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Abstract

To explain the formation of surface features on Europa, Enceladus, and other satellites, many authors have postulated the spatial localization
of tidal heating within convective plumes. However, the concept that enhanced tidal heating can occur within a convective plume has not been
rigorously tested. Most models of this phenomenon adopt a tidal heating with a temperature-dependence derived for an incompressible, homoge-
neous (zero-dimensional) Maxwell material, but it is unclear whether this formulation is relevant to the heterogeneous situation of a warm plume
surrounded by cold ice. To determine whether concentrated dissipation can occur in convective plumes, we develop a two-dimensional model
to compute the volumetric dissipation rate for an idealized, vertically oriented, isolated convective plume obeying a Maxwellian viscoelastic
compressible rheology. We apply the model to the Europa and Enceladus ice shells, and we investigate the consequences for partial melting and
resurfacing processes on these bodies. We find that the tidal heating is strongly temperature dependent in a convective ice plume and could produce
elevated temperatures and local partial melting in the ice shells of Europa and Enceladus. Our calculation provides the first quantitative verification
of the hypothesis by Sotin et al. [Sotin, C., Head, J.W., Tobie, G., 2002. Geophys. Res. Lett. 29. 74-1] and others that the tidal dissipation rate is a
strong function of temperature inside a convective plume. On Europa, such localized heating could help allow the formation of domes and chaos
terrains by convection. On Enceladus, localized tidal heating in a thermal plume could explain the concentrated activity at the south pole and its
associated heat transport of 2–7 GW.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

To explain the formation of surface features on Europa,
Enceladus, and other satellites, many authors have postu-
lated the spatial localization of tidal heating within convec-
tive plumes. The pits, domes and chaotic terrains observed
on Europa may have resulted from convective motions in
the ice shell (Pappalardo et al., 1998; Nimmo and Manga,
2002; Showman and Han, 2004, 2005; Han and Showman,
2005) or melt-through of the ice shell (Greenberg et al., 1999;
Thomson and Delaney, 2001; Melosh et al., 2004). Collins et
al. (2000) proposed that chaos areas are formed over liquid de-
posits or partial melt within the ice shell. Sotin et al. (2002)
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argued that tidal dissipation might heat diapirs and produce
melting at shallow depths within Europa’ ice shell. Succes-
sively, under the assumption that tidal heating depends strongly
on local temperature in a heterogeneous ice shell, Tobie et al.
(2003) have shown that tidal dissipation can heat the thermal
plume to the melting temperature, with consequent episodic
upwelling of partially molten ice. If the mean tidal heating
is sufficiently strong, hot thermal plumes are more likely to
experience melting than the background ice simply because
they are slightly (∼10 K) closer to the melting temperature
(e.g., Tobie et al., 2003). However, without localization of the
tidal heating, this process can only localize partial melting in
the hot plumes for carefully tuned values of the tidal heating
rates—modestly larger tidal heating rates, for example, would
lead to widespread melting throughout the ice shell. In con-
trast, spatially concentrated tidal heating is an attractive and
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commonly invoked mechanism for naturally inducing localized
heating and partial melting within plumes (Sotin et al., 2002;
Tobie et al., 2003).

The Imaging Science Subsystem (ISS) on board the Cassini
spacecraft has shown that the south pole of Saturn’s satellite
Enceladus is geologically active (Porco et al., 2006). Cassini
Composite Infrared Spectrometer (CIRS) data show that the
south polar regions are warmer (between 114 and 157 K)
(Spencer et al., 2006) than surrounding regions (∼70–80 K).
CIRS data suggest that the current thermal emission from the
south polar terrains is 3 to 7 GW (Spencer et al., 2006). A plume
of water vapor and small icy particles has been observed at the
south polar regions (Spahn et al., 2006; Waite et al., 2006).
Porco et al. (2006) proposed that subsurface reservoirs of liq-
uid can erupt through vents and produce the observed plumes.
Moreover, Porco et al. suggested that the processes producing
the observed heating might result in local regions with higher
temperatures, leading to subsurface reservoir of liquid water.
Likewise, an ascending diapir, perhaps aided by localized tidal
heating, may help explain the active south polar regions of
Enceladus (Nimmo and Pappalardo, 2006).

