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Introduction: Building on the legacies of
reconnaissance missions to the outer Solar System (e.g.,
Voyager, Galileo, Cassini) and anticipating upcoming
focused missions to specific icy worlds (e.g., Europa
Clipper, Dragonfly), it is time for a synthesis of icy
worlds as a population of Solar System bodies. Icy
worlds include many of the primary candidates for
habitable environments beyond Earth [e.g., 1-2] and are
a natural laboratory for understanding icy exoplanets
[3-5]. Developing a framework to investigate the
geology of icy worlds using comparative planetology is
an effective way to understand common first order
processes shaping the surface of these bodies.

Icy worlds exhibit a geologically diverse collection
of surfaces [e.g., 6-7] shaped by myriad endogenic and
exogenic processes (e.g., tides, freezing, true polar
wander, nonsynchronous rotation, sputtering, impacts)
[e.g., 8]. This contribution aims to simplify as we
synthesize to build a framework for understanding the
first-order controls on the evolution of icy worlds.

Basis of Comparison for Surface Modification: In
order to compare the stresses governing icy worlds and
degrees of surface modification on icy worlds, it is
necessary to use a common metric for surface
modification. We have synthesized surface ages
available in the literature for each Solar System icy
world (Fig. 1), prioritizing crater ages and more
inclusive (i.e., encompassing a wider range) age values.

Quantifying Stress Regime. Though many
processes affect the stress state of an icy world, we
focus on three processes that are important globally to
most Solar System icy worlds: (A) freezing and thermal
stresses (Eq. 1-2) [e.g., 10-11], (B) diurnal tidal stresses
(Eq. 3-4), and (C) viscous relaxation (Eq. 5-6). Rather
than absolute magnitudes of stress, we construct our
regime diagrams from ratios of the rate of stress change
(stress magnitude divided by characteristic timescale)
from each process:
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where σice is ice strength, σthermal is thermal stress [12] at
the ice-ocean interface, Ri is the radius to the base of
the ice shell, Rtot is the total radius of the body, 1/β is
the bulk fluid compressibility, ϱw is water density, ϱi is
ice density, Lm is the latent heat of melting, k is the

Fig. 1 A comparison of the history of endogenic geologic history of
Solar System icy worlds. Question marks denote icy worlds with
significant uncertainties in their geologic history, either because a
large fraction of the surface has not been imaged at sufficient
resolution and/or because older surfaces have been erased or obscured
by more recent activity. Figure from [9].

thermal conductivity of ice, ΔT is the temperature
contrast across the ice shell, e is the orbital eccentricity,
h2 is the tidal Love number (taken as 5/2 following [8]),
Mp is the mass of the primary object, Ms is the mass of
the satellite, a is the orbital semi-major axis, 𝜂 is the
local viscosity, and 𝜇 is the shear modulus.

Important limitations of this approach include:
uncertainties of physical properties of ice shells and
interior structures of icy worlds, using present-day
parameter values of icy worlds, and potential feedbacks
with other processes not considered in our framework.

Results: We have constructed regime diagrams
(e.g., Fig. 2) using axes of the ratios (Q) between the
processes discussed above (Eq. 1-6). The horizontal
axis represents a continuum of freezing dominated (left
side) to tidally dominated (right side) worlds. The
general positive linear trend is expected due to the
common factor between the axes; deviations vertically
from this represent how readily stress is relaxed
viscously compared to the rate at which it accumulates
from diurnal tidal stress.
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Fig. 2 A stress regime diagram icy worlds, as described in text. The
primary control on an icy world in regime space is its Qorbital/freezing
value which measures whether the world’s global stress state is
dominated by tidal stresses or stresses generated during freezing of a
subsurface ocean (horizontal axis of the plot). Figure from [9].

We observe a general sequence with increasing Qo/f
(Fig. 2) of icy world surfaces with (i) ancient
tectonism/cryovolcanism, (ii) unmodified surfaces, (iii)
intermediate age tectonism/cryovolcanism, and (iv)
recently/currently geologic activity; there are also
outlier worlds (Mimas, Triton) in this sequence.

Discussion: We propose an interpretive framework
(Fig. 3) to explain the sequence of icy world surfaces
(Fig. 1) we observe in the stress change rate regime
diagram (Fig. 2). Ocean worlds that do not experience
much tidal stress over their evolution freeze, resulting
in ancient tectonically modified surfaces (Charon,
Iapetus, Oberon, Titania). If a world is more tidally
stressed (and correspondingly more tidally heated),
viscous relaxation may be able to relax most of the
stress associated with freezing of a subsurface ocean
layer and would exhibit an old, unmodified surface
(Callisto, Rhea, Tethys, Umbriel). Worlds even more
strongly dominated by tidal stress may have tectonic
features that form as a result of these stresses in the past
(Ganymede, Ariel, Dione, Miranda, Titan) or at present

(Enceladus, Europa). The outliers to the sequence
(Mimas, Triton) require other processes not captured in
our regime diagram to explain their surface features
(e.g., obliquity tides [13], late formation [14-16]).

As a case study, Ganymede is more tidally
dominated than Callisto (Fig. 2), in agreement with
previous work [e.g., 17] suggesting that a difference in
tidal stresses is responsible for the difference in the
surfaces of these two worlds. As a second case study,
Mimas and Enceladus are both tidally dominated (Fig.
2). Mimas has a heavily cratered surface [e.g., 18]
whereas Enceladus has a young surface and active
cryovolcanism [e.g., 19]. The regime diagram (Fig. 2)
cannot explain the difference in their surfaces,
suggesting other processes are important to their
comparative evolution [e.g., 14-16].

Conclusion: We have synthesized surface ages of
Solar System icy worlds and built a new stress regime
diagram for understanding the firstorder controls on icy
world evolution and as a tool for comparative
planetology. We find that the evolution of icy worlds is
largely controlled by a competition between freezing
vs. tidal stresses through time, though a few icy worlds
require other explanations.

Future Work: We are building a generalized model
for the evolution of icy worlds that explicitly connects
interior evolution and stress state to resurfacing.
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Fig. 3 (below) This schematic illustrates some evolutionary pathways
an icy world might take based on its degree of tidal forcing,
producing the general sequence of Solar System icy worlds observed
for increasingly tidally dominated worlds (larger Qo/f). Moving
vertically indicates an increase or decrease in tidal stress, while
moving horizontally indicates maintaining consistent tidal stress
conditions through time. Figure from [9].
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