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Abstract Enceladus is a target for astrobiology due to the H,O plume ejecta measured by the Cassini
spacecraft and the inferred subsurface ocean that could be the source of the geysers. Here we explore an
alternative where shear heating along tiger stripe fractures produces partial melting in the ice shell and
interstitial convection allows fluid to be ejected as geysers. We use an idealized two-dimensional reactive
transport model to simulate a mushy region generated by an upper-bound estimate for the localized shear
heating rate. We find that the rate of internal melting could potentially match the observed eruption rate. The
composition of the liquid brine would be, however, distinct from that of the ocean, due to fractionation during
partial melting. This shear heating mechanism for geyser formation could apply to Enceladus and other icy
moons and has implications for our understanding of the geophysical processes and astrobiological potential of
icy satellites.

Plain Language Summary Enceladus is an icy moon of Saturn that potentially harbors life in the
outer solar system. Ice grains erupt out of cracks at the south pole of the moon and the formation mechanism of
these geysers is incompletely understood. Here we analyze frictional heating along the cracks and show that
salts contained within the ice shell allow the shell to melt at a lower temperature. The melting around the fracture
is imperfect and brine flows around ice crystals, which take up only part of the volume. The brine is then able to
escape as geysers. We show that the rate of brine production is sufficient to sustain the geysers, although with a
potentially different chemistry than the subsurface ocean.

1. Introduction

After the discovery of eruptive jets on Saturn's moon Enceladus (Porco et al., 2006), two distinct mechanisms
were proposed to explain their origin. First, Nimmo et al. (2007) proposed that tidally driven shear heating along
the South Pole fractures causes solid ice to sublimate, generating a vapor source for the plume. Second, Hurford
etal. (2007) argued that tidally driven crack opening exposes a subsurface ocean directly to space, later reinforced
by Kite and Rubin (2016). It is the second explanation that is now generally favored for three reasons: first, the
librations of Enceladus are consistent with the existence of a global liquid ocean (Thomas et al., 2016); second, the
plume is modulated on an orbital period, as originally predicted by Hurford et al. (2007) and later corroborated by
several groups (Hedman et al., 2013; Ingersoll & Ewald, 2017; Nimmo et al., 2014); and third, a portion of the
erupted material is salty (Postberg et al., 2009, 2011). This last observation is the strongest indication of a
connection between the subsurface ocean and the eruptive material, as most models assume a salt-free ice shell.
Kite and Rubin (2016) showed that turbulent dissipation of tidally driven water within a fracture is sufficient to
maintain an open crack from the ocean to the surface. However, Nakajima and Ingersoll (2016) found that
refreezing condensation onto the fracture walls above the water level produces thin fractures (~0.1 m wide) that
close on timescales of less than a year. Using Cassini Composite Infrared Spectrometer (CIRS) observations,
Abramov and Spencer (2009) constrained the width of the fracture zone in a two-dimensional thermal model and
found that a narrow crack with a temperature that is far below the melting point of pure ice (i.e., ~225 K crack
temperature for their geometry) fits the observed thermal spectrum. Considering the difficulties of fracturing
through a ~6 km south polar ice shell (see supplement Text S4 in Supporting Information S1 and Walker
et al., 2021) and rapid closure, it is of interest to investigate whether we can find a mechanism explaining the salty
jets which does not require direct connection to a subsurface ocean. In this paper, we demonstrate that shear
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Figure 1. Model for a mushy region around the tiger stripes of Enceladus (left) Schematic for the composition of Enceladus’
shell demonstrating strike-slip friction along a tiger stripe fracture. Slip on the finite-length fault varies over time in both
directions, although we only depict one direction of the strike-slip motion here. Shear heating on the fracture generates a
mushy zone of salty water surrounding ice crystals, providing a liquid source for the geyser material. Darker colors outside of
the mushy zone qualitatively correspond to higher expected salt content (Buffo, Meyer, & Parkinson, 2021) (right) Idealized
equilibrium phase diagram for a eutectic binary material (e.g., NaCl and H,O) as a function of temperature and
concentration, after Worster (2000).

heating along a tiger stripe fracture in a salty ice shell can induce localized partial melting and could potentially
provide an alternative explanation for the observed salty plume particles that does not rely on a direct connection
with the ocean.