However, the hypothesis that enhanced tidal heating can oc-
cur within a convective plume has not been rigorously tested.
To date, models of tidal heating in heterogeneous systems have
focused primarily on shear heating along pre-existing linear
fractures (Gaidos and Nimmo, 2000; Nimmo and Gaidos, 2002;
Nimmo et al., 2007). In this scenario, the lithosphere is divided
into two mechanically distinct plates by the fracture. This me-
chanical separation into two distinct plates implies that if the
fracture zone is sufficiently weaker than the surrounding ice, the
tidal deformation (and hence the tidal heating) can focus almost
completely along the fracture, with minimal deformation occur-
ring in the plates themselves. Because warmer ice is softer, this
promotes a strong positive feedback, wherein enhanced tidal
heating along the fracture leads to increased temperature, fur-
ther weakening (i.e., decreased viscosity), and hence runaway
increases in tidal heating along the fracture.

In contrast, warm, ascending convective plumes are sur-
rounded on all sides by colder, stiffer ice. Because of this
geometric confinement, the amplitude of total tidal deforma-
tion within a warm plume cannot become greatly enhanced
within the plume as it can along a fracture separating two dis-
tinct plates. Thus, the positive feedback that enhances the tidal
heating along pre-existing fractures (Nimmo and Gaidos, 2002)
is ruled out for a convective plume. Indeed, linear elastic cal-
culations of a stressed mechanical plate containing a circular
hole show that the stress becomes enhanced by only a factor of
several at the edge of the hole (Mal and Singh, 1991, p. 221).
This argument hints that, analogously, a convective plume with
a circular cross-section might have a rate of tidal dissipation
enhanced by only a factor of several relative to the surrounding
ice. However, in an ice shell subjected to cyclical tidal stress,
the tidal heating rate is determined not only by the absolute
amplitude of tidal flexing and stress over a tidal cycle but by
the phase shift between the cyclically varying stress and strain
rate. One must therefore solve the full viscoelastic problem to
Fig. 1. The model examines a two-dimensional horizontal section of a convec-
tive ice shell representing a cross section through a vertically oriented convec-
tive plume.

determine whether dissipation in a convective plume becomes
enhanced relative to that in the surroundings.

Despite the lack of definitive calculations clarifying this is-
sue, most authors of icy-satellite convection papers have simply
assumed that the tidal heating rate is strongly dependent on the
local temperature according to the predictions of the incom-
pressible, homogeneous (zero-dimensional) Maxwell material
(Wang and Stevenson, 2000; Sotin et al., 2002; Tobie et al.,
2003; Showman and Han, 2004; Mitri and Showman, 2005).
This zero-dimensional model generally predicts a maximum of
dissipation for flexing periods ω−1 ≈ η/μ, where ω is the fre-
quency of the tidal flexing of the ice shell and η and μ are the
viscosity and the shear modulus of the ice, respectively. How-
ever, it is unclear whether this formulation is relevant to the
heterogeneous situation of a warm plume surrounded by cold
ice.

To determine whether concentrated dissipation can occur
in convective plumes, we develop a two-dimensional model
to compute the volumetric dissipation rate for a Maxwellian
viscoelastic compressible material. We apply the model to Eu-
ropa and Enceladus and investigate the consequences for partial
melting and resurfacing processes on these bodies.

2. Model

The model examines a two-dimensional horizontal section
of a convective ice shell representing a cross section through
a vertically oriented convective plume (Fig. 1). In this geome-
try, the cross section through an upwelling (or a downwelling)
in the ice shell is represented as a disk. The disk is embedded
in an unbounded material (matrix). Although convective sys-
tems generally contain multiple plumes, high-Rayleigh num-
ber convection simulations show that plumes widths are gen-
erally much smaller than the distance between plumes, so it
is reasonable to proceed by considering an isolated plume.
While this is probably a better assumption for Europa than
Enceladus, several authors have advanced the hypothesis that
a regionalized hot thermal plume or diaper may reside un-
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derneath Enceladus’ south polar terrains (Grott et al., 2007;
Nimmo and Pappalardo, 2006). We specify the imposed, oscil-
latory tidal stress field as a boundary condition at infinity, and
solve for the stresses and strains throughout the domain. This
allows us to calculate the tidal dissipation within and around
the plume.

