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Introduction:  Observations of Enceladus by the Cas-
sini spacecraft indicate that this tiny satellite is geo-
logically active, wth plumes of water vapor, dust, and 
other materials erupting from a region centered near its 
south pole dubbed the “south polar terrain” (SPT) 
[1,2].  Enceladus’ plumes are spatially associated with 
a region of increased heat flux, with a total power out-
put of 5.8 ± 1.9 GW spread over a region ~70,000 km2 
[1,2].  The total power output corresponds to a heat 
flux F=55 to 110 mW m-2.   The active region at the 
south pole is bounded by cycloidal arcs, with wedge-
shaped regions of intense folding at their cusps [3]. 
The CIRS data provide a unique opportunity to ob-
serve the heat flux from the surface of an icy satellite 
at the time of active resurfacing.  The heat flux esti-
mates can be used to argue for or against certain types 
of convective behavior, can clarify the relationship 
between convection and resurfacing on Enceladus, and 
may provide insight into convective-driven resurfacing 
on other icy satellites. 

The high brightness temperatures observed within 
the tiger stripes [2] led Nimmo et al., [4] to suggest 
that shear heating due to cyclical strike-slip motion 
along fault zones within the stripes could be a domi-
nant source of heat generation within the SPT.  An-
other possibility is that Enceladus’ ice shell is heated 
from within by tidal dissipation and is vigorously con-
vecting [5,6].  However, prior predictions of the heat 
flux carried by stagnant lid convection and tidal dissi-
pation using nominal parameters for the rheology of 
ice are a factor of 3-4 lower than the CIRS estimate 
[5,6,7].  

Here, I suggest that the high heat flux and in-
creased cryovolcanic and tectonic activity in the region 
suggest that near-surface ice near the south pole has 
become rheologically and mechanically weakened 
enough to permit convective plumes to reach close to 
the surface [7].  In this case, convection occurs in the 
“mobile lid” regime, characterized by high heat fluxes 
and horizontal spreading of near-surface ice.  If this 
style of convection is occurring within the SPT, ice 
atop the region should be spreading horizontally with 
velocities ~O(1-10) mm yr-1 and should be resurfaced 
in ~0.1 to 10 Myr, providing a means by which this 
idea can be tested with Cassini data. 
Mobile Lid Regime: The heat flux from a convecting 
planetary mantle (or ice I shell on an icy satellite) is 
controlled in part by the ratio between the viscosity of 
the ice at the satellite’s cold surface (η0) and the vis-

cosity at the warm base of the ice shell (η1), Δη=η0/η1. 
A basic requirement for mobile lid behavior is Δη < 
exp (4(n+1)), where n~1-4 is the stress exponent in the 
material flow law [8]. Values of Δη for water ice in the 
outer solar system are ~ 1020 or greater [7,9].  Like any 
planetary mantle, the cold near-surface ice in a con-
vecting ice shell on Enceladus is expected to exhibit a 
brittle/elastic behavior, with true viscous behavior 
dominating only at high temperatures or at depth.  One 
way of mimicking the effects of a brittle lithosphere in 
a purely viscous convection model is to limit the vis-
cosity of the near-surface ice to a value , 
the ratio between the yield stress of ice and the second 
invariant of the strain rate tensor,  effectively decreas-
ing Δη [10,11,12].   

Heat Flux.  To constrain the relationship between 
convective heat flux and rheological parameters for ice 
in the mobile lid regime, I performed numerical simu-
lations of convection (using CITCOM [13]) in a ba-
sally heated ice shell with 102 < Δη < 103.25 [7].  A 
Newtonian rheology with temperature dependence of 
form η=exp(-γT), where γ=θ/ΔT and θ=ln(Δη).  The 
convective heat flux in the mobile lid regime is related 
to θ as [7], 
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where ρ=920 kg m-3, g=0.13 m s-2, α=1.7x10-4 K-1, 
ΔT=(273-70) K, k=2.27 W m-2 K-1 s-1, κ=1.23 x10-6 m2 
s-1.  Similar to the stagnant lid regime, Fconv does not 
depend on the thickness of the ice shell.  Effective 
near-surface viscosities η0~1016 to 1017 Pa s and basal 
ice viscosities 1013 to 1015 Pa s give Fconv comparable 
to the regional heat flux observed by CIRS. 