In many frozen terrestrial and planetary contexts, strike-slip shear heating along narrow zones of deformation
efficiently warms the surrounding ice (Golding et al., 2010; Meyer & Minchew, 2018; Nimmo & Gaidos, 2002).
By modeling the transport of heat and sublimation vapor flow in a pure ice porous region around a tiger stripe
fracture, Nimmo et al. (2007) found a partitioning of sensible and latent heat that explained the vapor transport as
well as the thermal anomaly. Observations, however, show that the erupting material consists of a mix of pure and
salty ice grains, gases, including water vapor, molecular hydrogen H,, carbon dioxide CO,, and methane CHy,,
and organic materials (Postberg et al., 2018). Silica nanoparticles were also observed while Cassini was inbound
to Saturn, likely to have been sourced ultimately from Enceladus. These observations provided evidence for an
oceanic origin for the plume and signatures of water-rock interactions (Hsu et al., 2015; Postberg et al., 2011;
Waite et al., 2017). Sublimation cannot produce ice grains with dissolved salts or dust. A liquid source must
therefore be responsible for the formation of the geyser ice grains, that is, either a direct connection to the ocean or
areservoir within the shell. Freezing of the shell from a parent ocean could have trapped salt, suspended dust, and
incorporated dissolved gases in the shell (Buffo, Meyer, & Parkinson, 2021; Waite et al., 2006, 2017).

Physicochemically heterogeneous materials are common throughout mantles and crusts in planetary geophysics,
for example, magma dynamics in the Earth's mantle (Katz, 2008), sea ice growth (Buffo et al., 2018), and marine
ice accumulation under ice shelves (Bombosch & Jenkins, 1995). Given the oceanic origin and geophysical
reworking of active planetary ice shells (e.g., Europa, Enceladus), a significant and heterogeneous distribution of
salt frozen into the shells of these icy satellites is likely (Naseem et al., 2023; Wolfenbarger et al., 2022). Oceanic
salt and silica nanoparticles could be incorporated into the ice shell by freezing during Enceladus' formation, or
during resurfacing (Buffo, Meyer, & Parkinson, 2021; Buffo, Schmidt, et al., 2021; Hammond et al., 2018).
Thinner ice shells will have a larger conductive heat flux and faster growth, since ice that experiences faster
growth rates is likely to be saltier than ice that experiences slower growth rates (Buffo, Meyer, & Parkin-
son, 2021). Entrained salt in the shell means that the melting temperature of the ice is depressed: the impurities in
heterogeneous systems facilitate partial melting at lower temperatures than the melting point of pure ice. Shear
heating along a tiger stripe fracture could therefore induce partial melting within the shell and generate a near-
surface salty liquid source for the south polar plume of Enceladus (Figure 1).

In a multicomponent system, the eutectic temperature T, is the lowest temperature at which interstitial liquid is
stable (Worster, 2000). Given that the ocean temperature is above the eutectic, there is likely a thin mushy zone of
salty water surrounding ice crystals at the ice-ocean interface of icy satellite shells (Buffo, Meyer, &
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Parkinson, 2021). The minimum depth within the shell where salt exists in a liquid solution is determined by the
eutectic temperature, as shown in Figure 1 (left). Figure 1 (right) shows a schematic equilibrium phase diagram
for a eutectic binary substance, such as NaCl and H,O with T, = 252 K. For Enceladus, the rapid loss of heat to
outer space leads to near-surface temperatures of about 7, = 75 K, that is, below the eutectic, where solid salts
can be maintained within the ice shell as a composite phase. At places in the shell where the temperature is above
the eutectic (see Figure 1) the salts are dissolved in the interstitial fluid and occupy the pore space around nearly
fresh ice crystals. This region is a mushy zone, a region of two-phase coexistence where the liquid and solid
phases are in equilibrium, that corresponds to the region between the solidus and liquidus in Figure 1 (right).
Close to the fracture, shear heating can warm the ice above the eutectic temperature 7, (viz. Figure 1, left) and
form a mushy zone.

2. Methods

We consider the impact of shear heating on a fault with tidally driven back-and-forth strike-slip motion. The shear
stress on the fault depends on the friction coefficient y and the effective normal stress N (overburden weight p,gz
less liquid pore pressure p,,,i.e. N = p,gz — p,,, where z is the depth below the surface). When melting occurs on
the fault, fluid pressure can limit fault stress by lowering the effective normal stress (Rice, 2006). Shear heating
uNu is given by the shear stress yN multiplied by the slip velocity u (Nielsen et al., 2008). For simplicity, we use a
constant overburden stress, rather than a depth-increasing overburden, and do not incorporate the water pressure
on the crack face. We do not explicitly quantify the water pressure and it is not clear that the depth-dependence of
overburden would be preserved in the effective pressure. In our model, we take the rate of shear heating prior to
melting to be the slip velocity u multiplied by the overburden stress, that is, up,;ghu, where p; the ice density, g the
gravity, and & the crack depth (Nimmo & Gaidos, 2002). In effect, our heat flux into the crack is an upper bound
on the total potential shear heating. Sliding beneath the fracture is accommodated by viscous deformation but we
do not explicitly account for viscous deformation and thermal weakening (e.g., Meyer & Minchew, 2018) in this
region. We also use a temporally constant average background heating rate, that is, we do not resolve time
variation with tides. This is an acceptable simplification because the heat diffusion timescale is much longer than
the orbital timescale. Acknowledging these simplifications, we assume that the friction decreases with added melt
according to u(1 — ¢) where the porosity ¢ varies along the crack and is solved for in the simulation. The shear
heating along the fault £, is defined as