With these assumptions, the problem becomes mathemati-
cally equivalent to the classic elastic inclusion problem, the
solution for which is well known (Mal and Singh, 1991, p. 221).

2.1. Boundary conditions

We solve the inclusion problem for a plane Maxwellian vis-
coelastic compressible material with Newtonian rheology. The
interface between the matrix and the disk is welded. At the
interface between the disk and the surrounding matrix, the dis-
placement and stress are continuous. The coordinate system is
oriented such that, at r → ∞, the imposed tidal stress is rep-
resented as the boundary condition σxx(r → ∞) = σ0 with
σyy(r → ∞) = 0, where r is the radial distance from the cen-
ter of the disk and σxx and σyy are the normal stresses in a
Cartesian coordinate system with axes x and y. Using standard
coordinate transformations (Jaeger and Cook 1979, pp. 13, 50),
we represent this boundary condition at r → ∞ in cylindrical
coordinates:

(1)σmat
rr = σ0

2
(1 + cos 2ϕ),

(2)σmat
ϕϕ = σ0

2
(1 − cos 2ϕ),

(3)σmat
rϕ = −σ0

2
sin 2ϕ,

where the tensor indices in polar coordinates are r and ϕ, where
r is the radial distance from the center of the disk and ϕ is the
angle from the x axis.

2.2. Solution method: Equivalence between viscoelastic and
elastic problems

We show that the viscoelastic problem we wish to solve
is mathematically equivalent to an elastic problem. For a vis-
coelastic body the stress-strain relation for a Newtonian rheol-
ogy is given in Cartesian coordinates by

(4)σ̇ik + μ

η
σik = 2μν

1 − 2ν
ε̇jj δik + 2με̇ik,

where the dot denotes the derivation in time t, σik is the stress
tensor, εik is the strain tensor, δik is the Kronecker delta, η is
the viscosity, μ is the shear modulus, ν is Poisson’s ratio, and
i, j , k are tensorial indices.

The ice shell is subject to a periodic tidal flexing, repre-
sented as σij = σ 0

ij e
iωt , and εij = ε0

ij e
iωt , where σ 0

ij and ε0
ij are

the complex amplitudes of the stress and strain tensors, respec-
tively, ω is the orbital frequency, and in the exponent i2 = −1.
The stress-strain relation is reduced to

(5)σ 0
ik = 2μ̃ν

1 − 2ν
ε0
jj δik + 2μ̃ε0

ik,
where μ̃ is a complex shear modulus (μ̃ ∈C) given by

(6)μ̃ = ω2μη2

μ2 + ω2η2
+ i

ωμ2η

μ2 + ω2η2
.

Equation (5) is formally the stress-strain relation of a Hookean
elastic body. Therefore, the solution of a viscoelastic problem
for a body subjected to periodic stresses and strains corresponds
to the solution of a Hookean elastic problem in the complex
field with a shear modulus given by Eq. (6) (Biot, 1954). The
known solution to the elastic inclusion problem (Mal and Singh,
1991, p. 221) therefore allows us to calculate σ 0

ij and ε0
ij every-

where over the two-dimensional domain given assumptions
about these quantities infinitely far from the plume.

