faults are ac-
tive today. The distribution of seismically active zones on present-day Mars
could range from a nearly homogeneous one, if all faults are considered
to be seismically active, to limited areas on the northern hemisphere and
in Tharsis and Elysium, if only faults cutting Amazonian terrains are active
today (Knapmeyer et al., 2006; Plesa et al., 2018a). Thus, the localization of
seismic events is essential to constrain the distribution of seismicity. Maps
of the location of seismic events that were recorded by InSight could be
used in future studies to discriminate between scenarios of seismicity dis-
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tribution proposed by the analysis of various stress contributions and fault
locations on the martian surface.

7. Conclusions and future work

The large amount of data and the diversity of data sets that are now
available for Mars provide a unique opportunity to investigate the planet’s
thermal evolution and constrain poorly known parameters such as the man-
tle viscosity, thermal variations in the interior, or the distribution of heat
producing elements between the mantle and the crust. In particular, recent
results of the InSight mission provide the most direct constraints for the
martian interior. Crustal thickness values, the size of the core and informa-
tion about the thickness of the thermal lithosphere can be combined with
interior evolution models to constrain the thermal history and present-day
state of the martian mantle and core.

Global geodynamic models show that the crustal thickness variations
control the surface heat flow and elastic lithosphere thickness pattern. The
present-day elastic lithosphere thickness at the north pole of Mars is one
of the strongest constraints for thermal evolution models and indicates that
the mantle contains less than 45% of the total heat production and/or that
the polar cap has not yet reached elastic equilibrium.

Lithospheric temperatures show strong variations that correlate with
the crustal thickness pattern. These variations lead to a seismic velocities
pattern that can extend to depths of 400 km and deeper, depending on the
exact crustal thickness model and crustal enrichment in HPEs. The seismic
velocities variations due to temperature are larger than due to different
compositional models for the mantle.

Thermal evolution models with a large core and a dry mantle viscos-
ity can match the observed tidal deformation values. The size of the core
indicates that the convection pattern in the mantle is characterized by sev-
eral mantle plumes and downwellings, with stronger plumes preferentially
focused in Tharsis due to a thick insulating crust at this location. Thus,
the formation of the martian crustal dichotomy cannot be explained by an
endogenous process that would require a low degree convection pattern,
but is likely the result of the combined effects of large-scale impacts during
the early martian history and subsequent interior dynamics.

The seismicity obtained from thermal evolution models that employ the
latest crustal thickness and core radius estimates is compatible with the seis-
micity derived from InSight’s observations. The seismogenic layer thickness
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is sensitive to the crustal thickness variations and can be used to exclude
thermal evolution models, if the depth of the events is known and exceeds
the model predicted depth.

Several open questions, however, remain and require more modeling
work and future observations. One of the largest unknowns that still re-
mains is the surface heat flow of Mars. While estimates of the elastic
lithosphere thickness at the north and south poles can be used to constrain
the heat loss and the thermal state of the lithosphere at those locations,
future models need to investigate scenarios, in which recent magmatic ac-
tivity in Tharsis and Elysium is compatible with a large elastic thickness at
the north pole of Mars.

Since the martian core is most likely liquid at present day, geodynamic
thermal evolution models need to investigate whether a thermally driven
dynamo can be reconciled with the duration of the martian magnetic field.
While in a recent study by Greenwood et al. (2021) 1D thermal evolution
models were found compatible with an internally generated magnetic field
between 4.1 and 3.6 Gyr ago, it remains to be tested whether these scenar-
10s are compatible with additional constraints on mantle cooling imposed
by the large elastic lithosphere thickness at the north pole (Broquet et al.,
2020) and by recent volcanic activity in Tharsis and Elysium (Neukum et
al., 2004; Vaucher et al., 2009; Hauber et al., 2011).

Future models need to consider constraints from the Chandler Wobble,
the movement of the pole away from the planet’s average rotation axis, that
have been determined from radio tracking observations of Mars Odyssey,
Mars Reconnaissance Orbiter, and Mars Global Surveyor (Konopliv et al.,
2020). Since the Chandler Wobble period is sensitive to the rheology of the
martian mantle, this would provide, in addition to the tidal quality factor
Q, a valuable constraint for the mantle viscosity and thermal state of the
interior.

Seismic velocities obtained from global geodynamic models need to
be combined with seismic waves propagation to test the effect of varia-
tions in the mantle and lithosphere on estimated travel times. While in the
convective mantle the variations in seismic velocities are typically small,
temperature variations in the lithosphere may significantly affect the travel
times of seismic waves, in particular for travel paths located on the northern
and southern hemispheres.

So far, the distribution of seismicity included only the contributions
from cooling and convective stresses. Future models need to include stresses
associated with topographic loads and evaluate the contribution from mag-
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matic processes. Their predictions for the distribution of seismicity could
be constrained with the observed locations of marsquakes.
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1. Introduction

The Solar system harbors a diverse population of planetary bodies.
These include objects formed of rock, ice, gas, as well as objects of a mixed
composition. Over the past two decades, our understanding of these bodies’
interior structure has been considerably improved owing to the valuable
data provided by several successful space missions. A combined perception
of celestial bodies’ interiors and the mechanisms that govern their evolution
can represent an efficient means to infer information about their past history
and origin which help us to understand how the Solar system has formed
and evolved. Given the scarcity of seismic data for the planetary bodies
except the Earth, the Moon, and Mars, our studies have to rely on remote
sensing and geodetic measurements. An efficient means to infer knowledge
on the planets’ and moons’ interior structure is their tidal response to the
gravitational attraction from other objects.

A planet’s side facing its satellite is attracted by the satellite stronger than
the opposite side. Since the planet’s rotation is, generally, not synchronized
with the period of the orbiting satellite, the satellite exerts a periodically
changing force field and a resulting deformation field in the hosting planet.
These changes in the gravitational potential generated by the satellite are
known as tides (Fig. 1). Aside from the well-known ocean tides on the
Earth, both the Earth and other planets demonstrate atmospheric tides and,
most importantly, bodily tides, a phenomenon on which this chapter con-
centrates. This phenomenon is always reciprocal; so the satellite, in its turn,
is experiencing periodic perturbation of the planet-generated potential, and
is developing periodic deformation. The Sun can also play the same role
and generate tides in the planets and itself experiences tides generated by
them.

Tidal deformation of a celestial body results in both vertical and hor-
izontal displacement of its surface and in the ensuing perturbation of its
gravitational field. These variations are described by three parameters: h, [,
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and k. The two former parameters (h, [) represent the deformations caused
by the tidal force on the planet in the vertical and horizontal directions,
respectively, whereas k represents the induced perturbation in the gravita-
tional field. & and k are known as Love numbers and [ is known is the Shida
number.

The interior of a planetary body is not perfectly elastic and is affected
by internal friction, as a result of which the tidal bulge does not exactly
align with the position of the tide-raising body, but exhibits a phase lag.
The quality factor Q is defined as the inverse of the sine of the absolute value
of the phase angle between the tidal bulge and the direction towards the
tide-raising body. It relates to the energy dissipated by friction per loading
cycle, in such a way that a lower Q implies higher dissipation. Both the
tidal deformation magnitude and the phase lag are sensitive to the large-
scale interior properties of the body, such that a larger deformation (higher
Love numbers) would imply that the interior of the object is less rigid
(contains fluid parts, highly porous material, etc.), while a larger phase lag
would imply that the interior is composed of a material that is more viscous.
Thus, the tidal response, represented in the form of the tidal Love numbers
and tidal quality factor, is used to probe the structural properties of the
planetary body. Owing to their long-wavelength nature, tides sample the
large-scale interior properties of the body and can be used to probe its deep
interior.

Studying the planetary tidal response dates back to Love (1911), in the
early 20th century, when the response of a compressible and homogeneous
Earth model was first computed. With the increasing precision of mod-
ern geodesy, the tidal response of the Earth can be measured by satellite
altimetry and the Global Positioning Systems (e.g., Yuan et al., 2013); the
semidiurnal tidal Love numbers and the tidal quality factor of the Earth
are k, = 0.3531, hy = 0.6072, [, = 0.0843, and Q ~ 10, respectively (Seitz
et al.,, 2012; Krasna et al.,, 2013) (For earlier measurement and analysis,
see Dehant (1987); Mitrovica et al. (1994); Smith et al. (1973); Ryan et
al. (1986); Haas and Schuh (1996); Petrov (2000)). Tidal dissipation in the
Earth takes place predominantly in the oceans, especially in shallow seas.
The dissipation in the oceans excluded, the solid-Earth tidal quality fac-
tor is found to be Q ~ 280 + 70 (Egbert and Ray, 2003). Based on such
measurements, tidal tomography studies have been efficiently used to con-
strain the large-scale features of the Earth’s deep interior, such as the nature
of two large low-shear-velocity provinces (LLSVP) (Métivier and Conrad,
2008; Latychev et al., 2009; Lau et al., 2017).
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Figure 1 Tidal force field and the geometric lag induced in a planet and its satellite
resulting from the gravitational attraction of the two bodies towards each another. Ten-
sion in the body is shown with red and compression with blue arrows where the size of
the arrows indicates the force magnitude. The force field is shown on the unperturbed
bodies. The maximum tidal force in the perturbed body is induced in the side of the
body that faces the perturber. The tidal evolution changes the orbit period of the satel-
lite and spin rate of the rotation of two bodies, driving their orbital properties towards
synchronism.

The purpose of this chapter is to provide an introduction to the existing
knowledge on the interior of the planetary bodies, based on studying their
tidal activity. In this chapter, we cover the fundamental aspects and formula-
tion of tidal modeling and discuss the role played by tides in understanding
the planetary bodies. First, we review the general aspects of viscoelasticity
followed by several viscoelastic models used to mimic dissipation in mate-
rials, next we provide the fundamental information for modeling the tidal
response of a planetary body followed by a brief introduction to tidal evo-
lution and thermal coupling. Next, we discuss the constraints obtained by
using the tidal response measurements in understanding the interior prop-
erties and evolution of several rocky and icy planetary bodies in the Solar
system, i.e., Mercury, Venus, the Moon, Mars, and the largest moons of
gas giants. We also discuss what can be learned from measuring the tidal
response by the anticipated missions to the planetary bodies on which we
currently have either no measurement or measurements without enough
precision. While this chapter mostly discusses the interior structure based
on measurements of tidal response presented by tidal Love number and tidal
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quality factor, we also provide a short summary of the surface geological
features resulting from tidal activity, and of these features’ interpretation for
the interior properties and evolution of the planetary bodies.

2, Viscoelasticity

Tidal dissipation in a planetary body is a complex process which de-
pends on large scale interior structure of the body and the frequency of
excitations. In this section, we review the fundamentals of viscoelastic re-
laxation and the models used to mimic these processes. Note that tidal
dissipation difters from seismic dissipation, because it is defined not only by
the internal structure of the body and the dissipative properties of its layers
but also by the interplay of these properties with the body’s self-gravitation.
Leaving the description of this interplay for Section 4, in the current sec-
tion, we address the rheological properties of the materials, from which the
planetary bodies are formed.

2.1 General aspects

Dissipation in a material is, essentially, a relaxation process whose effec-
tiveness is sensitive to the material composition, temperature, confining
pressure, grain size and, importantly, to the frequency of forcing. The com-
bined influence of these parameters on the energy damping rate is highly
nontrivial, and is defined by complex microscale processes such as grain-
boundary interactions, dislocation migration and the presence of voids and
melt (e.g., Jackson et al., 2002; Jackson and Faul, 2010; McCarthy et al.,
2011; Sundberg and Cooper, 2010; Takei et al., 2014). Hence, an appro-
priate modeling of the viscoelastic behavior of a celestial body is crucial for
the correct interpretation of its tidal measurements.

Mars, as an example, appears to be an instructive case of necessity for
such modeling. Compared to the solid-Earth quality factor at semidiurnal
tides (Q =280£70, Ray et al. (2001)), the Martian quality factor at the pe-
riod of Phobos’s tides (T = 5.55 hr) is surprisingly low, i.e., Q& 78 — 100,
(e.g., Jacobson and Lainey, 2014). Applying the simplistic Maxwell rheol-
ogy to Mars results in an unreasonably low average viscosity (~ 10'* Pa s)
(Bills et al., 2005), in contrast to that estimated for the Earth’s mantle
(~10?>=2% Pa s) (Anderson and O’Connell, 1967; Karato and Wu, 1993).
This result is surprising, given that Mars is expected to have cooled faster
on account of its smaller size, and therefore has a higher viscosity value than
the solid Earth (see, e.g., Plesa et al. (2018); Khan et al. (2018)). The issue
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is resolved by employing a more realistic viscoelastic model attributing the
high tidal dissipation to strong anelastic relaxation in Mars (Castillo-Rogez
and Banerdt, 2012; Nimmo and Faul, 2013; Khan et al., 2018; Bagheri et
al., 2019).

Another example showing the necessity for accurate rheological model-
ing is Venus. Application of a simplistic elastic model to the mantle would
yield to an enticing but naive interpretation for the measured tidal Love
number value (Dumoulin et al., 2017; Konopliv and Yoder, 1996). This in-
terpretation would suggest a fully liquid core (Konopliv and Yoder, 1996).
However, a fully solid iron core has been shown to be a plausible option,
as well, when viscoelasticity is taken into account (Dumoulin et al., 2017;
Yoder, 1995). Further insights about tides on Venus and Mars are provided
in Sections 5.2 and 5.4, respectively. These examples reveal that accurate
modeling of viscoelastic dissipation in planetary bodies is essential to un-
derstanding their interior structure.

Based on various friction mechanisms taken into account, several vis-
coelastic models have been proposed and constrained by means of labora-
tory experiments (e.g., Gribb and Cooper, 1998; Faul et al., 2004; Jackson,
2005; Jackson and Faul, 2010; Takei et al., 2014). Most of the experimental
studies have focused on rocky materials such as olivine and orthopyroxene
(see, e.g., Quetal. (2021) and Jackson and Faul (2010)), whereas few studies
have considered the dissipation in ice (McCarthy and Cooper, 2016). These
models have been utilized to study the planetary data (Lau and Faul, 2019;
Nimmo et al., 2012; Nimmo and Faul, 2013; Khan et al., 2018). Because of
its ease of implementation, the Maxwell rheology has long been employed
to model the viscoelastic behavior of the planets and moons, and has been
especially popular in the studies of very long timescales such as glacial iso-
static adjustment (Al-Attar and Tromp, 2013; Crawford et al., 2018; Ivins et
al., 2021; Lau et al., 2021). This model, however, fails to accommodate the
transient anelastic behavior between the fully elastic and viscous regimes
(Rambaux et al., 2010; Renaud and Henning, 2018; Castillo-Rogez and
Banerdt, 2012), which makes it inapplicable at seismic and oftentimes at
tidal frequencies.

Due to the shortcomings of the Maxwell model, in later studies it was
suggested to rely on a combined Maxwell-Andrade model, often referred to
as simply the Andrade model (e.g., Andrade, 1910; Rambaux et al., 2010;
Castillo-Rogez et al., 2011; Efroimsky, 2012). More sophisticated options,
such as the Burgers model and the Sundberg—Cooper model incorporate
anelasticity as a result of elastically-accommodated and dislocation- and
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diffusion-assisted grain boundary sliding processes (Burgers, 1935; Sund-
berg and Cooper, 2010; Jackson, 2005, 2000; Jackson and Faul, 2010).
These models can be further adjusted to take into account the effect of
grain size, frequency, temperature, and pressure on the dissipation — a fun-
damental set of parameters that are needed to describe planetary interiors
(e.g., Jackson and Faul, 2010).

Geophysical analysis enables us to test viscoelastic models against the
attenuation data gleaned over a broad frequency range: from seismic wave
periods (<1 s) over normal modes (~1 hr), bodily tides (hrs-days), and
Chandler Wobble (months), to very long-period tides (~20 years). This
frequency gamut is spanning five orders. Equipped with this knowledge,
we can then model the quality factors of planets and use the available mea-
surements to predict the dissipation behavior over a large range of periods.
Fig. 2 shows the measured quality factor of the solid Earth as a func-
tion of period, ranging from seconds to years. Here, the extended Burgers
viscoelastic model (described in Section 2.4) has been considered and con-
strained by geophysical observations (Lau and Faul, 2019). In this figure,
dissipation in the measured surface waves, normal modes, semidiurnal M2
tides, Chandler Wobble, and the 18.6 yr long-period tides are taken into
account. As shown in the figure, studying the dissipation in the Earth, par-
ticularly its frequency dependence, has resulted in diverse interpretation,
revealing the complexity of this process and the need for further consider-
ations.

