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The thermal evolution of tidally heated bodies such as
Europa and Enceladus can be understood in terms of the prop-
erties and stability of their thermal equilibrium states. Thermal
equilibrium is defined as the point at which a self-consistently
derived interior structure (temperature, density, and rheology
as a function of radius) transports as much heat to the surface
as is generated by tides in the interior. Stable equilibria tend
to attract the evolution the system and may trap it either per-
manently or temporarily. Equilibrium structures are derived
using parameterized convection models (and/or conductive so-
lutions) coupled with solutions for the tidal dissipation in the
body [1, 2], as illustrated in figure 1.
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Figure 1: Temperature structure of a convecting ice layer.

The coupling between the heat production and heat trans-
port arises due to the temperature dependence of the viscosity
in both ice and rock. It is therefore im-perative that the rhe-
ological behavior of ice and rock be modeled as accurately
as possible, including the multiplicity of known deformation
mechanisms and a self-consistent calculation of the effective
rheology. It should be noted that dissipation in liquid layers
(oceans or cores) may also be significant (e.g. on Earth) but
depends on properties at the interfaces which are at present
unknown.

Ice has a complex flow law, but laboratory experiments [3]
have established the behavior for some (though not all) of the
relevant conditions in icy satellite shells. There are five defor-
mation mechanisms, grain boundary (BD) and grain volume
(VD) diffusion, dislocation creep (DC), grain boundary sliding
(GBS), and basal slip (BS). Grain boundary sliding and basal
slip are mutually accommodating deformation mechanisms ef-
fectively forming a single mode of deformation. Dislocation
creep and basal slip are grain-size insensitive, but diffusion
and grain boundary sliding depend on the grain size, which
will therefore be a critical parameter in the remainder of this
study. Only the diffusion mechanisms are Newtonian, the oth-
ers are stress-dependent, dislocation creep most strongly. The

full flow law is given by [3]:

ε̇ = ε̇BD + ε̇V D + ε̇DC +
(

1
ε̇GBS

+
1

ε̇BS

)−1

(1)

where the subscripts indicate the relevant deformation mech-
anism. The mutual accommodation of grain boundary sliding
and basal slip result in strain rate control by the slower of
the two mechanisms. While the non-Newtonian deformation
mechanisms have been extensively studied in the laboratory,
diffusion creep has not been measured due to the low stresses
at which it becomes dominant (implying low strain-rates and
hence, impractically long experiment durations).

Each of the creep mechanisms follows a law of the form:

ε̇x = Axσnh−m exp
(
−Ex + PVx

RT

)
(2)

where Ax, Ex, Vx, m and n are mechanism dependent param-
eters, σ is the stress, h the grain-size, P the pressure, R the
gas constant, and T the temperature.

Parameterized convection is derived in terms of a simple
flow law. Effective values of the flow law parameters may be
derived by differentiation of the composite flow law e.g.:

meff = −d (ln ε̇)

dh
(3)

with similar equations for the other parameters E, V , and n.
Rock Rheology: Typically only two deformation mecha-

nisms are used to describe the flow law of rocks: dislocation
creep and grain-volume diffusion. The flow law is thus similar
to (1) with only the VD and DC terms [4], which have generic
flow laws given by (2). Unlike ice, which tends to self-purify
through exclusion of impurities, planetary mantle rocks are
multi-phase assemblages and can exhibit a range of partially
molten states. The rheology of partially molten rocks has been
extensively studied in the laboratory, and the effect of melt is to
decrease the viscosity exponentially with the volume fraction
of melt. Above a certain melt fraction (40-60%), the crystal
structure breaks down and the material behaves as a fluid with
suspended solids [1]. The effect of water on the rheology of
rocks can be profound. In the icy satellites, it seems likely that
the rocks are at least somewhat hydrated. ”Wet” rheologies
[4] are therefore appropriate.

Parameterized Convection For fluids with strongly tem-
perature dependent viscosity, a portion of the upper thermal
boundary layer stagnates and transports heat only by conduc-
tion. An actively convecting boundary layer exists between
the stagnant lid above and the well-mixed interior below. The
convection in the interior is essentially isoviscous and is driven
by a rheological temperature scale that depends on the temper-
ature dependence of the viscosity η:

∆Trh =

∣∣∣∣ η
dη/dT

∣∣∣∣ . (4)
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In order to incorporate the multiple flow laws, (4) is evaluated
numerically from (1).

Since only part of the shell (below the lid) is convecting,
we define a Rayleigh number Rarh for the shell as follows:

Rarh =
αρg∆Trh (rl − rb)

(n+2)/n

κ1/nη (Ti, σ = 1, h, P )1/n
(5)

where α is the thermal expansivity, ρ is the density of the ice,
g is the gravitational acceleration, rl and rb are the radii of
the bottom of the lid and bottom of the shell, respectively, and
κ is the thermal diffusivity. The viscosity η is evaluated at
the mean temperature of the well-mixed interior Ti, the value
of the grain size h, and the pressure of the base of the lid
P = ρg (rt − rl), and the stress dependence is removed [see
5, eqs. 20 and 26] by using a stress value of unity.

The heat flux transported convectively by the shell to the
base of the lid is therefore:

Fconv = ac
k∆Trh

(rl − rb)
Raβ

rh (6)

where k is the thermal conductivity and ac = 0.31+0.22neff

and β = neff/ (neff + 2) are constants [5]. At equilibrium,
this flux must balance the production of heat in the shell:

Fconv =
ρHrl

3

(
1− r3

b/r3
l

)
(7)

where H is the volumetric heat production rate (assumed con-
stant) that is required for convective equilibrium.

Equilibrium States: These equations are solved for both
the mantle and the shell (which is heated from beneath by the
mantle and therefore requires a slightly different treatment).
Equilibrium states as a function of internal temperature (and
grain size, which is a free parameter) may then be mapped out
as in figure 2.
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Figure 2: Cartoon depicting equilibrium states for a tidally
heated body.

A body that finds itself between unstable and stable equi-
libria will be driven toward the stable point. Equilibria may
merge (for example, if the eccentricity decreases, the high tem-
perature stable and unstable points will merge), or additional

equilibria may arise (due to melt-migration heat transport, for
example).

New results will be presented for both Europa and Ence-
ladus showing the effect of a new parameterization for layers
heated both from below and from within. Grain size remains an
important parameter in both ice and rock due to the relatively
low stresses involved in rigid-lid convection. A wet rheology
is essential for enabling high-temperature states in the silicate;
the dry rheology is too stiff to dissipate much energy at tidal
periods. Melting, however, tends to dehydrate the mantle, and
there is little means for recycling without a process like plate
tectonics.
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