2.3. Inclusion problem

Airy functions have been used to solve the inclusion prob-
lem. The adopted method is fully described in Mal and Singh
(1991, p. 221). The displacement and stress components for an
elastic inclusion problem are given by

umat
r = σ0r

4μmat

{
(2α − 1) − 1 + 2αβ − 2α − β

2α + β − 1

(
a

r

)2

+
[

1 + 4α(1 − β)

1 − β + 4αβ

(
a

r

)2

(7)− 1 − β

1 − β + 4αβ

(
a

r

)4]
cos 2ϕ

}
,

umat
ϕ = σ0r

4μmat

[
−1 + 2(1 − β)(1 − 2α)

1 − β + 4αβ

(
a

r

)2

(8)− 1 − β

1 − β + 4αβ

(
a

r

)4]
sin 2ϕ,

σ mat
rr = σ0

2

{
1 + 1 + 2αβ − 2α − β

2α + β − 1

(
a

r

)2

+
[

1 − 4(1 − β)

1 − β + 4αβ

(
a

r

)2

(9)+ 3(1 − β)

1 − β + 4αβ

(
a

r

)4]
cos 2ϕ

}
,

σmat
ϕϕ = σ0

2

{
1 − 1 + 2αβ − 2α − β

2α + β − 1

(
a

r

)2

(10)−
[

1 + 3(1 − β)

1 − β + 4αβ

(
a

r

)4]
cos 2ϕ

}
,

σmat
rϕ = −σ0

2

[
1 + 2(1 − β)

1 − β + 4αβ

(
a

r

)2

(11)− 3(1 − β)

1 − β + 4αβ

(
a

r

)4

sin 2ϕ

]
,

(12)udisk
r = σ0αβr

2μdisk

(
2α − 1

2α + β − 1
+ 2 cos 2ϕ

1 − β + 4αβ

)
,

(13)udisk
ϕ = − σ0αβr sin 2ϕ

,

μdisk(1 − β + 4αβ)
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(14)σ disk
rr = σ0αβ

(
1

2α + β − 1
+ 2 cos 2ϕ

1 − β + 4αβ

)
,

(15)σ disk
ϕϕ = σ0αβ

(
1

2α + β − 1
− 2 cos 2ϕ

1 − β + 4αβ

)
,

(16)σ disk
rϕ = −2σ0αβ sin 2ϕ

1 − β + 4αβ
,

where σ0 is the amplitude of the imposed tidal stress at
r → ∞, a is the radius of the inclusion, and β = μdisk/μmat,
where μdisk and μmat are the shear modulus of the disk and the
matrix, respectively. The indices mat and disk denote the matrix
and the disk, respectively. α = (1 + ν)−1 is for a plane strain
problem and α = (1 − ν) is for a plane stress problem. The
plane stress is for a stress state in which the normal stress, σzz,
and the shear stress, σxz and σyz, are assumed to be zero. The
plane strain is for a strain state in which the normal strain, εzz,
and the shear strain, εxz and εyz, are assumed to be zero. We
solve the problem for both plane strain and plane stress and we
compare the results. For water ice where the Poisson’s ratio is
0.314 we do not have significant difference between the two so-
lutions of the problem (α = 0.76 for plane strain and α = 0.69
for plane stress).

We use the strain–displacement relations in cylindrical coor-
dinates (e.g., Hetnarski and Ignaczak, 2004, p. 502)

(17)ε
j
rr = ∂u

j
r

∂r
,

(18)εj
ϕϕ = 1

r

∂u
j
ϕ

∂ϕ
+ u

j
r

r
,

(19)2ε
j
rϕ = ∂u

j
ϕ

∂r
− u

j
ϕ

r
+ 1

r

∂u
j
r

∂ϕ
,

where the indices j is for mat or disk.

2.4. Volumetric dissipation rate

Here we present the model to compute the volumetric dissi-
pation rate of a Maxwellian compressible material subjected to
periodic tension. See also the discussion on the volumetric dis-
sipation rate in Tobie et al. (2005). The dissipation rate done by
the forces ∂σik

∂xk
per volume V , where xk is a spatial coordinate,

is

(20)
∫
V

σikε̇ik d3xk.

For the derivation of volumetric dissipation rate we can con-
sider a dependence of the stress and strain rate tensors on time
t as eiωt

(21)σik = Re
[
σ 0

ike
iωt

] ≡ 1

2

[
σ 0

ike
iωt + σ 0∗

ik e−iωt
]
,

(22)ε̇ik = Re
[
ε̇0
ike

iωt
] ≡ 1

2

[
ε̇0
ike

iωt + ε̇0∗
ik e−iωt

]
.