Studying tides is not limited to rocky planets. In the recent years, sub-
stantial attention has been devoted to the tidal dynamics of icy systems
such as Trans-Neptunian Objects, including the Pluto—Charon binary and
Kuiper belt objects (e.g., Bierson et al., 2020; Bagheri et al., 2022; Rho-
den et al., 2020; Saxena et al., 2018; Arakawa et al., 2021; Renaud et al.,
2021), as well as the Galilean moons, lapetus and Enceladus (e.g., Kamata
and Nimmo, 2017; Shoji et al., 2014; Spencer, 2013; Tyler, 2009, 2014;
Beuthe, 2019; Tyler, 2011). All these bodies are either presently tidally ac-
tive or experienced significant tidal activity in their history. Understanding
the tidal response of these bodies is essential to constrain their origin and,
more importantly, to assess in some cases the potential habitability of their
interior. Modeling their past evolution requires information on dissipation
in ice. Due to the much lower viscosity of ice in comparison to rocks (Mc-
Carthy and Cooper, 2016), dissipation in ice can easily dominate that in the
rock in the bodies containing parts composed of both ice and rock. This
applies also to binaries in the outer Solar system where the temperature is
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Figure 2 (a) The frequency dependence of normalized attenuation, Q" for the solid
Earth, displaying the contrasting absorption bands reported by Benjamin et al. (2006)
and Leki¢ et al. (2009) (orange-dashed and blue-solid lines, respectively). The former
study used geodetic observations of the semidiurnal and long-period tides and of the
Chandler Wobble (CW), whose periods are indicated by the vertical black dotted lines.
The latter study used surface wave and normal mode data whose frequency bands are
marked by blue boxes. (b) Main panel: schematic frequency dependence of attenuation
of the Extended Burgers model (Faul and Jackson, 2015). Inset: the mechanical com-
ponents of the Extended Burgers model in spring-dashpot representation. Figure and
caption modified from Lau and Faul (2019). For further details on the figure, please refer
to the (Lau and Faul, 2019).

too low for the rocky fraction to dissipate energy, and most of the tidal
dissipation is taking place in the ice layers. The viscoelastic behavior of ice
can be studied using the same models as those used for rocks (Renaud et
al., 2021; Sundberg and Cooper, 2010; Bagheri et al., 2022).

The mentioned viscoelastic models have been used to study dissipation
in the planetary bodies (discussed in Section 5), although the measured
data for the planetary bodies other than the Earth is considerably more
limited. In the next sections, we review the theoretical aspects of material
viscoelastic properties followed by a summary of several laboratory-based
rheological models. Note that here, we are mostly focusing on the solid
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body tides, not on the dissipation in fluid parts such as the molten core
or the surface and subsurface oceans. The effect of liquid parts on tidal
dissipation is a complex process believed to be responsible for phenomena
such as libration of Mercury (e.g., Rambaux et al., 2007; Margot et al.,
2007; Peale, 2005) or precession of the Moon (e.g., Yoder, 1981; Cébron et
al., 2019; Williams et al., 2001). Moreover, it has been argued that in some
circumstances dissipation in the ocean can dominate that in the solid parts
(Tyler, 2008; Tyler et al., 2015; Tyler, 2009). However, detailed discussion
on the possibility of significant tidal dissipation in the ocean is outside the
scope of this study.

2.2 Constitutive equation

Rheological properties of a material are expressed by a constitutive equa-
tion linking the present-time deviatoric strain tensor u,,(f) with the values
assumed by the deviatoric stress o, (t") over the time ¢’ < t. When the rhe-
ological response is linear, i.e., when the resulting strain is linear in stress
(which is usually the case for strains not exceeding 107¢ (Karato, 2008)),
the equation is a convolution, in the time domain:

t .
2y, (1) =f Jt=1t) o (thdt" o)
and is a product, in the frequency domain:

211, () = J(X) G50 (X) - @)

In Eq. (1), ¢ is time and the kernelj (t—1t’) 1s a time derivative of the compli-
ance function J(t —t'), also called creep function, which carries all information
about the (linear) rheological behavior of the material. Naturally, deforma-
tion of a viscoelastic solid depends on the time evolution of the applied load
(Chawla and Meyers, 1999). In Eq. (2), x stands for the frequency, i, (x)
and &, (x) denote the Fourier images of the strain and stress tensors, while
the complex compliance function, or simply complex compliance J(x) is a Fourier
image of J(t — t'). For details, see, e.g., Efroimsky (2012).

While elasticity is a result of bond-stretching along crystallographic
planes in an ordered solid, viscosity and dissipation inside a polycrystalline
material occur by motion of point, linear, and planar defects, facilitated
by diffusion. Each of these mechanisms contributes to viscoelastic behav-
ior (e.g., Karato, 2008). As can be observed from Eq. (1), the response
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of the material to forcing comprises (a) an instantaneous elastic response,
(b) a semirecoverable transient flow regime where the strain rate changes
with time, and (c) a steady-state creep. Accordingly, the creep function for
a viscoelastic solid consists of three terms:

Jo =] + f( + t/n ., 3
— -~ —— —

Creep function  Elastic ~ Transient strain-rate ~ Viscous

n being the shear viscosity. The Fourier image of J(f) is the complex com-
pliance J(x) = R[J )1+ iS[J(x)], where x is the frequency. The associated
shear quality factor is given by

Q! = VWL (4a)
SR+ 0001

For solids far from the melting point, the instantaneous (elastic) part of
RUCON > 13J GO, in which

deformation is usually sufficiently large:
case we have

ISTGOT

1
LU ool

(4b)
This quality factor is responsible for attenuation of seismic waves, and may
vary in both vertical and lateral directions within a planet." An intrinsic
material property, Q;(x) is different from the degree-n tidal quality factors
Qu(x) characterizing the planet as a whole as will be presented in Sec-
tion 5.4. As explained in Efroimsky (2012, 2015) and Lau et al. (2017),
the distinction comes from the fact that the tidal factors are defined by
interplay of self-gravitation with the overall rheological behavior (gener-
ally, heterogeneous). In simple words, self-gravitation pulls the tidal bulge
down, thus acting as an effective addition to rigidity. While at sufficiently
high frequencies this effect is negligible, it becomes noticeable at the lowest
frequencies available to analysis.

Below, we consider the Maxwell, Burgers, extended Burgers, Andrade,
Sundberg—Cooper, and extended Sundberg—Cooper rheologies, as well as

! Note that seismic attenuation takes place as a result of three effects: intrinsic anelasticity, geometric
spreading, and scattering attenuation. The viscoelastic models discussed here only represent the atten-
uation due to intrinsic anelasticity and not the other two effects, all of which have to be taken into
account in the study of dissipation of seismic waves (see, e.g., Cormier, 1989; Lognonné et al., 2020;
Bagheri et al., 2015; Lissa et al., 2019; Winkler et al., 1979; Margerin et al., 2000).
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Figure 3 Schematic representation of viscoelastic models in terms of springs and dash-
pots. A spring element (E1) represents a purely elastic response, while a dashpot ele-
ment (E2) is representative of purely viscous damping. A series connection of elements
1 and 2 is representative of the response of a Maxwell model (irrecoverable), while a con-
nection of elements 1 and 2 in parallel (element 3) results in an anelastic (recoverable)
response with a discrete (single) spectrum of relaxation times. Arrows on spring and
dashpot in element 4, conversely, indicate an element that incorporates a continuous
distribution of anelastic relaxation times and results in a broadened response spectrum
(Bagheri et al., 2019).

a simplified power-law scheme. These models were derived from labora-
tory studies of various regimes of viscoelastic and anelastic relaxation. The
applicability realm of each model depends on parameters such as the grain
size, temperature, and pressure. Each model can be represented as an ar-
rangement of springs and dashpots connected in series, or in parallel, or
in a combination of both connection methods as shown in Fig. 3 (Findley
and Onaran, 1965; Moczo and Kristek, 2005; Nowick and Berry, 1972;
Cooper, 2002; Jackson et al., 2007; McCarthy and Castillo-Rogez, 2013).
Instantaneous elastic response is mimicked by a spring, while a fully vis-
cous behavior is modeled with a dashpot. A series connection (a Maxwell
module) implies a nonrecoverable displacement, while a parallel connec-
tion (a Voigt module) ensures a fully recoverable deformation. Schematic
diagrams of four viscoelastic models are shown in Fig. 3.
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2.3 Maxwell

Maxwell is the simplest model of the viscoelastic behavior and can be inter-
preted as a series connection of a spring and dashpot. In the time domain,
the creep function for this model is:

Ji =]+ % , 5)

n being the viscosity, and J being the shear elastic compliance related to the
shear elastic modulus u by

1
J=-. ©)
u
The real and imaginary parts of the complex compliance are
RUGO1=] , 7)
- 1 1
SYI==—=-]J ; (8)
XN X ™™
where x is the frequency, and the Maxwell time is introduced as
n
=)= ©)
w

It is the timescale of relaxation of strain after the stress is abruptly turned
off.

Lacking a transient term, the Maxwell model implies an elastic regime
at high frequencies and a viscous-fluid regime in the low-frequency limit.
It provides a reasonable approximation for reaction to very-long-period
loading such as glacial isostatic adjustments (Peltier, 1974). On the other
hand, the model is less adequate at tidal and especially seismic frequencies
where transient processes are present.

2.4 Burgers and extended Burgers

The shortcoming of Maxwell’s model in representing a transient response
at the frequencies residing between the elastic and viscous bands can be
rectified by introducing a time-dependent anelastic transition between these
two regimes. This gives birth to the Burgers rheology:

J® =JU|:1+A|:1—€XP(—£>i|+T;:| , (10)
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where Jy is the elastic compliance, A is the so-called anelastic relaxation
strength, and 7 is a characteristic time of the development of anelastic
response. While the Maxwell model does not discriminate between the
unrelaxed and relaxed values of J, the Burgers model does. From the
above expression for J(f), we observe that while Ji; is the unrelaxed value,
Ju (1 4+ A) =g is its relaxed counterpart. This conclusion can be deduced
also from the expression for the compliance in the complex domain:

Joo =%[Joo] + i3] . (11)

XT
14 x27
(12)

_ A _
RGO =Ju (1 + szrz) , SO =JuA

By inserting these expressions for R[J(x)] and I[J(x)] into definition (4a)
for Q! it is easy to demonstrate that for this model the inverse qual-
ity factor possesses a peak, which makes the model applicable to realistic
situations where such a peak appears in experiments.

More generally, the anelastic relaxation time 7 can be replaced with
a distribution D(7) of relaxation times over an interval specified by an
upper (ty) and lower (r1) bounds (Jackson and Faul, 2010). From a mi-
cromechanical point of view, this distribution is associated with diffusionally
accommodated grain-boundary sliding. This is how the so-called extended
Burgers model emerges:

T =Ju [1 +A/’H D(r) [1 — exp (- 5)} dr + i] . (13)

where JyA, as in the Burgers model, is the increase in compliance associ-
ated with complete anelastic relaxation.
The corresponding components of the complex compliance are:

- “ D(r)
~r3 _ ot D(t) 1
01 = Ju(X Afu e m) . (1)

A commonly used distribution of anelastic relaxation times associated with
the background dissipation is the absorption band model proposed by Min-
ster and Anderson (1981). Within that model, D(t) is implemented by the
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function D(t, «) bearing a dependence on a fractional parameter a:

0 for T ¢[tL, tH],
Do) =1 _qre! fortp <t <t (16)
e p—— L H
where 0 < o < 1, while 7, and 1y denote the cut-offs of the absorption
band where dissipation is frequency-dependent and scales, approximately,”
as Q, o« x*. The lower bound of the absorption band ensures a finite shear
modulus at high frequencies and restricts attenuation at those periods.
Jackson and Faul (2010) found that their experimental data were better
fit by including a dissipation peak in the distribution of anelastic relaxation
times, which is superimposed upon the monotonic background along with
the associated dispersion. This background peak is attributed mostly to slid-
ing with elastic accommodation of grain-boundary incompatibilities (see
Takei et al., 2014, for a different view). In this case, D(t) writes as

Dp(7) =

—In (T/TP)> (17)

1
ex
ot 27 p( 207

peaked around some 7p, a new timescale to be a part of the model.

2.5 Andrade

‘While the extended Burgers model incorporates a distribution of relaxation
times within a restricted timescale to account for the transient anelastic
relaxation, the Andrade model implies a distribution of relaxation times

over the entire time domain:

JO=Ju+ B+ % , (18)

2 Using approximation (4b), estimating the real part of the compliance as its elastic term, and also
neglecting the viscous term in the imaginary part, we observe that

; MiD@dr | ah f*’” DA e e @A
1 T X X X I—a ol .
: A _ _ o
Qe ‘/;L 1 +X212 Tﬁz*Tf XTL ]‘5‘)(21’2 (xo) -[IL_Ylil.ID‘t X GO s
where

T zdz 1 11 2

A(X)E/ = 5 = 71n(l+z2)|er = — 1HL”’)2 .
o 14z 2 XL 2 1 ()

o

Since the function A(x) is slower that the power function x ™, we may say that within this crude

approximation the quality factor scales as about x“.
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where o defines the frequency-dependence of the compliance.” Having
fractional dimensions, the parameter 8 is somewhat unphysical. For this
reason, it was suggested by Efroimsky (2012, 2015) to cast the compliance

as
t\* ot
Jo=g[1+ (L) + L] (19
T4 ™
with the parameter t4 defined through
B=r1,"Ju (20)

and named the Andrade time. A justification for this reformulation will be
provided shortly.

With T" denoting the Gamma function, the complex compliance corre-
sponding to (19) writes as:

JOO =Ju [l + (ixt) ™ T +a) — i(xa) '] . (21)

its real and imaginary parts being

RGO =Ju [1 +T(1+a) (xTa) ™ cos (“7”)} , (22)

oTm

Se01= —Ju [F(l +o) () sin () + (er)‘l} @)

The absorption band in this model extends from 0 to co. In other words,
anelastic relaxation effectively contributes across the entire frequency range
from short-period seismic waves to geological timescales. This generates
two problems.

First, in the situations where the anelastic behavior is dominated by de-
fect unjamming, it has a low-frequency cut-off, as explained by Karato and
Spetzler (1990, eqn 17).* The presence of this feature can be built into
the Andrade model “by hand,” by assuming that the Andrade time quickly
grows to infinity (or, equivalently, that the parameter 8 quickly reduces to
zero) as the frequency goes below some threshold value. So, for frequencies

3 Following a long-established convention, we are denoting the Andrade dimensionless parameter with
a. For the same reason, we denoted with « a parameter emerging in distribution (16). It should
however be kept in mind that these two «'s are different parameters and assume different values.

* According to Figure 3 in Karato and Spetzler (1990), for the Earth mantle the threshold is located at
about 1/yr. However, due to the sensitivity of this threshold to the temperature and pressure, for the
mantle as a whole this threshold is smeared into a transition zone covering a decade or two.
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below this threshold, the response of the material is overwhelmingly vis-
coelastic, while above the threshold the response becomes predominantly
anelastic. At this point, we can appreciate the convenience of employing
74 instead of B: it turns out (Castillo-Rogez et al., 2011, Fig 4) that for
olivines 74 and 1) are similar over an appreciable band of frequencies:

TAR TN - (24)

Second, within the Andrade model it is impossible, by distinction from the
Burgers and extended Burgers models, to write down the relaxed value
of J. This problem finds its resolution within the Sundberg—Cooper and
extended Sundberg—Cooper models discussed below.

2.6 Sundberg-Cooper

Similarly to the Maxwell model, in the Andrade model it is conventional to
identity the elastic compliance | with its unrelaxed value Ji;. Consequently,
just as the Maxwell model is extended to Burgers, so the Andrade model
can be extended to that of Sundberg and Cooper (2010), to account for the
combined effects of diffusional background and elastically-accommodated
grain-boundary sliding:

t
JO =Ju+]JuA (1—eft/f)+ﬂt“+; . (25a)
In terms of the Maxwell and Andrade times, this creep function can be

written down as

JO=Ju [1 + A (1—e—f/f)+<i>a+ : } : (25b)

TA ™

In the frequency domain, this compliance writes as

- A
RGO =JU[1 + D1 +) (e cos (50) + TX%Z} o)

am

T —a o A -1
%[J(x)]=—JU[F(1+a>(xrA) sin () + x 5+ Octw) ]

_ra
1+ x2%t
(27)

the corresponding Q;!(x) possessing a peak.
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A further extension of the Sundberg—Cooper model can be performed
in analogy with the extended Burgers model. The term containing the
parameter T can be replaced with an integral specifying a distribution of
anelastic relaxation times 7, as in Eq. (13).

The real and imaginary parts of the complex compliance for the ex-
tended Sundberg—Cooper model are:

- w D
RJCOI =JU[1 + (1 +a) (xt4) *cos (%) + A[ %):2)12 dtj|
(28)
T . [am
SU1= —Ju [F(l +a) (x t4) “sin <7>
™ D(t) ~
+XA/IL mdtﬁ-(}(f‘w)l}, (29)

where D(7) is given either by expression (17) or by (16). In the latter case,
it is important to mind the difference between the Andrade exponential «
and the parameter entering distribution (16). While in Eq. (16) we denoted
the parameter with the same letter & and wrote the function as Dg(7, @), in
Egs. (28)—(29) this function should appear as Dp(t, «1), with o generally
different from the Andrade a.