Jo=u(l = P)p;ghu. 1

As the porosity grows, the heat flux will decay due to liquid reducing friction along the fault, reducing the heat
production.

Following Parkinson et al. (2020), we write the nondimensional temperature 6 as

T-T,
£, AT =T, (C)-T, @)

0= ,
AT

where T, is the eutectic temperature and 7 (C;) is the temperature on the liquidus at the initial salt concentration
C;. Here we use the idealized liquidus equation

T, =T, —mC, (3)

where T,, = 273.15 K is the pure ice melting temperature and C is the salt concentration (see Figure 1). We scale
heights with a characteristic shell thickness H = 6 km (within the expected range from Patthoff & Katten-
horn, 2011; Hemingway et al., 2018; Park et al., 2024) and use NaCl parameters with m = 0.0913 K/ppt and an
initial concentration of C; = 2 parts per thousand (ppt), which is in the range of observations for Enceladus’
plume (Postberg et al., 2009) and consistent with a minimum salinity trapped in ice (Buffo et al., 2020; Wolf-
enbarger et al., 2022). A full table of parameters is given, Table S1 in Supporting Information S1. Our choice of
parameters, such as the crack depth and composition, affects the results quantitatively but not qualitatively. In
supplement Text S6 in Supporting Information S1, we describe the effects of varying the salinity and ice thickness
fraction parameters.
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Figure 2. Numerical simulations of mushy zones around a fracture (left) Schematic showing the simulation domain, initial conditions (teal), boundary conditions
(purple), and heating along the fracture (black) where 6 is dimensionless temperature, ¢ is porosity, C is composition, and St = £/(c,AT) is the Stefan number, with
latent heat £ and heat capacity c,, (right) Temperature contours showing the development of a mushy zone (T'>7, = 252 K) around the fracture (dimensionless heating
rate, ' = 280, corresponding to a slip rate of 3.4 pm/s) and a shell salinity of C; = 2 parts per thousand (ppt), which is consistent with Postberg et al. (2009).

Considering the scales for depth and temperature, we write the constant part of the nondimensional heat flux into
the fracture F as

upighu
F="H—-, 4
k,AT @
where k, is the thermal conductivity of saltwater. For computational simplicity, we take the thermal conductivity
to be independent of temperature. This simplification affects our results quantitatively and constraining the
importance of temperature-dependent parameters is an area of future work. The full nondimensional heat flux on
the fault (i.e., Equation 1 divided by k,AT/H) is therefore given as

F.=(1-¢)F. )

In our simulations, F' is the primary control parameter. Taking the parameter values of slip velocity
u = 2.8 X 107° m s~!, coefficient of friction u = 0.6 (Golding et al., 2013; Zaman et al., 2024), ice density
p; = 940 kg m™ (Golden et al., 1998), gravity g = 0.113 m s2, and crack depth & = 3 km, we find that
up;ghu = 0.5 Wm=2 and F = 280 (see Table S1 in Supporting Information S1). Here the value for u is in the
range described by Nimmo et al. (2007) and Berne et al. (2023, 2024) and produces the value for F that we use in
Figures 2 and 3. The integrated total heat output agrees with Spencer et al. (2018) giving ~5 GW over an area of
10 km on either side of the 500 km long tiger stripes and an additional ~0.5 GW comes from latent heat from the
plume (Ingersoll & Pankine, 2010).