We have used the relation Re[Γ ] = (Γ + Γ ∗)/2, where Γ is
a generic complex function. We adopt the convention to write
Re[Γ ] and Im[Γ ] as the real part and the imaginary part of Γ ,
respectively. Then, the product of the stress and strain tensors
is given by

(23)σikε̇ik = 1

2
Re

[
σ 0

ik ε̇
0∗
ik + σ 0

ik ε̇
0
ike

2iωt
]

and the volumetric dissipation rate done in a cycle is

(24)

W = ω

2π

∮
1

2
Re

[
σ 0

ik ε̇
0∗
ik + σ 0

ik ε̇
0
ike

2iωt
]

dt = 1

2
Re

[
σ 0

ik ε̇
0∗
ik

]
.

The contribution σ 0
ik ε̇

0
ike

2iωt in the cyclical integral is zero.
Considering the dependence of the stress and strain rate ten-
sors on eiωt , and writing σ 0

ik = Re[σ 0
ik] + i Im[σ 0

ik] and ε0
ik =

Re[ε0
ik] + i Im[ε0

ik], Eq. (24) yields

(25)W = ω

2

(
Im

[
σ 0

ik

]
Re

[
ε0
ik

] − Re
[
σ 0

ik

]
Im

[
ε0
ik

])
.

We convert the inclusion solution [Eqs. (7)–(16)] into Cartesian
geometry and we compute the volumetric dissipation rate using
Eq. (25). We compare the results obtained with the volumetric
dissipation rate of a material with Poisson’s ratio ν = 0.5.

2.5. Physical parameters

The Newtonian viscosity of the ice is given by (e.g., Mitri
and Showman, 2005)

(26)η = η0 exp

[
A

(
Tref

T
− 1

)]
,

where η0 is the ice viscosity at a temperature of 273 K (1013 �
η0 � 1015 Pa s), the constant A = 26, corresponding to an ac-
tivation energy of 60 kJ mol−1, Tref = 273 K is a reference
temperature and T is temperature. Equation (26) ignores pre-
melting at ice-grain boundaries; this process can cause addi-
tional lowering of the viscosity close to the melting tempera-
ture. Most studies adopting a flow law analogous to Eq. (26)
assume that Tref is the pressure-dependent melting temperature
of pure H2O, leading to the so-called “homologous tempera-
ture” formulation in which the viscosity at the melting tempera-
ture in absence of ammonia equals η0. However, as emphasized
by (McKinnon, 2006), ice-rheology data do not support this
assumption, and a constant value of Tref (as adopted here) is
equally consistent with the data.

The physical parameters used in the model are summarized
in Table 1.

2.6. Tidal flexing of the ice shells

The tidal deformation of Europa from a spherical shape is
given by (see Greenberg and Geissler, 2002)

(27)d = h2

(
3

2
cos2 θ − 1

2

)[
RS

MP

MS

(
RS

a

)3]
,

where h2 is the Love number, θ is the angular distance from
Jupiter, MP is the planet’s mass, RS is the satellite’s radius, MS

is the satellite’s mass, and a is the orbital semi-major axis. We
adopt a Love number 1.2 for Europa (Greenberg and Geissler,
2002). The amplitude of the diurnal tidal flexing of the ice shell



762 G. Mitri, A.P. Showman / Icarus 195 (2008) 758–764
Table 1
Physical parameters

Parameter Symbol Unit Value

Radius, Europa RS km 1565
Radius, Enceladus RS km 252
Mass, Europa MS kg 4.80 × 1022

Mass, Enceladus MS kg 1.08 × 1020

Semi major axis, Europa a km 670,900
Semi major axis, Enceladus a km 238,020
Eccentricity, Europa e 0.01
Eccentricity, Enceladus e 0.0047
Orbital frequency, Europa ω s−1 2.0 × 10−5

