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Abstract

The Earth-like planets and moons in our solar system have iron-rich cores, silicate mantles,
and a basaltic crust. Differentiated icy moons can have a core and a mantle and an outer
water—ice layer. Indirect evidence for several icy moons suggests that this ice is under-
lain by or includes a water-rich ocean. Similar processes are at work in the interiors of
these planets and moons, including heat transport by conduction and convection, melting
and volcanism, and magnetic field generation. There are significant differences in detail,
though, in both bulk chemical compositions and relative volume of metal, rock and ice res-
ervoirs. For example, the Moon has a small core [~0.2 planetary radii (Rp)], whereas Mer-
cury’s is large (~0.8 Rp). Planetary heat engines can operate in somewhat different ways
affecting the evolution of the planetary bodies. Mercury and Ganymede have a present-day
magnetic field while the core dynamo ceased to operate billions of years ago in the Moon
and Mars. Planets and moons differ in tectonic style, from plate-tectonics on Earth to bod-
ies having a stagnant outer lid and possibly solid-state convection underneath, with impli-
cations for their magmatic and atmosphere evolution. Knowledge about their deep interiors
has improved considerably thanks to a multitude of planetary space missions but, in com-
parison with Earth, the data base is still limited. We describe methods (including experi-
mental approaches and numerical modeling) and data (e.g., gravity field, rotational state,
seismic signals, magnetic field, heat flux, and chemical compositions) used from missions
and ground-based observations to explore the deep interiors, their dynamics and evolution
and describe as examples Mercury, Venus, Moon, Mars, Ganymede and Enceladus.
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Article Highlights

e Methods to explore the interiors of terrestrial planets and satellites using space mis-
sions are described and compared

e All planets and most satellites are differentiated into iron-rich cores, rocky mantles and
crusts and—for the satellites—ice-water layers

e Mercury, Venus, Moon, Mars, Ganymede and Enceladus are discussed in some detail
as examples

1 Introduction

Since the days of Copernicus (1473-1543), Brahe (1546-1601) and Kepler (1571-1630),
we know that the Earth is the third planet out from the sun, orbiting the latter at a distance
that is—as we learned to understand—within the sun’s habitable zone. While the Earth is
the main focus of our interest as our home planet and of this particular collection of articles
(Cazenave et al. 2022), we consider some of the other planets out of curiosity and because
comparing similar and not so similar objects is a trusted way in science of deepening our
understanding and testing hypotheses.

Of particular interest for scientists studying the interior of the Earth are the interiors
of other rocky planets and moons of comparable size (Fig. 1). While the Earth is the big-
gest and most massive of these bodies in our solar system, other planetary systems host
what has been termed super-Earths, planets with radii of up to twice the Earth’s and
masses of up to ten times the latter. The pressure in super-Earths ranges up to terapascals
and is far beyond what is accessible to date in high pressure experiments, at least in static
experiments.

Amongst the bodies of interest in the solar system is Venus as the most similar to the
Earth in terms of radius and mass, the former being just a few percent smaller, Mars about
half the size and roughly 10 per cent in mass but with a climate that resembles that of
Earth’s more than that of the other terrestrial planets, and Mercury, the smallest and least
massive but the one with the highest density if evaluated at standard conditions of pressure
and density (10° Pa and 273 K) and a present-day intrinsic magnetic field (Fig. 1). Geo-
physical data are comparatively scarce for these planets, but missions have allowed meas-
urements of the gravity and magnetic fields, and imaging and spectroscopy have allowed
geological mapping and analysis of the compositions of surface rock and of the atmos-
pheres. Information on planetary composition comes in addition from samples from Mars
that we have in our meteorite collection, but also from in-situ measurements from lander
and rover missions on Mars (e.g., Abbey et al. 2019) and Venus (e.g., Surkov et al.1984).
Most recently, Mars has been the target of a dedicated geophysical observatory mission,
InSight (Banerdt et al. 2020), that placed an extremely sensitive seismometer with broad-
band and short period sensors on the surface of the planet. It also enabled highly accurate
measurements of the rotation axis, of the local—small scale—magnetic field and its time
variation and of atmosphere pressure, temperature and wind speed (Banfield et al. 2019;
Folkner et al. 2018; Lognonne et al. 2019) and of the thermal and mechanical properties of
the Martian soil (Grott et al 2021; Spohn et al. 2021a) and interior (Lognonne et al. 2020;
Giardini et al. 2020; Knappmeyer-Endrun et al. 2021; Khan et al. 2021; Stéhler et al. 2021.
Unfortunately, attempts to emplace thermal sensors at the required depth of 3—5 m were not
successful and the goal of measuring for the first time the heat flow from another terrestrial
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Fig.1 Schematic view of the interior structure and magnetic field evolution of Mercury, Venus, Earth,
Moon, Mars and Ganymede. Upper panel: The white surface shows the silicate mantle, the light grey sur-
face the fluid core and the dark grey surface the solid inner core and the white dotted area shows a water/
ice mantle. Furthermore, the percentages of the crust/mantle volume ratio are shown. Apart from the Earth,
the sizes of the different layers (core, solid inner core, silicate mantle, basaltic crust, or ice mantle) are
determined with different precision for the bodies; for more detail, see text. Lower panel: The dark grey
surface shows remnant magnetized crust. In case of the Moon dark grey shows a strong field and light grey
a weaker field indicating the strong decrease of the magnetic field strength with time. The small hatched
regions at the right hand side of the diagram for Earth, Mercury and Ganymede indicate the magnetic fields
today. It is important to note that the lack of observed remnant magnetized crust is no clear sign that also an
internally generated magnetic field was lacking at that time. This applies in particular to the early evolution
of the planets and Venus and Ganymede. It is difficult for crustal rock on Venus to get remnant magnetiza-
tion due to the high surface temperature close to or above the Curie temperature of magnetic minerals, and
the silicate crust of the Ganymede is located under a thick layer of ice and water

planet had to be abandoned. However, the measurements of the other instruments were not
affected by this and operated nominally.

Of the planetary satellites, the Moon is of particular interest not the least because it has
been explored by humans during the Apollo program (1969-1972), when not only were the
gravity and magnetic fields mapped, but seismic data was also recorded and the heat flow
was measured (e.g., Taylor 2016; Jolliff et al. 2006 for lunar mission research reviews). In
addition, the lunar rotation axis has been accurately measured over extended periods of
time, the composition of surface rocks has been mapped and roughly 400 kg of lunar rock
have been collected and brought to Earth. The origin of the Moon is closely linked to the
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early history of Earth (e.g., Canup et al. 2021) and the surface of the Moon, being devoid
of traces of erosion apart from the effects of impacts is recording data pertinent to the long-
eroded record of the early history of our own planet.

Other planetary satellites of particular interest to geophysics and covered in this article
include Ganymede, the biggest of the Galilean satellites, covered with a thick ice mantle,
with traces of lateral tectonic movements and a self-sustained magnetic field, and Encela-
dus, measuring only 500 km in diameter with geysers emanating from the surface near the
south pole. Enceladus has been speculated to potentially harbor primitive life and together
with Mars, Titan, and Europa belongs to the bodies in the solar system that are regarded as
those with the greatest potential for detecting extraterrestrial life.

The evolution of these bodies depends essentially on the functioning of their heat
engines. The latter are mostly driven by heat deposited during planet formation and gener-
ated by the decay of radioactive elements and, in some cases, by tidal dissipation. In the
early evolution large catastrophic impacts likely played an important role as has been dis-
cussed for example for the Moon (compare Sect. 3.2). Convection is expected to take place
in their rocky mantles, iron-rich cores, and outer ice layers, as has been recognized early on
by, e.g., Schubert (1979). In the core, dynamo mechanisms can generate magnetic fields as
we will discuss further below in Sect. 2.3. In the rock and ice mantle, convection and the
dominant tectonic style are significantly influenced by their composition, the internal struc-
ture, and the surface conditions. Among the tectonic styles, a distinction is made between
the plate tectonic regime of the Earth and the stagnant lid regime of the other planetary
bodies like Mercury, Mars and the Moon as we will discuss in Sect. 3. Mixed tectonic
styles may have existed, such as episodes of plate tectonics and stagnant lid convection,
that are being discussed for Venus (Sect. 3.2). In the case of icy moons, the thermal evo-
lution is additionally shaped by the outer ice layer, which may have a water ocean either
trapped between ice layers (Ganymede, Sect. 3.5) or in direct contact with the silicate man-
tle (Enceladus, Sect. 3.6).

This article reviews the current state of knowledge about the interior of rocky planetary
bodies, including constraints on their interior composition, internal structure, magnetic
field generation and their thermo-chemical evolution. We describe the data obtained from
planetary missions and ground-based observations and the methods used to analyze these
data. We conclude with what understanding we have gained so far of Mercury, Venus,
Mars, Ganymede and Enceladus with the help of mission data, modeling and laboratory
experiments, and put these results in context with what we know about Earth.

2 Exploring the Deep Interior of Planets
2.1 Composition

Exploring the deep interior of planets commonly relies on the use of indirect methods,
because direct access is severely limited. Even on Earth, the deepest hole ever drilled (the
Kola Superdeep Borehole, e.g., Pavlenkova 1992) reached a depth of only ~ 12 km before
the temperature at the bottom of the borehole exceeded the technical limits of the drilling
equipment. This depth corresponds to less than 0.2 per cent of the distance to the center of
our planet. Drilling holes in other planets and moons has been even more limited to date:
the deepest hole in the Moon (drilled during the Apollo 17 mission in 1972) reached less
than 3 m (e.g., Alton and Waltz 1980) and the deepest hole in Mars (dug during the InSight
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mission) reached ~40 cm depth (Grott et al. 2021)-both representing almost negligible dis-
tances compared to the bodies overall sizes. No samples of the iron-rich metal cores of the
Earth or planets and moons have ever been obtained, and are unlikely to ever be obtainable
in the foreseeable future. Core fragments of smaller bodies have been retrieved in the form
of iron meteorites, but these represent remnants of planetesimals that were much smaller
than the terrestrial planets, and that were broken up and destroyed by violent impacts early
in the history of the solar system. NASA plans to fly the Psyche mission to M-type asteroid
16 Psyche, possibly an exposed core of a proto-planet (Elkins-Tanton et al. 2014).

In the absence of deep drilling, surface samples can provide clues about the interior
composition and internal structure of rocky planets and moons. Volcanic samples that can
be found at the surface form by partial melting of source rocks in the interior. Their chemi-
cal compositions reflect, albeit in a non-linear and often non-unique fashion, the composi-
tion of the source and pressure/temperature conditions of melting. In addition, volcanic
deposits can contain xenoliths, solid rock samples incorporated into magma during magma
transport from interior source to the surface. These provide a valuable window into the
composition and mineralogy of the interior underneath a volcano. On Earth, some volcan-
ism-related samples retrieved at Earth’s surface originated at up to several 100 km depth
(far exceeding the bottom of the deepest drill hole), with some geochemical evidence as
reviewed by Dehant et al. (2022), suggesting that a small part of some volcanic rocks may
have originated near the core-mantle boundary (~2900 km depth).

Tectonic processes including subduction and orogenesis can lead to substantial verti-
cal transport of rock masses, and if accompanied by significant erosion can exhume rocks
initially formed tens of kilometers deep all the way to the surface. For example, some of
the deepest-formed rocks presently found at the surface in Europe are located in the Swiss
Alps, brought to the surface during the Alpine orogeny (e.g., Dobrzhinetskaya et al. 1996).
Tectonic emplacement of interior rocks onto the surface is limited in the solar system, as
plate tectonics appears to be limited to Earth at present. Strong vertical movements bring-
ing deep interior rocks to the surface can also be induced by impacts—a process that has left
clear marks on the surfaces of almost all rocky bodies in the solar system. Large impacts
can directly expose subsurface material by evaporating and ejecting overlying rocks or ice.
Rebounding of the subsurface after larger impacts leads to the formation of a central peak
in the crater, with the material exposed in this peak originating from deep below the crater
floor (e.g., Flahaut et al. 2012). The precise depth from which central peak material origi-
nated depends, amongst other factors, on the size of the impact (and hence on the size of
the crater).

Surface rock samples have been collected, and returned to Earth, only from the Moon
(thanks to the Apollo, Luna and Chang’e missions), and asteroids Itokawa and Ryugu
(thanks to the two Hayabusa missions) (Kawaguchi et al. 2008), with samples from the
surface of asteroid Bennu currently on their way back to our planet (OSIRIS-Rex mis-
sion) (Lauretta et al. 2017). Sample return from Mars is being planned for this decade.
The NASA Perserverance and the ESA Pasteur rovers will be collecting samples that are
planned to be returned to Earth by a dedicated mission (e.g., Kminek et al. 2021). An
extensive review of past and outlook to future sample return missions is provided in Anand
et al. (2021). On Venus, Mars, and the Moon, lander missions have obtained additional
compositional data in situ on the surface. The accuracy and precision of these data is nec-
essarily limited compared to that achievable for returned samples.

For Mercury, the Moon, Mars and outer planetary bodies, surface compositional data
is available from remote sensing missions (again with limitations on accuracy, precision,
and spatial resolution). A major advantage of remote sensing and lander missions without
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a sample return component is that they provide more complete global coverage of surface
mineralogy and composition compared to the very limited surface areas from which sam-
ples have currently been obtained. On top of this, remote sensing missions can provide
mineralogical and compositional information for areas that cannot be reached by lander or
rover missions, such as steep mountain slopes. As an example, the mineralogy and chemi-
cal composition of the central peaks of lunar craters can be mapped from space, and remote
sensing analyses of the composition of central peaks in lunar craters of different sizes has
been used to map the vertical structure of the lunar crust, as well as its lateral homogene-
ity (e.g., Martinot et al. 2018, 2020)—something that cannot be done on the basis of sample
return or in situ data.

Naturally, combinations of remote sensing, landing/roving, and sample return missions
provide most information. In this case, accuracy and precision of space-based remote sens-
ing and/or lander/rover in situ observations can be improved by the data from returned
samples, as they enable so-called ground truthing. At the moment this integrated approach
is limited to the Moon. A combination of remote sensing and sample return missions is
especially important for bodies with a significant atmosphere such as Mars, as the atmos-
phere complicates remote sensing observations of the surface.