2.7 Power-law approximation

Finally, we consider a power-law approximation sometimes used for fitting
measurements (e.g., Jackson et al., 2002). As we shall now demonstrate,
this description follows from the Andrade model (22)—(23) under the sim-
plifying assumptions that the anelastic dissipation is weak and that the
viscoelastic dissipation is even weaker:

Assumption 1: (x74) " <1, (30a)
Assumption 2: (x ) <« (xTa) 7Y (30b)

5 We indeed see from Eq. (22) that assumption (30a) implies the weakness of anelastic dissipation. It
can also be observed from Eq. (23) that assumption (30b) implies the weakness of viscoelasticity as
compared to anelasticity.
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Approximations (4b) and (30b) enable us to write the inverse shear quality
factor as

RV

e JU_ 4 — gin (25 31
&= et = oo "o (5 e
or, equivalently,
4 ary Ju o o
Q; " cot (7) ~ [7(X)| '+ o) (xt4) “ cos (—2 ) . (32)

With aid of inequalities (30), [J()x)| can be written down as

JOOl ~ Ju [1+ T +a) ez cos ()] - (33)

Combining Egs. (32) and (33), we arrive at

Ju ~
TGOl

1- Q! cot(%) . (34

Also, the approximate expression (31) can be concisely reparameterized
through the forcing period 27/ x:

o
Q' ~ A (2—”) ., A=T(+a)sin (ﬂ) Qroy® . (35)
X 2
Together, Egs. (34)—(35) constitute a simplified version of the Andrade
model, a version that is valid when both assumptions (30) are fulfilled,
which is often the case at seismic frequencies.
Fig. 4 compares the frequency-dependent shear modulus and the qual-
ity factors rendered by different rheological models (Bagheri et al., 2019).
This figure readily reveals that Maxwell model and power-law become im-
practical when it is necessary to describe a wide range of periods. The other
three models, i.e., the extended Burgers, Andrade, and Sundberg—Cooper
ones, sometimes render similar dependencies, though in Section 5 we shall
see that the choice of the right rheology may become very important in
modeling of tides.

2.8 Rescaling for different values of the temperature,
pressure, and grain size

To make a rheological model practical, it is necessary to endow the
timescales and other parameters of the model with a dependency on the
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Figure4 Computed variations of relaxed shear modulus (Gg) and shear attenuation (Qs)
with period for the five rheological models considered in this study. Gg (a) and Qs (b)
as a function of period at constant temperature and grain size; the vertical lines show
periods of interest: seismic body waves (1 s), normal modes (1 hr), main tidal excitation
of Phobos on Mars (5.55 hr), and main tidal excitation of the Sun (12.32 hr). Figure is
modified from Bagheri et al. (2019).

grain size d, temperature T, and pressure P. For the Maxwell time, Morris
and Jackson (2009), Jackson and Faul (2010), and McCarthy et al. (2011)

suggested the following rescaling prescription:

S R (A (1)

where R is the gas constant, E* is the activation energy, I’* is the acti-
vation volume, m,, is the grain size exponent for viscous relaxation, P is
the pressure, T is the temperature, and 7y is a normalized value of the
Maxwell time at a particular set of reference conditions (dy, Py, and Tp).
In this expression, both exponential functions come from the rescaling of
viscosity n, under the assumption that the rigidity u stays unchanged under
the variations of both T and P. This assumption is acceptable for temper-
atures not exceeding about 3/4 of the melting temperature, which in its
turn, is a function of pressure.

While the above formula is sufficient to rescale the Maxwell model,
a more complicated expression is needed in the case of the Burgers model
that has an additional timescale . An even more involved expression is
required for the extended Burgers model that has three additional timescales
71, Ty, Tp. Jackson and Faul (2010) suggested to extend (36) to all these
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timescales:

L[\ EN(1 1 V*\(P P
el el () IG5
(37)

where all parameters are as in Eq. (36), while i = M, L, H, P. The grain
size exponential m, can be different for the anelastic (m,, for i=L, H, P)
and viscous (my, for i = M) relaxation regimes.

In the case of the Andrade model, Jackson and Faul (2010) adjust for the
variations of d, T, and P by replacing the actual period with the following
pseudo-period:

s (4) ) RG],

This is equivalent to a simultaneous rescaling of both the Maxwell and

Andrade times by formula (36). To apply it to the Andrade time, one may
hypothesize that 74 and 1y either are equal or are staying proportional
within the considered realm of temperatures, pressures and grain sizes. For
74, the power m, should assume its anelastic value m,,, like in the case of
the Burgers model. While this rescaling is natural for the Maxwell time, its
applicability to the Andrade time still requires justification.

Similarly to the complete Andrade model, its simplified version
(34)—(35) becomes subject to prescription (38). In Eq. (35), a replace-
ment of the actual forcing period 27/x with the pseudo-period X given
by Eq. (38) yields:

Q' ~AX™. (39)

Just as in the case of the full Andrade model, the applicability of this rule
to the power law needs further study.

The parameters involved in the considered viscoelastic models often
need more accurate constraining. Extensive experimental work has been
carried out in this direction (Jackson, 2000, 2005; Jackson and Faul, 2010;
Jackson et al., 2007, 2002; Sundberg and Cooper, 2010; Qu et al., 2021;
McCarthy et al., 2011). In addition, understanding of the effects of porosity
or the presence of partial melt needs further research. Constraints on the
effect of the involved parameters will help to obtain more detailed insights
into the interiors of the planetary bodies and to develop interpretation of
the existing and upcoming measurements. In the literature on tides, each
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of the afore-mentioned viscoelastic models has been used. In Sections 3
and 4, we address other aspects required for modeling the tidal response
of planetary bodies. Those aspects are used in combination with the vis-
coelastic models to constrain interior properties of the planets and moons,
as discussed in Section 5.

3. Tidal and thermal evolution in planetary systems

3.1 Tidal evolution

Viscoelastic tidal dissipation in gravitationally interacting planetary bodies
results in an angular momentum exchange between the spin and orbit of
the bodies. This process results in an evolution of the spin and orbital rates
towards low spin-orbit resonances, e.g., 1:1 for most moons or 3:2 for Mer-
cury, and in the damping of eccentricity and inclination of the orbit. The
conservation of the angular momentum of the two-body system implies an
evolution of the separation, eccentricity, and inclination, while the dissipa-
tion of the rotational kinetic energy leads to heat deposition in the orbital
partners. When the perturbed body rotates faster than the perturber is or-
biting above its surface, the tidal bulge leads the perturber and exerts such
a torque on the perturber that the semimajor axis of the orbit expands.
On the other hand, if the tidally perturbed body rotates slower than the
perturber’s orbital rate, the bulge lags behind and exerts on the perturber a
torque contracting the semimajor axis, provided the orbital eccentricity is
not very large. The boundary between these cases is commonly defined by
a distance between the two bodies, known as synchronous radius, at which
the perturber’s mean motion equals the hosting body’s spin rate. It however
was demonstrated by Bagheri et al. (2021) that this division is valid only
for low eccentricities, while at higher eccentricities a satellite originally lo-
cated above the synchronous radius can cross it and migrate downwards to
the hosting planet.

Studying of the orbital evolution of celestial bodies helps to con-
strain the history of the planetary systems and their origin. For ex-
ample, numerous studies have targeted the dynamical evolution of the
Earth—-Moon system, exploiting the Moon’s present-day separation rate of
38.08 £ 0.19 mm/yr observed from the Lunar Laser Ranging (LLR), em-
ploying various tidal evolution models (Webb, 1982; Touma and Wisdom,
1998; Williams et al., 2014; Rufu and Canup, 2020; Wisdom and Tian,
2015; Cuk et al., 2016b; Canup and Asphaug, 2001; Zahnle et al., 2015;
Farhat et al., 2022). Another important example is the discovery of the
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unexpectedly rapid migration of the Saturnian moon Titan (~11 cm/yr)
(Lainey et al., 2020) that has been used to explain the large obliquity of
Saturn. This measurement invalidates the traditional belief (Hamilton and
Ward, 2004) that the presently observed obliquity of the rotation axis of
Saturn is a result of the crossing of a resonance between the spin-axis pre-
cession and the nodal orbital precession mode of Neptune that happened
during the late planetary migration more than 4 Gyrs ago. Instead, Sail-
lenfest et al. (2021) proposed that the resonance was encountered more
recently, about 1 Gyr ago, and forced Saturn’s obliquity to increase from
a small value to its current state. Another example is the measurement of
Phobos’ migration rate towards its host at a rate of ~1.8 cm/yr. This obser-
vation has been used to constrain the Martian moons’ origin and interior
properties (Yoder, 1982; Bagheri et al., 2021; Singer, 1968; Samuel et al.,
2019) as discussed in Section 5.4. Based on this observation, it has been also
shown that Phobos will collide with Mars’s surface in ~30-50 Myrs (e.g.,
Bills et al., 2005).

The rate at which tidal evolution takes place depends on the orbital
parameters such as the distance between the two bodies, spin and orbital
periods, eccentricity of the orbit, and on the physical properties of these
bodies’ interiors, that affect viscoelastic dissipation. Modeling tidal evolu-
tion comprises the following major steps:

(1) Decomposition of the tidal potential into Fourier harmonic modes.

(2) Assigning to each Fourier mode a specific phase lag and magnitude.

The first step can be carried out by means of a development by Kaula
(1964) who explicitly wrote down Fourier expansions for both the perturb-
ing potential and the additional tidal potential of the perturbed body. To
perform the second step, simplified tidal models such as constant phase lag
model (CPL) (MacDonald, 1964; Goldreich, 1966; Murray and Dermott,
1999) and constant time lag model (CTL) (Singer, 1968; Mignard, 1979,
1980, 1981; Hut, 1981; Heller et al., 2011) were introduced for analytical
treatment and applied to rocky moons and planets, as well as gas giants.

Despite their popularity, both the CTL and CPL models have been
shown to suffer problems of both physical and mathematical nature
(Efroimsky and Makarov, 2013, 2014). The CTL model implies that all
the tidal strain modes experience the same temporal delay relative to the
corresponding stress modes (Efroimsky and Makarov, 2013; Makarov and
Efroimsky, 2013). The CPL model, on the other hand, is not supported
by physical principles because it assumes a constant tidal response indepen-
dent of the excitation frequency — which is incompatible with geophysical
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and laboratory data as shown in various studies (Jackson and Faul, 2010;
Jackson, 2005; Khan et al., 2018; Bagheri et al., 2019; Lau and Faul, 2019;
Nimmo et al., 2012; Nimmo and Faul, 2013).

The shortcomings of the CTL and CPL models are resolved by assigning
individual phase lag and amplitude decrease to each Fourier mode. This
assignment is defined by the rheology of the body and is also influenced
by its self-gravitation. A combination of the properly performed steps (1)
and (2) provides a means for calculating spin-orbit evolution of planets
and moons (Boué and Efroimsky, 2019), including modeling their capture
into spin-orbit resonances (Noyelles et al., 2014). Further extensions of
this approach were developed to extend the formalism to highly eccentric
orbits (Bagheri et al., 2021; Renaud et al., 2021; Bagheri et al., 2022) and to
include the effect of physical libration in longitude (Frouard and Efroimsky,
2017; Efroimsky, 2018a).

3.2 Tidal-thermal evolution coupling

Tidal dissipation is not only responsible for the observed orbits and spin
states of celestial bodies, but also can affect these bodies’ thermal evolution.
Thermal evolution is responsible for the planetary bodies’ differentiation,
melting, and volcanism. The principal heat sources in a binary system are
(see, e.g., Hussmann et al. (2006)): (a) the heating associated with accretion
during planet formation, (b) the gravitational energy released during plan-
etary differentiation, (c) radiogenic heating in the silicate component due
to the decay of long-lived radioactive isotopes (U, Th, and K), and (d) tidal
heating due to viscoelastic dissipation. Of these sources, only (c) and (d) are
of relevance for the long-term evolution of the planet while the two first
sources are mostly linked to the early stages of planetary accretion.
Thermal evolution implies heat being transported to the surface of the
body either by conduction or convection, and as a consequence, the inte-
rior temperature varies with time. This results in substantial changes in the
interior structure and physical properties of the body, such as viscosity and
rigidity, which in turn, can considerably change the tidal response of the
body and affect its orbital evolution and spin. In the solar system, we can
find several examples where tidal and thermal evolution aftect one another.
For example, in Europa, tidal heating can be intense enough to maintain
the presence of a liquid surface or subsurface ocean, though there is no
consensus on whether the tidal dissipation is taking place predominantly
in the ocean or the ice shell (e.g., Tyler et al., 2015; Choblet et al., 2017;
Hussmann and Spohn, 2004; Tobie et al., 2003; Rhoden and Walker, 2022;
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Sotin et al., 2009). Moreover, tidal heating can result in volcanism, like in
To, considerably exceeding the heating by long-term radiogenic isotopes
(e.g., Peale et al., 1979; Van Hoolst et al., 2020; Kervazo et al., 2022; Foley
et al., 2020; de Kleer et al., 2019a,b). When considerable portion of ice or
liquid water is present inside the body, tidal heating can entail cryovolcan-
ism. This is believed to be the case in several icy moons such as Enceladus,
Titan, Europa, and Triton (e.g., Spencer et al., 2009; Sohl et al., 2014;
Vilella et al., 2020; Hansen et al., 2021; Hay et al., 2020). In all of the
mentioned examples, the tidal and thermal evolution have comodulating
effects on each other. This, necessitating their joint consideration in evalu-
ating the evolution and present-day state of planetary systems. Since in this
chapter we mostly focus on tides with referring to thermal evolution only
in cases where tidal dissipation plays an important role, we do not provide
more details on thermal evolution modeling.

4. Tidal potential, Love numbers, and tidal response
4.1 Static tides

Consider a spherical body of radius R. An external perturber of mass M*,
located at a point +* = (r*, A*, ¢*), in the body frame, generates the fol-
lowing disturbing potential at a point R = (R, ¢, A) on the surface of the
body:

WR, ) = 3 WR, ) = - G M* 5 (?) Py(cosy) , (40)

n=2 r n=2

where R < r*, the letter G denotes the Newton gravity constant, ¢ is
the latitude reckoned from the spherical body’s equator, A is the longitude
reckoned from a fixed meridian, P,(cosy) are the Legendre polynomials,
while y is the angular separation between the vectors #* and R pointing
from the center of the perturbed body.

In a static picture, the additional tidal potential arising from the defor-
mation of the perturbed body is a sum of terms U, each of which is equal to

W, multiplied by a mitigating factor k, (R/r)""!

, where k, is an n-degree
Love number. With the perturber residing in #*, the additional potential at

apoint r=(r,¢,A) is

0o 00 n+1
U(V, V*)ZZ L]”(V, 1'*) = Z kn <§) VVM(Rv 1’*) . (41)

n=2 n=2
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Note that in this equation, it is implied that while the surface point has the
coordinates R = (R, ¢, A), the coordinates of the exterior points are r =
(r, ¢, 1), with r > R. In simple words, the point r is located right above R.
Along with the potential Love numbers k,, the vertical displacement Love
numbers &, and the horizontal displacement Shida numbers [, (Shida, 1912)
are in use. They appear in the expressions for degree-n vertical displacement
H, and horizontal displacement L, of a surface point:

hy
Hn = I/Vn(Ra f*) ) (42)
£
ln
Ln = - VI/Vn(R’ f*) ) (43>
£

where g is the surface gravity. While static tides imply permanent deforma-
tion of the planet or moon, on nonsynchronous orbits time-varying tides
are raised in the bodies.

4.2 Actual situation: time-dependent tides

For time-dependent tides, the above formalism acquires an important addi-
tional detail: the reaction lag, as compared to the action. Within a simplistic
approach, we might simply take each IV, at an earlier moment of time. In
reality, this simplification is too crude, because lagging depends on fre-
quency; so each W, must be first decomposed into a Fourier series over
tidal modes, and then each term of the series should be endowed with its
own lag. The magnitude of the tidal reaction is also frequency dependent,
as a result of which each term of the Fourier series should now be mul-
tiplied by a dynamical Love number of its own. Symbolically, this may be
cast in a form similar to the static-case expression:

0 00 n+1
Ulr, r) =) Ufr,r) = ) (?) ky W(R, v%) . (44)

n=2 n=2

The hat in k, serves to remind us that this is not a multiplier but a linear
operator that mitigates and delays differently each Fourier mode of IW,.

A degree-n component of potential (44) can be found by means of a
convolution-type Love operator (Efroimsky, 2012):

R n+1 to
Uﬂ(rv 1’*7 t) = <_) / k”(t— t/) I/I/H(R’ 1’*, t/) dt, . (45>

r
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This is not surprising, because the linearity of tides implies that, at a time ¢,
the magnitude of reaction depends linearly on the perturbation magnitudes
at all the preceding moments of time, ¢’ < t. The inputs from the actions at
earlier times emerge owing to the inertia (delayed reaction) of the material.
A perturbation applied at a moment ¢’ enters the integral for U, (r, f) with
a weight 1%11(t —t’) whose value depends on the time elapsed. Here, overdot
denotes time derivative, so the weights are time derivatives of some other
functions k,(t — t'). Following Churkin (1998), who gave to this machinery
its current form, we term the weights as Love functions.

In the frequency domain, the convolution operator becomes a product:

n+l

U,(r, w) = (7> k(@) W,(R, 1, ») , (46)

where w = Dpnpg is a tidal mode; U, (w) and W, (w) are the Fourier im-

ages of the potentials U, (r, f) and W, (R, r*, t); while the complex Love
numbers

n

—i€, (o)

k@ = k@le " = k@e " 47)
are the Fourier components of the Love functions & (t — t').