SOFTBALL (SOlidification, Flow, and Thermodynamics in a Binary ALLoy) is the open-source reactive
transport code that we use to solve for temperature, porosity, and salt content as well as fluid flow through the
interstices of evolving mushy zones (Adams et al., 2021; Parkinson et al., 2020). We describe the equations for the
evolution of a mushy zone in Text S2 in Supporting Information S1 (Fowler, 1985; Hunke et al., 2011; Wor-
ster, 2000). In Figure 2, we show the set up of the problem, the key parameters, and the numerically computed
temperature field. We consider an isolated fracture in a compositionally homogeneous ice shell (see schematics in
Figures 1 and 2). We use an initial shell salinity C; = 2 ppt (Postberg et al., 2009) and consider other shell
salinities in the supplement (Figure S8 in Supporting Information S1). We then numerically solve for the
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Figure 3. Mushy zone fluid reservoir surrounding tiger stripe fractures with initial shell salinity C; = 2 ppt: (left) Steady interstitial fluid volume and peak melt rate as a
function of the shear heat flux into the solid: dimensional on top and nondimensional on bottom. At a critical value of F ~ 170, a mushy zone develops around the
fracture and this near-surface liquid water can erupt as jets. For larger heat fluxes, the volume of the reservoir and peak melt rate increase (right) Porosity ¢ with
superimposed temperature contours from Figure 2 for F = 280. The porosity is zero outside the mushy zone, where the temperatures are below the eutectic. The porosity
reaches unity along part of the crack. Additional plots for F = 240, F = 300, and F = 500 and other salinities are shown in the supplement (Figures S3 and S8 in
Supporting Information S1).

temperature, salinity, and porosity around the fracture using SOFTBALL (see Figure 2). The model conserves
mass, salt, energy, and momentum for flow in a reactive porous medium with a porosity dependent permeability.
We approximate the densities of ice and water as equal and neglect the viscous deformation of the ice matrix. For
the present model, we focus on melt generation and do not include melt extraction along the cracks due to geyser
eruptions. We apply a linearized radiative condition at the top of the ice shell (see Text S1 in Supporting In-
formation S1), and insulating conditions on the sides of the domain. We also set the temperature at the eutectic at
the bottom of the domain to simulate the top of the ice-ocean interfacial mushy zone. We run the simulations in
two dimensions, treating the out-of-plane dimension as invariant along the tiger stripe fractures. The heat flux F,
is implemented via a Gaussian heat source localized at the center of the domain (width <500 m) and a hyperbolic
tangent function in the vertical direction (decay away from the crack tip <1,000 m). We initialize the SOFTBALL
simulations with a linear temperature profile and a uniformly distributed initial salt concentration (C; = 2 ppt).
We then run the simulation to steady state (~70 kyr; Figure S2 in Supporting Information S1). Additional details
on the simulations are included in the supplement Text S2 in Supporting Information S1.

3. Results

We find cold surface temperatures and a warmer mushy zone around the fracture (Figure 2, right). The computed
temperature profiles are similar to the results of Kalousova et al. (2016), Hammond (2020), and Stevenson (1996),
which are all for a pure ice shell. In Text S1 in Supporting Information S1, we show that the leading-order thermal
structure can be understood from steady conduction, with reactive flow modifying the porosity structure,
composition and shape of the mushy zone. In SOFTBALL simulations, we find that there is a significant amount
of interstitial brine within the mushy zone. Cold, saline brine sinks in the outer part of the mushy zone driving
convection, with warmer and fresher fluid rising near the crack (see Figure S4 in Supporting Information S1). This
is broadly consistent with a simplified model of buoyant convection in a mushy zone (Boury et al., 2021). The
vigor of the convection is characterized by the thermal and compositional Rayleigh numbers (see Text S3 in
Supporting Information S1 and Parkinson et al., 2020). Above a critical value, the rising convective flow becomes
unstable. Here we follow Boury et al. (2021) and use a small permeability that results in values of the Rayleigh
numbers that are below the threshold for instability (see Figure S5 in Supporting Information S1). Near the
surface, following the model of Ingersoll and Nakajima (2016), the fluid will boil off and leave the satellite as
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geysers that may be fresher than the liquid source (cf. Postberg et al., 2009; Postberg et al., 2011). In addition,
bubble formation and bursting near the liquid-space interface could explain the presence of salt-poor, organics-
rich ice grains (Postberg et al., 2018). However, we do not explicitly include these processes in the current
simulations.

The circulation of brine through the porous ice matrix results in a pooling of salt toward the bottom of the mushy
zone, with further drainage prevented in our model by the colder impermeable ice below. This region thus has
enhanced phase-weighted salinity, and more easily melts, eventually leading to a region of nearly pure fluid near
the bottom of the crack (see Figure 3, right). Accounting for deformation of the ice matrix, it is possible that the
pure fluid region could propagate downward as a dike, thereby initiating a connection from the surface to the
ocean. In Text S5 in Supporting Information S1, we quantify the timescale for dike propagation based on
Lister (1990) and find that it is comparable to but longer than the timescale of our simulations. At the same time,
plume eruptions have not been included here and would reduce the volume of melt in the mushy zone, reducing
the likelihood of dike formation. At present, our model neglects the potential for sinking of the melt-rich pocket
via fracturing or viscous deformation of the surrounding ice (cf. Kalousova et al., 2016) due to the separation of
timescales.