Surface samples from some bodies across the solar system are available on Earth in the
form of meteorites. Some of these are remnants of primitive bodies formed very soon after
the formation of the solar system (iron meteorites, stony iron meteorites, chondrites); oth-
ers (the achondrites) were ejected from larger, differentiated bodies including the Moon,
Mars, and asteroids. The former provide a cross-section of the nature of potential build-
ing blocks of rocky planets and form the basis for the development of models for the bulk
chemical composition of Mercury, Venus, Earth, and Mars. The latter provide further
insight into the composition of the outer crust and mantle of the Moon, Mars and large
asteroids such as Vesta, even though it is often impossible to link these meteorites to a spe-
cific location on the surface of the parent body.

Tiny aliquots of returned samples as well as meteorites can be dissected in laboratories
on Earth and analyzed for their mineralogy, major and trace elements, stable isotopic, and
radiogenic isotopic compositions. These analyses provide constraints on the composition
of the silicate reservoirs of planets (planetary crusts and mantles). Sample age information
is important as it can yield constraints on models of the dynamics of a planetary interior as
a function of time. To link such compositional and age information with geodetic and geo-
physical data on a planet’s interior structure, experiments in which the high-pressure, high-
temperature interior conditions in planets are reproduced are required. Such experiments
are important for two reasons. First, they can be used to constrain the chemical composi-
tion as well as the formation conditions of planetary mantles and cores, providing bound-
ary conditions for thermochemical models of the evolution of planetary interiors from their
origin until the present day. Second, they can help determine the mineralogy and physical
state (solid versus molten), as well as the physical properties, of planetary crusts, mantles,
and cores as a function of depth, providing independent tests of geophysical models of the
present-day geodetic and geophysical properties (such as physical state, density and seis-
mic wave propagation speeds) of planetary interiors.

An overview of the techniques used to recreate the high-pressure and high-temperature
conditions in planetary interiors in the laboratory is provided in Dehant et al. (2022). In
short, small (on the order of cubic millimeter-sized) synthetic or natural samples consist-
ing of powdered silicate glass and/or iron rich metal of the appropriate composition can be
compressed and simultaneously heated in a high-pressure apparatus. Figure 2 shows some
examples of the types of experiments that can be performed to assist planetary interior
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Fig.2 a Back-scatter electron (BSE) microscope image of a polished section through the run product of
a high-pressure experiment mimicking the interior of the Moon (after Lin et al. 2020). This experiment
illustrates conditions at which the lunar mantle would be partially molten and partially solidified. 1: Magma
(light grey), solidified to a glass at the end of the experiment; 2: Clinopyroxene crystals (dark grey, large);
3: Plagioclase crystals (dark grey, long needles); 4: Graphite capsule surrounding the sample. b BSE image
of a polished section through the run product of a high-pressure experiment mimicking the conditions of
core formation in small planets (after Steenstra et al. 2017b). 5: Ball of iron-rich metal (molten during the
experiment); 6: Silicate magma (quenched to a combination of lighter grey glass and darker quench crystals
of olivine); 7: MgO capsule surrounding the sample. ¢ X-ray radiography image looking through a high-
pressure assembly aimed at measuring the density of ferropericlase (an oxide mineral present in planetary
interiors) at high pressure and high temperature (after Van Westrenen et al. 2005). 8: Powdered ferroperi-
clase material (light grey); 9: Rhenium disk separating sample powder from rest of the assembly; 10: Thin
layer of mixture of gold and MgO powder serving as pressure calibrants; 11: Thermocouple wires for tem-
perature measurements

studies. Experiments can be focused on determining the temperatures required to melt
a planet’s or moon’s mantle at different depths (Fig. 2a). This information is required to
constrain the source depth and temperature at which volcanic rocks found on the surface
were formed. Other experiments focus on chemical equilibration between model cores
and mantles of planets and moons (Fig. 2b). In such experiments, molten iron-rich metal
is chemically equilibrated with molten rock to mimic the conditions of core formation
early in a body’s history, and to determine how different elements distribute themselves
between metal and silicate during this process. Such information is vital to ascertain under
which conditions core formation occurred, and can help constrain the chemical composi-
tion of the core of a body on the basis of the chemical composition of its silicate shell. A
third type of experiment is focused on determining which minerals are stable at different
depths within a planetary mantle or core, and on determining key physical properties of
these minerals such as their density or rheological behavior (e.g., Fig. 2c). Complementing
and extending such laboratory techniques are computer simulations. Ab initio molecular
dynamics approaches are increasingly used to calculate physical and chemical properties
of minerals and melts at conditions that cannot be reached in the laboratory, with the added
advantage of providing atomic-scale views of processes taking place at these conditions.

Although initially focused exclusively on elucidating the properties of the interior of
the Earth, in recent years high-pressure experimental as well as computational techniques
are increasingly applied to constrain processes and evolution in other solar system bodies,
as well as rocky exoplanets. A few recent examples are given in Sect. 3. Together with the
geophysical techniques discussed in the following section, they form a powerful method to
elucidate planetary interiors, even in the case of planets and moons for which we will never
be able to obtain direct deep subsurface samples.
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2.2 Interior Structure

Spacecraft data are essential for unravelling the internal structure of planets and satel-
lites (Tables 1, 2). Since gravitational and electromagnetic fields decrease with distance
(squared), close proximity to planetary objects is required for an accurate characterization
of the fields. Observations from close distance also allow determination of topographic
maps from laser ranging, imaging and radar observations, and complement the capacity
of field observations to probe the interior. The orbital and rotational motions of planetary
objects provide further information on their deep interiors, in particular on internal dissipa-
tion processes and on the existence of global liquid layers beneath the surface. For the most
detailed view on the interior of a planet or natural satellite, equivalent to our knowledge
about the Earth’s interior, equipment on the surface is needed. In this section, we describe
the different methods to study the internal structure, with the exception of electromagne-
tism that is discussed in Sect. 2.3. Applications and results to planets and satellites are
given in Sect. 3.

From close flybys, the mass and the low-degree components of the gravitational field
can be determined. In practice, at most a few to some tens of close flybys have been per-
formed of planetary satellites other than the Moon, and knowledge of their gravitational
field is restricted to degree two or three (Anderson et al. 1996, 1998; Schubert et al. 2004;
Iess et al. 2012, 2014). Since most flybys were approximately in the equatorial plane of the
satellites, the best-known component of the gravitational field for satellites is the sectorial
component of degree 2 (C,,). Rotation is known to flatten the satellites at the poles and to
create an equatorial bulge, but that only induces a zonal degree-two component (C,,), not
a sectorial component. The sectorial component results from the static tide raised by the
central planet, which stretches the satellite in the direction to the planet. This static tide is a
consequence of the fact that most large and mid-sized satellites of the solar system are in a
1:1 spin—orbit resonance—the equilibrium rotation state in which spin and orbit periods are
equal—as a result of rotational evolution due to tidal dissipation. The large-scale shape of
satellites is thus expected to be mainly described by an ellipsoidal shape of the planet with
the long axis along the rotation axis due to rotation and an additional ellipsoid with long

Table 1 Properties of the terrestrial planets

Mercury Venus Earth Mars
Radius [km] 2438 6052 6371 3390
Mass [10** kg] 0.3302 4.869 5.974 0.6419
Density [10° kg/m?] 5.430 5.243 5.515 3.934
Uncompressed Density [kg/m?] 5.3 4.0 4.05 3.75

Moment of Inertia normalization factor ~ 0.333 +0.005 0.337+0.024 0.3307 0.3644 +0.0005
(C/MR?)

Rotational Period [d"] 58.65 243.0° 0.9973 1.026
Inclination of rotation axis [°] 0.5 177.4 23.45 25.19
Orbital distance [AU®] 0.3871 0.7233 1.000 1.524
Orbital Period [a"] 0.2410 0.6156 1.001 1.882
Magnetic Moment [107* T x Radius®]  3x107° <3x10™ 0.61 <6x10™

Remarks: ?A day [d] is equivalent to 24 h. "The motion (rotation, revolution) is retrograde. AU is one astro-
nomical unit or 149.6 million kilometers. ‘A year [a] is equivalent to 365 days [d]. The uncompressed den-
sity is model dependent and cannot be given with more then 2 to 3 significant digits

@ Springer



185

Surveys in Geophysics (2022) 43:177-226

qLL8'S S6'Sl1 6991 SSI'L 166°¢ 69L°1 LT [p] potiad e11qI0

(€:1270))

10108} UOnRZI[ew
000 F 6¥SE0 82000 FSTIEC0 S00°0F9t€0 TC000°0F#T8LE0 60000+ 626£°0 -Iou en.Iou] JO JUSWON
I 1881 e8'1 Y6'1 e £5'e vree [w/3 (01] Lisueq
¥6L0'1 el LLOT (4341 1'6LY 8168 6'vEL [3Y ;011 ssEW
we SLST 00+C v€92 0951 1281 LELT [wy] snrpey
umjes 1ndnp yleg Krewnd

snpe[aouyg uely, [UNiiue) apswkuen) edoing o] UOOJA!

umouy A[QJeINdo. 2I0W IR Jey) SI9qUINU I0J UIAQ SHSIP JuedyIuSIS In0J 9AIS am ‘9oeds Jo ayes ay) 10 ‘A0S eseu w)sAsIe[os//:dny ¢ ‘A0S eseu0)s3

-opsu//:dpy woiy pue ‘gz6—/, 7y "d ‘urpeg ‘10Anin o M ‘(WIEY "M P2) ‘L oA “isAydrejuswiradxy 10p yonqiye| ‘Iojepyos-uuewSiog ur ‘orsojojourld ‘uyods woij ‘861
‘ssa1d AysioAtun) pioyxQ ‘uoruedwo)) Krejoueld 9yJ, ‘Ao[Seq pue s1oppo Jo uoneidwod dy) WOl UdNE} Usdq dARY BIep YL, 1224108 “saj[[ores Jofew jo sontedoigd g ajqel

pringer

As


http://nsdc.gsfc.nasa.gov
http://nsdc.gsfc.nasa.gov
http://solarsystem.nasa.gov

186 Surveys in Geophysics (2022) 43:177-226

axis in the direction to the central planet resulting from the static tides (Murray and Der-
mott 1999). If we assume that a satellite behaves as a body in hydrostatic equilibrium with
respect to rotational and tidal forces, the resulting polar flattening (the relative difference of
mean equatorial and polar radii) is 5/6 of the equatorial flattening (the relative difference of
longest and shortest equatorial axes) and the ratio of C,, to C,, is -10/3 (e.g., Van Hoolst
et al. 2008). These ratios are therefore an important indicator of hydrostatic equilibrium,
but have up to now only been determined for a few satellites.

Important insight into the mass distribution along the radial direction can be obtained if
a satellite is in hydrostatic equilibrium, or if hydrostatic and non-hydrostatic components of
the gravity field can be separated. The Radau-Darwin equation (e.g., Hubbard 1984) shows
that, for hydrostatic equilibrium, the mean moment of inertia I can be determined from C,,
(e.g., Sohl and Schubert 2015). For a satellite with homogeneous density = 0.4MR?, with
M the mass and R the radius of the satellite, which is an upper limit for the mean moment
of inertia. Lower values provide information on the degree of differentiation of the satellite
and set bounds on the sizes of the different layers. For example, for Io, which has a C,,/Cy,
consistent with hydrostatic equilibrium, the mean moment of inertia is equal to 0.378MR>
(Schubert et al. 2004). This indicates that Io has a core denser than its mantle and that the
core radius is between about 650 and 950 km (Schubert et al. 2004; Baland and Van Hoolst
2010).

For the terrestrial planets and the Moon, the gravitational field is much better known
than for other satellites. The spatial resolution varies from a degree of about 50 on average
for Mercury’s northern hemisphere (Genova et al. 2019; Konopliv et al. 2020a, b), deter-
mined from radio tracking the NASA MESSENGER spacecraft, to more than 900 for the
Moon, derived from NASA’s twin spacecraft GRAIL mission (Lemoine et al. 2014, Kon-
opliv et al. 2014). The joint analysis of these data together with topography data, which
are known with a higher resolution than the gravity field, gives information on the crustal
thickness and density, and on the elastic thickness of the lithosphere, and provides insight
into the mechanism of support of topography, and into the planet’s thermal evolution and
magmatic processes (e.g., Wieczorek 2015). It has also been used to infer the presence of
a global subsurface ocean in satellites (e.g., Beuthe et al. 2016; Cadek et al. 2016). Some
examples are discussed in Sect. 3.

Besides the static gravity field, terrestrial planets and satellites also have a time-variable
degree-two component of the gravity field due to periodic tides. For the terrestrial planets,
the main tide has a period equal to half a solar day—except the Earth, for which the main
tide is the lunar one. For satellites rotating synchronously with their orbital motion, the
main period is equal to the orbital (or spin) period. Tides are excellent probes of global
internal layers, such as a liquid iron core, a subsurface ocean or a magma ocean, since
shear stresses balancing the tidal force require much less deformation than pressure gra-
dients in a liquid. Therefore, tides of a planetary object with a global internal liquid layer
are significantly larger than for the same object lacking such a liquid layer. The difference
is more pronounced the closer the liquid layer is to the surface. Tidal observations can
therefore be used to determine the size of the core or the depth to a subsurface water or
magma ocean (Moore and Schubert 2000, 2003; Van Hoolst and Jacobs 2003; Rivoldini
et al. 2011; Iess et al. 2012; Bierson and Nimmo 2016; Van Hoolst et al. 2020). Ideally,
different physical manifestations of tides should be used to allow distinguishing between
the effects of the liquid layer and the rigidity of the solid layers above the liquid. Besides
the tidally induced time-variable gravity field (described by the so-called Love number k,),
the tidal surface displacement (described by the Love number £,) can also be determined
from orbit, and their joint analysis strongly improves the constraints that can be put on the
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internal structure beyond what can be obtained from a single tidal quantity (Wahr et al.
2006; Hussmann et al. 2011).