A pioneer work devoted to development of the functions U, (w) and
W, (w) into Fourier series was presented by Darwin (1879) who derived
several leading terms of this expansion. A full expansion was later provided
in 2 monumental work by Kaula (1961, 1964). A reader-friendly explana-
tion of this machinery can be found in Efroimsky and Makarov (2013). The
tidal Fourier modes @ = @y, over which these functions are decomposed
are parameterized with four integers nmpq and can be approximated as

Wympg ~ (n—2p+ Q)M — mé ) (48)

where M and M are the mean anomaly and mean motion of the per-
turber, while 6 and 6 are the rotation angle and rotation rate of the tidally
perturbed body.® The actual forcing frequencies in the body are (Efroimsky
and Makarov, 2013)

Xnmpqg = |wnmpq| . (49)

© An accurate expression for wyy, includes also terms proportional to the apsidal and nodal precession
rates of the perturber. Usually, these terms are small.
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Below, whenever this promises no confusion, we drop the subscript and
simplify the notation as

W= Wpmpg > X = Xﬂmpq . (50)

The Darwin—Kaula theory of tides has to be reworked considerably for
bodies experiencing physical libration (Frouard and Efroimsky, 2017). Neg-
ligible for planets and large satellites, the impact of physical libration on tidal
evolution becomes strong for middle-sized satellites, and very strong for
some of the small moons. For example, in Phobos, it more than doubles
the tidal dissipation rate, while in Epimetheus it increases the dissipation
rate by more than 25 times (Efroimsky, 2018a; Bagheri et al., 2021).

Similarly to the potential tidal Love numbers k,, the time-dependent
displacement Love numbers /, and [, can be derived. Except for the Earth
and the Moon, no robust measurements of the displacement Love numbers
for other bodies have been made. Such measurements would require deliv-
ery of precise geophysical instruments on the surface of a planetary body.
Thus, most of the studies focused on tides have to rely on the measured
potential Love number as discussed in Section 5.

4.3 Complex Love numbers

Expressing the degree-n Love number as

_ _ - - —iey(w)
k@) = % [ku(@) ] + i3 [k@)] = @1, 6D
we introduce the dynamical Love number
ku(@) = [ky(@)] - (52)

We also define the phase as —e¢,, with a “minus” sign, thus endowing
€, with the meaning of phase lag. It can also be shown (Efroimsky and
Makarov, 2013) that Sign €;(w) = Sign(w). The so-called quality function

K@) = =3[ k(@) | = ku(@) sine, () (53a)

can be written down also as

kll (a))
Qu(w)

K@) = =3[ k() | = Sign(w) | (53b)
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where Q,(w) is the tidal quality factor defined through
Q' (@) = |sine, ()] . (54)

The quality function K,(w) appears in the expressions for tidal forces, tidal
torques, tidal heating (Efroimsky and Makarov, 2014), and tidal evolution
of orbits (Boué and Efroimsky, 2019).

While sine¢,(w) is an odd function, Q,(w) is even — and so is k,(w).
Hence, no matter what the sign of w and €,, we can always regard both
Q. (w) and k,(w) as functions of the frequency x = |w|:

Qn(a)) = Qi’l(X) s kn(a)) = kn(X) . (55)

The mode-dependency l_en (w) and, consequently, the dependencies k, (w),
€,(®), Q,(w) can be derived from the expression for the complex compli-
ance J(x) or the complex rigidity i(x) = 1/J(x), functions containing the
information about the rheology of a body.

Opwerall, tidal dissipation is a very complex process wherein self-
gravitation’ and rheology are intertwined. Its quantification necessitates
elaborate viscoelastic modeling, to appropriately interpret observation of
tides, and to make these observations an effective tool to constrain the deep
interior.

4.4 Quality function of a homogeneous celestial body

By a theorem known as the correspondence principle or the elastic—viscoelastic
analogy (Darwin, 1879; Biot, 1954), the complex Love number of a spher-
ical uniform viscoelastic body, k,(x), is related to the complex compliance
J(x) by the same algebraic expression through which the static Love num-
ber k, of that body is related to the relaxed compliance Jr:

- 3 1
k, = _ 56
(x) 2(n—1) 14 B,/J(x) G6)
where
2 2
B, = 2n°+4n+3)  3@2n° +4n+3) (57)

ngp R " 4nm Gp*R?

7 As we mentioned above, self-gravitation is pulling the tidal bulge down, effectively acting as additional
rigidity. Negligible over the frequencies much higher than the inverse Maxwell time, gravity becomes
an important factor at lower frequencies.
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Figure 5 A typical shape of the quality function k,(w) sinen(w), where w is a short-
ened notation for the tidal Fourier mode wp;,,q - (From Noyelles et al., 2014.)

In this expression, G denotes Newton’s gravitational constant, while ¢, p,
and R are the surface gravity, density, and radius of the body. From Eq. (56),
we find how the quality function K, (@) entering an nmpq term of the
expansions for the tidal torque and tidal dissipation rate is expressed through
the rheological law J(x):

3 B, I[J0]

C 2(n—1) RG] +B,) + W]
(58)

K,(x) = k,(x) sine, (x) =

For the Maxwell or Andrade model, the dependence of K, = k, sine,
on a tidal mode has the shape of a kink, depicted in Fig. 5. It can be
demonstrated (Efroimsky, 2015, eqn 45) that the frequency-dependence of
the inverse quality factor Q,(x)~! = |sine,(x)| has a similar shape, with
a similarly positioned peak.

For a Maxwell body, the extrema of the kink K, (w) are located at

wpmk" =+ ——— ~ & (59)

which can be checked by insertion of formulae (7)—(8) into Eq. (58).°

8 The approximation in Eq. (59) is hinging on the inequality B, u > 1. Barely valid for a Maxwell
Earth (Ba pn &~ 2.2), it fulfills well for Maxwell bodies of Mars’s size and smaller.
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Between the peaks, the quality function K, (w) = k, () sin€,(w) is about
linear in frequency”:
3 w

| K (o) ~ _ 60
|a)| < |a)peakn| = l(w) 2(”_ 1) |wpf’akn| ( )

Outside the inter-peak interval, the function K, (w) falls off as the inverse
frequency:

3 |wpeakﬂ|
2(n—1) w

lo| > |a)peak’”| = Kio) =~ (61)

Naturally, the insertion of @ = @, in any of these expressions renders the
peary

same value for the peak amplitude:

(Peak) ~ + 3

) CE (62)

While the peaks’ amplitude is insensitive to a choice of the viscosity value
n, the spread between the extrema depends on 5. Expression (59) indi-
cates that for a higher viscosity the peaks are residing close to zero, i.e., to
the point of resonance @ = wyy, = 0. If the viscosity evolves and assumes
lower values (which happens when a body is getting warmer), the peak
frequency grows, eventually superseding the orbital frequency. In realistic
situations, this requires very low viscosities and happens for bodies at high
temperatures or, possibly, for bodies close to rubble. Outside the inter-peak
interval, the quality function K, (w) behaves as sine,(w) = Q; ! (w) Sign(w),
and its values change slowly with frequency.

Owing to the near-linear mode-dependence of K, in the inter-peak
interval, the tidal torque value transcends spin-orbit resonances continu-
ously (Makarov and Efroimsky, 2013; Noyelles et al., 2014).!" From ex-
pression (45) in Efroimsky (2015), it can be derived that for a Maxwell
body with B,u > 1, the locations of extrema of the kink function

9 This is the reason why the Constant Time Lag (CTL) tidal is applicable solely for || < | @peak,, |, and

renders incorrect results for higher frequencies.

10 The linearity of k, sine, in @ is equivalent to the frequency-independence of the time lag:
Aty (w,””pq) = At, see Efroimsky and Makarov (2013). This is why the tidal response of a terres-
trial body can be described with the constant-At model only when all considered tidal frequencies are
lower than | yeq | — or, equivalently, when all mean motions and spin rates are lower than | @ |-
This usually requires a very low viscosity. We now see why the application of the CTL (constant
time lag) tidal model to solid or semimolten silicate planets is seldom possible (while for liquified
planets this entire formalism is not intended anyway).
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sine, (w) = Q; ' (w) Sign(w) virtually coincide with the locations of the ex-
trema (59) for K,. Each of these two functions has only one peak for
a positive tidal mode, when the regular Maxwell or Andrade models are
used. This changes if we insert into formula (58), and into its counter-
part for sine,(w) = Q; ! (w) Sign(w), a complex compliance corresponding
to a more elaborate rheology, such as the Sundberg—Cooper one. In that
situation, an additional peak will appear.

4.5 Layered bodies

Analytical solutions for the tidal response of a homogeneous planetary
body using other viscoelastic models can be derived (Renaud and Hen-
ning, 2018). However, in most geophysical applications, more sophisticated
modeling is required for precise interpretations. This is due to the fact that
the material properties of the planetary bodies vary with depth. This results
in variation of the tidal response of the planetary body compared to a ho-
mogeneous planet. The variation of temperature, pressure, and grain size
within the planetary bodies can be taken into account using the viscoelas-
tic models discussed in Section 2. Such an approach has been followed
by, e.g., Bagheri et al. (2022, 2019); Khan et al. (2018); Nimmo et al.
(2012); Nimmo and Faul (2013); Padovan et al. (2014); Steinbriigge et al.
(2021); Plesa et al. (2018). To model a layered planetary body with depth-
dependent properties, numerical methods have been used in such studies
(Tobie et al., 2008; Roberts and Nimmo, 2008; Béhounkova et al., 2015),
while another widely used class of methods is based on the propagator
matrix technique, derived in the scope of the normal mode theory (e.g.,
Alterman et al., 1959; Takeuchi et al., 1962; Wu and Peltier, 1982; Ver-
meersen et al., 1996; Sabadini and Vermeersen, 2004). Similar approach is
used to calculate the tidal response by, e.g., Plesa et al. (2018); Moore and
Schubert (2000); Padovan et al. (2014) to obtain the interior structure mod-
els further discussed in Section 5. Martens et al. (2016) developed a Python
toolbox to compute the tidal and load Love numbers in an elastic regime
and exploited it (Martens et al., 2019) to study the Earth’s tides. Bagheri et
al. (2019) used a numerical code based on the spectral-element-method to
compute the tidal response using several viscoelastic models. Dmitrovskii et
al. (2021) used the same technique in 3D to model tides in an irregularly
shaped body (Phobos); but only modeled the elastic response instead of a
general viscoelastic behavior.

The overall tidal response of layered bodies depends on the interplay be-
tween the individual layers. For example, an ocean or a global molten layer
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Figure 6 The inverse tidal quality factor of a model Earth-sized planet with a liquid core,
a mantle of viscosity 102" Pa s and rigidity ;+ = 200 GPa, and a weak surface layer (e.g.,
aglobal icy crust). The left panel illustrates the effect of the upper layer’s viscosity, keep-
ing its thickness fixed to 200 km and its rigidity to the mantle value. On the right panel,
the layer’s viscosity is held constant at 1017 Pa s and the individual lines correspond to
different thicknesses.

below the crust or lithosphere might effectively decouple the interior of
the planet from the surface and diminish the tidal deformation of the lower
layers. As an instructive example, a comparison between the tidal response
of a planetary body incorporating layers of different physical properties is
shown in Fig. 6. This figure depicts the tidal quality factor of a three-layered
Earth-sized planet consisting of a liquid core, a solid mantle governed by
the Andrade rheology, and a weak surface layer with the same properties
as the mantle, but a lower viscosity. The presence of two dissipative layers
leads to the emergence of two peaks in the Q™! spectrum. In this sense, the
response of a layered body might be mimicked by an advanced rheological
model, for example the Sundberg—Cooper rheology (Gevorgyan, 2021) or
by its extensions. Moreover the peak corresponding to the planetary man-
tle is shifted to higher frequencies and it becomes weaker with decreased
upper-layer viscosity (or increased upper-layer thickness).

Appropriately modeling the tidal response on the layered bodies can also
help in understanding the tidal dissipation pattern (e.g., Beuthe, 2013), and
interpret them to infer knowledge about the interior properties. As shown
by Segatz et al. (1988) in the case of Jovian moon lo, the presence of a
semimolten layer (an astenosphere) between the solid mantle and litho-
sphere can considerably affect the pattern of surface tidal heat flow. The
same is true for the tidal dissipation within icy moons with a subsurface
ocean (Tobie et al., 2005b) and for hypothetical exoplanets with icy crust
overlying a silicate mantle (Henning and Hurford, 2014).
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5. Tides as a probe of the deep interior

Having introduced the theoretical aspects of modeling tides in pre-
vious sections, here we address particular planetary bodies, focusing on
how information about their interiors was obtained by studying their tidal
response. We summarize the constraints on the interior properties of Mer-
cury, Venus, the Moon, Mars and its moons, and the largest moons of giant
planets. We also mention the expected future improvements in measuring
these bodies’ tidal response.

5.1 Mercury

Studies of Mercury’s interior have long focused on its magnetic and gravi-
tational field, and only recently the first measurements of its tidal response
were obtained. The Mariner 10 flybys in 1974 and 1975 (Dunne, 1974)
provided us with the first clues of Mercury’s interior, by detecting its
magnetic field (Ness et al., 1974), and with the first measurements of its
gravitational field (Anderson et al., 1987). A much more detailed view of
Mercury and its environment was provided by NASA’s MErcury Surface,
Space ENvironment, GEochemistry, and Ranging (MESSENGER) space-
craft, the first to orbit Mercury (Solomon et al., 2007). Pre-MESSENGER
studies of Mercury often focused on a combination of rotation and tides,
together with its spin-orbit resonance, providing predictions that could later
be tested against MESSENGER data (Peale et al., 2002; Van Hoolst and Ja-
cobs, 2003; Van Hoolst et al., 2007; Rambaux et al., 2007; Rivoldini et al.,
2009; Dumberry, 2011; Matsuyama and Nimmo, 2009).

One of MESSENGER s many goals was to map Mercury’s gravity field,
which could then be used to determine the state of Mercury’s core. Peale
(1976) and Peale et al. (2002) showed that, because Mercury is in a Cassini
state (where its spin axis, its orbit normal, and the normal to the invari-
able plane are coplanar), its polar moment of inertia and the moment of
inertia of the solid outer shell (mantle and crust) can be determined from 3
quantities: Mercury’s obliquity, the amplitude of its longitudinal librations,
and its second degree gravitational harmonic coefficients. The first two
were determined from Earth-based radar data (Margot et al., 2007), and
MESSENGER finally provided the first precise measurement of Mercury’s
second degree harmonics (Smith et al., 2012). During the MESSENGER
mission, estimates of its gravity field were updated as more data were col-
lected. Mercury’s gravitational tidal response as expressed in its degree two
Love number ky was also determined. (See Fig. 7.)
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Figure 7 The view of Mercury’s interior based on recent measurements of its rotational
state. Adapted from Genova et al. (2019).

The first estimate of k, = 0.451 £0.014 was reported by Mazarico et al.
(2014Db) using three years of MESSENGER radio tracking data. The Love
number was coestimated along with gravity field parameters and rotational
parameters, but they found that the radio data was not sensitive to param-
eters describing the forced librations. The value of k> was consistent with
pre-MESSENGER analyses of Mercury’s tidal response, which indicated
a range of 0.4-0.6 (Van Hoolst and Jacobs, 2003; Rivoldini et al., 2009).
Using the newly determined gravitational parameters, Rivoldini and Van
Hoolst (2013) and Hauck et al. (2013) investigated Mercury’s interior struc-
ture as constrained by its moments of inertia, but without considering the
tides.

Initial results using MESSENGER data proposed the existence of an
FeS layer on top of the core, to account for the higher mantle density that
was a result of a larger-than-expected value for the moment of inertia of
the outer shell (Smith et al., 2012). Results using MESSENGERs X-Ray
Spectrometer measurements of the ratio of Ti and Si also argue against the
FeS layer (Cartier et al., 2020). Mercury’s core itself is mostly considered
to be metallic, with light elements of S and/or Si (Rivoldini et al., 2009;
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Hauck et al., 2013; Chabot et al., 2014; Knibbe and van Westrenen, 2015,
2018).

Padovan et al. (2014) were the first to comprehensively consider Mer-
cury’s tidal response in the light of MESSENGER s results. They considered
several end-member models such as a hot or cold mantle, and found that the
results presented in Mazarico et al. (2014b) fell in their range, and would
be mostly consistent with their cold mantle, without a layer of FeS on the
top of the core. The latter was initially considered by Smith et al. (2012)
to account for the relatively large moment of inertia of the outer shell.
Updates to the estimate of Mercury’s obliquity by Margot et al. (2012) re-
duced this value, and an FeS layer was no longer necessary (Hauck et al.,
2013; Rivoldini and Van Hoolst, 2013; Knibbe and van Westrenen, 2015).
The k; value was also later confirmed by an independent analysis by Verma
and Margot (2016), with a value of k, = 0.464 £ 0.023. Steinbriigge et al.
(2018a) further investigated Mercury’s tidal response, and computed mod-
els consistent with MESSENGER measurements of mean density, mean
moment of inertia, moment of inertia of mantle and crust, and k,. They
showed that the ratio of /i, (the radial displacement Love number) and k»
can provide better constraints on the size of a possible solid inner core than
the geodetic measurements such as moments of inertia can.

