Vol 44717 May 2007|doi:10.1038/nature05783

nature

LETTERS

Shear heating as the origin of the plumes and heat flux

on Enceladus

F. Nimmo', J. R. Spencer?, R. T. Pappalardo® & M. E. Mullen®

Enceladus, a small icy satellite of Saturn, has active plumes jetting
from localized fractures (‘tiger stripes’) within an area of high heat
flux near the south pole’™. The plume characteristics' and local
high heat flux’ have been ascribed either to the presence of liquid
water within a few tens of metres of the surface', or the decom-
position of clathrates®. Neither model addresses how delivery of
internal heat to the near-surface is sustained. Here we show that
the most likely explanation for the heat’ and vapour production®’
is shear heating by tidally driven lateral (strike-slip) fault motion"*°
with displacement of ~0.5 m over a tidal period. Vapour produced
by this heating may escape as plumes through cracks reopened by
the tidal stresses'. The ice shell thickness needed to produce the
observed heat flux is at least 5 km. The tidal displacements required
imply a Love number of h, > 0.01, suggesting that the ice shell is
decoupled from the silicate interior by a subsurface ocean. We pre-
dict that the tiger-stripe regions with highest relative temperatures
will be the lower-latitude branch of Damascus, Cairo around 60° W
longitude and Alexandria around 150° W longitude.

Mid-infrared observations of the tiger stripes show spatially varying
temperature anomalies with mean temperatures a few kelvin higher
than the background, and also require regions a few hundred metres
wide with temperatures up to at least 150 K (ref. 2). The total heat flow
for the region south of 65° S is 3.9-7.7 GW (ref. 2). Stellar occultation
and mass spectrometer data suggest that the vapour plume mass flux is
120-180kgs ™' (refs 6,7). The mass of solid ice grains relative to water
vapour in the plume has been used to argue that the plume is gener-
ated by shallow boiling liquid water'. Alternatively, clathrate decom-
position may be able to produce the observed plume’. However,
neither of these models addresses how heat is transported to the
near-surface to sustain these putative processes.

Lateral (strike-slip) motion has previously been inferred for Jupiter’s
moon Europa'', which probably possesses a subsurface ocean'”. Such
motion would occur as a result of the time-varying orientation of
tidal stresses on that body'’, and may result in localized heating due
to friction or viscous dissipation®. Faults in the polar regions of
Enceladus will experience stresses driving strike-slip motion for part
of each tidal cycle’'" (see Supplementary Information). According
to ref. 15, the mean shear velocity on an individual fault driven by
these tidal stresses is given by u=(de/dt)d= (4 X 10 °h,) ms ™" (see
Supplementary Information). Here d is the distance between faults
(assumed to be 30 km for the tiger stripes'), h, is a dimensionless
(Love) number that depends on the satellite’s internal structure,
and de/dt is the mean diurnal tidal strain rate. For a uniform
body that lacks significant rigidity (h, approaching 2.5) and fault
friction, the shear velocity will be of the order of 10 *ms™". The
shear velocity controls the shear heating rate. The presence of fault
friction, an elastic ice shell, or a silicate interior will reduce h, and

the shear velocity by as much as several orders of magnitude'® (see
below).

To calculate the thermal consequences of this strike-slip motion, we
use an approach®’ in which a single shear zone generates local heating
in a floating ice shell. We adopt a nominal conductive ice layer thick-
ness of 24 km (compare with ref. 17), comparable to the tiger-stripe
spacing, which may be underlain by a convecting icy interior'® and a
global subsurface ocean or a localized sea. The shearing is accomp-
lished by motion on a discrete vertical fault surface at shallow depths
where theice is cold and brittle, and by ductile motion across a broader
shear zone at greater depths. The transition depth between brittle and
ductile deformation is calculated in a self-consistent manner’, and the
resulting equilibrium temperature structure is derived. The surface
temperature is calculated based on the subsurface and radiative heat
fluxes (see Supplementary Information).

The energy generated by shearing will be partitioned principally
between heating and vapour sublimation'®. We adopt a dimensionless
free parameter o to describe this partitioning, where o = 0 implies that
all the energy goes into vapour production, and o = 1 means all the
energy goes into heating. To provide a zeroth-order description of the
likely vapour transport processes (see Supplementary Information) we
solve the diffusion equation®*?' dp, /0t = DV?p, + (1 —«)H /L to the
steady state, where p, is the pore vapour density, D and L are the
(temperature-dependent) diffusivity’ and latent heat of sublimation®,
respectively, H is the total volumetric heat production in the ice calcu-
lated for the steady-state temperature distribution, and ¢ is the por-
osity*'. In steady-state the vapour escape rate is independent of the
permeability structure assumed (see Supplementary Information).
Although we do not consider the timing or details of volatile release,
vapour escape is probably mainly through the brittle shear zone that is
opened and closed by the periodic tidal stresses'.