A further approach to deduce the internal structure of planetary bodies is to observe
their rotation. Planets and satellites undergo small variations in their rotation due to vari-
ous reasons. A main cause of rotation variations is the gravitational torque exerted by the
central object on the planetary object. As is well known for the Earth, the torque slowly
changes the planet’s orientation (precession and nutation, see Dehant and Mathews 2015).
Since the rate of precession depends on the polar moment of inertia, an accurate determi-
nation of it combined with the degree-two gravity field allows determination of the mean
moment of inertia—even if the body is not in hydrostatic equilibrium. Nutations are peri-
odic orientation variations superposed on the precessional motion. They can be resonant
with a rotational normal mode related to an internal global fluid layer and therefore their
observation can be used to infer the existence and properties of such a fluid layer. This is
particularly relevant for Mars, for which nutation observations by the InSight and ExoMars
2022 missions will constrain the core radius and density and inform on the existence of an
inner core (e.g., Dehant et al. 2000, 2020; Smrekar et al. 2019). For bodies in a spin—orbit
resonance, dissipation drives the spin axis to an equilibrium orientation in which the angle
between the spin pole and the orbit normal, the obliquity, is nearly constant and determined
by a balance between the precession of the orbit and precessional reaction of the planet or
satellite (Williams et al. 2001; Bills 2005). In this configuration called Cassini state, the
spin axis precesses together with the orbit normal around the normal to the mean orbital
plane in such a way that the three axes remain coplanar. Like the precession rate, the oblig-
uity depends on the polar moment of inertia and observation of it can therefore be used
to determine the mean moment of inertia. In addition, measurements of deviation to this
Cassini state bring information on tidal dissipation and friction at core-mantle boundary.
Such approach has been used to deduce the existence of fluid lunar core (Williams et al.
2001) and estimation of its size (Viswanathan et al. 2019) from the lunar laser ranging
measurements.

In addition to changes in orientation, the rotation rate can also change. For bodies in a
spin—orbit resonance, the central object exerts a periodic gravitational torque that leads to
departures from the mean rotation with a period equal to the orbital period (Comstock and
Bills 2003). The amplitude of these forced librations depends on the internal structure of
the object and in particular on the existence of global internal liquid layers and the tidal
deformations of the object (e.g., Van Hoolst et al. 2013). We will show in Sect. 3 that libra-
tions have, for example, been essential in constraining the size of Mercury’s core and in
establishing the presence of the global subsurface ocean in Enceladus. Angular momentum
exchange between an atmosphere and the solid surface also induces variations in the rota-
tion and can also be used to study the interior (e.g., Rambaux 2014; Van Hoolst 2015).
That rotational forcing is, however, not always well known, in contrast to gravitationally
forced rotation variations, making it more difficult to infer properties of the planetary inte-
rior from those variations.

Seismology is the method used on Earth for a detailed mapping of the interior [see e.g.,
Romanowicz et al. (2015) and chapters therein]. Seismology uses the propagation of seis-
mic or acoustic waves generated mostly by quakes through the interior of the Earth and
other rocky planetary bodies. The velocities, polarizations and amplitudes as well as the
direction of these waves depend on the elastic properties of the interior, in particular on
its mineralogy and composition as well as on temperature and pressure. By comparing
observed propagation properties with laboratory measurements at high pressure and high
temperature conditions (Sect. 2.1), seismological data can provide strong constraints on
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possible interior layering, composition and mineralogy. Seismic waves travel as compres-
sional and shear waves and are reflected and refracted at discontinuities. They are subject
to dispersion and attenuation and compressional waves may induce shear waves and vice
versa. In addition to body waves traveling through the interior, seismic energy may propa-
gate as surface waves. Because the velocities of these waves differ, with compressional
waves being the fastest followed by shear and surface waves, differences in arrival times of
phases can be used. On Earth, strong seismic events are monitored by seismic observato-
ries all over the world while smaller events are recorded by local arrays of stations, some-
times arranged as antennas. Because the origin of the seismic event is usually not known a
priori at least three recording stations are necessary to uniquely determine the location of
the source from one single phase, e.g., compressional waves.

Seismology is an iterative method that improves prior knowledge with every additional
event recorded and evaluated. Seismology started in the late nineteenth century to explore
the variation of the seismic velocities with depth leading to the discovery of the major
zones such as the core, the upper and lower mantles and the crust and then to 1-D reference
models such as the much used IASPEI-91-model (Kennet and Engdahl 1991) or the older
PREM model (Dziewonski and Anderson 1981). The huge amount of data that has been
accumulated through more than a century of seismic observation has led to detailed knowl-
edge of the Earth’s interior with seismic tomography (e.g., Thurber and Ritsema 2015)
allowing exploration of the lateral variation of the velocities and the mapping of undula-
tions of interfaces as well as of tectonic features such as subducting slabs.

The Apollo 11 mission in July 1969 not only landed the first human being on the
Moon but the Apollo astronauts succeeded in installing the first seismometer on the sur-
face of an extraterrestrial body, followed by three more successful installations by Apollo
missions (e.g., Lognonne and Johnson 2015). Two seismometers were aboard flown on
Viking 1 and 2 sent to Mars. The Viking seismometers were less successful than expected,
largely because they could not be installed properly on the surface of the planet and pro-
tected against the Martian winds but remained mounted on the lander platform, whereas
the Apollo seismometers yielded a wealth of data on the interior of the Moon. During
December 1972 to September 1977, more than twelve thousand events were recorded on
the Moon and catalogued with the long-period sensors, including shallow and deep lunar
quakes as well as meteorite and man-made impacts (e.g., Toksoz et al. 1974; Nakamura
1983). The moonquakes are typically very small-magnitude events with the largest shallow
moonquake having a body-wave magnitude of about 5, whereas the deep moonquakes have
magnitudes less than 3 (Goins et al. 1981 Although the seismic signals from the Moon
have a high degree of scatter, the seismological surveys allowed the crustal thickness to
be determined at the landing site and provided clues to the mantle structure (e.g., Tokz6z
et al. 1974; Goins et al. 1981; Nakamura 1983; Khan and Mosegaard 2002; Lognonné et al.
2003; Gagnepain-Beyneix et al. 2006; Khan et al. 2013) and to the core size (Weber et al.
2011; Garcia et al. 2011). See also Garcia et al. (2019a, b) and Nunn et al. (2020) for recent
reviews on Apollo lunar seismic data and the interior structure models.

Most recently, in January 2019, the InSight mission (Banerdt et al. 2020) installed a
highly sophisticated seismometer on Mars with ultra-sensitive short period and broad band
three component sensors (Lognonne et al. 2019; Lognonne et al. 2020). As a single station,
the InSight seismometer cannot uniquely locate seismic events. Instead, the team has devel-
oped a method that will allow the location of sufficiently strong and not too distant quakes
from the delays between body wave phases and surface waves (Panning et al. 2015). Unfor-
tunately, to date surface waves of a Martian quake have not been observed. Instead, the
team has used the differences between body wave phases and their polarizations of three
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sufficiently strong events (magnitude 3.5) together with a mapping of tectonic features to
locate these events in an area on Mars known as Cerberus Fossae (Giardini et al. 2020).
These signals have been inverted to determine the crust thickness (Knappmeyer-Endrun
et al. 2021), mantle properties (Lognonné et al 2020; Khan et al. 2021) and core radius
(Stdhler et al. 2021). Three new magnitude 4.1 and 4.2 quakes were recently reported
(https://www.jpl.nasa.gov/news/nasas-insight-finds-three-big-marsquakes-thanks-to-solar-
panel-dusting) and await interpretation.

In addition, the seismometer has recorded the hammering of the Heat Flow and Physi-
cal Properties Package (HP?) mole (Spohn et al. 2021a) and used it to constrain the elastic
properties of the top decimeters of the Martian soil (Brinkmann et al 2019). Moreover, the
noise generated by winds and its propagation in the soil is a subject of intense study.

2.3 Magnetic Fields

Spacecraft and ground-based observations have demonstrated that the terrestrial bodies in
our solar system display a large range of magnetic field behaviors. Internally generated
fields are observed at Mercury, Earth, and Ganymede. Remanent crustal fields, demon-
strating that dynamo action occurred sometime in the past, have been detected at Mercury,
Earth, Moon and Mars. Magnetized meteorites also constrain the dynamos of Mars, the
asteroid Vesta, and other asteroids and planetesimals early in the solar system. An obvi-
ous missing body in the list above is Venus, where no crustal or internal magnetic fields
have (yet) been detected (O’Rourke et al. 2018). For a recent review of planetary magnetic
fields, see Christensen (2019).

The properties of Earth’s magnetic field have been elucidated through a combination of
ground-based observatory data, satellite magnetometer data, ship logs of compass read-
ings, and paleo- and archeo- magnetic records. The Earth’s magnetic field data set is plenti-
ful compared to other planetary magnetic data. In particular, its combination of ground-
based and satellite observations at the same time and location as well as the long temporal
record of observations has allowed for detailed study of the dynamics and structure of
Earth’s core.

Data from spacecraft magnetometers typically consist of vector magnetic field measure-
ments along the track of a spacecraft orbiting a planetary body. For the terrestrial bodies
and satellites in the solar system (other than Earth), missions that provided orbital mag-
netic data from intrinsic magnetic fields include Mariner 10 and MESSENGER at Mercury
(Ness et al. 1976; Anderson et al. 2012), Lunar Prospector at the Moon (Richmond and
Hood 2008), Mars Global Surveyor and Maven at Mars (Acuna et al. 1999; Langlais et al.
2019, Fig. 3), and Galileo at Ganymede (Kivelson et al. 1996). These missions provided
spatial coverage that can constrain the field to a maximum length scale based on the orbit
coverage and altitude of the spacecraft. Electron reflectometry has also been used to indi-
rectly measure planetary magnetic field intensity at the Moon and Mars (Mitchell et al.
2007; Mitchell et al. 2008) and this data set complements magnetometer data for global
coverage of a planetary field. On the local scale, paleomagnetic fields observed in collected
Apollo samples from the Moon (Tikoo et al. 2014; Weiss and Tikoo 2014) and meteorites
from other parent bodies (Weiss et al. 2010) adds information regarding the intensity and
timing of the parent bodies’ magnetizing fields. For Mars, the InSight mission also pro-
vided data on the local magnetic field (Johnson et al. 2020).

Furthermore, the time-varying field resulting from the interaction between the solar
wind and the planet’s environment can be measured. This transient magnetic field induces
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Fig.3 Maps of the Martian magnetic field at the surface, as predicted by the spherical harmonic model up
ton, m=134.a B, b Br, ¢ BO, d B¢, Figure from Langlais et al. (2019)

electric currents in the planet’s crust and mantle, which in turn are responsible for an inter-
nally induced magnetic field superimposed on the former. Electromagnetic induction is
thus a process that provides access to the electrical properties of the planet by observing
the transient magnetic field. These depend on the composition, especially the water con-
tent and/or the abundance of hydrated minerals, and the temperature. For the Moon, elec-
tromagnetic sounding, largely performed during the Apollo program, provided constraints
on core size, mantle composition, and interior temperature (Hood et al 1999; Khan et al.
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2006). For Mars, the InSight magnetometer, including joint observations with MAVEN,
offers the opportunity to study the thermal structure and volatile content of the planet’s
interior (Johnson et al. 2020). Magnetic induction has also been used to identify subsur-
face liquid saltwater oceans on the Galilean satellites Europa, Ganymede and Callisto (e.g.,
Kivelson et al. 2004) and a subsurface magma ocean on Io (Khurana et al. 2011).

Vector magnetic data can be used to create spherical harmonic observational models
of the planetary magnetic field. After correction for spacecraft magnetic fields and other
known external sources not attributed to the planet’s crustal or internal fields, the magnetic
fields are assumed to be measured in an insulating region and hence can be represented as
the gradient of a scalar potential: B = —VV where the potential is expanded in spherical
harmonics:

1 I+1
. Rp
V=RP2 Z () cosme + ' Slnm(p)<7> P/'(cos 6) (1)

=1 m=0

where R, is the planetary radius, (/,m) are spherical harmonic degree and order, respec-
tively, (r, 0, @) are spherical coordinates, and P}'(cos §) are associated Legendre polyno-
mials. The Gauss coefficients, (g;”, h;”) describe the contributions to the field at different
spatial wavelengths. Typically, inverse problem methodology is used to determine the best-
fit Gauss coefficients for the magnetic field data. Once the Gauss coefficients are deter-
mined, the potential, and hence the magnetic field, can be characterized at any radius in an
insulating region. Because downward continuation of the field from satellite altitude to the
surface or interior of a planet is particularly sensitive to small-scale noise in the data, inver-
sion methods typically employ various regularization techniques to ensure the field is not
dominated by unresolved or noisy data when downward continued.

Equation (1) demonstrates that small scale fields (represented by higher / and m Gauss
coefficients) are more challenging to observe from spacecraft altitude and there is a mini-
mum wavelength at which a field can be resolved depending on the altitude of the space-
craft. This makes it challenging to determine the total intensity of the field at either the
surface or core-mantle boundary of the planet if small-scale fields have significant contri-
butions. This was recently demonstrated at Mars when the InSight mission magnetometer
data determined that the surface field strength at the InSight landing site was ten times
stronger than expected from downward continuation of spacecraft field models (Johnson
et al. 2020). This can be somewhat alleviated if there is an expected distribution of field
intensity with scale. For example, arguments based on the idea that a dynamo-generated
field should produce a white spectrum in the core have been used to extrapolate the field
intensity at larger wavelengths to smaller wavelengths to determine the field strength in the
Earth’s core.

If spacecraft data are available at different altitudes at the same latitude and longitude,
then the depth of magnetization can also be constrained based on Eq. (1). This can be use-
ful to determine the source of magnetic fields (e.g., whether from a core dynamo or crustal
remanence) and the depth of magnetized crustal layers. Crustal magnetic fields are used to
constrain properties of previously-active dynamos. For example, if the magnetic mineral-
ogy, thickness, and depth of crustal units are known, then the intensity of the magnetizing
dynamo-generated field can be determined. In addition, if the age of the magnetized rocks
is known, then the timing of the dynamo can be constrained.

Finer details of dynamo-generated fields may also be related to properties of planetary
cores. For example, dynamo simulations demonstrate that the presence of stably-strati-
fied layers, thermal perturbations at the core-mantle boundary, and the geometry of the
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convective shell provide possible explanations for observed features in planetary magnetic
fields, as described for the Earth in Dehant et al. (2022).