The MESSENGER mission had several extensions, where the altitude
and location of its periapsis changed, with lower and lower altitudes ob-
tained in the northern hemisphere, down to 25 km above surface. This
increased the sensitivity of the tracking data with respect to smaller scale
gravity features, and to Mercury’s tidal response. Using the entire set of
tracking data, Genova et al. (2019) presented a gravity model that included
estimation of Mercury’s rotational parameters and tidal Love number. Their
estimate of Mercury’s obliquity unambiguously satisfies the Cassini state.
Their obliquity value results in a lower normalized polar moment of inertia
of 0.333 £ 0.005, whereas earlier results yielded normalized polar moment
of inertia values around 0.346 (Margot et al., 2012; Hauck et al., 2013;
Mazarico et al., 2014b). Using this updated value and smaller error, they
modeled Mercury’s interior with a Markov Chain Monte Carlo (MCMC)
(Mosegaard and Tarantola, 1995) approach and found evidence for the ex-
istence of a solid inner core, with the most likely core size being between
0.3 and 0.7 times the size of the liquid core. Their updated Love number,
k, =0.569 £+ 0.025, was also higher than the previous estimate.

An analysis by Bertone et al. (2021) also finds Mercury’s rotational
parameters unambiguously satisfying the Cassini state, yet with a differ-
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ent obliquity that results in a normalized polar moment of inertia value
of 0.343 £ 0.006. Their analysis is based on laser altimetry data from the
Mercury Laser Altimeter (MLA, Cavanaugh et al. (2007)), using crossovers
(where two laser tracks intersect, the difference in measured altitude can be
used to infer rotation and tidal parameters, for example). This discrepancy
could point to differences in the rotation state of the entire planet as mea-
sured by gravity and the rotation state of the outer shell as measured by laser
altimetry. Bertone et al. (2021) did not estimate k, but they did provide the
first estimate of the radial displacement Love number, h, = 1.55 £ 0.65.
Due to the sparsity of crossovers, this parameter is difficult to measure. Fi-
nally, an analysis by Konopliv et al. (2020a), using the entire MESSENGER
tracking data set, determined Mercury’s Love number in close agreement
with that of Genova et al. (2019), with a value of k, = 0.53 4 0.03.

The differences in moment of inertia values and newly determined Love
numbers have implications for our knowledge of Mercury’s interior struc-
ture, especially for the size of the liquid core. Steinbriigge et al. (2021)
performed an analysis of the lower normalized polar moment of inertia
value of 0.333 and the higher Love number of 0.569, and found several
challenges in determining interior structure models that fit these parame-
ters: they find a relatively large inner core (>1000 km), a relatively high
temperature at the core-mantle boundary (CMB; above 2000 K), low
viscosities at this boundary (below 10'® Pa s), and a low mantle density
(markedly below 3200 kg m~3). They also indicate that the low viscosities
required to match k, imply a significantly weaker mantle. They indicate
that such challenges do not exist for the higher normalized polar moment
of inertia value of ~ 0.346. It should be noted that they focused their anal-
ysis on models that matched the central values of parameters such as the
moments of inertia and k. If they take into account the quoted errors,
they indicate some of the challenges are alleviated.

A recent analysis by Goossens et al. (2022) also investigated the different
values for moments of inertia and k,, using an MCMC method to map
out models of Mercury’s interior that satisfy the measurements and their
quoted errors (see Fig. 8). They find that models that match the lower
normalized polar moment of inertia value of 0.333 (Genova et al., 2019)
also match or predict the Love number value of k» = 0.569. Models that
match the higher normalized polar moment of inertia of ~ 0.346 indicate
even higher Love numbers, larger than 0.6, with a wide spread. Their study
thus indicates that the higher normalized polar moment of inertia values
are not consistent with the current measurements of the Love number. In
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Figure 8 Results of the MCMC analysis by Goossens et al. (2022), which determined
models of Mercury’s interior structure using different measurements for the normalized
polar moment of inertia and tidal Love number k;. The label “G19” refers to Genova et al.
(2019) and “M14" to Mazarico et al. (2014b). The results are shown as heatmaps of the
mapped quantities for all accepted models in the MCMC analysis. For the top panels,
ky was used as a measurement in the MCMC analysis, whereas it was predicted for the
results in the bottom panels. These results indicate that the set of measurements of
G19 s the most consistent. Higher values of the normalized polar moment of inertia, as
provided by M14, cannot simultaneously fit the measured k3, and would indeed predict
an even higher value.

addition, they also find lower CMB temperatures than Steinbriigge et al.
(2021) indicated, in the range of 1600-2200 K but with a peak at 1800 K.
While their study does indicate low viscosity values at the CMB, models
with a constant mantle temperature, mimicking a convecting mantle rather
than a conducting one, predict lower temperatures and higher viscosities.
Models that satisfy the lower normalized polar moment of inertia and the
updated moment of inertia for the outer shell do indicate mantle densities
that are lower than previously assumed (3089 + 135 kg m~). A study by
Lark et al. (2022) indicates that the presences of sulfides in the mantle can
explain this lower density. Goossens et al. (2022) also provide a prediction
for the radial displacement Love number h; = 1.02 & 0.04 for models that
satisfy the measurements from Genova et al. (2019).
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The next spacecraft that will orbit Mercury is the European Space
Agency’s BepiColombo mission (Benkhoff et al., 2010). This spacecraft
will provide precise gravity measurements (Genova et al., 2021) as well as
laser altimetry (Thomas et al., 2021), both with a more global coverage
than was possible with MESSENGER, due to the latter’s elliptical orbit
around Mercury. BepiColombo data will provide updated measurements
of the moments of inertia and the Love numbers k; and h, (Steinbriigge
et al., 2018b; Thor et al., 2020; Genova et al., 2021), as well as for its ro-
tational state and gravity, which will help resolve the current challenges in
understanding Mercury’s interior structure.

5.2 Venus

The tidal response of Venus to semidiurnal Solar tides was measured more
than a quarter century ago using Magellan and Pioneer tracking data.
Konopliv and Yoder (1996) estimated the 2-o interval for the potential
Love number as k, = 0.295 £ 0.066 and concluded, following the pre-
dictions of Yoder (1995), that Venus has a fully liquid core. However,
this conclusion was based on a purely elastic model of the tidal response.
A new reassessment of the problem with a compressible Andrade model
(Dumoulin et al., 2017) indicated that the question of size and state of the
Venusian core cannot be resolved with the data available. The wide range of
admissible Love numbers, combined with the absence of Q measurements
and with the large uncertainties on the planet’s moment of inertia (Margot
et al., 2021) constrains neither the core state, nor the mantle mineralogy
and temperature profile. Dumoulin et al. (2017) illustrated that only a fu-
ture measurement of k; below 0.26 and a large phase lag'! (e; > 4°) would
indicate a fully solid core. At higher Love numbers, the core can be inter-
preted as at least partially liquid and a precise measurement of the phase
lag would further help to discern between different mantle viscosities and
thermal states (see Fig. 9).

In addition to solid-body tides, the deformation of Venus is also affected
by tides raised by its thick atmosphere, which consists of two components:
one due to the gravitational loading by the Sun and the other resulting
from thermal forcing (Auclair-Desrotour et al., 2017; Correia et al., 2003;

1 Dumoulin et al. (2017) define their “tidal phase lag” as % arcsin Q1. For the semidiurnal tide (and,
more generally, for the nmpq tidal components with m = 2), this quantity coincides with the geometric
lag, a quantity not to be confused with the phase lag. See Efroimsky and Makarov (2013, eqn 26) for
details.



Tidal insights into rocky and icy bodies: an introduction and overview

269

Tidal phase lag € [°]
0 1.00

10.00 2.0 0.70 0.55
@ 1e+19, BVSP(81)V1
_______________________________ B le+19, BVSP(B1)1VA -
1e+20, BVSP(81)V1
0.35 1 1e+20, BVSP(81)V4
T @ le+21, BVSP(81)V1
~ B le+21,BVSP(81)V4
X ® @ 1le+22, BVSP(81)VL
5 B le+22, BVSP(81)V4
_g T; [e
=] (o]
2 3‘ 3
g 1 & e R
S 0.30 | o L — —
T T a B :
=} bl
c Lo wf -
S SN # - K
el 4 F - 1
o ® L = ;
T il
- |—-—7< ~
Lo "
0.25 L

0 10 20 30 40 50 60 70 80 90 100 110
Dissipation factor Q

Upper mantle

Lower mantle
QOuter core
Inner core

Figure 9 Top: Overview of Venusian tidal parameters for two mantle mineralogies and
two mantle temperature profiles, assuming an incompressible Andrade model, repro-
duced after Dumoulin et al. (2017). Circles symbolize an iron-poor (0.24 wt% FeO)
mantle model and squares an iron-rich (18.7 wt% FeO) model according to Basaltic Vol-
canism Study Project (1981). Different colors stand for different mantle viscosities; the
markers with black edges correspond to a hot interior (Armann and Tackley, 2012) and
the markers without contour correspond to a cold interior (Steinberger et al., 2010). The
dashed and dot-dashed lines indicate the mean value and the upper bound of the 2-o
interval for the tidal Love number obtained by Konopliv and Yoder (1996) using Mag-
ellan and Pioneer data: kp = 0.295 + 0.066. Finally, the error bars illustrate the span of
results calculated for different values of the Andrade parameter « € (0.2, 0.3) (see Sec-
tion 2.5), and the transparent markers, taken from Dumoulin et al. (2017), indicate the
effect of compressibility. Bottom: Schematic interior structure of Venus from Shah et al.
(2022).
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Ingersoll and Dobrovolskis, 1978; Gold and Soter, 1969). The interplay
between the gravitational and thermal tides leads to the instability of syn-
chronous rotation and it has probably driven the planet to its present-day
retrograde spin configuration. Close to its nonsynchronous, yet stationary
rotation state, Venus might also be influenced by the weak gravitational
pull of the Earth, as hypothesized by Dobrovolskis and Ingersoll (1980)
and Gold and Soter (1969). Besides the contribution to the planet’s rota-
tional dynamics, the atmosphere acts as a global surface load and diminishes
the tidal deformation of the Venusian surface by approximately 0.3% (see
Remus et al., 2012; Dermott, 1979).

The tidal phase lag and thus the tidal quality factor Q can also be used
to constrain the thermal state of the interior, given the temperature de-
pendence of the mantle viscosity. In addition to the present-day values,
knowing the past thermal state and Q of Venus can further help us to
understand its tidally-induced rotational evolution (Bolmont et al., 2020).
Since Venus and the Earth are often referred to as twin planets, due to their
similar size and mass, the tidal quality factor Q may be similar between
the two bodies. However, while on the Earth plate tectonics represent an
efficient way to cool the interior, on Venus large scale subduction may be
absent today. In fact, a recent study by Rolf et al. (2018) concluded that if
Venus may have experienced one or multiple episodes of plate tectonics in
the past, the last of those episodes likely ended 300—-450 Myr ago, other-
wise thermal evolution models cannot match the observed surface gravity
spectrum. If Venus has been in a stagnant lid regime, with an immobile
surface over the past 500 Myr, its interior would likely have a much higher
temperature than that of the present-day Earth. This may indicate a much
more dissipative interior, i.e., lower tidal quality factor Q, than that of the
solid Earth, for which Q is around 280 (Ray et al., 2001). Even if Venus
currently experiences some sort of surface mobilization on a much smaller
scale than tectonic plates provide on the Earth, with small patches of the
surface being recycled in the interior (i.e., the so-called plutonic squishy lid
regime Lourenco et al. (2020)), this might still lead to a hotter interior than
on present-day Earth. This type of surface mobilization is thought to have
operated on the Earth in the past during the Archean, when the interior
temperature was higher than it is today (Rozel et al., 2017; Lourenco et al.,
2020).

That the interior of Venus may be characterized by high mantle temper-
atures, which in turn may indicate a higher dissipation, is also supported by
the small elastic lithosphere thicknesses that are indicators for a thin and hot
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lithosphere (Smrekar et al., 2018). Small elastic thicknesses are estimated at
coronae (O’Rourke and Smrekar, 2018), steep side domes (Borrelli et al.,
2021), and crustal plateaus (Maia and Wieczorek, 2022), and likely 20 km
or less may be representative for a significant part of the planet (Ander-
son and Smrekar, 2006). Moreover, the temperatures inside the Venusian
mantle may allow for volcanic activity at present-day. This has been sug-
gested by several observations. For example, the presence of recently active
hot-spots in the interior of Venus has been inferred based on their ther-
mal signature (Shalygin et al., 2015) and emissivity data of Venus Express,
which allow to distinguish fresh from weathered basaltic material (Helbert
et al., 2008; Smrekar et al., 2010; D’Incecco et al., 2017). In addition, grav-
ity, topography and surface deformation structures at the locations where
recent volcanic activity has been suggested are consistent with the pres-
ence of mantle plumes in the interior (Kiefer and Hager, 1991; Smrekar
and Phillips, 1991). Moreover, many Venusian coronae display topographic
features (an outer trench and rise) that are interpreted as ongoing plume ac-
tivity (Gulcher et al., 2020). Furthermore, SO; variations in the atmosphere
of Venus recorded by Pioneer Venus Orbiter (Esposito, 1984; Esposito et
al., 1988) and later by Venus Express (Marcq et al., 2013) provide additional
hints at recent volcanic activity. All this evidence, although indirect, may in-
dicate that the present-day interior of Venus is characterized by high mantle
temperatures and hence low mantle viscosities that would lead to a lower
dissipation factor than that of the Earth. Whether the above conclusions
hold or not, it needs to be tested by future data.

Owing to the lack of recent and accurate tidal measurements, Venus
still remains the most enigmatic of the terrestrial worlds. Recently revived
interest in its interior and atmospheric conditions, nurtured by the puta-
tive detection of biosignatures (Greaves et al., 2021; cf. Villanueva et al.,
2021), foreshadowed the selection of two geophysical mission concepts for
a launch in late 2020s or early 2030s. The VERITAS mission (Venus Emis-
sivity, Radio Science, InSAR, Topography, and Spectroscopy; Smrekar et
al., 2020) of NASA’s Discovery Program will address the present geological
and volcanic activity, the link between interior and atmospheric evolu-
tion, and the global accurate mapping of Venusian gravity field. In order
to reduce the uncertainties of the gravity field (and tidal response) mea-
surements, introduced by the planet’s rotation, the mission will combine
standard Earth-based Doppler tracking with the systematic observation of
surface features by the onboard instrument VISAR (Venus Interferometric
Synthetic Aperture Radar). With this approach, the expected 3-0 accu-
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racy of the Love number k, is 4.6 x 10~* and of the tidal phase lag 0.05°
(Cascioli et al., 2021).

The medium-sized ESA’s Cosmic Vision Programme mission EnVision
(Ghail et al., 2016) will focus on the geological structures of Venus that are
of interest for understanding its past thermal evolution. As in the case of
VERITAS, the primary objectives of the mission also include the determi-
nation of a uniform high-resolution gravity field, with a spatial resolution
better than ~ 170km. The expected 1-0 error of both the real and the
imaginary parts of the Love number k, is 1073, implying a 0.1° uncertainty
for the tidal phase lag (Rosenblatt et al., 2021). Despite the similarity of
the two geophysical missions, VERITAS and EnVision are expected to be
synergistic. First, the launch of EnVision is planned for a later date than the
launch of VERITAS, and the two orbiters will only operate simultaneously
for a part of the respective mission durations. Second, while VERITAS
aims at providing a global geophysical survey, EnVision is designed for more
targeted, repeated observations of the regions of interest identified by the
former (Ghail, 2021). With the new data, a refined estimate of the Venusian
core size will be possible and the first measurements of phase lag will en-
able constraining the average mantle viscosity within an order of magnitude
(Dumoulin et al., 2017; Rosenblatt et al., 2021).

5.3 The Moon

The Moon is one of the best studied bodies in the Solar system because
of its proximity to the Earth. It is only 60 Earth radii away and its surface
undergoes a monthly tidal deformation of & 0.1 m generated by the Earth’s
gravitational field. This tidal potential impacts also the Moon’s gravity field
and its orientation periodically. In addition, the Moon does not have an
ocean as on the Earth and the tidal variations are only incorporated in solid
tides. These variations are detected by space missions orbiting the Moon
and by Lunar-Laser Ranging measurements performed from the stations
on the Earth. These accurate regular measurements over the past 50 years
since the Apollo program have made the Moon the best place to test tidal
theory and dissipation mechanisms. The interpretation of these variations
provides information about the lunar interior, but many questions remain
about its internal structure and dissipation mechanisms.

The determination of the Love number k, at the monthly period of the
Moon (its orbital period) has most recently been obtained by the Gravity
Recovery and Interior Laboratory (GRAIL) space mission radio science
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experiment, which consists of precise measurements of two satellites in or-
bit around the Moon (Zuber et al., 2013). This experiment is similar to
the GRACE mission around the Earth and GRAIL has determined the
lunar gravity field up to degree 900 (Konopliv et al., 2014) and provided
the monthly Love k, number of the Moon at 0.02416 £+ 0.00022 (Kono-
pliv et al., 2013, 2014; Lemoine et al., 2013; Williams et al., 2014). The
Love number h; is determined on the Moon using the Lunar Reconnais-
sance Orbiter mission which carries a laser altimeter, Lunar Orbiter Laser
Altimeter LOLA which measures displacements of the Moon’s surface to
an accuracy of 10 cm (Smith et al., 2017). The Moon’s Love number 5, is
determined to be 0.0371 £ 0.0033 (Mazarico et al., 2014a) and 0.0387 £
0.0025 (Thor et al., 2021). Finally, the dissipation of the Moon is extracted
from LLR ranging measurements by analyzing the lunar orientation and
libration (Park et al., 2021; Pavlov et al., 2016; Viswanathan et al., 2018,
and references therein). The Lunar-Laser Ranging (LLR) consists of precise
measurements of the round-trip travel time of a photon emitted from a laser
on an Earth-ground station and lunar retroreflectors deployed by US astro-
nauts and the Russian Lunakhod robotic missions (Murphy, 2013; Chabé
et al., 2020). These measurements allow to determine the Earth—-Moon
distance at centimeter level and the lunar rotation to the milliarcsecond
level (Viswanathan et al., 2018; Park et al., 2021). Lunar orientation and
libration analysis allows for extraction of the lunar dissipation. Currently,
the monthly lunar tidal bulge delay time is estimated to be 0.1 days which
corresponds to a monthly dissipation factor Q =38 (Williams et al., 2001;
Williams and Boggs, 2015).

