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Introduction Tidal observations have provided crucial insight into the interior of various Solar
System bodies; including Mercury (1), Venus (2), the Moon (3, 4), Mars (5, 6), Jupiter (7), Io (8)
and Titan (9, 10). Previous efforts to characterize planetary interior structures using tides have
focused on inferring one-dimensional (i.e., radial) structure. However, lateral variations in properties
can induce patterns of tidal deformation that are distinct from those produced by radial structure,
thus allowing for a 3D characterization of the interior through future detailed observations of time-
varying gravity or shape.

In a spherically symmetric body, the tidal response mirrors the wavelength of the tidal forcing.
However, lateral heterogeneities cause mode coupling (i.e., interaction between forcing and
response at mutually distinct harmonics). This wavelength-dependent variation in tidal deformation
forms the basis of tidal tomography — a technique that seeks to constrain internal 3D structure by
measuring the body's tidal response across different wavelengths (11-14).

Here, we present the first application of tidal tomography beyond Earth, explore its potential use in
ongoing missions, and advocate for its broader consideration in future planetary exploration efforts.

First Uses of Tidal Tomography Beyond Earth Due to the high precision required to detect
signals associated with 3D structure, tidal tomography had been applied only to the Earth (15). But,
recently, a reanalysis of GRAIL Lunar gravity data has revealed a nearside/farside dichotomy in the
Moon’s mantle from its unexpectedly large-amplitude degree three response, suggesting a ~100K
thermal anomaly (16). While this constitutes the first application of this technique to an
extraterrestrial body, more examples might soon follow. Juice’s 3GM instrument will be precise
enough to unveil variations of Ganymede’s outer ice shell of a few percent its mean shell thickness
(17). The effects of 3D tides might also be recorded on the surface of planetary bodies. The
distribution of Io’s volcanoes might be indicative of tidal dissipation in a body with an asthenosphere
with a laterally varying melt distribution (18).

Future Applications of Tidal Tomography The first use of tidal tomography beyond Earth
demonstrates the potential to map the three-dimensional interior structure of planetary bodies
remotely. We argue that future missions should consider using tidal tomography to characterize 3D
structures in planetary interiors. Enceladus is perhaps the clearest example. Static gravity and
shape data hints at thickness variations in Enceladus’ crust (19, 20), which are expected to drive an
exceptionally large-amplitude mode coupled tidal response for the body (12, 21, 22). Lateral
variations in interior properties are the fingerprint of processes relevant to habitability (e.g., ocean



circulation, the distribution of tidal heating). With the tiny Saturnian moon being one of the top
priority planetary science targets for both ESA and NASA, tidal tomography should be considered in
future Enceladan missions.
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Figure 1: Schematic representation of the tidal response of the Moon to various tidal components
for a 1D and a 3D Moon
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