Orbital frequency, Enceladus ω s−1 5.3 × 10−5

Love number, Europa h2 ∼1.2
Love number, Enceladus h2 0.01–0.2
Mass, Jupiter MP kg 1.9 × 1027

Mass, Saturn MP kg 5.7 × 1026

Poisson ratio ν 0.314
Shear modulus μ Pa 4 × 109

Reference viscosity at 273 K η0 Pa s 1013–1015

is given by

(28)ξ ∼ 3ed,

where e is the orbital eccentricity. The diurnal tidal flexing of
Europa ice shells is ∼33 m. The ice shell tidal-flexing strain
is, roughly, ε0 ∼ ξ/RS (Showman and Han, 2004; Mitri and
Showman, 2005). Therefore, the tidal-flexing strain for Europa
is ∼2 × 10−5 (Ojakangas and Stevenson, 1989).

Nimmo et al. (2007) have considered that Enceladus ice
shell is decoupled from the rocky interior by a liquid layer,
implying that the Love number range between 0.01 and 0.2.
Assuming that Eqs. (27) and (28) describe the amplitude of the
diurnal tidal flexing of Enceladus, the strain amplitude ranges
between 9 × 10−7 and 2 × 10−5. The internal structure of
Enceladus is not well constrained, and the tidal flexing of the
ice shell might depend on factors that the simple model ex-
pressed with Eqs. (27) and (28) does not take into account.
We therefore compute the volumetric dissipation rate of an iso-
lated thermal plume for a large range of tidal-flexing amplitudes
(10−7–10−5).

3. Results

Our calculation shows that the tidal heating is strongly tem-
perature dependent in a convective plume. Fig. 2 shows the
volumetric dissipation rate W within Europa’s ice shell as a
function of the distance r from the center of a plume (con-
vective plume or diapir). This model assumes plane stress and
adopts a tidal flexing strain 2 × 10−5. The radius of the plume
is 1 km and the reference viscosity of the ice is η0 = 1014 Pa s.
The gray colored area in the plot represents a thermal plume in
the ice shell, and we plot curves of the dissipation assuming a
plume temperature of 250, 260, and 270 K (solid, dashed, and
dotted, respectively). The white area shows the ice surrounding
the thermal plume with a fixed temperature 250 K. As expected,
the tidal dissipation far from the plume is independent of the
plume temperature. The existence of the plume causes a slight
Fig. 2. Volumetric dissipation rate of the Europa ice shell as a function of dis-
tance from the center of a thermal plume. This model assumes a tidal flexing
strain 2 × 10−5 and we solve the problem for plain stress. The radius of the
plume is 1 km and the reference viscosity is η0 = 1014 Pa s. The grey colored
area in the plot represents a thermal plume in the ice shell with a temperature of
250 K (solid line), 260 K (dashes line), and 270 K (dotted line). The white area
shows the ice surrounding the thermal plume with a fixed temperature 250 K.

Fig. 3. Volumetric dissipation rate W in a plume of Europa versus plume tem-
perature. The background temperature is held constant at either 200, 250, or
260 K (solid lines) for a reference viscosity is η0 = 1013 Pa s. The x-axis
also shows the corresponding plume viscosity. The strain of the ice shell
is 1.25 × 10−5. The problem is solved for plane strain. The dotted line
shows the volumetric dissipation rate of an incompressible zero-dimensional
Maxwellian material. The dashed line shows the volumetric dissipation rate
for a two-dimensional compressible Maxwellian model for a homogeneous
temperature. Numbers on curves give background viscosities (in Pa s) and tem-
peratures (in K).

perturbation in the background tidal-heating rate within several
plume radii of the plume edge. Most interestingly, however, the
tidal-heating rate inside the plume depends strongly on plume
temperature. As expected, when the plume temperature equals
the background temperature (250 K), there is no perturbation
of the tidal heating rate associated with the plume, but plume
temperatures warmer than the background promote increased
tidal dissipation inside the plume. Note that because the dis-
sipation as a function of temperature reaches a maximum at a
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tidal flexing period ω−1 ≈ η/μ, in this example we find that
W250 K < W270 K < W260 K.