Beyond the monthly Love number k, and dissipation factor Q, precise
analyses of the LLR data have determined their frequency dependence. In
fact, the Moon’s orbit is strongly perturbed by the presence of the Sun and
its orbital motion results from a three-body motion. The Moon’s orbit is
described by the Delaunay arguments ¢, ¢/, F, D which represent the mean
anomaly of the Moon, the mean anomaly of the Earth—Moon barycen-
ter, the latitude anomaly of the Moon and the elongation of the Moon
of periods 27.55 days, 365.25 days, 27.21 days, 29.53 days, to which must
be added the precession of the lunar orbit of 18.6 years (for a description
of the lunar orbit see Chapront-Touzé and Chapront (1988, 1991)). Thus,
librations and tidal shifts are mixed and tidal frequencies appear as mixed
combinations of these frequencies with a period spectrum ranging from
2 weeks to 18.6 years and frequencies at 1 month, 7 months and 1 year
(Williams et al., 2001; Rambaux and Williams, 2011; Williams and Boggs,
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2015). The extraction of dissipation factors from LLR fits and the orienta-
tion of the Moon is challenging, but the terms at 27.2 days and 365 days
stand out, while two others at 1095 and 2190 days provide upper bounds on
lunar dissipation, whereas the term at 206 days is more uncertain (Williams
et al., 2001; Williams and Boggs, 2015). The k,/Q curve as a function
of period has a kinked shape as shown in Section 2, and the rheological
models can then be compared with the observations to identify plausible
internal structure patterns (Williams and Boggs, 2015).

Several rheological models, such as Maxwell, Andrade, absorption band
(see Fig. 10), were employed to explain the relatively low monthly dissipa-
tion factor Q = 38 and the bell-shaped behavior of the k»/Q law (see, e.g.,
Williams and Boggs, 2015). Three physical mechanisms to explain this dis-
sipation have been suggested: (i) the properties of the lunar material, (ii) the
presence of water at depth, and (iii) the presence of a partially molten zone.

(1) By analogy with the Earth, Nimmo et al. (2012) examined the influ-
ence of polycrystalline olivine melt-free to explain the observed dissipation.
They were able to reproduce the dissipation at seismic and monthly tidal
frequencies but not the slope behavior associated at longer tidal periods.
Matsuyama et al. (2016) developed a Bayesian approach to test the presence
or not of a transient layer above the core from the observed mass, solid
moment of inertia, and elastic Love numbers k, and h, to constrain the
density and rigidity profile of the Moon. Their model favors an internal
structure without a transition zone. However, it should be noted that this
observation is based on a purely elastic approach. Matsumoto et al. (2015)
adopted a similar approach to Matsuyama et al. (2016) to study the interior
of the Moon using an MCMC method. Their results are slightly different
than Matsuyama et al. (2016) in that, for example, Matsuyama et al. (2016)
obtain a unimodal probability distribution for the liquid outer core radius,
while Matsumoto et al. (2015) obtained a bimodal distribution. Matsuyama
et al. (2016) attribute this difference to the ways of computing the Love
numbers, i.e., Matsuyama et al. (2016) apply a simple anelastic correction
to the observed Love numbers, while Matsumoto et al. (2015) use a vis-
coelastic model to compute the Love numbers at the tidal forcing period,
or, alternatively, to the use of additional tidal quality and seismic constraints
by Matsumoto et al. (2015).

(i1) Karato (2013) proposed that water concentration would be the mech-
anism behind dissipation, also by analogy with the Earth’s asthenosphere.
Although this model reproduces the low value of the dissipation factor it
does not describe the frequency dependence.
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(1) Finally, the molten layer model proposed by Nakamura as early as
1973 from seismic data seems to be the most robust. A Bayesian approach
developed by Khan et al. (2014) used Love number, mass distribution,
composition and electromagnetic data to explore the parameter space and
conclude that the melt layer is present. An attempt to fit the LLR data to
the power scaling law Q ~ x? resulted in a small negative value of the expo-
nential: p=—0.19 (Williams et al., 2001). A subsequent reprocessing of the
data in Williams and Boggs (2009) rendered the value p = —0.07. Efroim-
sky (2012) proposed that since the frequency-dependence of k»/Q has a
kink form, as in Fig. 5, the negative slope found by the LLR measurements
may be located slightly to the left of the pick of the kink. For a Maxwell
Moon, this necessitates the mean viscosity as low as ~ 3 x 10!> Pa s, imply-
ing the presence of a considerable amount of partial melt. Explaining the
origin of the sign of p has been a problem for rheological models (see e.g.
Nimmo et al., 2012). However, according to the seismic data, the Moon
can have a low viscosity zone just above the core. Recent viscoelastic mod-
els have therefore introduced this low viscosity layer which will generate
an additional dissipation peak with respect to the astenosphere dissipative
background and at the same time shift its position to explain the LLR
data (e.g., Harada et al., 2014, 2016; Rambaux et al., 2014; Williams and
Boggs, 2015; Tan and Harada, 2021; Briaud et al., 2022). Fig. 10 coming
from Williams and Boggs (2015) shows the effect of various rheological
models to explain the k»/Q coming from LLR analysis at four frequencies.

With all the mentioned complexities, we are at the beginning of the
study of lunar dissipation, and our knowledge is still fragmentary. Several
directions of improvement are now possible. Firstly, from an observational
point of view, the installation of new, more compact and optimized single
lunar Cube Corner Retroreflectors (Turyshev et al., 2013; Dell’Agnello et
al., 2015), better distributed spatially on the Moon during the next Artemis
missions, will make it possible to improve the return of the photon number
and the precision of the measurements (Dell’Agnello et al., 2011; Dehant
et al., 2012). The accuracy of these measurements is about 1-2 centimeter
(Viswanathan et al., 2018; Park et al., 2021) while theoretically the accuracy
is expected to be around one millimeter (Samain et al., 1998). This means
that data analysis and dynamic models need to be improved to reach the
theoretical accuracy. Finally, a better knowledge of long-period lunar tides
will be possible by combining other measurements, such as altimetry, active
retroreflectors, differential lunar laser ranging or from the zenith telescope
(Petrova and Hanada, 2013; Zhang et al., 2020; Dehant et al., 2012; Thor et
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Bottom: Frequency dependence of k, /Q for various lunar rheological models (in colors)
and LLR measurements points and limits (in black). The absorption band and Debye
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(2015)).

al., 2020). Lunar seismic measurements will also help to better constrain the
Moon’s interior and to better understand tidal effects (Garcia et al., 2019).

Finally, laboratory measurements of the dissipation processes of lunar and



Tidal insights into rocky and icy bodies: an introduction and overview 277

supposedly lunar materials will help constrain the measurements and models
currently used.

5.4 Mars

Owing to numerous successful missions, particularly in the past two
decades, Mars has become the most geophysically-explored planet after the
Earth. Similarly to the Moon, the lack of oceans eases the study of the solid
body tides on Mars. As the only terrestrial planet except the Earth which
has natural satellites, body tides in Mars are generated mainly by the Sun and
Phobos, whereas the tides caused by Deimos are much weaker because of its
small size and larger separation. A vast volume of information about Mars
has been obtained from orbiting and landed spacecraft (Mars Pathfinder,
Mars Global Surveyor, Mars Odyssey, Mars Reconnaissance Orbiter and
Mars Express), and from the geodetic Doppler ranging data (Yoder et al.,
2003; Bills et al., 2005; Lainey et al., 2007; Konopliv et al., 2006, 2011;
Jacobson and Lainey, 2014; Konopliv et al., 2016, 2020b; Genova et al.,
2016; Lainey et al.,, 2021). The Mars InSight lander touched down on
the planet on November 2018, carrying on board a suite of geophysical
instruments, including a seismometer, a magnetometer, a radio science ex-
periment, and a heat flow probe to explore the planet’s interior (Smrekar
et al., 2019; Banerdt et al., 2020; Giardini et al., 2020; Lognonné et al.,
2020). Before the recent improvements in our knowledge of the interior
structure of Mars owing to the seismic measurements provided by InSight
(Banerdt et al., 2020; Lognonné et al., 2020; Stihler et al., 2021; Khan et
al.,, 2021; Duran et al., 2022; Knapmeyer-Endrun et al., 2021), geodetic
measurements used to be the sole constraint on the Martian interior.
Constraining the tidal Love number of Mars can considerably help to
understand the size and state of the Martian core (see Fig. 11). Along with
that, the Martian tidal quality factor and its frequency-dependence can
impose effective constraints on the mantle’s temperature and rheological
properties. Several studies based on different data sets have aimed at con-
straining Mars’s tidal Love number, a summary of which can be found in
Fig. 6 of Chapter 3 of this volume. Basing their analysis on the tracking data
collected by the Mars Orbiter Laser Altimeter on the Mars Global Surveyor
(MGS), Smith etal. (2001), obtained a Love number as low as 0.055+0.008,
as the first measurement of the Martian Love number. This value is very
close to the k, of a Mars-size hypothetically homogeneous solid planet,
which implies that the Martian core has solidified. Yet, a later analysis of the
MGS Doppler and range data by Yoder et al. (2003), combined with the
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information from Mars Pathfinder and Viking Lander, suggested a much
larger tidal Love number of 0.153 £ 0.017 at the period of the Solar tides
(11 hr 19 min). Such a large value is incompatible with the existence of a
solid core, and instead indicates the presence of a large liquid core.

Yoder et al. (2003) obtained a liquid iron core of 1520-1840 km in
radius based on their measured k,. Using the measurement of the secular
acceleration of Phobos, they proposed for the tidal quality factor a value
of Q=92+ 11. A caveat in computing the tidal quality factor is that the
secular acceleration deals with the Phobos-raised tides at the synodic period
(T = 5.55 hr), whereas the tidal Love number is measured at the semidiurnal
tides period (T = 24.62 day), and it is not clear whether this difference is
taken into account. By removing the anelastic effect, by analogy to the
Earth’s tidal response to the Moon, Yoder et al. (2003) also suggested that
the elastic tidal Love number of Mars is in the range of 0.1454+0.017.

Several later studies dealt with constraining the tidal Love number and
quality factor of Mars by analyzing the accumulated data from different
Mars orbiters. The deduced values for the tidal Love number and quality
factor were not dramatically different from those obtained by Yoder et al.
(2003). Having collected six years of MGS tracking data and three years
of Mars Odyssey tracking data, Konopliv et al. (2000) derived a global so-
lution for Mars’s gravity field, including the Solar-tide Love number of
kr = 0.15240.009 and the elastic tidal Love number of ky, = 0.14840.009.
From the computed values of the Love numbers, these authors inferred
the presence of a fluid core of a 1600-1800 km radius. Lemoine et al.
(2006) employed six years of MGS data, starting from 1999, to obtain
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k, = 0.176 £ 0.041. Including tracking data from the MRO spacecraft,
Konopliv et al. (2011) improved their previous finding and achieved a no-
ticeable progress in determination of the high frequency portion of the
spherical harmonic Mars gravity field. This resulted in a slightly larger value
of the tidal Love number (k; = 0.164£0.009).

Using the Deep Space Network tracking data of the NASA Mars mis-
sions, Mars Global Surveyor, Mars Odyssey, and the Mars R econnaissance
Orbiter, Genova et al. (2016) presented a higher-order and high-degree
spherical harmonic solution of the Martian gravity field, finding k, =
0.1697+£0.0027. Note that Genova et al. (2016) directly take into account
the atmospheric effects in their estimations, whereas all other studies need
to correct for this effect after computing the Love number. Most recently,
Konopliv et al. (2020b) analyzed several years of data to detect the Chan-
dler wobble of the Martian pole, for the first time for any Solar system body
other than the Earth. In line with several previous measurements, this study
suggested ky = 0.16910.006 at the Solar tides period without taking into
account the atmospheric effects, and k, = 0.174+£0.008 after correcting for
this effect.

Pou et al. (2021) modeled the response of Mars to Phobos tides using
tidal potential deduced from JPL Horizons ephemerides and predicted how
the Very Broad Band seismometer (VBB) on the InSight lander can be
used as a gravimeter to constrain the tidal response of Mars; however, after
3 years, extracting the tidal signal has proven to be more difficult and to
require further data accumulation to reduce the signal-to-noise ratio to the
necessary level.

The tidal quality factor of Mars has been constrained by measuring the
secular acceleration of Phobos, as the most feasible method. Both Martian
moons are very small, faint, and rapidly orbiting the planet, and are dif-
ficult to observe from the Earth-based instruments. Nevertheless, before
the spacecraft era, several astrometric measurements had been carried out
to constrain the orbital properties of the moons. The precision of most of
those observations was, however, limited. A list of such observations can
be found in Jacobson and Lainey (2014). Bills et al. (2005) used the ob-
served transit of the shadow of Phobos from MOLA, to estimate the tidal
quality factor of the planet, and found the secular acceleration of Phobos
s = (1.367+£0.006)x 107> deg/yr’. Therefore, these authors deduced the
tidal quality factor to be Q = 85 % 0.37. Further analysis was performed
by Rainey and Aharonson (2006); Lainey et al. (2007); Jacobson (2010);
Lainey et al. (2021), with the aid of the Martian moons’ ephemerides. In
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summary, the quality factor derived by these studies resides in the range
78 < Q< 105.

The observed tidal response, i.e., the values of the Martian tidal Love
number and quality factor, can significantly improve our knowledge of its
interior. Rivoldini et al. (2011) used the tidal Love number and the mo-
ment of inertia of Mars to constrain the core radius and sulfur content.
They considered two main end-members of cold and hot interior mod-
els and found a core radius of 1794+65 km and a sulfur concentration of
16£2 wt%. These authors concluded that the geodetic data alone are not
capable of constraining the mineralogy of the mantle and the crust. Note
that Rivoldini et al. (2011) only considered an elastic Mars without taking
into account the tidal dissipation in the planet.

Khan et al. (2018) utilized the knowledge on the Martian tidal re-
sponse, along with mass and moment of inertia, to constrain, in the context
of a probabilistic inversion method, the planet’s major interior properties
such as the size of the core, mantle, and crust, the composition of each
part, the dissipative properties of the mantle, and the temperature profile.
They employed a laboratory-based viscoelastic dissipation rheology (ex-
tended Burgers, as discussed in Section 2.4) to model the anelasticity of
the Martian mantle, and used the known tidal response in inversion. They
examined different crust and mantle compositions based on the analysis of
Martian meteorites (i.e., Dreibus and Wanke, 1987; Morgan and Anders,
1979; Lodders and Fegley, 1997; Sanloup et al., 1999; Taylor, 2013). Fig. 12
from Khan et al. (2018) demonstrates the inversion results for the proper-
ties of the core. As shown in this figure, they obtained a core radius of
1730-1840 km and 15—-18.5 wt% sulfur, similar to Rivoldini et al. (2011).
The color code in the figure also shows the trade-oft between the core
radius and core density: the larger the radius, the lighter the core — and the
more light elements in it, such as sulfur. Their results show that, except for
the composition model of Morgan and Anders (1979), all models were able
to fit the data, and hence are not distinguishable only based on the available
geodetic measurements. Khan et al. (2018) also determined that the param-
eter o from the extended Burgers model (see Eq. (16) above) takes values
in the range 0.24-0.38. They also found the temperature at the lithosphere
to be in the range 1400-1460°C.

In another recent study, (Plesa et al., 2018) used global thermal evolu-
tion models and calculated the tidal deformation of Mars using an Andrade
pseudo-period model (Section 2.5 in this chapter, Jackson and Faul, 2010;
Jackson, 2005). Model results indicate that a cold mantle that may result
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Figure 12 Sampled core properties in a probabilistic inversion method used by Khan et
al. (2018): radius, sulfur content, and density for the four main compositions (defined as
DW, LF, SAN, and TAY in Table 1 in Khan et al. (2018)). The histograms on the right axis
show the probability distributions of core radius for each of the main compositions.

from concentrating nearly all radioactive heat producing elements in the
crust would have a smaller quality factor Q (i.e., the mantle would not be
dissipative enough) than the available estimates. Conversely, models with a
hot interior, either due to the presence of a large amount of heat sources in
the mantle or due to an inefficient heat transport caused by a high mantle
viscosity, would be too dissipative to satisty the constraint given by the tidal
quality factor estimates. In order to match the values of the tidal Love num-
ber k» of Konopliv et al. (2016) and Genova et al. (2016), the combined
thermal evolution and tidal deformation models of Plesa et al. (2018) indi-

cated a core size larger than 1800 km with a preferred value of 1850 km,
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a value range consistent to the core size estimates of Rivoldini et al. (2011)
and Khan et al. (2018).