Figure 1 shows that the temperatures and temperature gradients
near the strike-slip zone are significantly increased as a result of the
brittle and viscous heating when the shear velocity is 8 X 10 °ms ™'
(~0.5m slip per tidal cycle; h, = 0.2) and « = 0.1. The brittle layer
thickness is locally reduced to 4km along the fracture, implying
that peak shear stresses of ~100kPa are required to cause motion,
comparable to the tidal shear stresses expected for h, = 0.2 (see
Supplementary Information).

Because the bulk of the energy is partitioned into vapour produc-
tion, the total conductive heat flow (0.95 GW for a total fault length
of 500 km; ref. 1) and maximum surface temperature increase (1.1 K)
are smaller than the infrared observations®. On the other hand,
the vapour production rate of ~2,000kgs™" is ten times larger than
the inferred plume flux’. We propose that the infrared signature is
the result of latent heat released by local recondensation of ~90% of
the vapour in cold, near-surface porous ice around the shear zone’,
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Figure 1| Shear heating model. Cross-section of steady-state temperature
structure (in kelvin) for a shear velocity of 8 X 10 *ms ™' (implying a Love
number h, = 0.2; see text) and o = 0.1 (implying that 90% of the dissipation
goes into vapour production rather than temperature increases). The bold
dashed line represents a vertical fault along which lateral shear occurs
(perpendicular to the page); the brittle layer thickness at the shear zone is
calculated self-consistently’. This model produces 0.95 GW of conductive heat
flow (assuming a 500 km length) and a total vapour production rate of
2,160 kgs !+ recondensation of the vapour would add a further 6 GW of heat.
The ice viscosity is temperature-dependent (ref. 27, see Supplementary
Information). Calculations assume coefficient of friction f= 0.3,

g=0.11ms 2 ice density p = 930 kgm >, ice reference viscosity 10'* Pas,
thermal conductivity 3W m ™' K™, grid spacing 0.3 km (horizontal) and

0.2 km (vertical), surface temperature in absence of subsurface heating 75 K
(ref. 2); other parameters identical to ref. 8. The results are relatively insensitive
to changes in viscosity or shell thickness (see Supplementary Information).

while the remaining vapour escapes to form the observed plumes.
Recondensation of 1,800 kgs ™' vapour over a shallow subsurface
zone 500 m wide and 500 km long results in a heat flow of 5 GW
and an equivalent surface temperature of 137 K, consistent with the
infrared observations®. Heating and consequent ice grain growth due
to this recondensation is also a plausible explanation of the greater
inferred grain size at the tiger stripes"”.

The modelled flux-weighted temperature of the vapour entering
the shear zone is ~175K (root-mean-square thermal velocity
~500ms ). Particles escaping the shear zone upwards are likely to
be collimated, resulting in a vertical velocity comparable to the thermal
velocity, but much larger than the horizontal velocity. The thermal
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Figure 2 | Heat flow and vapour flux as a function of shear velocity u and
parameter . The free parameter « controls what fraction of energy
dissipated goes into vapour production. The vapour curve refers to both
vapour mass flux and heat flow; other curves refer to heat flow only. Vapour
production is calculated using the Methods described in the Supplementary
Information. Vapour-driven heat flow is calculated by assuming that all the
vapour recondenses with a latent heat of 2.8 MJ kgfl. Conductive heat flow
is obtained by integrating the surface heat flux across the computational
domain. Total tiger-stripe length is assumed to be 500 km and shell thickness
is 24 km. Increased vapour production produces a colder shear zone and
allows the brittle layer to extend to greater depths, resulting in an overall
increase in heat production. The shaded zone indicates the surface heat flow
deduced from Cassini observations®. With a 24-km-thick shell, a shear
velocity of 10 °ms ™! (h, = 0.02) is insufficient to match the observations.
A conservatively thick (81 km) shell requires h, > 0.01.

velocity we obtain is thus consistent with modelling of the Cassini
vapour observations’. The Cassini-derived particle ejection rate' was
about 1/40th of the estimated 150 kgs ™' gas production rate’ observed
four months earlier. Because most of the ~2,000kgs ™' of vapour
generated in our model is assumed to condense near the surface, the
entrainment in the plume of a small fraction (<1%) of the condensing
solids is plausible without invoking near-surface liquid water.

Figure 2 shows that our results are sensitive to the shear velocity
and value for o adopted. Greater vapour production (smaller o)
results in less heating of the ice, an increased depth of brittle defor-
mation, and a greater overall power output. A shear velocity of
10 °ms ! results in a total power output less than that of the

1.00 Figure 3 | Predicted tiger-stripe stresses.
8 Plotted is a polar stereographic projection of
3 § Enceladus tiger stripes and related structures
&5 south of 64°S. Colours indicate mean absolute
28 _3‘ shear stress (averaged over one tidal cycle),
g3 resolved onto the local tiger-stripe orientation
2] § and normalized to the maximum value (see
g e Supplementary Information for further details).