Information about a present-day and especially an early magnetic field can be used to
constrain the structure and thermal evolution of a planet. Dynamos are usually generated
in convecting, electrically conducting liquid cores—there are, however, exceptions, such
as magnetic field generation in the oceans of icy moons or possibly even in early basal
magma oceans. In the dynamo process, mechanical energy is converted into electromag-
netic energy by induction. Necessary conditions are not only that the electrically conduct-
ing fluid convects, but the convection must have a certain strength, which is measured by
the magnetic Reynolds number, the ratio of the characteristic velocity times a length scale
to the magnetic diffusivity. An active planetary dynamo needs to have a Reynolds number
larger than ~ 10.

The fluid motions required for dynamo action must have a power source. An important
mechanism for dynamo generation in the iron-rich cores of terrestrial bodies is compo-
sitional convection that can occur when a buoyant chemical component is released dur-
ing the freezing of a fluid core with a non-eutectic composition (Braginsky 1964). In the
case of Earth, core crystallization started in the center of the core and compositional con-
vection due to inner core growth drives the dynamo. In the small planets, iron may start
crystallizing at the core-mantle boundary (CMB) rather than in the center, and iron snow
may form (e.g., Hauck et al. 2006). As a consequence, a dynamo that is tied to crystalliza-
tion may work differently in these planets than it would in Earth. In the iron-snow regime,
Fe-rich crystals crystallize, sink and re-melt deeper in the core. The crystallization layer
(iron-snow) grows with time until it encompasses the entire core. At the time it reaches
the center, an inner solid core begins to grow. A magnetic field is generated under the iron-
snow layer (Christensen 2015), which is stable against large-scale convection except for
the sinking crystals. As a consequence, the dynamo is less long-lived than in the case of
the Earth-like crystallization scenario. Such a process of dynamo generation has been sug-
gested for the magnetic fields of Ganymede and Mercury (e.g., Breuer et al. 2015).

There are not only chemical or compositional dynamos but also those which are only
driven by thermal buoyancy, i.e. a thermal dynamo for an entirely fluid core, if a suffi-
ciently large super-adiabatic temperature difference exists between core and mantle. The
mantle must remove heat from the core at a rate exceeding the heat flux conducted along
the adiabat of the core to become convective. If the mantle removes heat at a rate below
this critical heat flux, the core becomes thermally stably stratified and cools conductively,
and dynamo action driven by thermal convection is not possible. To study the magnetic
field evolution of a planet, therefore, coupling with the mantle is necessary. On the one
hand to determine the core-mantle heat flux but also the change of the core temperature
with time. The latter determines when the core starts to freeze out and a chemical dynamo
can exist. Thermal dynamos are to be expected in the early evolution of the planetary bod-
ies, when the core is still completely liquid and can be cooled effectively. An early thermal
dynamo is assumed for the Earth, but also for Mars, Mercury and the Moon. Today’s mag-
netic fields are likely to be generated by chemical dynamos.

Mechanical driving has also been suggested as a potential source for motions in certain
planetary cores that could create dynamo action. As examples, libration, precession and
impact torques have all been proposed to create dynamo-capable flows due to coupling
between the solid mantle and fluid core in the Moon (Dwyer et al. 2011; Le Bars et al.
2011; Stys and Dumberry 2020).
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2.4 Thermochemical Evolution and Heat Flow

Modeling dynamical processes in terrestrial planetary mantles on local/regional or global
scales is a common approach to learn about the interior evolution of terrestrial planets or,
in turn, to study how the interior influences planetary evolution. In particular, modeling on
global scales allows us to study the thermochemical evolution and heat transport mecha-
nism of a planet or satellite since its formation.

Mantle dynamics in 2D or 3D domains is calculated by solving a set of differential
equations for the conservation of mass, momentum, and energy including an appropri-
ate constitutive equation. Typically, a fluid with Newtonian rheology and infinite Prandtl
number is assumed with either the Boussinesq approximation (BA), extended Boussinesq
approximation (EBA) (e.g., King et al. 2010) or the anelastic approach for a compress-
ible fluid (e.g., Steinbach et al. (1989) for a comparison of these approaches). As for the
Boussinesq approximation, the EBA assumes the density to be constant everywhere except
in the buoyancy term of the momentum equation but considers additionally the thermal
effects of viscous dissipation and adiabatic compression/decompression. In compressible
models an equation of state is solved to consider density variations with pressure. Models
can be expanded to further consider the influence of mantle phase transitions on the man-
tle dynamics. This is particularly important for terrestrial planets as large or larger than
Mars but also for icy satellites, in which various exothermal and endothermal phase transi-
tions can occur in the ice mantle. The convection models can further include compositional
buoyancy and an equation for conservation of composition to account for compositional
changes due to mantle melting and crust formation (e.g., Plesa and Breuer 2014) or for
compositional layers formed as a consequence of magma ocean crystallization or of crustal
recycling.

Two- or even three-dimensional thermal evolution calculations are very time-consum-
ing on present-day computers, in particular if a large parameter range needs to be inves-
tigated. Because of the complexity of these models a semi-empirical approach is often
used for which the convective heat transfer rate is parameterized. Parameterizations can be
derived using simple theories, e.g., boundary layer theory, that give the heat transport rate
as a function of the convective strength, the latter usually parameterized by the Rayleigh
number,

3

Ra = 28210 @
KD

where « is the thermal expansion coefficient, g is gravity, AT the superadiabatic tempera-

ture difference across the mantle, D its thickness, k the thermal diffusivity, and v the kin-

ematic viscosity (e.g., Breuer and Moore 2015). With the parameterized models, the evolu-

tion of the average mantle and core temperatures, heat fluxes and crust production rates are

calculated.

Two main types of heat transport mechanisms and tectonic regimes can be distin-
guished: the plate tectonics or mobile lid regime and the stagnant lid regime. Plate tecton-
ics is known from the Earth and efficiently cools the interior through the subduction of
cold surface plates. In the stagnant lid regime, convection takes place below a rigid lid and
results in a less efficient cooling of the planet interior by conduction through this outer
lid. The stagnant lid regime is the natural regime because of the large viscosity contrast
between the surface and the mantle caused by the strong temperature dependence of the
viscosity of mantle rock, and is observed for all terrestrial planets, except Earth. To explain

@ Springer



194 Surveys in Geophysics (2022) 43:177-226

the occurrence of plate tectonics, complex rheologies must be considered, such as those
that allow for brittle deformation (e.g., Moresi and Solomatov 1998) or even the memory
of failure (Bercovici and Ricard 2014). Of course, such deformation mechanisms must
plausibly be inoperative or ineffective on the other terrestrial planets where plate tectonics
is absent.

The difference in heat transfer rate between plate tectonics and stagnant lid convection
is reflected in the scaling laws for the heat flow (Breuer and Moore 2015). The parametri-
zation of stagnant lid convection has been improved in recent years and was tested against
fully dynamic evolution models in 3D (Thiriet et al. 2019). It should be noted here that
due to the complex rheology of silicates, other tectonic regimes can occur. This includes
the so-called transitional regime, when the viscosity contrast between mantle and surface
is not too large (for instance in case of high surface temperatures), but also the episodic
regime and the so-called slushy lid regime. The latter becomes active when the intrusion
rate is very large and is characterized by local resurfacing events: Magma is not entirely
transported to the surface, but a large part intrudes into the crust and weakens the mate-
rial there. In these regions, the crust can become locally destabilized, detaches and sinks
with the convection. Especially for Venus and also the early Earth these mechanisms are
discussed (Gerya et al. 2015).

The models (parameterized or full 2D or 3D convection) can be extended to include
important physical processes, such as the growth of a solid inner core that is important for
magnetic field generation (Stevenson et al. 1983), crust formation and associated redistri-
bution of radioactive elements, as well as outgassing of volatile elements (Morschhauser
et al. 2011). The latter may have a strong influence on the mantle viscosity, the higher the
volatile content the lower the viscosity and the stronger the mantle convection and more
effective cooling of the planet.

The outgassing of the mantle also has an influence on the atmospheric composition and
pressure, which in turn can influence the surface temperature and thus also the internal
dynamics. The interior-atmosphere coupling has proven important for Venus (Gillmann
and Tackley 2014), for example, but also for the early evolution of other terrestrial plan-
ets—in the phase where strong outgassing is expected. Even more advanced models couple
both accretion and core formation and the subsequent thermochemical convection (e.g.,
Golabek et al. 2018 for Mars) or the influence of impacts on the thermochemical evolution
(e.g., Padovan et al. 2017 for Mercury). For planets and moons for which tidal effects in
the interior play a major role as a heat source, coupled models of the interior with orbital
dynamics are needed [e.g., Husmann and Spohn (2004) for Io and Europa, Bland et al.
(2009) for Ganymede].

To model the thermochemical evolution of a planet, model parameters and initial and
boundary conditions must be defined and observations are then used as constraints for suc-
cessful models. An important input is the internal structure and composition. Each body
has its own peculiarities here, which are partly due to the fact that they have different sizes
(Moon versus Venus), a different core to mantle ratio (Moon versus Mercury) and a differ-
ent composition (e.g., Mg number, water content in the mantle, abundances of light ele-
ments in the core or radioactive elements in the silicate shell).

Here, the observational and laboratory-based knowledge about the interiors of the
respective planets, as described in Sects. 2.1 and 2.2, serve as input for the models. Whereas
knowledge about the present and past magnetic field, as described in Sect. 2.3, can serve
as a constraint for successful models. Via planetary missions we obtain further important
constraints that have to be fulfilled. Indeed, several quantities, which can be inferred from
remote or in-situ observations, are tightly related to the thermochemical evolution of the
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interior. Measurements of topography, gravity, magnetic and seismic fields, surface spectra
and surface images can all be employed to infer a series of fundamental constraints for the
evolution of the interior in addition to those describe in Sects. 2.1 and 2.2 (see Tosi and
Padovan 2021, for a review).

The heat flow from the deep interior of a planetary body is an important quantity to con-
strain its thermal evolution, interior dynamics and composition (e.g., Breuer and Moore,
2015; Spohn et al., 2018). The heat flow can be used as a boundary condition for thermal
evolution models that would be required to satisfy the present-day value. Because a signifi-
cant part—measured by the Urey ratio—of the heat flow is due to radiogenic heat from the
mantle and the crust, the concentration of radiogenic elements in the interior can be con-
strained if the Urey ratio and the surface heat flow are known (Plesa et al. 2015 for Mars).

The surface heat flow varies over the surface of a planet, having relative maxima where
the temperature at depth is high as in volcanic provinces and relative minima where the
latter is low, such as in regions of anomalously thick lithosphere. The heat flow data base
for Earth (https://ihfc-iugg.org/products/global-heat-flow-database/data) contains almost
75,000 data points covering most of the oceanic and continental areas. The heat flow map
(e.g., Lucazeau 2019) mirrors the elements of plate tectonics such as mid-ocean ridges
with the highest heat flow values, subduction zones, volcanic arcs and continents.

To measure the heat flow one usually measures the thermal conductivity and the tem-
perature gradient, the product of the two giving the heat flow. The difficulty with the meas-
urement comes from two sources: First, the temperature gradient and the conductivity are
mostly small values of order 1 K/m and 102 W/mK. But more severe is the disturbance of
the near-surface temperature gradient by heat transferred from the surface to depth. The
depth of penetration depends on the period of the disturbance with daily variations pen-
etrating to centimeters depth while annual perturbations can be measured even at the depth
of several meters. On Earth even climatic changes are taken into consideration and the heat
flow is measured in boreholes extending to 10 s of meters depth or deeper.

Heat flow has been measured at two locations on the Moon on which the Apollo astro-
nauts drilled to 1.4 m (Apollo 15) and 2.4 m (Apollo 17) depth. The heat flow values meas-
ured were 21 mW/m? at the Apollo 15 and 16 mW/m? at the Apollo 17 site (Langseth
et al. 1976). The difference between the two reflects differences in subsurface radiogenic
Thorium content (Wieczorek and Phillips 2000). The Apollo 15 site is closer to the center
of the Procellarum KREEP terrain with its high Th content than the Apollo 15 site. The
InSight mission has a Heat Flow and Physical Properties Package (Spohn et al. 2018) that
was planned to measure the heat flow at Homestead Hollow in Elysium Planitia at a depth
of 3-5 m, targeted to avoid the daily and annual temperature disturbances. The package
deployed a small penetrator with thermal conductivity and temperature sensors. Unfortu-
nately, the attempts to penetrate sufficiently deep had to be given up in January 2021. The
penetrator reached only a depth of about 40 cm being inclined to the vertical at about 30°
(it is 40 cm long) and serves as a thermal probe to study surface atmosphere interactions
and the properties of the Martian soil (Spohn et al. 2021a,b).

In the absence of direct heat flux measurements, the thickness of the elastic lithosphere
can be used to constrain the surface heat flow. The evolution of the elastic thickness is con-
sidered an important quantity to reconstruct the thermal history of a planet (e.g., Grott and
Breuer 2008). The elastic thickness can be estimated by analyzing the response of the lith-
osphere to loading stresses such as volcanoes or by analyzing fault structures. The mechan-
ical thickness of the lithosphere can then be inferred from the elastic thickness using a
rheological model and the mechanical thickness can, in turn, be identified with an isotherm
(McNutt 1984). Assuming a crustal thermal conductivity, an estimate of the surface heat
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flow can be made. Most elastic thickness estimates have been derived from gravity and
topography data (e.g., McGovern et al. 2004), but some geological features allow more
direct approaches such as studies of lithosphere deflection due to volcanic or polar cap
loading. The heat flow thus obtained, however, is not the present-day value but is related to
the time when the surface loading took place. This requires dating of the age of the struc-
ture mostly by crater counting.

Other constraints that can be gained with the help of planetary missions include crustal
thickness, duration and timing of volcanism, amount of accumulated radial contraction,
surface concentration of radioactive elements, or evolution of the mantle potential tempera-
ture. Knowledge of input parameters and observations for determining the themo-chemical
evolution of terrestrial bodies is available in varying degrees of accuracy and depends on
the particular body considered and the missions performed. Examples are given in the fol-
lowing section.

3 Selected Planets and Moons
3.1 Mercury

Our knowledge of Mercury’s interior has greatly improved due to recent analyses of Mer-
cury’s rotational dynamics, gravity field, magnetic field, and surface properties, mostly
from MESSENGER data. This complements recent high-pressure experiments on rel-
evant core compositions and theoretical modeling of the planet’s thermal evolution, mantle
dynamics and core dynamo. Detailed reviews of results from the MESSENGER mission
and the implications for the planet’s interior can be found in Margot et al. (2018), Johnson
et al. (2018), and Hauck et al. (2018), see also Genova et al. (2021).