Bagheri et al. (2019) used an approach similar to Khan et al. (2018), but
employed several viscoelastic models (as mentioned in Section 2) to con-
strain the interior properties of the planet, particularly the dissipation. They
examined the extended Burgers, Andrade, power-law, Sundberg—Cooper,
and Maxwell models to fit the observations. Their results show that all
these models, except Maxwell, are capable of fitting the available tidal re-
sponse measurement for Mars. The Maxwell model, however, can only fit
the observed tidal response only at the expense of unrealistically low man-
tle viscosities. This is consistent with the conclusions from the work by
Bills et al. (2005), in which a very low average viscosity of the mantle was
found and was attributed to the possible presence of partial melt within the
planet (Kiefer, 2003), or a more volatile-rich mantle, or a tidally forced flow
of a fluid within a porous solid (Nield et al., 2004). However, the results
of Khan et al. (2018) and Bagheri et al. (2019) demonstrate that the tidal
dissipation rate in Mars can be explained by the anelastic strength of the
mantle, without the need for the said phenomena. This observation reveals
the necessity of utilizing more elaborate viscoelastic models for the plane-
tary bodies, especially for tidal frequencies, because at these frequencies the
anelastic relaxation is important. Bagheri et al. (2019) determined that the
parameter « that appears in the Andrade and Sundberg—Cooper models,
and in the power-law approximation should assume values in the interval
of 0.22—0.42, which are higher than the Earth’s value of 0.15 (McCarthy
and Petit, 2004). This serves as another indication that the Martian interior
is colder, because generally o tends to decrease with the increase of tem-
perature, especially on approach to melting point (Fontaine et al., 2005;
Bagdassarov and Dingwell, 1993), and it is possible that the value of « for
the Earth is so low due to the presence of partial melt.

Bagheri et al. (2019) also found the tidal displacement Love numbers /i,
(0.22—-0.24) and I, (0.037—-0.040) for Mars. These authors provided estima-
tions of dissipation (Q) at different periods, such as seismic waves, normal
modes, and Solar tides, based on each viscoelastic model, and showed that
while all models are capable of fitting the only available data point for dis-
sipation (the Phobos tides), they do not predict similar dissipative behavior
for other periods (Bagheri et al., 2019) (see Fig. 13). The recent findings
of seismic attenuation and anelasticity at the Chandler-wobble period can
further improve their finding.
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Figure 13 The potential Love number and quality factor of Mars as a function of period,
for four rheological models: Andrade, Burgers, power-law, and Sundberg—Cooper. Green
areas indicate the periods at which measurements currently exist. These are the period
of tides raised by Phobos (~5.55 hrs) and the periods of seismic waves (seconds) (Lainey
etal., 2021; Lognonné et al., 2020).

Pou et al. (2022) considered modeling the tidal response of Mars with
the aim of linking between the tidal and seismic attenuation using diftferent
viscoelastic models. Due to the proximity of Phobos to Mars, they take
into account higher degrees of tidal response, up to and including degree 5
tides. They constrain the core radius as 18054+75 km and the average shear
attenuation of the mantle in the range of 100 and 4000. The large uncer-
tainty implies that the current available tidal observations are not precise
enough to constrain the attenuation properties of the Martian mantle.

In the recent studies based on analyzing the seismic data from
Marsquakes detected by InSights Very Broad Band Seismic Experiment
for Interior Structure (SEIS), the radius of the Martian core was pre-
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cisely constrained (Stihler et al., 2021). The results show a liquid core
of a 1830440 km radius and the core density of 57006300 kg/m>. These
findings were refined with further analysis of the seismic data; Duran et
al. (2022) used the analysis of the direct, reflected, and converted seis-
mic waves to obtain the radius of the core as 1820-1870 km and its mean
density (6000-6200 kg/m’). Moreover, Khan et al. (2022) used a joint geo-
physical and cosmochemical approach to constrain the radius and density
of the core as 1840410 km and 6150446 kg/m”, respectively. These find-
ings from precise seismic analysis compare very well with the conclusions
based on the tides. This agreement illustrates the strength of the geodetic
measurements in probing the large-scale planetary interior structure.

Studying tides in the Mars-Phobos-Deimos system does not only pro-
vide information about the interior of the planet, but also can be used to
infer knowledge on the interior structure and origin of its two companion
moons. Both moons are presently tidally locked in 1:1 spin-orbit resonance
to Mars and given their small eccentricity and radius, the dissipation in
the system is dominated by that within Mars. In a recent study, Bagheri et
al. (2021) used the available information on the tidal response of Mars, in
combination with a laboratory-based viscoelastic model and an advanced
tidal theory, to integrate back in time the current orbital configuration of
the Martian moons and obtain information on their origin. Both the tides
produced in Mars by its moons and the tides produced in the moons by
Mars contribute to these moons’ orbital evolution due to higher eccen-
tricity of the moons in the past. The results demonstrated that with a high
probability, two moons are remnants of a disintegrated progenitor which
was disrupted between 1-2.7 Gyrs ago. Moreover, based on the constraints
obtained from the tidal evolution of the moons, they concluded that Pho-
bos and Deimos are highly dissipative bodies and have a highly fractured
and porous interior. In an earlier study of tidal evolution of Phobos and
Deimos, Yoder (1982) used a simplified tidal model and, assuming that the
tidal friction in Phobos is negligible, suggested that Phobos might have a
substantial internal strength. Samuel et al. (2019) used the same assump-
tion, i.e., a monolithic Phobos, to jointly study the orbital evolution of
Phobos, along with thermal evolution of Mars. However, the assumption
of a monolithic Phobos is not compatible with the constraints obtained by
modeling the impact that have created the large Stickney crater on Phobos
(Asphaug et al., 1998).

A question about Phobos and Deimos is their different tidal quality
function (k»/Q,) obtained from studying their orbital evolution (~ 10~* for
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Deimos and ~ 107° for Phobos). All such studies which consider an orbital
evolution time of the moons longer than ~1 Gyrs remain to justify the large
difference between the tidal quality function (k2/Q2) of the moons, as a
measure of the interior structure. This difference results from the difference
in the moons’ present-day eccentricities, which is as large as two orders of
magnitude, and considering the fact that tidal dissipation is responsible to
have dampened the eccentricity jumps associate with their crossing several
resonance periods in their history (Yoder, 1982; Bagheri et al., 2021). The
puzzling origin of Phobos and Deimos is a long-standing problem and
more details are out of the scope of this chapter. A complete review of the
scenarios on the origin of the moons is provided by Rosenblatt (2011).

Although the two moons are tidally locked to Mars, their small or-
bital eccentricity can cause tides raised on them by Mars. Depending on
the moons interior properties, such tides may be significant (e.g., Hurford
et al.,, 2016; Le Maistre et al., 2013). Recently, Dmitrovskii et al. (2021)
modeled the tidal deformations of Phobos to assess several possible inte-
rior structure models for the moon (see Fig. 14). They concluded that
the currently available measurements are compatible with several models of
the interior, including a rubble pile or monolithic body composed of rock
or ice-rock mixtures (Campagnola et al., 2018; Usui et al., 2020). Similar
conclusions were drawn by Rambaux et al. (2012); Le Maistre et al. (2013)
and Le Maistre et al. (2019) based on libration measurements. These models
will be examined with the upcoming Japanese Martian Moons eXploration
(MMX) mission and along with the samples returned from the moons, will
be able to further constrain the origin and interior properties of Phobos
and Deimos.

5.5 Moons of giant planets

The tidal response of the moons of the giant planets became a topic
of great interest after it was recognized that tidal dissipation in these
moons’ interiors can be a significant source of heat (Cassen et al., 1979)
(Figs. 15 and 17). Like for other bodies addressed in Section 5, tidal forcing
also plays a role in the evolution of the moon dynamical properties (spin,
orbit), and tidal stress can drive tectonic activity on some of the moons.
The most famous examples are Enceladus’ Tiger stripes and associated jet
activity whose temporal variability is correlated with tidal forcing (Hed-
man et al., 2013; Rovira-Navarro et al., 2022). Europa is another example,
whose regional-scale ridges and cycloidal ridges have been produced from
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Figure 14 Normal component of tidal deformations on the surface of the Martian
moon, Phobos for an example interior structure from Dmitrovskii et al. (2021). The col-
ored dot indicates the location of the sub-Mars point. As shown in this figure, the tidal
displacements on the surface of such a body can vary considerably due to the irregular-
ities in the shape. This necessitates using an appropriate 3D approach for such bodies.

continuous forcing driving fatigue and eventual fracturing of surface ma-
terial (Rhoden et al., 2021). In this section, we review the knowledge on
the largest moons of giant planets with particular attention to the tidal dis-
sipation as a heat source for different phenomenon within the interior of
the moons. In Section 5.6, we will concentrate on the surface geological
features as a result of tidal activity.

Io is the most volcanically active object in the Solar system (Fig. 16).
Its tidal heating power is estimated between 65 and 125 TW (Lainey et
al., 2009). Io’s potential for significant tidal heating was suspected (Peale et
al.,, 1979) even before Voyager 1 flew through the Jovian system. Despite
several observations by missions and a sustained ground-based observation
program, we still lack a full understanding of the mechanisms driving tidal
heating in o, and especially what this activity tells us about Io’s deep inte-
rior. Galileo magnetic field observations hint that the moon could contain
a deep magma layer, although its origin is debated (see Van Hoolst et
al. (2020) for discussion). Using measurements of volcanic activity as a
proxy for surface heat flow, based on spacecraft datasets covering several
decades, Rathbun et al. (2018) found lower activity in the equatorial re-
gion at the anti-Jovian and sub-Jovian points. They also identified peak heat
flow at midlatitudes and a fourfold symmetry of upwellings distribution in
longitude. The distribution of high dissipation regions inside Io is very de-
pendent on the localization of the dissipation: in the asthenosphere or the
underlying mantle (see Fig. 16 for a definition of these terms). Kervazo
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Figure 15 Thermal heat budget for outer Solar System satellites, broken down in terms
of radiogenic heating, and eccentricity and obliquity tides applied to the ocean and
solid layers of the moons. This example assumes k3 = 3/2. From Chen et al. (2014), per-
mission pending.

et al. (2022) demonstrated that the distribution of tidal heating between
the mantle and the asthenosphere is very sensitive to the melt fraction in
the asthenosphere. If this fraction is low (high), then dissipation may occur
preferentially in the mantle (asthenosphere). This behavior is characterized
by a drastic difference in the surface expression of tidal heating. Rath-
bun et al. (2018) suggested that their observations were consistent with
the tidal heating model by Tackley et al. (2001) where large-scale convec-
tive pattern dominates the distribution of tidal heating, and smaller-scale
asthenospheric instabilities spread out the surface heat flux. On the other
hand, the presence of a deep magma ocean would shift the distribution of
activity peaks by 30 deg. (Tyler et al., 2015) in comparison to the Rath-
bun et al. observations. Kervazo et al. (2022) predicted that the tidal Love
numbers /i, and especially I, are more sensitive than k to the melt dis-
tribution and would allow distinguishing between a mantle-dominated and
asthenosphere-dominated regimes. This difference is amplified by bulk heat
production. Furthermore, Van Hoolst et al. (2020) found that the diurnal
libration amplitude of lo is several times larger if Io has a magma ocean
compared to a partially molten asthenosphere. These authors predicted that
the libration amplitude could be greater than 1 km in the former case.
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Upcoming missions, such as JUICE (JUpiter ICy moons Explorer, to be
launched in 2023) and potential observations by Juno (two close lo flybys
in 2023 and 2024) might be able to shed more light on Io’s behavior.

The contribution of tidal heating to promoting global ice melting and
then preserving a deep ocean over long-time scales is not well quantified
in most bodies. Tidal forcing likely played a major role in the formation
of a deep ocean in Enceladus, as the moon’s small size and limited pro-
duction from radioisotope decay would prevent global scale melting. It has
been suggested that Saturn’s inner moons (within Titan’s orbit) formed in
Saturn’s rings and evolved outward as a result of tidal interactions with the
rings and the planet (Charnoz et al., 2011). The moons could form from
heterogeneous accretion of porous ice on silicate chards embedded in the
rings. Then, they would exit the rings in sequence, with Rhea being the
oldest moon and Mimas the youngest. This scenario could explain why
the moons’ densities do not follow a monotonic increase with distance to
the planet, as would be expected if they formed in a circumplanetary disk.
If the moons emerged from the ring, then they could have been subject
to significant heating in their early history since they formed closer to the
planet and their eccentricities were potentially excited by collisions with
other emerging moons (Charnoz et al., 2011). However, an end-to-end
evolution scenario of these bodies has not been investigated yet.

The feedback between tidal dissipation and orbital evolution can lead to
a cycle of internal melting and freezing with geological expressions such as
partial resurfacing (see for example Hussmann and Spohn (2004) for Europa
and Section 5.6 for more details on surface features). Resonance crossing,
when the orbital periods of two bodies become near-commensurate as a
result of orbital migration, can trigger significant heating. For example,
Uranus’s moons Miranda and Ariel have recorded in their geology evi-
dence of high heat flow, tens of mW/m? vs. < 0.01 mW/m? for their
current eccentricities (e.g., Beddingfield et al. (2015), Beddingfield and
Cartwright (2021)). This high heat flow has been attributed to the crossing
of resonances: a possible 5:3 resonance between Ariel and Umbriel and a
3:1 resonance between Miranda and Ariel. In resonances, the eccentricities
(and sometimes the inclinations) of moons are excited.

It was recently suggested that tidal forcing could also drive oceanic
current (Rossby—Haurwitz waves) with potentially important implications
(Tyler, 2014). Whether or not this mechanism could represent a long-term
heat source in some of the moons is uncertain at this time. Chen et al.
(2014) found that obliquity-driven tides in moon oceans could yield power
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of the same order as radioactive decay heat (Fig. 15). In the case of Nep-
tune’s moon Triton, obliquity-driven tides might be the key to the moon’s
geologically young surface and ongoing activity (e.g., Nimmo and Spencer
(2015); Hansen et al. (2021)). Indeed, obliquity-driven tides in the ocean
could generate up to 300 GW (Nimmo and Spencer, 2015), which is about
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five times greater than the power produced from radioisotope decay heat
and six orders of magnitude greater than power generated from eccentricity
tides. Recent work by Matsuyama et al. (2018) focusing on the coupling
of the ocean to the ice shell showed that the outer ice shell tends to damp
ocean tides and decrease their contribution to tidal heating. These authors
highlighted that the obliquity phase lag is sensitive to ocean thickness and
is large (18 deg. for a reference ocean thickness of 100 km below a 10-km
thick shell) and may be measured by a future mission (e.g., Europa Clip-
per). Furthermore, Hay et al. (2022) computed that at high frequencies,
tidal deformation driven by interactions among moons could be amplified
by ocean dynamics. However, the amplitude of this high frequency tidal
response is too small to be detectable via spacecraft.

In their work on the endogenic activity near the Enceladean south pole,
Howett et al. (2011) proposed that the outgoing energy flow associated
with the tiger stripes geysers is of the order of 16 GW. Many explana-
tions have been suggested for this high power, most of which have been
summarized by Nimmo et al. (2018). In a rough calculation, Efroimsky
(2018b) modeled Enceladus with a homogeneous sphere composed of a
Maxwell material, and calculated the amount of tidal power dissipated in
it, with an input from forced libration in longitude taken into account.
The so-obtained formula established a direct link between the power and
the mean viscosity of Enceladus. The subsequent insertion of the measured
value of heat outflow resulted in the value of the mean viscosity, which
exactly coincided with the viscosity of ice near melting point. This simple
estimate demonstrated that tides are sufficient to explain Enceladus’s high
heat power.

Among the recent developments in our understanding of the tidal dis-
sipation in icy moons are more elaborate models, e.g., one permitting
for water circulation in porous cores (fractured but solid, or rubble piles)
(Choblet et al., 2017). Likely active in midsized moons (<1000 km radius,
Neveu and Rhoden (2019)), this mechanism may be contributing to Ence-
ladus’s heat production, along with the significant dissipation in the ice shell
and, potentially, in the ocean. Further insights in the surface geological ac-
tivity of Enceladus will be provided in Section 5.6.

As mentioned earlier, the implications of tidal interactions between a
moon and planet depend on the k»/Q of the planet. For a long time, these
parameters were almost unkown for any of the moons of giant planets as
well as for the host planet itself. Indeed, tidal friction within Saturn causes
its moons to migrate outwards, and tidal evolution determines their cur-
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rent position. Based on astrometric observations obtained with the Cassini
spacecraft, Lainey et al. (2017) showed that dissipation in Saturn is at least
one order of magnitude larger (ky/Q = (1.59 4 0.74) x 10~*) than assumed
in past theoretical studies. These authors also identified that Saturn’s tidal
response might be frequency dependent by comparison between the tidal
evolution of the midsized moons.