Fig. 3 for Europa and Fig. 4 for Enceladus show the volumet-
ric dissipation rate W in a plume versus temperature when the
background temperature is held constant at either 200, 250, or
260 K (solid lines, bottom to top) when η0 = 1013 Pa s. Plane
strain is assumed. On x-axis we also give the corresponding
viscosity of the plume (note that the dissipation is most funda-
mentally a function of the plume viscosity, independent of the
values of η0 and A; it becomes a function of temperature only
after η0 and A are specified). The strain of the ice shell is fixed
to 1.25 × 10−5 for Europa, and 1.0 × 10−7, 1.0 × 10−6, and
1.0×10−5 for Enceladus. This is compared with the volumetric
dissipation rate of a two-dimensional compressible Maxwellian
model for a homogeneous temperature (dotted line). The tidal-
dissipation rate in a plume increases strongly with temperature
at low temperatures and decreases with temperature at higher
temperatures, reaching a maximum at intermediate tempera-
tures. Interestingly, however, the temperature at the maximum
in our solution is slightly smaller that in the zero-dimensional
Maxwell model. This difference arises from the fact that the
stress and strain within the plume are affected by the defor-
mation of the surrounding matrix. We note also that an in-
compressible model under-estimates the effective dissipation
rate (compare dotted and dashed lines of Figs. 3 and 4). Note
that if η0 > 1014 Pa s then the maxima occur at temperatures
above 270 K; in this case, the plume dissipation rate increases
monotonically with temperature up to the melting point.

Our calculation provides the first quantitative verification of
the hypothesis by Sotin et al. (2002) and others that the tidal
dissipation rate is a strong function of temperature inside a con-
vective plume.

4. Conclusions

Many authors have advanced the hypothesis that spatial lo-
calization of tidal heating occurs within convective plumes
in the ice shells of Europa, Enceladus, and other icy satel-
lites. We have tested this hypothesis using a two-dimensional
compressible Maxwellian model of the deformation near and
within a convective plume. The results of our model provide
the first quantitative verification of the hypothesis by Sotin et
al. (2002) that the tidal dissipation rate is a strong function of
temperature within a convective plume, implying that spatial
localization of tidal internal heating can occur within an ice
shell. Our model therefore provides support for the idea that
local concentration of tidal heating can promote partial melt-
ing within an ice shell (Collins et al., 2000; Sotin et al., 2002;
Tobie et al., 2003). On Europa, such localized heating could
help allow the formation of domes and chaos terrains by con-
vection and/or promote resurfacing.

Schubert et al. (2007) have argued that a layer of liquid wa-
ter could provide a source for the water-vapor plume spray at
Enceladus’ south polar region. In agreement with the consider-
ations of Schubert et al. (2007), our results show that is quite
possible that if a thermal plume or diapir exists within the ice
shell, liquid water could be produced near Enceladus’ surface.
Fig. 4. Volumetric dissipation rate W in a plume of Enceladus versus plume
temperature. The background temperature is held constant at either 200, 250,
and 260 K (solid lines) for a reference viscosity is η0 = 1013 Pa s. The x-axis
also shows the corresponding viscosity of the plume. The two panels are for
strain of the ice shell 1.0 × 10−7, 1.0 × 10−6, and 1.0 × 10−5. The problem
is solved for plane strain. The volumetric dissipation rate of an incompressible
zero-dimensional Maxwellian material is shown in dotted line. The volumetric
dissipation rate for a two-dimensional compressible Maxwellian model for a
homogeneous temperature is shown in dashed line. Numbers on curves give
background viscosities (in Pa s) and temperatures (in K).
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The presence of liquid water and high local concentration of
tidal heating in the south polar region can explain the geologi-
cal activity, the anomalous high temperature and heat flux, and
the spray observed at the Enceladus south polar regions.

Although we focus here on Enceladus and Europa, our work
may also apply to other icy bodies in the outer Solar System
such as Titan, Miranda, Ariel, Triton, and Ganymede.
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