Geodetic data for Mercury (e.g., obliquity, libration amplitude, gravity coefficients) have
constrained the interior structure of the planet. Earth-based radar observations (Margot
et al. 2012) and MESSENGER radio science, imaging, and laser altimeter data (Mazarico
et al. 2014, Stark et al. 2015, Verma and Margot 2016, Genova et al. 2019, Konopliv et al.
2020a, b) have accurately determined Mercury’s orientation in space and indicate that Mer-
cury closely occupies the equilibrium Cassini state. The normalized polar moment of iner-
tia can then be determined from the orientation and is between 0.32 and 0.35. These geo-
detic data also show that Mercury’s librations have an amplitude between about 37 arcsec
and 40 arcsec. The librations, periodic variations in Mercury’s rotation, strongly depend on
the size of the core and also can contain a signature of an inner core (Rambaux et al. 2007;
Van Hoolst et al. 2012). Together with the orientation of Mercury, they provide an estimate
of the polar moment of inertia of the silicate shell of Mercury. Both polar moments of
inertia can be used as constraints for interior structure models to determine allowable layer
thicknesses and densities for Mercury’s crust, mantle, and core.

Mercury has long been known to contain a large core-mass fraction (e.g., Siegfried
and Solomon 1974). By using the geodetic data as constraints on interior structure mod-
els based on likely compositions of Mercury’s core, mantle and crust, the core’s radius is
shown to be around 2000 km, i.e.~80% of the planet’s radius (e.g., Hauck et al. 2013; Riv-
oldini and Van Hoolst 2013; Margot et al. 2018; Knibbe et al. 2021). Combined with esti-
mates for Mercury’s crustal thickness of ~35 km (James et al. 2015; Padovan et al. 2015;
Margot et al. 2018) this implies a very thin mantle layer in Mercury of ~400 km (Fig. 1).
Such a thin mantle suggests that mantle convection is challenging, and it is currently
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debated whether the planet undergoes very sluggish convection under a stagnant lid or,
rather, is purely conductive (e.g., Hauck et al. 2018). If convection is occurring, then the
planform is likely to be small-scale, i.e. length scales of convection are likely on the order
of the mantle thickness (Tosi et al. 2013). This suggests that there may be significant het-
erogeneity in Mercury’s mantle due to lack of mixing over large lateral distances.

Mercury has a liquid layer in its core, as revealed by the presence of an intrinsic mag-
netic field (Anderson et al. 2012) and observations of its 88-day longitudinal libration
forced by the periodically reversing solar torque (Peale 1976; Margot et al. 2007). Inde-
pendent evidence in support of a liquid core is provided by the measurement of the tidal
Love number k, (e.g., Genova et al. 2019) since it is significantly larger than that expected
for a fully solid Mercury (Rivoldini et al. 2009; Padovan et al. 2014). There is no direct
observational data on the existence or size of Mercury’s solid inner core. Inferring the
presence and size of an inner core based on geodetic and geochemical data is strongly
dependent on the knowledge of the core’s composition and thermal state, which are not
well-constrained. However, some constraints come from implications of inner core sizes
on the thermal contraction Mercury should have experienced from core solidification, from
compensating densities required in other regions of Mercury if the planet has a solid iron
core in order to match the polar moments of inertia, as well as from dynamo models. A
range of inner core sizes is consistent with the data. Monte Carlo solutions using the lowest
estimate of the polar moment of inertia suggest that the solid inner core most likely occu-
pies between 30 and 70% of Mercury’s total core radius (Genova et al. 2019). Steinbriigge
et al. (2021) studied the implications of the lower polar moment of inertia value from Gen-
ova et al. (2019) on the size of the inner core using interior structure models. Models with
a larger normalized moment of inertia (0.346) favor a small inner core whereas models
with the smaller value (0.333) require an inner core> 600 km. Furthermore, the smaller
Mol suggests a smaller core radius by about 75 km and a smaller mantle density than pre-
vious estimates (Fig. 4).
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Fig.4 Core-mantle boundary (CMB) radius and temperature, sulfur content, and mantle density as a func-
tion of inner core boundary (ICB) radius, for Mercury models with a Fe-S core composition and con-
strained to match C/MR?=0.346 (red) or C/MR?>=0.333 (blue). The blue dashed lines bracket the range
of models matching C/MR?=0.333 +0.005, the 1o error bar given in Genova et al. (2019). The red dashed
line corresponds to C/MR?=0.346-0.014=0.332, the lower 1o error bar given in Margot et al. (2012). Fig-
ure from Steinbriigge et al. (2021)
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Studies of Mercury’s surface composition demonstrate that the interior is chemically
reduced (Nittler et al. 2011). This implies that silicon would have been more soluble in iron
during planet differentiation and hence that there may be significant silicon in Mercury’s
core. Although sulfur has long been considered a potential light element for Mercury’s
core, the observed high sulfur to silicon ratios on Mercury’s surface suggest that sulfur
may be much less abundant in Mercury’s core than previously thought. This suggests that
the Fe-S-Si system may be an important composition to understand at Mercury’s core pres-
sures and temperatures. Interestingly, there are hints that the Fe-S-Si system might have
unusual melting properties and experience immiscibility at certain pressures and tempera-
tures relevant for Mercury’s core, both of which may have important implications for Mer-
cury’s dynamo (e.g., Chabot et al. 2014). Other light elements may also be present in the
core and hence further high-pressure studies of iron mixed with light elements such as car-
bon and phosphorus are also needed (e.g., Knibbe et al. 2021). An inner core size less than
about 1200 km likely requires the presence of another light element than Si, such as S or C,
at the wt% level in the core (Knibbe et al. 2021).

MESSENGER data confirmed the Mariner 10 results that Mercury has an internally
generated magnetic field (Anderson et al. 2012). The mission also discovered crustal mag-
netization in the north polar region implying that Mercury’s dynamo was also active around
3.9-3.7 Ga (Johnson et al. 2015). This provides constraints on the thermal evolution of
Mercury since the planet must have been sufficiently convective to produce a dynamo at
both of these times. Whether the field has been active in the interim time, or earlier than
3.9-3.7 Ga, is currently unknown.

The morphology and intensity of Mercury’s magnetic field seem to require some special
circumstances in Mercury’s core. In particular, the low field strength is a challenge for
dynamo scaling laws and the ability for the field to maintain a large dipole offset (equiva-
lent to a significant axial quadrupole moment) while also appearing quite axisymmetric is
a challenge for dynamo generation theory. Studies of dynamo models for Mercury have
appealed to the presence of stably stratified layers at the top of the core (Christensen 2006;
Christensen and Wicht 2008), as well as thermal perturbations at the core-mantle boundary
(Cao et al. 2014; Tian et al. 2015) or double diffusive convection (Takahashi et al. 2019)
to explain these field characteristics. However, discerning between these possibilities will
likely require better understanding of the composition of Mercury’s core (i.e. to constrain
the stability profile) and the role of the mantle in linking surface features to thermal sig-
natures at the core-mantle boundary (e.g., Beuthe et al. 2020). Magnetic induction stud-
ies have also provided an estimate of the radius of Mercury’s core, independent from that
determined from geodetic studies which is consistent with the value based on Mercury’s
geodetic data (Wardinski et al. 2019; Katsura et al. 2021).

Resolving smaller scales in Mercury’s internally generated field from spacecraft
data is made particularly challenging because of the prevalence of external fields in the
data. External fields are particularly impactful at Mercury because of the small magneto-
sphere and relatively strong solar wind at Mercury. Future work to model and understand
these external fields may therefore lead to further insights on the morphology and genera-
tion of Mercury’s field. More details about the magnetic field but also the internal structure
are expected from the upcoming BepiColombo mission, a joint mission of ESA and JAXA
launched in 2018 (Benkhoff et al. 2010). BepiColombo consists of two individual orbiters:
the Mercury Planetary Orbiter (MPO) to map the planet, and the Mercury Magnetospheric
Orbiter (MMO) to study its magnetosphere.

@ Springer



Surveys in Geophysics (2022) 43:177-226 199

3.2 Venus

Venus is the closest analog to Earth in the solar system in terms of mass, radius, and den-
sity (Table 1) but differs significantly in surface tectonics and atmosphere composition.
However, of all terrestrial planets we know the least about Venus, in particular about its
interior. Firstly, the conditions for investigation are more difficult due to Venus’ dense
atmosphere, that is opaque to visible light, and the high surface temperatures, which poses
a particular challenge for lander science. Secondly, there have been comparatively few mis-
sions that have studied the deep interior and surface of Venus such as the Russian Venera
landers (1970-1981) (Keldysh 1977), Pioneer Venus (1977-1992) (Colin 1980), Magellan
(1990-1994) (Saunders et al 1992) and Venus Express (2006-2014) (Svedhem et al. 2009).
In this subsection, we summarize what we have learned so far about the internal structure
and dynamics with a focus on the knowledge we have gained through the analysis of grav-
ity and topography data.

The diameter of Venus is 5% smaller than that of Earth and for the same mantle and
core composition the Venusian core radius would be 0.51 of the planetary radius as com-
pared with Earth, for which the core radius is 0.55 of the planetary radius. However, the
composition of Venus is not well known and previous models based on cosmochemical
constraints vary strongly with the amount of FeO in the mantle between almost no iron
and FeO of 18.7% (Earth value corresponds to 8.4 wt%) (see Fegley 2014 for a review).
To fit the observed mass and radius of Venus, models show then a 500 km uncertainty
in the core size with values between 2940 and 3425 km (Dumoulin et al. 2017). As the
observed gravity coefficient J, is 25 times larger than the hydrostatic one, the estimation
of the mean moment of inertia from gravity field measurements alone is prevented and
measurement of the precession rate are required. Recently, Margot et al. (2021) used Earth
based observations of radar speckles tied to the rotation of Venus obtained in 2006-2020
to measure its spin axis orientation and precession rate. They obtained a mean moment of
inertia normalization factor of 0.337+0.024, but the large uncertainty does not allow bet-
ter constraint of the core size. Similarly, the tidal Love number k, derived from Doppler
tracking of the Magellan and Pioneer Venus spacecraft of k,=0.295+066 (Konopliv and
Yoder 1996) shows a large uncertainty which implies that even the state of the core, i.e.
whether Venus’ present core is solid or fluid, cannot be constrained (Dumoulin et al. 2017,
Fig. 5). The absence of an observation of a planetary magnetic field is consistent with both
implied extreme core states but does not help to place further constraints on interior struc-
ture. Knowing the present-day state of the core is essential because it would provide con-
straints on the efficiency of heat extraction from the core by mantle convection through
Venus’ history, in particular, on the possible cessation of a core dynamo. It should also be
noted that no magnetization has yet been measured on the surface of Venus either, so it is
not clear whether Venus once had an early magnetic field. A scenario that can certainly not
be excluded at present (Stevenson et al. 1983).

The present convective regime seems to be consistent with convection underneath a
stagnant lid—no clear present-day plate tectonic features have been observed. However, in
some locations, this lid does not seem to be entirely “stable”, but a so-called sluggish lid
is formed in some places, which may be an instability of the lower crust like a delamina-
tion or even the beginning of subduction similar to plate tectonics, possibly connected to
upwelling mantle plumes (Davaille et al. 2017). In fact, the analysis of gravity and topo-
graphic data indicates that Venus has a comparable number of active large mantle plumes
to Earth, as well as many hundreds of smaller plumes that may also be active (Smrekar and
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Fig.5 Potential Love number, k,, as a function of the dissipation factor Q. The case of a solid core of pure
iron is illustrated using hexagons, and the case of a 2500 km radius solid core and a liquid outer core with
diamonds. The black triangle stands for the case with an entirely liquid core. Colors of hexagons depict the
chosen viscosity of the solid core. The star on the right side shows the result obtained for the elastic solid
core case. The long-dashed line represents the lowest estimate of k, from Konopliv and Yoder (1996), the
upper one being too large to be drawn on the figure due to the chosen scale. This figure illustrates that the
state of the core, i.e. whether Venus present core is solid or fluid, cannot be constrained with the measured
k, value. Figure from Dumoulin et al (2017)

Phillips 1991). Active volcanism has also possibly been detected by Venus Express via a
thermal signature (Shalygin et al. 2012) and recent volcanism from surface emissivity near
1 micron that distinguishes fresh from weathered basalt (Smrekar et al. 2010).

The strong correlation of the long-wavelength global gravity with the global topography
spectrum is a particularity of Venus and is probably caused by mantle convection. The
analysis of the long-wavelength spectra thus allows conclusions to be drawn about internal
dynamic processes. It has been used, for example, to constrain the viscosity structure of
the Venusian mantle (Rolf et al. 2018). General features of the viscosity structure, which
are similar for various models, show that there is no pronounced asthenosphere and vis-
cosity jump between upper and lower mantle—in contrast to Earth. Global estimates of
elastic thickness from the gravity and topography data find a wide range of values, from 0
to 100 km (Anderson and Smrekar 2006; Jiménez-Diaz et al. 2015), with more than half of
the planet having best-fit values of 20 km (or less, indistinguishable from isostatic compen-
sation). Thus, these regions might have a quite high heat flux and exclude models of a cold
Venus.
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In general, Venus shows a relatively young surface with a mean crustal thickness of
less than 50 km (e.g., James et al. 2013) and an average age younger than 1 Ga (McKin-
non et al. 1997). Venus’ geologically young surface requires extensive volcanic resurfac-
ing, but it is not clear whether this happens in a global-scale resurfacing event (e.g., Strom
et al. 1994) or whether a more continuous resurfacing occurs (e.g., Bjonnes et al. 2012).
Currently discussed evolution scenarios include episodic catastrophic resurfacing (e.g.,
Armann and Tackley 2012), gradual decay of volcanism over time in a stagnant lid regime,
but also mixed forms and transitions between the different tectonic regimes, i.e. stagnant
lid regime, mobile lid regime, episodic regime and transitional regime (e.g., Gillmann and
Tackley 2014; Weller and Kiefer 2020). A key parameter controlling the tectonic regime
may be surface temperature, which is influenced by the atmosphere evolution and thus by
the coupling between interior and the atmosphere (Gillmann and Tackley 2014).