Disentangling the relationships between internal evolution and dynam-
ical evolution offers prospects to explain the origin of the Saturnian moons
(and maybe the Uranian moons when more observation becomes available).
If the moons formed in Saturn’s rings then, the evolution to their current
locations can set constraints on Saturn’s k;/Q. On the other hand, if the
moons formed near their current locations, then Saturn’s Q needs to be
high (about 80,000, Cuk et al. (20162)), which does not appear consistent
with Enceladus’s high dissipation. Additional observations with Cassini lead
Lainey et al. (2020) to demonstrate that Titan is migrating away from Sat-
urn faster than previously envisioned, leading to an estimate of Saturn’s Q of
about 100. These authors also inferred that Titan could have formed much
closer to Saturn than its current location. Fuller et al. (2016) introduced the
resonance locking theory between moons and internal oscillation modes of
the planet as a way to address a number of observations in the Saturnian
and Galilean systems. Resonance locking opposes the constant Q assump-
tion used for decades. Fuller et al. (2016) inferred that this effect is the
dominant driver of tidal dissipation in these systems and suggested that the
resonance locking theory allows the large heating rate of Enceladus to be
achieved in an equilibrium eccentricity configuration. Nimmo et al. (2018)
pointed out that the astrometric observations at the basis of the resonance
locking scenarios and follow on studies carry large uncertainties and only a
narrow set of Saturn’s k»/Q allows the onset of resonances. These authors
further noted that the impact of resonances on the internal evolution of
satellites, especially under increase dissipation peak when they cross mean
motion resonances is not accounted for. Tidal dissipation within the moons
could counteract Saturn’s influence by decreasing eccentricity and semima-
jor axis.

The thermal and orbital evolution of icy moons are coupled via the
thermomechanical properties of their materials (see Section 3.2). There is
evidence that Saturn’s midsized moons have been very dissipative in their
past, expressed in the geology (e.g., flexure relaxation, crater morpholo-
gies). This has been ascribed to resonance crossing (e.g., Chen and Nimmo
(2008) for Tethys). Convective regions (e.g., convective plumes) can also be
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areas of enhanced tidal heating. Sotin et al. (2002) suggested that tidal forc-
ing can drive the formation of diapirs that may be involved in the formation
of lenticulae and chaos regions at the surface of Europa. Tobie et al. (2003)
further explored this idea and predict a heat flow of 35 to 40 mW/m™>
constant across Europa’s surface. Further details on the surface geological
activity on Europa will be provided in Section 5.6. In the case of Titan,
Tobie et al. (2005a) found that a few percent of ammonia in the ocean is
needed to limit the dissipation in the shell (by decreasing the basal tem-
perature of the shell) and preserve a high eccentricity (0.009), although
alternative models have been suggested to explain this high eccentricity
(e.g., Cuk et al. (2016a)) More work is needed to establish an end-to-end
model of the evolution of the Saturnian moon system as a whole.

A recent analysis of the tidal evolution of the Uranian moons following
their crossing mean motion resonances has led to constraints on their Q/k»
(Cuk etal., 2020). It ranges from 10* for Oberon (the farthest from Uranus)
to 10° for Miranda (closest moon), suggesting a wide range of internal
properties across the Uranian moons system. Considering the moon’s k;
may range from 1073 to 1072 (Hussmann et al., 2006), we infer dissipation
factors in excess of 1000 in Miranda, and potentially also Oberon, suggest-
ing that the moons are not dissipative at present and may be near frozen.
Interestingly, the Uranian moon system is not in resonances at present.

Actual constraints on the tidal parameters of icy moons are few. Multiple
flybys of Saturn’s moon Titan by the Cassini orbiter led to the inference of
ky =0.637 £0.0220 (Iess et al., 2014). This high value has been interpreted
as evidence for a high density of the ocean, of the order of 1200 kg/m?
(e.g., Mitri et al. (2014); Baland et al. (2014)). This high density points to a
high content in salt (Baland et al., 2014) that cannot be uniquely explained
by cosmochemical abundances but also involves a contribution of nonwater
ice volatiles (e.g., CO,, NH3) to oceanic solutes (e.g., bi/carbonate and
ammonium ions). This high density may also reflect a large abundance of
clathrate hydrate, such as CO; hydrates, whose density is about 1100 kg/m?>
(Bostrom et al., 2021).

Despite the critical contribution of tidal stressing to the heat budgets of
large icy moons, models miss input parameters that have been obtained in
conditions relevant to these objects. By lack of knowledge on the inter-
nal properties of small moons (<1000 km radius), many studies assume a
dissipation factor Q= 100 for these bodies, as well as a tidal Love number
based on a homogeneous interior. However, as shown above, dissipation is a
function of the material frequency-dependent mechanical response, which



294 Amirhossein Bagheri et al.

itself depends on temperature and the history of the material. Dissipation
in porous interiors (e.g., near Earth asteroids), mixtures of water ice, salts,
and clathrates, that may be relevant to Europa or Titan, for example, are
scarce. Tidal stresses at icy moons have a wide range of amplitudes that
invoke different response mechanisms. Reproducing low stress and long
forcing periods in laboratory is challenging and most cyclic forcing mea-
surements have been obtained at frequencies greater than 10~* Hz. Future
experimental work should aim to retire some of these knowledge gaps that
prevent more high-fidelity modeling of the moon internal evolution.

The Europa Clipper mission’s gravity measurement is projected to yield
Europa’s tidal Love number k; with an accuracy of 0.015 (1-0) (Mazarico
et al., 2021). The combination of ground penetrating radar and imaging
will yield h, (Steinbriigge et al., 2021) but the predicted accuracy is still
a work in progress. The JUICE mission is also planning to obtain these
parameters at Ganymede, in particular k, with an accuracy of 107 (e.g.,
Cappuccio et al., 2020).

5.6 Tidal signature on planetary surfaces

This chapter mainly addresses deciphering the interior structure based on
measurements of tidal response presented in the form of Love numbers
as well as the reciprocal effect of tidal heating and interior properties in
the planetary bodies. However, it is important to mention how surface
geological features as a result of tidal activities can also be used to constrain
both the present-day interior and thermal-orbital evolution of the planetary
bodies through their relationship to tidal stress and tidal evolution.

Hence, we dedicate this section to overview the effect of surface fea-
tures as a result of tidal activities and their interpretations for the interior in
different planetary bodies, particularly the icy moons. While, a more de-
tailed review of the tidal signatures on the surface of the planets would need
a dedicated study, here we only provide a summary of the most important
findings on the interior as a result of studying the surface of the icy moons.

The extent to which the surface of a moon will be affected by tidal
stress not only depends on the orbital elements such as eccentricity, oblig-
uity, and the proximity to the parent planet, but also to the responsiveness
of the interior of the body to tidal deformation, which in turn is strongly
affected by the presence or absence of an ocean, the rheology of the in-
terior, and the amount of internal heat being generated within the moon
(e.g., Greenberg et al., 1998; Jara-Orué and Vermeersen, 2011; Rhoden
and Walker, 2022). Thus, geologic features on the planetary objects can
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provide insight as to their interior structures and thermal states. For exam-
ple, the presence, absence, and style of tectonic activity can be diagnostic of
a moon’s thermal history (e.g., Rhoden et al., 2020). Similarly, the presence
of eruptions, whether in the form of surface flows or geysers, can provide
insight into the cooling history of a moon and the composition of its ocean
(e.g., Rudolph et al., 2022). Lastly, indicators of past heat flows, through
changes to crater morphology, can constrain the overall thermal history of
a moon (e.g., Bland et al., 2012).

Although still an area of active study, some consistent links have been
identified between certain geologic features and the inferred thermal-
orbital history or interior structure of a moon. We begin with tectonics.
The two icy satellites with extensive canyon systems, Tethys at Saturn and
Charon at Pluto, both have negligible present-day orbital eccentricities,
with reason to expect that they underwent rapid despinning and circu-
larization (Peale, 1999; Neveu and Rhoden, 2019; Cheng et al., 2014).
Neither moon is expected to have an ocean today due to a lack of poten-
tial heat sources, although observational constraints on Tethys’s interior are
quite limited (Castillo-Rogez et al., 2018). Tethys and Charon both have
globally-distributed, but overall sparse, fracture systems that appear unre-
lated to either the canyons or tidal stress patterns (Castillo-Rogez et al.,
2018; Rhoden et al., 2020). Their origin is currently unknown.

As described in Rhoden et al. (2020), the best explanation of the for-
mation of the canyons on Tethys and Charon is that both moons began
with high eccentricity orbits that generated oceans through tidal dissipa-
tion. As a result, the orbits circularized, and the lack of tidal heating led the
oceans to freeze out. As oceans freeze, the thermal stresses and the increase
in volume of the newly accreted ice at the base of the shell can create ra-
dial fractures within an ice shell (Rudolph and Manga, 2009; Rudolph et
al., 2022). Hence, the cooling and freezing of the interior may have pro-
duced the initial fractures that developed into canyons through continued
thickening of the ice shell. The lack of fractures associated with tidal stress
patterns comes from the fact that circularization occurred before the ocean
froze, so there were no tidal stresses available Rhoden et al. (2020). Thus,
we can hypothesize that canyon systems are indicative of a past ocean that
has completely frozen out.

One important difference between Charon and Tethys is that only
Charon shows evidence of cryovolcanism. A potential explanation for this
difference is that fractures formed through ocean freezing were able to crack
through the entire ice shell at Charon but not at Tethys, perhaps because
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the Tethys’s interior did not warm up as much as Charon’s, and the ice
shell was correspondingly thicker. Given that Tethys is approximately 94%
ice (Castillo-Rogez et al., 2018), it may have had too little rocky material
to provide sufficient radiogenic heating to reach a similar level of melting
as Charon, or it may have begun with a lower eccentricity that resulted in
less tidal heating. The presence of ammonia within Charon’s interior, as
explored by Bagheri et al. (2022) could also facilitate eruptions and would
likely be absent or less abundant within Tethys. In any case, comparing the
geology of these two moons provides insight into differences in the thermal
evolution of their interiors.

On the opposite end of the tectonic spectrum are the moons with
oceans thicker than their overlying ice shells. Europa at Jupiter and Ence-
ladus at Saturn (e.g., Nimmo and Pappalardo, 2016) are the two “con-
firmed” ocean worlds of this type. Both of these moons execute eccentric
orbits while orbiting close to their parent planet; their subsurface oceans
and warm ice shells allow for significant tidal deformation and stress in the
overlying cold ice. Europa’s surface is pervasively, and globally, fractured,
and the fractures vary in their surface expression from linear to wavy to
cycloidal (e.g., Kattenhorn and Hurford, 2009) (see Fig. 16). The shapes of
cycloids, linked arcs that can span 100s of km, track the spatial and tempo-
ral changes in tidal stress throughout Europa’s orbit (Greenberg et al., 1998;
Hoppa et al., 2001; Rhoden et al., 2010, 2021). Fits to both individual cy-
cloid shapes and the overall distribution of cycloids greatly improved when
the effects of a small obliquity were added to the tidal stress model, illus-
trating the powerful link between the orbit, interior, and surface geology.
Europa also displays strike-slip offsets along many fractures, long parallel
bands formed from extension, and irregularly-shaped bands formed from
compression/subsumption (see reviews by Kattenhorn and Hurford (2009);
Prockter and Patterson (2009)). Many strike-slip offsets have been linked to
tides (e.g., Rhoden et al., 2012), whereas band formation appears to result
from large-scale plate motion (e.g., Kattenhorn and Prockter, 2014), which
may be governed by different processes.

Enceladus displays tectonic features that are morphologically-similar to
those at Europa, but Enceladus’s tectonism is regional, with activity concen-
trated near the south pole (Spencer et al., 2006; Patthoff and Kattenhorn,
2011; Crow-Willard and Pappalardo, 2015). Also, Enceladus lacks cycloids,
strike-slip offsets along fractures, and bands of any kind. The four, roughly
parallel fractures within the south polar terrain (dubbed “Tiger Stripes”)
have orientations consistent with eccentricity-driven tidal stresses (Rho-
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den et al., 2020), and the geyser-like eruptions emanating from the Tiger
Stripes vary in output on a diurnal timescale, suggesting a link to tides
(Nimmo et al., 2007; Hurford et al., 2007; Hedman et al., 2013). The
ice shell thickness on Enceladus appears to vary considerably with loca-
tion (e.g., Thomas et al., 2016; Beuthe et al., 2016; Cadek et al., 2019);
the shell is thinnest at the south pole and thickest along the equator. In a
heterogeneous ice shell, tidal stresses are enhanced at thin zones (Beuthe,
2019). Thus, the extent of tectonic activity may well be an indicator of ice
shell thickness, with older tectonized regions representing past thin zones.
This interpretation would suggest that, as at Europa, multiple generations
of crisscrossing, ridge-flanked fractures are indicative of relatively thin ice
shells and concentrated tidal stress.

Between these two extremes, there are a variety of heavily cratered
moons with varying levels of tectonic activity, including Ganymede at
Jupiter and Dione at Saturn. Both moons are thought to have thin oceans
beneath much thicker ice shells, and they both orbit far enough from their
parent planet to have reduced tidal heating and stress, which may be the rea-
son for their limited geologic activity. Callisto at Jupiter and Rhea at Saturn
orbit even farther away and both are heavily cratered with little other geo-
logic activity. There is some evidence to suggest a deep, thin ocean within
Callisto (Khurana et al., 1998), so it is possible that even heavily cratered
worlds can have oceans; much less is known about the interior structure of
Rhea (Tortora et al., 2016). Taken together, it seems that there is a corre-
lation between ocean thickness, relative to total hydrosphere thickness, and
the extent of tectonic activity.

One curious outlier is Saturn’s smallest and innermost regular satellite,
Mimas. With a higher eccentricity than its exterior neighbor, Enceladus,
we might expect Mimas to be even more geologically active, akin to o
at Jupiter. However, Mimas is heavily cratered with few tectonic features
and no evidence of volcanic activity. And yet, model fits to Cassini mea-
surements of Mimas’s physical librations indicate that Mimas is likely an
ocean-bearing world and require that Mimas is differentiated into a rocky
interior and outer hydrosphere (Tajeddine et al., 2014; Noyelles, 2017;
Caudal, 2017). If Mimas does, indeed, have a subsurface ocean today, it
may be a young ocean world, such that its surface has not had time to
develop the characteristics features observed on moons such as Europa and
Enceladus (see also Rhoden and Walker (2022)). In addition to tectonic and
volcanic activity, craters can be quite diagnostic of the interior structure and
heating history of a moon. Most obviously, the morphology of the initial
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impact can be used to constrain the thickness of the outmost layer of the
moon. For example, some craters have clearly cracked through Europa’s
entire ice shell to the ocean beneath (see Schenk and Turtle (2021), for
an overview), whereas several of the midsized moons of Saturn have large
(100s of km) impact basins that show no evidence of a subsurface ocean.
However, tidal dissipation within an icy satellite can also have a more subtle,
but still diagnostic, effect on craters.

As heat is transferred from the interior of a moon to the surface, it
can modify the shapes of existing craters, creating flatter floors and overall
subdued morphologies. The process, called crater relaxation, records the
magnitude and longevity of heat flow through the ice shell. Crater relax-
ation on Enceladus, Tethys, Dione, and Rhea all indicate past episodes of
higher heat flows (Bland et al., 2012; White et al., 2013, 2017). Even Ence-
ladus, which has high present-day heat flows, would require a past epoch of
considerably more dissipation to explain the observed crater shapes (Bland
et al., 2012). For the other moons, to achieve the observed levels of re-
laxation would imply temperatures above the melting temperature of water
ice, suggesting oceans within their surface ages. In contrast, Mimas’s craters
show no evidence of relaxation to within the observation limit imposed by
image coverage. In that case, crater shapes provide an upper limit on the
extent of tidal dissipation that could have taken place within Mimas. In all
of these cases, it is the link between interiors, tidal dissipation, and surface
geology that allows these features to provide additional insight as to the
thermal-orbital evolution of the moons and their past and present interior
structures.

6. Summary and conclusions

In this chapter, we have attempted to provide an overview of the
past, present, and future use of tides as a means of procuring information
on the interior structure of planets and moons from orbiting and landed
spacecraft. Since tidal response measurements play an inordinate role in
understanding the interiors of rocky and icy planetary bodies, we provided
a detailed outline of the fundamental concepts connected to modeling the
tidal response, including the viscoelastic behavior of planetary materials,
and how the tides couple to the thermal structure within the planetary
body to determine its subsequent orbital evolution. We also provided an
overview of tidally generated surface geological features on icy moons, and
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discussed interpretations of these features for these moons’ interior structure
and evolution.

Tides are also playing a key role in modeling and understanding of the
evolution of extra-Solar planetary bodies and of these bodies’ astrobio-
logical potential. Related to this are the recent refunements of the tidal
theory, like (Makarov and Efroimsky, 2013), as well as the extension of the
tidal evolution formulae to allow for employment higher-order eccentricity
functions needed to describe spin-orbit resonances, nonsynchronous rota-
tion, and mean motion resonances (Renaud et al., 2021; Bagheri et al.,
2021). For exoplanets trapped in a higher-order spin-orbit resonance for an
extended amount of time, for example, important climate variations could
ensue as a result of a new Solar configuration (Del Genio et al., 2019) and
thus the potential for life to develop.

We provided an overview of the current state of investigation of the
rocky bodies of our Solar system, including Mercury, Venus, the Moon,
and Mars, and the icy moons of the giant planets from the point of view of
tides that will invariably remain, relative to the more involved deployment
of surface instrumentation, the most prominent means of inferring knowl-
edge on the interior of the planets and satellites. The ongoing development
of more refined tidal models, in combination with further experimental
studies of the viscoelastic properties of planetary materials, and advances in
geophysical models through continued analysis of geodetic and other large-
scale measurements (e.g., InSight and LLR), promise new insights into the
inner structure of terrestrial planets and moons of the Solar system.
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