Surface Velocities.  As its name implies, convection 
in the mobile lid regime is characterized by large hori-
zontal velocities in the near-surface ice.  If mobile lid 
convection is responsible for crustal recycling in the 
SPT, the SPT should have a younger surface than the 
rest of Enceladus, and the age of the surface should be 
related to the horizontal velocity of the surface ice.  
The velocity of the near-surface ice is related to the 
thermal and physical parameters of the ice shell and ice 
shell thickness D as [7], 
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or,  
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For a circular SPT with an area 70,000 km2, the 
equivalent radius is Rspt~150 km.  The age of the SPT 
is related to the ice shell thickness and effective sur-
face viscosity as [7], 
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For the range of effective surface viscosities that give 
Fconv close to the heat flux observed by CIRS, the pre-
dicted age of the SPT is between 0.2 and 7 Myr, de-
pending on the ice shell thickness.   
Tidal Heating: In the mobile lid regime, the low vis-
cosity of near-surface ice permits more tidal deforma-
tion in the model ice shells than predicted for the stag-
nant lid regime.  However, estimates of tidal heat using 
the standard model of dissipation in a Maxwell viscoe-
lastic solid also fall short of the convective heat flux-
and heat flux observed by CIRS [7].  For a broad range 
of plausible ice shell viscosities, the tidal heat genera-
tion in an ice shell with a globally low Δη (which may 
not be physically realistic) falls short of the convective 
heat flux by a factor of ~10 or more.  
Conditions for Mobile Lid Convection:  The most 
straightforward method of lowering the effective vis-
cosity contrast of the ice shell is to suppose that h0 is 
limited by the finite yield stress of the near-surface ice.  
Recently, Solomatov [11] has developed a general cri-
terion for the critical yield strength for lid mobilization 
based on the rheology of the convecting fluid layer.  
For convection to occur in the mobile lid regime, 
stresses built up in the lithosphere from the underlying 
convection have to be comparable to the yield strength 
of the lithosphere, or [11], 
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where RG=8.134 J mol-1 K-1 is the gas constant, Q* is 
the activation  energy in the ice flow law, Ti~200 K is 
the characteristic temperature in the well-mixed con-
vecting interior of the ice shell, lh~O(D) is the horizon-
tal length scale over which stress accumulates in the 
lithosphere.  In Enceladus’ ice shell, convective de-
formation is likely accommodated by volume diffusion 
[5], Q*=59.4 kJ mol-1; this implies that the yield 
strength of the lithosphere must be lass than σy ~ 10-3 
MPa for mobile lid convection to occur. 

Discussion: Laboratory studies in two areas can 
shed light upon the behavior of ice relevant to Ence-
ladus’ SPT. 

1.  Fracture and Failure in Cold, Cyclically De-
formed Ice.  Field characterization of fracture in the 

Ross Ice Shelf suggest that the yield stress of ice at 
terrestrial conditions is ~0.1 MPa; much larger than σY 
required for mobile lid convection on Enceladus. Ter-
restrial field estimates for σy may not be directly be 
applicable to the surfaces of icy satellites because the 
microphysical processes responsible for fracture (e.g., 
grain boundary sliding and dislocation pile-ups [14]) 
are thermally driven [15] and may not be responsible 
for fracture in ice at temperatures relevant to Ence-
ladus’ lithosphere.  Further characterization of fracture 
in ice at extremely low temperatures, and modes of 
failure in cold ice deformed cyclically at enceladean 
frequencies are needed to shed light upon the style of 
convection on Enceladus and other icy bodies.   

2. Cyclical Deformation in Pure Water Ice.  The 
amount of tidal heating generated in a mobile lid ice 
shell falls short of the amount of heat transported by 
mobile lid convection. Shear heating due to strike-slip 
motion along fault zones within the tiger stripes likely 
contribute to the regional heat flux in the SPT; obser-
vations of the heat flux in parts of the SPT away from 
the tiger stripes may shed light upon how tidal dissipa-
tion is partitioned between shear heating and viscous 
dissipation in the ice shell [7].  Another possibility is 
that Newtonian volume diffusion does not accommo-
date diurnal tidal strain in Enceladus’ ice shell; if an-
other processes such as grain boundary sliding or pri-
mary creep accommodated tidal deformation, the ef-
fective viscosity over tidal time scales would be differ-
ent than over convective time scales.  Very little is 
known about the micro- and possibly macro-scale 
processes responsible for attenuation in cyclically 
flexed ice.  Such information is critically needed to 
clarify the relationship between tidal flexing and activ-
ity at the SPT.   
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