Distinguishing these various evolution scenarios is not possible with today’s data and
will be a task of upcoming missions such as DAVINCI+and VERITAS (NASA Discovery
Missions) or EnVision (ESA M5 Mission). VERITAS and EnVision are specifically dedi-
cated to studying the surface and deep interior of Venus with radio science, radar and infra-
red spectroscopy. Among other things, the combined processing of Earth Doppler track-
ing and radar data will allow accurate determination of the planet’s rotational state and
moment of inertia factor in addition to the much more accurate determination of the Love
number k2 from tracking alone (Rosenblatt et al. 2021; Cascioli et al. 2021). VERITAS
will provide accuracies (3c) in the estimates of the tidal Love number k, to 4.6 X 1074,
its tidal phase lag to 0.05°, and the moment of inertia factor to 9.8 X 107* (0.3% of the
expected value) (Cascioli et al. 2021).Those results will place much tighter constraints on
the state and size of the core and the viscous response of the planet than is currently the
case as shown in the analysis by Dumoulin et al. (2017).

3.3 Moon

More than fifty years after the first crewed mission to the lunar surface, the Moon remains
a cornerstone in planetary science. The amount and quality of data that is available from
returned samples, remote sensing observations from Earth and from space, instruments
placed on the lunar surface, high-pressure experiments, and thermochemical modeling is
still unrivaled. Almost 400 kg of lunar rock and soil samples were returned by Ameri-
can, Soviet, and Chinese robotic and manned missions over the past 5 decades, dozens of
remote missions have orbited the Moon (and continue to do so), and its proximity to Earth
means the Moon is a favorite target for new space-faring nations. It is likely that the com-
ing decades will see a further resurgence of lunar exploration, with advanced plans for the
return of humans to the lunar surface as well as a plethora of robotic and sample return
missions, including many that intend to explore areas of the surface not covered previ-
ously. In this short overview, three first order aspects of the lunar interior and its evolution
are discussed: (1) Moon formation; (2) the lunar core and lunar magnetic field generation,
and (3) the hypothesis of an initial global lunar magma ocean (LMO), that can tie together
many of the geochemical and geophysical constraints on the interior of the Moon.

The scientific goal of the Apollo missions was to figure out how the Moon formed.
Although the giant impact model, in which the Moon formed from the debris of a giant
collision between Earth and another planet, is almost universally accepted, many unre-
solved issues, some of them fundamental, remain (e.g., review by Canup et al. 2021). Even
with the vast amount of geochemical and geophysical data obtained during and since these
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missions, the origin of the Moon therefore remains hotly debated. The core of the prob-
lem with the giant impact model lies in the observation that, on the one hand, the Moon’s
chemical composition, for all elements except the volatile elements, very closely resembles
the composition of the bulk silicate Earth, whereas on the other hand physical models of
classic versions of the giant impact show that the Moon should mainly consist of material
originating from the planet that hit Earth (e.g., De Meijer et al. 2013). The only ways out
of this conundrum seem to require significant loss of angular momentum after the giant
impact (e.g., Cuk and Stewart 2012), complete equilibration of both light and very heavy
isotopic systems between silicate Earth and Moon after the giant impact (e.g., Pahlevan
and Stevenson 2007) or a similarity between Earth and giant impactor of a level currently
not seen anywhere in the solar system.

In view of models for the interior evolution of the Moon, this makes it difficult to accu-
rately quantify the thermal state of the Moon just after formation. One way of estimating
the initial interior conditions in the Moon is to study the conditions under which the small
lunar iron-rich core formed. There are several lines of evidence to suggest the Moon has
a small core. An ancient lunar magnetic field generated by dynamo action in the metallic
molten core has been identified in lunar rock samples (e.g., Tikoo et al. 2017); siderophile
(iron-metal loving) elements are depleted in lunar samples relative to realistic lunar bulk
composition models, suggesting they have been sequestered into a core (e.g., Steenstra et al.
2016; Righter 2019); and lunar seismic data (e.g., Weber et al. 2011; Garcia et al. 2011,
2012) and lunar laser ranging observations (e.g., Williams et al. 2001, 2014; Viswanathan
et al. 2019) also require the presence of a small core. Recent analyses of Apollo-era seis-
mic data suggest a core radius of 330+ 20 km radius, possibly with a solid inner core with
aradius of 240+ 10 km covered by a molten outer core (Weber et al. 2011) or 380 +40 km
(Garcia et al 2011, 2012). Based on results from the GRAIL gravity field mission and lunar
laser ranging results, Williams et al. (2014) suggested that the moment of inertia, k, Love
number, and density of the core are consistent with the presence of 0-280 km solid inner
core and/or a 200-380 km molten core. Based on a combination of high-pressure exper-
imental measurements and seismic travel times from Apollo seismometers, Antonangeli
et al. (2015) derive core radii close to~240 km for the inner core and ~325 km for the outer
core, close to the GRAIL-based estimates. Recent analysis of Lunar laser ranging observa-
tions combined with the lunar gravity field of the Moon derived from GRAIL mission pro-
vided a lunar core radius of 380+ 12 km (Viswanathan et al. 2019). Overall these results
suggest that the core makes up less than 1.5 wt. % of the Moon (Fig. 1a). Some of the
geophysical models of the deep lunar interior argued in favor of the presence of a partially
molten rock layer on top of the core-mantle boundary (e.g., Weber et al. 2011; Harada et al.
2014, 2016) but its geophysical signature is still debated (Matsuyama et al. 2016). The melt
percentages in this layer could exceed 10 per cent, requiring special circumstances to pre-
vent transport of this magma towards the surface (Van Kan Parker et al. 2012).

The chemical composition of the lunar core strongly affects its physical properties and
magnetic field evolution. The current fluid state of the outer core requires the presence
of one or more light elements along with iron to reduce the solidus (temperature above
which molten metal is presence). Sulfur and carbon are the likeliest candidates, but there
is currently no agreement on their core concentrations. One way to estimate the light ele-
ment content comes indirectly from observing the remanent magnetization of the lunar
crust. The Moon does not have an internally generated global magnetic field today, but
the remanent magnetization in the crust and in returned Apollo samples (e.g., Weiss and
Tikoo 2014) suggests that a core dynamo probably existed in the Moon at least 4.25 bil-
lion to 3.56 billion years ago, with an intensity of ~100 uT, similar to that at the surface

@ Springer



Surveys in Geophysics (2022) 43:177-226 203

of the Earth today. The field then decreased by at least an order of magnitude until 3.3
billion years ago, possibly remaining until 2.25-1 Ga b.p. (Tikoo et al. 2014; Tikoo et al.
2017) persisting at a low level of a few uT (Fig. 1b). The early strong field, and later rapid
decay, is not well understood so far and may require two different mechanisms (Wieczorek
et al. 2021). To explain the strong early magnetic field, mechanisms such as the precession
driven dynamo (e.g., Dwyer et al. 2011; Cebron et al. 2019) or impact induced dynamos
(LeBars et al. 2011) are proposed. The long duration, however, seems to require that the
core had a chemical dynamo. For example, Zhang et al. (2013) and Laneuville et al. (2014)
suggested, on the basis of thermochemical evolution models, that>5 wt.% S should be
present in the lunar core to fit the magnetic field evolution, whereas Steenstra et al. (2017a)
and Righter et al. (2017) suggested on the basis of experimental work on the partitioning of
sulfur between metal and silicate melt that the amount of S in the lunar core is <0.5 wt.%.

Measurements of the abundances of siderophile element abundances in lunar returned
samples and meteorites can be combined with high-pressure, high-temperature experi-
ments (Sect. 2.1) to estimate the pressures and temperatures at which core and mantle
last equilibrated. Results of this exercise are non-unique, but one consistent recent result
appears to be that molten iron-rich metal and molten lunar mantle have equilibrated
at a pressure of approximately 5 GPa (Rai and van Westrenen 2012, Steenstra et al.
2016, 2020). This pressure is equivalent to the pressure at the present-day core-mantle
boundary of the Moon as derived from seismological data (e.g., Garcia et al. 2011).
This result implies that the Moon was fully molten at the time the core formed, consist-
ent with high-energy formation scenarios for the Moon. Some core formation models
suggest that the Moon formed super-hot, at temperatures above 3000 K—temperatures
that far exceed what is needed to fully form the Moon. On the other hand, high-pres-
sure experiments have been used to suggest the Moon never melted completely, using
the average thickness of the lunar anothositic crust as constraint (e.g., Charlier et al.
2018). Its thickness is between 34 and 43 km and was derived from seismic data near
the Apollo landing sites (Lognonné et al. 2003, Khan and Mosegaard 2002) in combina-
tion with the inversion of gravity topography data from Gravity Recovery and Interior
Laboratory (GRAIL) mission (Wieczorek et al. 2013). According to this line of thought,
the lower part of the mantle of the Moon can be still primitive (i.e., essentially the same
as when the Moon formed), with perhaps the top ~600 km formerly fully molten early
in lunar history, forming a global magma ocean. This is also consistent with a disconti-
nuity in seismic velocities at depths of about 500-550 km (e.g., Nakamura 1983; Khan
et al. 2000, 2006; Lognonné 2005). However, a wide range of acceptable models have
been proposed and care should be taken in interpreting this seismic discontinuity (e.g.,
Gagnepain-Beyneix et al. 2006; Wieczorek et al. 2006). It should also be noted that
these mantle reservoirs may have been mixed by convection after their formation (e.g.,
Laneuville et al. 2014) and may not exist in their original structure today.

Although opinions vary as to its initial depth (e.g., Gaffney et al. 2021), a global
lunar magma ocean (LMO) is thought to have played a crucial role in the interior evo-
lution of the Moon. Several recent experimental studies have focused on the cooling
history of such an ocean (e.g., Lin et al. 2017a, b, 2020; Charlier et al. 2018; Rapp and
Draper 2018), and thermodynamic modeling has also been used to constrain magma
ocean crystallization (e.g., Maurice et al. 2020; Johnson et al. 2021). LMO crystalli-
zation led to the formation of a series of cumulate layers on the bottom of the ocean.
Early cumulates were dominated by olivine and pyroxene, but the later cumulates are
more important for the evolution of the lunar interior. After~70 per cent crystalliza-
tion, the white mineral plagioclase starts forming. In contrast to earlier-formed minerals
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plagioclase is lighter than the lunar magma it formed in, leading to floatation. The
highlands crust still covering the majority of the lunar surface is therefore considered
by many to be the roof of a giant magma chamber. After >90 per cent crystallization,
the dense mineral ilmenite (an iron-titanium oxide) starts forming. At this point, the
remainder of the LMO is very shallow, leading to the gravitationally unstable situa-
tion that the densest lunar mineral is formed just below the plagioclase-rich crust. This
special situation sets the scene for a large-scale mantle overturn, during which ilmenite-
bearing cumulates sink towards the core-mantle boundary, balanced by olivine-pyrox-
ene bearing cumulates rising towards the surface (e.g., De Vries et al. 2010; Zhao et al.
2019; Yu et al. 2019; Maurice et al. 2020). The latter can lead to decompression melting
and the formation of large volcanic deposits found on the surface of the Moon, whereas
the former can lead to the formation of a stable titanium-rich ilmenite-bearing layer on
top of the core, that is relatively easy to remelt. The Ti-rich magma that is formed here
is neutrally buoyant, providing a possible explanation for the observed stable partially
molten rock layer on top of the core (Van Kan Parker et al. 2012).

The interplay between magma ocean crystallization, vertical buoyancy-driven transport
of denser and lighter cumulates, core evolution and corresponding scope for the generation
of a magnetic field, is an area of active research in lunar science, and a great illustration
of the necessity of combining information from geochemistry and geophysics in thermo-
chemical evolution models.

3.4 Mars

Mars is arguably the best explored planet in the solar system next to Earth. The Nasa Space
Science Data Coordinated Archive NSDCC counts 50 missions up to Mars 2020 but not all
of them have been successful. Nevertheless, Mars has been visited by an international fleet
of orbiters, four rovers and eight landers, including the InSight geophysical observatory.
Most recently, as of this writing, the landing of the Chinese Tianwen]1 lander and rover on
May 15th 2021 has been reported by the Chinese space administration CNSA (Zou et al.
2021). Given that Mars’ surface temperature varies through the day near the equator from
180 to 295 K, as recently measured by the HP* radiometer on InSight (Piqueux et al. 2021;
Miiller et al. 2021), Mars is marginally habitable, in particular at some depth were liquid
brines may be present and temperatures more benign. Although life may have originated on
the planet, no biosignatures have been detected to date. Moreover, the planet is well within
the reach of present-day space travel technology. The interest in Mars by the space faring
nations and agencies is a consequence of Mars’ habitability and reachability.

The InSight mission (e.g., Banerdt et al. 2020) has significantly improved the data avail-
able for constraining Mars interior structure and evolution. Previous models have used the
gravity field, rotation data and the chemistry of the SNC meteorites, the latter comple-
mented by in-situ measurements from rover missions (e.g., Morrison et al. 2018 for the
Curiosity mission; Yoshizaki and McDonough 2020). InSight brought a suite of geophysi-
cal instruments to Mars, including foremost a very broadband seismometer, transponders
for accurately measuring rotation data, a magnetometer and a heat flow probe and radiome-
ter, the latter for measuring the surface brightness temperature, albedo and thermal inertia.