Areas with higher resolved shear stresses will
undergo greater long-term shear heating and

vapour production. For brittle heating, the long-
term heat production rate will be linearly
proportional to the plotted shear stress. Thus,
areas with higher stress will show higher
temperatures. Cairo is a particularly good target
for future Cassini observations because of the
predicted variations in temperature along its
length. The inset plots the normalized resolved
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shear and normal stresses as a function of
fracture orientation for a fracture located at 70° S,
165° W. Circular contours give normalized stress
magnitudes. Normal stresses are maximized on
fractures oriented close to the direction of 0° or
180°; shear stresses are maximized on fractures
oriented in the direction of 0°, 90°, 180° or 270°.
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infrared observations. For a conservatively thick (81 km) ice shell, the
same constraint results in a lower bound on h, of 0.01.

We have simplified or neglected many details of the vapour sub-
limation and transport mechanisms, such as their effect on the
temperature'”** and porosity structure*’, and the potential for
time-variable transport and release®'®. Nonetheless, Fig. 2 shows that
shear heating can generate enough power and vapour to account for
the observations. For the shell properties we assume, shell thicknesses
in excess of 5km are required to match the observed heat flow
(Supplementary Information).

Different tiger stripes will experience different rates of long-term
heating, due to the spatial variation in tidal stresses and the tiger stripe
orientation. Figure 3 plots the time-averaged absolute shear stress
resolved onto the local tiger stripe orientation and normalized to the
maximum shear stress (Supplementary Information). The shear velo-
city, and thus the long-term heating rate, will be proportional to this
quantity if brittle heating dominates®. Despite their variable spatial
resolution, some existing thermal infrared observations® support our
model. In particular, the two branches of Damascus show a temper-
ature variation consistent with the prediction, and Cairo has a hotspot
at about 120° longitude, as predicted. On the other hand, Baghdad
temperatures are higher than expected.

The inset in Fig. 3 shows how the resolved stresses vary as a func-
tion of fracture azimuth for near-polar fractures. The current ori-
entation of the tiger stripes results in near-maximum normal stresses,
suggesting they may have initiated as tensile cracks from contempor-
ary diurnal tides.

In our shear-heating model, the shear velocities required to match
the observations imply a Love number /, > 0.01. A global subsurface
ocean decouples the ice shell from the silicate interior and permits
larger shear velocities and greater tidal heating'®". Figure 4 shows
the Love number /, as a function of ice shell viscosity for spherically
symmetric models with and without a subsurface ocean. A model with
a global subsurface ocean can reproduce the shear velocities required
for reasonable assumptions of ice viscosity. The shear heating model is
also consistent with reorientation of the south polar region owing to
density anomalies in a relatively thick ice shell; the presence of an ocean
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Figure 4 | Effect of interior structure on mean shear velocity. Love
numbers h, and resulting mean shear velocities u (= 4 X 10 *hyms ' see
text) for models of a spherically symmetric Enceladus with and without an
interior ocean are plotted as a function of ice shell viscosity. The shaded
region denotes the probable range in viscosity for a convecting ice shell with
a grain size of 0.1-10 mm and a temperature of 250-270 K (refs 27, 28); the
dashed line plots the estimated lower bound on h, (see text). Calculations
were carried out using the method of ref. 16 and using parameters similar to
those in ref. 25. The silicate core has a radius of 161 km, density of

3,500 kgm >, a rigidity of 100 GPa and viscosity of 10*' Pas. The ocean
(where present) plus ice shell have a combined thickness of 91 km. The ice
shell has a density and rigidity of 950 kgm > and 3 GPa, respectively, a
constant assumed viscosity, and a thickness of 5, 24 or 81 km. The silicate
mantle viscosity would have to be reduced to an unrealistically low 10'* Pa s
or less to allow any significant increase in deformation of the model lacking
an ocean. Including the effect of the conductive ice lid would further reduce
the value of h,. For large ice viscosities the body behaves in a purely elastic
fashion and h, is independent of viscosity.
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argues against that density anomaly being located in a decoupled rocky
core”. In the absence of an ocean, unrealistically low ice shell (or
silicate mantle) viscosities are required. To generate the shear velocities
required, it seems likely that Enceladus has a subsurface ocean, either
global or possibly localized™, beneath a thick ice shell.

Our hypothesis suggests that permanent strike-slip offsets might
be present'’ and potentially observable, although the cyclical nature
of the shearing could result in negligible net strike-slip offset. More
important, the regions with the highest relative temperatures are
predicted to be the lower-latitude branch of Damascus, Cairo around
60° W longitude, and Alexandria around 150° W longitude (Fig. 3).
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