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Introduction: Enceladus is a primary target for astro-
biology due to the salty plume ejecta measured by the
Cassini spacecraft and the inferred subsurface ocean sus-
tained by tidal heating. Sourcing the plumes via a di-
rect connection from the ocean to the surface requires a
fracture through the entire ice shell (∼10 km). Here we
explore an alternative mechanism in which shear heat-
ing within the shallower tiger stripe fractures produces
partial melting in the ice shell, allowing the interstitial
fluid to be ejected as geysers. We use a two-dimensional
multiphase reactive transport model to simulate the ther-
momechanics of a mushy region generated by localized
shear heating in a salty ice shell. From our model, we
predict the temperature, porosity, melting rate, and liq-
uid volume of an intrashell mushy zone surrounding a
fracture. We find that there is sufficient brine volume
within the mushy zone to sustain the geysers for ∼250
kyr, without additional melting, and that the rate of inter-
nal melting can match the observed ice ejection rate. The
composition of the liquid brine within the mushy zone is,
however, distinct from the ocean, due to partial melting.
This shear heating mechanism for geyser formation ap-
plies to Enceladus and other moons and has implications
for our understanding of the geophysical processes and
astrobiological potential of icy satellites.

Background: After the discovery of eruptive jets on
Saturn’s moon Enceladus, two distinct mechanisms were
proposed to explain their origin. First, Nimmo et al.
[4] proposed that tidally driven shear-heating caused
solid ice to sublimate, generating a vapor source for the
plumes. Second, Hurford et al. [1] argued that tidally
driven crack opening exposed a subsurface ocean di-
rectly to space, later reinforced by Kite and Rubin [2].
It is the second explanation that is now generally fa-
vored because the erupted material is salty [6]. Accord-
ingly, it is of interest to investigate whether we can find
a mechanism explaining the salty jets which does not re-
quire direct connection to a subsurface ocean. Nimmo
et al. [4] assumed a pure ice shell undergoing sublima-
tion and were therefore unable to explain the presence
of salt within the emanating plumes. However, freezing
a salty ocean results in a shell that contains salts, which
could give rise to salty jets upon melting. Here we show
that shear heating along a tiger stripe fracture in a salty
ice shell can induce localized partial melting and pro-

Figure 1: (top) Schematic showing fault friction on Tiger
stripes and shear heating leading to a mushy zone around
the fracture. (bottom) Mushy zone fluid volume and melt
rate as a function of heat flux showing that there is suffi-
cient volume for sustained eruptions.

vide an alternative explanation for the observed salt-rich
plumes that does not rely on a direct connection with the
ocean.

Methods: We consider an isolated fracture in a com-
positionally homogeneous ice shell where steady strike-
slip friction causes shear heating. We consider the rate of
shear heating to be the slip velocity u multiplied by the
stress, i.e. µρighu, with µ the coefficient of friction, ρi
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the ice density, g the gravity, and h the crack depth. This
shear heating rate is the value for a fault with zero water
pressure. In reality, there will be some fluid pressure on
the fault and the shear heating is given by the effective
normal stress (overburden less pore pressure) multiplied
by the slip velocity. We consider the stress to be constant,
i.e. not varying with time due to tides. This is an accept-
able simplification because the heat diffusion timescale is
much longer than the orbital timescale. Acknowledging
these simplifications, we assume that the friction varies
linearly with the solid fraction according to µχwhere the
solid fraction χ is a variable that is solved for in the sim-
ulation. The shear heating along the fault f is defined as
µχρighu. As the solid fraction decays, the heat flux will
also decay due to liquid reducing friction along the fault.

Results: We numerically solve for the temperature,
salinity, and porous around the fracture using the mul-
tiphase reactive transport model SOFTBALL [5]. The
observed flux of ice particles from Enceladus’ plume is
on the order of 200 kg/s, which is a volume flux of about
0.2 m3/s. With modest heating, our results indicate that it
would take about 250,000 years to deplete the reservoir,
if no new melting occurred. This elucidates two impor-
tant ideas. First, that there is sufficient interstitial brine
in the mushy zone surrounding the fracture to account
for the plume volume. Second, the volume of material
required for the jets is relatively small when compared to
the size of the ocean, which is on the order of 20 million
km3. In other words, it is conceivable that such a large
reservoir like a subsurface ocean is unnecessary. Thus,
plumes on Enceladus and on other icy satellites may be
sourced from smaller liquid reservoirs produced by shear
heating along faults driven by tidal motion.

From transient simulations, we determine how the
liquid volume approaches steady state, which allows us
to calculate the liquid volume production rate. We find
melt rates that are consistent with the particle flux for
a single fracture and sufficient for E-ring particle source
estimates. Although the melt rate is not necessarily equal
to the ejection rate, sufficient melt must be available to
replenish the liquid source [3].
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