Even before spacecraft went to Mars, the moment of inertia factor MoI—C/MR?, where
C is the moment of inertia about the rotation axis, M the mass of the planet and R its
mean radius—was estimated from the orbital periods of its satellites Phobos and Deimos
and from Mars’ rotation rate (see review by Spohn et al. 1998). The orbital periods of the
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satellites constrain the J, coefficient of the spherical harmonic representation of the grav-
ity field. Assuming that Mars was in hydrostatic equilibrium and using the Radau-Darwin
relation a value of 0.377 for the Mol was found from the measured value of J,. But already
Wells (1979) showed that the assumption of a hydrostatic planet was inconsistent with the
dynamical flattening of the planet as revealed by the satellite data. Early spacecraft images
and gravity data suggested that the Mol value should be corrected in particular for contribu-
tions from the isostatically uncompensated Tharsis bulge (Reasenberg 1977; Kaula 1979).
The corrected value of 0.366 has been used by a number of models including Sohl and
Spohn (1997). These authors showed that there was a discrepancy with geochemical mod-
els of the planet. While the models based on the Mol factor could not reproduce the Fe/Si
value constrained from SNC meteorite data (Dreibus and Winke 1985), the chemical mod-
els of the planet suggested an Mol factor of only 0.357. Sohl et al. (2005) argued that the
Mol should be calculated from the mean moment of inertia rather than from the moment
of inertia about the rotation axis because the models would use the former rather than the
latter. They corrected the Mol to arrive at a value of 0.3635+0.0012. With the help of
improved gravity data (Genova et al. 2016; Goosen et al. 2017) and of the Pathfinder and
later landing missions it was possible to estimate the value of the precession constant and
thereby removing the problems associated with the use of the Radau-Darwin relation to
arrive at a value of 0.3637 + 0.0001 (Konopliv et al. 2016; Kahan et al. 2021). Constraints
from measurements of the tidal Love number due to solar tides k,=0.163+0.008 (Kon-
opliv et al., 2016; Genova et al., 2016) and the detection of the Chandler Wobble (Kon-
opliv et al. 2020a, b) further help to refine the interior structure models (see Rivoldini et al
2011 for a model using the Mol and the Love number data).

Smrekar et al. (2018) reviewed the knowledge about the interior of Mars prior to the
InSight mission. Accordingly, Mars’ core is at least partly fluid—an inner core not to be
definitely ruled out albeit less likely—with a radius of 1788473 km (Fig. 6). This large
core has the consequence that the core density must be relatively low and thus the core
must have a significant amount of light alloying elements such as S and O. Recent esti-
mates are ~13.5% S and~4% O (Steenstra and van Westrenen 2018), which are consistent
with older geochemical models of Winke and Dreibus (1985).

Furthermore, due to the relatively large core, the presence of a perovskite layer is rather
unlikely. The mantle is divided into an upper mantle where olivine is stable and a lower
mantle dominated by wadsleyite and ringwoodite; the layers are separated by a transition
zone, about 300 km thick. On top of the mantle, there is a basalt-rich crust that is the
product of mantle melting and differentiation. Upon differentiation, radiogenic elements
are enriched in the crust estimated to vary by a factor between 13 and 20 (Knapmeyer-
Endrun et al. 2021). The thickness of the crust varies across the planet but its thickness is
uncertain, estimates ranging between—on average—38 km (Wieczorek and Zuber 2004)
and 115 km (Nimmo and Stevenson 2001). Plesa et al. (2016) used the gravity and crustal
thickness model of Neumann et al. (2004) but varied the average crustal density for which
Neumann et al. had assumed 2900 kg/m3. Plesa et al (2016) find the crust is thickest under-
neath Tharsis where it may be up to 100 km thick, while the thinnest part of the crust is
found underneath the Isidis impact basins with 1-5 km thickness. The average thickness is
45 km for the Neumann et al (2004) model but varies between 27 and 89 km depending on
the assumed average density between 2700 kg/m® and 3200 kg/m®.

Plesa et al. (2016) used their crustal thickness model together with the compositional
model of Dreibus and Winke (1985) and a model of convective mantle heat transfer to
estimate the heat flow from the interior and its variation across the surface. They found
the heat flow to vary with the crust thickness with values between 17.2 and 49.9 mW/

@ Springer



206 Surveys in Geophysics (2022) 43:177-226

(a) 0.10 0.15 0.20 025 0.30
2200F R T 065
2100F —cold

- 0.6
2000 —hot
1900 2200
- 0.55
2000 2000

— 1800 1800 1800

€ L

= 1600 1600 5

E 1700 1400 / 1400 105 f;

L

1200 1200
1600 0.10 0.15 0.20 0.25 0.30 0.10 0.15 0.20 0.25 0.30
2200 2200
- 045
1500 2000 2000
1800 1800
1400 1600 1600
1400 1400 104
1300 1200 1200
0.10 0.15 0.20 0.25 0.30 0.10 0.15 0.20 0.25 0.30
1200 " ] : ; \
0.10 0.15 0.20 0.25 0.30
k2
(b) 0.10 0.15 0.20 0.25 0.30
025 e {0.25
—cold
—hot
0.20 40.20
— 0.15 | 410.15
g
2]
X
010 I 010 015 020 025 0.30 010 015 020 0.25 030- 010
0.25 025
0.20 0.20
0.05 o o {0.05
0.10 0.10
0.05 0.05
0 010 015 020 025 0.30 000 010 015 020 0.25 0.30
0.00 L . L + 0.00
0.10 0.15 0.20 0.25 0.30
ka

Fig. 6 a Mars core size and b core sulfur fraction as function of k, for a hot and cold mantle temperature for
models that satisfy the MOI. Contours delimit domains corresponding to 0.997, 0.954, and 0.682 probabil-
ity of occurrence. The blue dotted lines delineate the 0.997 domains of the cold models. The gray shaded
areas represent the k, values of Marty et al. (2009), Konopliv et al. (2011), Smith et al. (2009) (from left to
right). The insets correspond to the individual 0.997 contours of the models with an inner core and without
an inner core for cold and hot mantle models. Figure from Rivoldini et al. (2011)

m?. The predicted average value is 23.2 to 27.3 mW/m?. Furthermore, they show that the
low thermal conductivity crust insulates the mantle which has important effects on the vol-
canic evolution of the planet. The long-lasting activity of Tharsis and Elysium can thus be
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understood—especially when the viscosity in the mantle increases by two orders of magni-
tude with depth. The models are consistent with the inferred variation of the elastic litho-
sphere thickness over time (compare Sect. 2.4). A thickness of less than 20 km was derived
for the Noachian and a value greater than 300 km below the South Pole at present (e.g.,
Grott et al. 2013). The latter probably does not represent a present-day mean value, how-
ever. It is possible that upwelling mantle currents still exist underneath the Tharsis region
and that the elastic lithosphere thickness varies across the planet (e.g., Grott et al. 2010).
The InSight seismic and rotational data have already resulted in refined values of the
interior structure. Knapmeyer-Endrun et al. (2021) found that the crust underneath the
InSight lander is either two-layered and 25-30 km thick or three layered and 40-45 km
thick, the quality of the data not yet allowing to distinguish between the models. Yet, as
the authors write, their data suggests that the average crust thickness cannot be more than
70 km. Note that the properties of a layer comprising the first 10 km (Lognonné et al. 2020;
Knapmeyer-Endrun et al. 2021) is a feature of both models which will provide important
constraints on models of the evolution of the upper crust. Khan et al (2021) used data from
the three Cerberus Fossae events described by Giardini et al (2020) and identified multiple
phases from which they constructed seismic velocity and temperature vs depth models for
the mantle down to 700 km depth. They find the lithosphere to be likely 400-500 km thick
and underlain by an about 200 km thick low velocity zone. Stihler et al. (2021) using the
model of Khan et al. (2021) found core phases that suggest a core radius of 1830440 km
consistent with the constraints from Mol and &, (Rivoldini et al. 2011; Kahan et al. 2021)
(Fig. 7). Plesa et al. (2021) checked a large variety of thermal models of the interior of
Mars for cases that would exclude a shadow zone for the three events. They find that the
absence of seismic shadow zones between Cerberus Fossae and the InSight landing site

InSight
i Cerberus
Fossae

Core Radius:
1830440 km
fluid, no S-waves

Composition:

Fe-S + light elements. Core
Density: X Shadow
5.8-6.2 g/cm?®

S-waves: P-waves:
S,SKS,ScS P, PKP

Fig.7 Schematic diagram of Mars’ interior structure. The cross section depicts the core-induced shadow
zone for seismic waves. The surface topography is a cut through the Mars Orbiter Laser Altimeter (MOLA)
map (Smith et al. 2001) on a great circle arc from InSight through the Mars Orbiter Laser Altimeter
(MOLA) map. The S-wave shadow zone is minimal and probably filled by diffracted S waves, whereas
the P-wave shadow zone is large and contains specifically the Tharsis region. The existence of an inner core
cannot be determined by current data, and the seismic ray paths shown assume no inner core. Topography
and InSight lander are exaggerated in scale. Figure from Stihler et al. (2021)
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suggests that the mantle contains not more than 80% of the heat producing elements of
bulk Mars and that the crust must thus provide more than 20% of the total heat production
rate at present.

The presence of magnetized rocks (Fig. 3) suggests the existence of an early dynamo in
the Martian core. Most models for the timing of the Martian dynamo are based on the pres-
ence of magnetic fields over the heavily cratered southern hemisphere and their absence
over the interiors of the major basins: Hellas, Argyre, and Isidis. An early dynamo, extinct
at the time of basin excavation about 4.1 Ga ago, is the most widely accepted scenario.
Most models of the Martian evolution with an early dynamo generated magnetic field and
the lack thereof at present suggest that the Martian core is entirely fluid with no solid inner
core. An early thermally driven dynamo would have stopped operating after several hun-
dred million years (e.g., Stevenson et al. 1983; Spohn et al. 1998; Hauck and Phillips 2002;
Breuer and Spohn 2003, 2006). The absence of an inner core is supported by recent geo-
chemical evidence as discussed in Stihler et al. (2021) and by the interior structure models
of Rivoldini et al. (2011).

Recent analysis of Mars Atmosphere and Volatile EvolutioN (MAVEN) magnetic field
data, however, detected a magnetization above the 3.7 Ga old Lucus Planum suggesting a
longer lasting (or rejunavated) dynamo activity (Mittelholz et al. 2020). This observation
has significant implications for the thermal evolution of Mars because a purely thermal
dynamo and the absence of an inner core is difficult to reconcile with this observation (e.g.,
Stevenson et al. 1983). However, a thermal dynamo could be active longer if the thermal
conductivity of the Martian core is lower than the typically assumed value of 40 W/mK
(Greenwood et al. 2021). Recent electrical resistivity experiments on Fe-Ni and Fe-Ni-S
alloys suggest that values for the thermal conductivity as low as 5 W/mK to~30 W/mK,
depending on the composition (Pommier 2018, 2020). A chemical dynamo, which would
be an alternative for generating a younger magnetic field, is not compatible with present
thermal models due to the inferred low melting temperatures in the core (e.g., Plesa et al.
2016).

A particular feature of the observed magnetization on the surface of Mars is the strong
dichotomy, with the southern hemisphere being more magnetized than the northern hemi-
sphere (e.g., Langlais et al. 2019). Two general types of models have been proposed to
explain this striking feature. Homogeneous magnetization could have been destroyed in the
northern hemisphere, e.g., by hydrothermal alteration (Solomon et al. 2005) or impacts
(Rochette et al. 2003). An alternative explanation proposes that the dynamo itself generates
a hemispherical field due to lateral heat flow variations at the CMB (Stanley et al. 2008,
Amit et al. 2011). However, it has been suggested (Dietrich and Wicht 2013) that these
hemispheric dynamos reverse polarity on time scales of about 10 kyr and may not be capa-
ble of unidirectionally magnetizing a thick crustal layer. This would be required to explain
the strong magnetization in the southern hemisphere.

3.5 Ganymede

Ganymede is the largest of the Galilean satellites discovered in 1610 by Galileo Galilei
(1564-1642). The orbits of Io, Europa and Ganymede exhibit a 4:2:1 mean motion reso-
nance, the Laplace resonance (Laplace 1805) that is unique in the solar system. This reso-
nance implies a Ganymede non-zero eccentricity which brings orbital energy to this over-
sized satellite as large as a planet. Indeed, its radius is 2631 + 1.7 km (Anderson et al. 1996;
Schubert et al. 2004), which is larger than that of Mercury. The Galileo mission flew over
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Ganymede seven times during its mission (1995-2003) (Johnson et al. 1992) and deter-
mined a mass equal to 1.482 10%° kg, i.e. about one-third less than that of Mercury. The
main geophysical quantity is the average density equal to 1942+4.8 kg m™> (Anderson
et al. 1996; Schubert et al. 2004) implying that Ganymede is an icy body with up to 50% of
its mass made of ice/water (Hussmann et al. 2015).

The second important geophysical quantity, after density, is the moment of inertia. The
value deduced from radio-science measurements of the Galileo probe under hydrostatic
equilibrium hypothesis and using the Radau-Darwin equation is C/MR?=0.3115 +0.00028
(Anderson et al. 1996; Schubert et al. 2004). This value is the smallest in the solar system.
This implies a large concentration of mass towards the center of Ganymede and argues
in favor of a completely differentiated three-layered body. Ganymede would be com-
posed of a 400-1200 km metallic core, a silicate mantle of 700-1400 km thick and an up
to 700 km thick layer of water (Anderson et al. 1996; Baland and Van Hoolst 2010; De
Marchi et al. 2021) (Fig. 1). Interestingly, Jupiter’s moon Callisto, which has a similar size
and composition as Ganymede, has a very different structure. Callisto’s measured Mol of
0.3549 +£0.0042 (Anderson et al 2001) indicates that it is not fully differentiated, i.e. it does
not have an iron core and possibly silicate mantle and water are not fully separated either
(e.g., Kuskov et al. 2005). This difference suggests a completely different thermal evolution
of the two bodies, which is not yet well understood.

Galileo brought to light a third important geophysical characteristic rarely observed
for a celestial body: an intrinsic magnetic field and an induced magnetic field (Kivelson
et al. 1996; Kivelson et al. 2002). The intrinsic magnetic field demonstrates that the
metallic core, whose presence has been inferred in the gravity field data, must be par-
tially liquid (Schubert et al. 1996; Anderson et al. 1996). For Ganymede core pressures,
core crystallization occurs by iron-snow freezing under the assumption that the sulfur
content is less than eutectic (Hauck et al. 2012). It has been shown that the iron-snow
scenario can explain the observed magnetic field of Ganymede (Christensen 2015).
Core crystallization models coupled with thermal evolution models further suggest that
this Fe-snow dynamo must be very young with an age of less than a billion years (Riick-
riemen et al. 2018). This would further imply that Ganymede has no present solid inner
core.
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The induced magnetic field may originate from a liquid ocean in the ice layer as sug-
gested by Kivelson et al. (2002). Due to the depth-dependent melting temperature of
water, the ocean is likely located at a depth below 150 km (Vance et al. 2014, Fig. 8).
This hypothesis is strengthened by the observation of oscillations in auroral ovals by the
Hubble Space Telescope suggesting the presence of an electrically conductive ocean
(Saur et al. 2015). The ocean would be sandwiched between two icy layers, the bot-
tom one made of high-pressure ices (Sohl et al. 2002). It was suggested that Ganymede
could maintain several liquid layers between high-pressure ice (Vance et al. 2014).

Currently, Ganymede’s deformation expressed through the Love numbers k, and h, and
their phase lags are not known (e.g., Rambaux and Castillo-Rogez 2013). Measurements of
the Love numbers by the JUICE mission (Grasset et al. 2013) will constrain the thickness
and elastic behavior of the ice shell and the phase lags will reveal the presence of a global
ocean and could inform on the thermal state of the deeper interior (Kamata et al. 2016;
Hussmann et al. 2016). Although the tidal heating input is currently low in Ganymede this
would not always have been the case (e.g., Hussmann et al. 2010). In the past, this moon
could have passed through resonances which increase tidal heating and may sustain the
development of a subsurface ocean (Showman and Malhotra 1997). Fundamental geodetic
quantities, the libration and the obliquity, have not yet been measured but they can bring
information on the internal structure, in particular the thickness and rigidity of the ice layer
(Rambaux et al. 2011; Van Hoolst et al. 2013; Baland et al. 2012).

In conclusion, by combining the few geophysical measurements accessible thanks to
to Galileo space mission, Ganymede is classified among the ocean worlds. It is therefore
essential for exobiology studies and, it is the main target of the first L-class ESA mission,
JUpiter Icy Moons Explorer (JUICE) (Grasset et al. 2013; Witasse et al. 2020). The pay-
load is composed of several geophysical instruments, such as the laser altimeter GALA
(GAnymede Laser Altimeter) to determine its topography and rotation (e.g., Steinbriigge
et al. 2021), a radio-science experiment (Geodesy and Geophysics of Jupiter and the Gali-
lean Moons, 3GM) to measure its gravity field, tides and rotation (e.g., Capuccio et al.
2020), and the radar sounder RIME (Radar for Icy Moon Exploration) to probe the ice
shell. In addition, several in situ and remote sensing instruments including the JUICE
MAGnetometer (J-MAG, Dougherty et al. 2013) and the visible camera JANUS (Jovis
instrument, Amorum ac Natorum Undique Scrutator) JANUS) (e.g., Della Corte et al.
2019), will contribute to the geophysical investigation of Ganymede. The science payload
of JUICE is the most powerful and versatile of any spacecraft that has visited the outer
solar system before. It will largely improve and extend the Galileo measurements and the
combination of the data would characterize Ganymede as a planetary object in unprec-
edented detail (Grasset et al. 2013). Unraveling the interior of this satellite, which is as big
as a planet, will also contribute to future research and missions on the conditions of habit-
ability and astrobiology.

3.6 Enceladus

Measurements by the Cassini mission (2004—2017) (Matson et al. 2003) showed that the
small satellite Enceladus (radius of 252 km), which is in a close orbit around Saturn (semi-
major axis of 238X 10% km), is one of the most dynamic satellites of the Solar System.
Enceladus has active geysers venting water vapor and ice particles (Porco et al. 2006),
which are associated with large fractures in its south polar terrain. It moreover cools fast as
shown by the large heat flow it emits, and yet has a warm interior with a global subsurface
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ocean. Here, we focus on planetary geodesy, and in particular rotation, gravity and topog-
raphy data, which provided the most complete picture of Enceladus’s interior structure,
including proof of the existence of the global subsurface ocean, an estimate of its size, and
constraints on the thickness of the ice shell (Fig. 9).

The mass of Enceladus (M =1.0794 X 10% kg, Iess et al. 2014) together with its radius,
leads to a mean density of 1607 kg/m®, which indicates that Enceladus has a significant
rock fraction. The ratio of the second-degree zonal and sectorial gravity field coefficients
differs about 10% from the hydrostatic value (Beuthe et al. 2016, note that the hydrostatic
value differs from the classically used ratio of -10/3 by a few percent because of the fast
rotation of Enceladus). Further evidence of the non-hydrostatic nature of Enceladus is
given by the degree-two shape ratio, which differs from the hydrostatic value by 30%, and
the significant zonal degree-three gravity coefficient. The larger deviation of the shape ratio
from the hydrostatic value with respect to that for the gravity ratio is indicative of isostasy,
in which topography is to a large degree gravitationally compensated by subsurface mass
anomalies. The most plausible compensation for Enceladus is that of Airy compensation in
which topography highs are associated with a thicker local shell above a water ocean that is
denser than the shell, like an iceberg floating on water (Iess et al. 2014). The observation of
librations convincingly showed that such a subsurface ocean must be global (Thomas et al.
2016; Van Hoolst et al. 2016). The observed amplitude of libration is about 4 times larger
than the amplitude predicted for an interior structure without a global liquid layer. Since
libration sensitively increases with decreasing shell thickness, a mean thickness of the shell
of about 20 km could be determined from the libration amplitude (Thomas et al. 2016; Van
Hoolst et al. 2016; Beuthe et al. 2016; Cadek et al. 2016).

By separating hydrostatic from nonhydrostatic, isostatically compensated degree-two
components of the gravity and topography field, the mean moment of inertia has been esti-
mated to be about 0.33 MR2, which implies a water/ice shell about 60 km thick above a
rocky core with a density of 2375-2500 kg/m* (McKinnon 2015). By adopting a physically
consistent model of isostasy in which the shell is assumed to have reached a state of mini-
mum deviatoric stress for the observed topography, the gravity-topography data confirm
that Enceladus has a global ocean beneath a 20 km thick ice shell (Beuthe et al. 2016;
Trinh 2019). It is important to note that this topography/gravity method is independent
of libration, thereby strengthening the result. Different formulations of isostasy, such as
dynamic isostasy in which the visco-elastic evolution of the shell to the isostatic end-state
is considered (Cadek et al. 2019a), or the physically unsatisfying classical idea of isostasy
in which equal pressures are required at the depth of compensation (Hemingway and Mat-
suyama 2017) lead to the same result.
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These models in addition show that the ice shell must be about 30 km thick at equatorial
regions and decrease to about 15 km at the south and about 7 km at the north pole (Beuthe
et al. 2016) (Fig. 9). Due to the large thickness variations, hydrostatic pressure varies lat-
erally, leading to viscous flow of ice that can remove basal topography on a timescale of
some Myr to hundreds of Myr (Kamata and Nimmo 2017; Cadek et al. 2019b). In order to
maintain the ice shell in a steady state, the viscous flow at the base of the ice shell must be
balanced by changes in ice due to melting and freezing. This requires large heat fluxes and
variations in the flux at the top of the ocean, which could be due to high tidal heating in the
core or in the shell. The latter is likely only relevant for the thin ice shell in the south polar
region. High tidal heating in the core may be due to a hydrated porous core, indicated by
the low core density (Choblet et al. 2017).

4 Synthesis: Understanding the Differences Between the Earth’s
and Other Planet’s Interiors

This ISSI Special Issue and book and Space Science Reviews Topical Collection discusses
the synergistic use of gravity and magnetic field data and of the planet’s rotation to explore
the deep interior of the Earth. Historically, these data have been provided by networks of
observatories on the Earth’s surface. But in recent years observations from spacecraft in
orbit around the Earth have significantly augmented the data set.

Planetary scientists use the same techniques to explore the interiors of planets, satellites
and small bodies in the solar system although a comparable coverage in space and time
has been achieved only for a couple of objects, Moon and Mars. But why would anyone
interested in the Earth’s interior care about the interior of other planets? It is the differ-
ences and the commonalities in the interior structures and the workings of the planets that
require explanation and offer opportunities for a better understanding of the “Bowels of
the Earth” (Elder 1978). Although we are far from having a detailed knowledge of the
gravity and magnetic fields of exoplanets, even research on such distant bodies can offer
more insight into the physics of the Earth’s interior. Estimates of their rotation rates are
often based on the hypothesis of them orbiting close to their primaries in 1:1 resonances
between their rotation and orbital revolution. The apparent dominance of super-Earths in
the observational statistics over Earth and smaller sized rocky planets (e.g., Youdin 2011;
Batalha 2014) is interesting as are theories of the state and the dynamics of interiors at
TPa pressures (e.g., Valencia et al. 2007; Stamenkovic et al. 2011; Karato 2011). What is
more, even the overall structure of the solar system with small rocky planets orbiting close
to the sun and giant planets at considerable distance appears to be unusual (e.g., Zhu and
Dong 2021), although it must be admitted that there is an observational bias favoring the
detection of close-in large planets. Only 30% of all known planetary systems around sun-
like stars have rocky planets at distances < 1AU (Raymond and Morbidelli 2020; Zhu and
Dong 2021) and only 1% have a giant Jupiter-like planet at an orbital distance of around
5AU. A Jupiter like planet at that distance would be guarding the inner region of the system
against disturbances from inward migrating planets (Batygin and Laughlin 2015).

We have discussed a small subset of rocky solar system bodies, the three Earth-like plan-
ets, the Moon and two icy satellites of Jupiter and Saturn, Ganymede and Enceladus. The
latter two are of interest as they show that ice can have features similar to those observed
for rock, e.g., lateral plate-like movement of surface units of differing age (although the
similarity to plate tectonics may not reach deeply into the interior) and ice volcanism. Of
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the terrestrial planets, Venus is the closest to Earth in terms of mass and radius but is very
different in terms of its atmosphere. It is generally accepted that Venus’ atmosphere—more
massive than of Earth with a surface pressure higher by almost two orders of magnitude—
has experienced a runaway greenhouse effect leading to surface temperatures exceeding
700 K. It has been speculated that early Venus may have been habitable, though (e.g., Way
et al. 2016). Mars is about half the size of Earth and Venus but resembles Earth’s climate
much more than Venus’. Mercury and the Moon resemble each other by the absence of an
atmosphere and in their cratered surfaces (shared with some surface units of Ganymede),
but Mercury surprises by having an unusually large core and a self-sustained magnetic
field.

As we have shown in the preceding sections, all rocky planets in the solar system share
the same first-order internal structure with an iron-rich core, a silicate mantle, and a crust
that is generated by partial melting of the mantle. But the relative sizes and masses of these
major reservoirs differ. Take the cores for example, with the Moon’s comprising only 0.5
percent of its volume or about 1% of its mass while Mercury’s core comprises 55% of the
planet’s volume and about 80% of its mass. More Earth-like are the values of 13% and 25%,
respectively that are approximately valid for Mars and Venus. The reasons for the Moon
and Mercury being so extraordinary is generally associated with their origins, with that of
the Moon being closely related to the early history of the Earth (see Canup et al. 2021 for
a recent collection of papers) and with Mercury’s related to the early history of the inner
solar system (e.g., Benz et al. 2008; Ebel and Stewart 2018). Models of the growth of the
Earth’s inner core and its relation to the evolution of the dynamo and magnetic field gen-
eration can also be improved by looking at other planets. A model that explains the Earth
magnetic field must also be able to explain the present-day lack of fields of Venus and
Mars. While it is unclear whether Venus ever had a dynamo, for Mars it is the strength of
the magnetization that puzzles along with evidence for late magnetizations, suggesting that
dynamos may switch off and restart. The strength of the present field of Mercury, believed
to be powered by a chemical dynamo (as we have discussed above), is not easily explained
with otherwise widely accepted scaling laws currently in use in Earth science (Christensen
and Aubert 2006). The origin of Mars’ early field and the lack of a present field is debated.
It is possible that Mars lacks a (growing) inner core and the chemical buoyancy to drive a
dynamo as has been speculated by Schubert and Spohn (1990). This view is supported by
the recent data suggesting a core size of around 1800 km with a significant volatile content
that would suppress the melting temperature as we have discussed above. This then leaves
the evidence for late remnant magnetizations unexplained, however.

The second major reservoir—as we move out from the center—is divided into the rock
mantle and the crust. And as far as we understand, the latter originates by partial melting of
the former. Although their compositions differ slightly, all terrestrial planets have basaltic
crusts. However, their volumetric shares are typically larger than on Earth, as the crusts are
substantially thicker. The reason for this lies with the crustal recycling mechanism through
plate tectonics that is unique to the Earth. There may be crustal recycling by delamination
on other bodies, but not to an extent that rivals plate tectonics’ crustal subduction. Partial
melting of basaltic crust together with mantle rock and sediments in subduction zones is
the mechanism to generate Si-rich continental crust, a type of crust that is—as far as we
know—unique to the Earth and is related to plate tectonics.

Plate tectonics has farther reaching effects on the evolution of the Earth that go beyond
the scope of the present article and this book. The composition and the long-term climatic
stability of the atmosphere are associated with the mechanisms and it has been claimed that
it is essential for the Earth’s habitability. But just why plate tectonics occurs on Earth and
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not on any other of the terrestrial planets remains an open question. A recent paper by Hon-
ing and Spohn (2016) suggested that a planet with an approximately equal share of surface
covered by oceans and by continental land masses may be a rather unlikely outcome of the
evolution of a plate tectonics planet. In their study, the most likely outcome would be a
planet mostly covered by continental crust with an ocean planet as the second most likely.
Together with the notion that the solar system is likely not to be typical, this lends an inter-
esting twist to the discussion of the likelihood of a second Earth.

In the early days of spacecraft exploration of the Earth-like planets it was held that they
should have evolved similarly. Attempts at finding remnants of earlier phases of plate tec-
tonics on Mars and Venus were made. For Mars, the almost linear line-up of the three
Tharsis volcanoes were speculated to be remnants of an island arc (Sleep 1994). Attempts
at finding ridges and subduction zones on Venus were many (e.g., Kaula and Philipps
1981). And Kaula (1975) has speculated that there were seven phases of an evolution that
all rocky planets went through. Plate tectonics would have been a relatively early phase
of tectonics accompanied by rapid cooling. Earth as the largest and therefore most slowly
evolving planet was the one still in the plate tectonics regime but would at one time turn
Mars-like. Today, we appreciate that the rocky planets and moons are rather individual
manifestations of the many degrees of freedom of the formation of complex structures
from chemically versatile silicates and planetary formation and evolution processes where
chaos is a factor. We further appreciate the differences that minor chemical components
may cause for melting relations and rheology and therefore for volcanism and tectonics.
Still, since the physics is the same, there is a lot to be learned from solid Earth-like bod-
ies—in a very general sense—for our home planet Earth.
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