We quantify the amount of interstitial water in the mushy zone as the total brine volume
v="~¢ f ¢ dS, (6)
A

where ¢ is the melt fraction, # = 500 km is the total length of the tiger stripe fractures perpendicular to the model
domain, and A the area of the domain (see Figure 3). Here we choose # to be the combined length of all four tiger
stripe fractures so that our calculations represent the total effects, rather than the dynamics of a single fracture.

The observed flux of ice and vapor from the plume is on the order of 300 kg/s, which is a volume flux of about 0.3
m?/s (Hansen et al., 2008, 2020; Villanueva et al., 2023). With F = 280, the volume is ~150 km® and the
observed flux would take about 15 kyr to deplete the reservoir, if no new melting occurred. The volume
calculation for F = 280 elucidates two important 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 km> (Spencer &
Nimmo, 2013). Thus, it is conceivable that the plume could be maintained without direct access to a large
reservoir, such as a subsurface ocean. Thus, the plume 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 and we calculate the
peak liquid volume production rate (blue, right axis, Figure 3). The peak melt rate estimate for ¥ = 280 (slip
velocity of u = 2.8 pms~!, see Text S3 in Supporting Information S1) is consistent with the inferred H,O flux of
0.3 m3/s and sufficient for E-ring particle source estimates (Ingersoll & Ewald, 2011). Although the melt rate is
not necessarily equal to the ejection rate, sufficient melt must be available to replenish the liquid source for
eruptions to persist for long periods of time. Here we assume that the dominant impurity is NaCl; the presence of
additional impurities with lower eutectic points would likely lead to a larger predicted melt volume and melt
production rate, which is something we will explore in future work. In the supplement Text S6.2 in Supporting
Information S1, we also present results for varying fracture thicknesses. We find that for very shallow fractures
h = 0.25 H, the mushy zone all but vanishes. However, for 4 = 0.66 H, the mushy zone reaches the base of the
ice shell, connecting the surface to the base, which could be an important conduit for life (Hesse et al., 2022).

In Figure 3, smaller values of the nondimensional heat flux imply lower peak melt rates, but can still maintain
large volume fluxes for a long time (e.g., ~8 kyr for F' = 240). In this case, when the reservoir is depleted the
friction on the fault would increase and shear heating would build up a new mushy zone, potentially leading to a
long-period oscillation in geyser activity, with a period on the order of the depletion time. This could be analogous
to the hypothesis that Enceladus' ocean varies in thickness periodically, due to mismatches in heat output and tidal
heat input (Nimmo et al., 2018; Spencer & Nimmo, 2013). Although these simulations represent an upper bound
on the rate of shear heating, this mechanism is sufficient to explain the observed geyser ejection rate and required
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brine volume. Similarly, the shear heating mechanism could potentially explain the inference of sporadic jets on
Europa (e.g., Roth et al., 2014), as tectonic activity could result in a short-lived plume sourced from a mushy zone.

4. Discussion

Observations show that the plume brightness varies diurnally with a phase lag (Hedman et al., 2018; Nimmo
et al., 2014; Porco et al., 2014), which is consistent with Hurford et al. (2007). As normal stresses on the faults
change into a more tensile state due to tides, the brightness of the plume also changes (Berne et al., 2024). As the
cracks open up, more material is able to come up from the fluid reservoir and emanate out as the jets. Here we
postulate that the reservoir is not necessarily a subsurface ocean, but could instead be a mushy zone within the ice
shell. A connection from the surface to a reservoir is still required, but it is not necessary for the fracture to extend
all the way through the ice shell. The lag from the tidal variation observed by Nimmo et al. (2014) is still
consistent with this mechanism so long as the opening of the fractures allows material to emerge, just as in the
Hurford et al. (2007) model. Moreover, the mushy zone would naturally generate a low-viscosity region around
the tiger stripes that Béhounkova et al. (2015) used to explain the phase lag. Kite and Rubin (2016) proposed that
tides periodically push the crack faces together causing the fluid to rise turbulently. However, the tidal squeezing
implied by their model is difficult to reconcile because the jets are still active during the full tidal cycle. Due to the
salts in the shell, a mushy zone around the tiger stripes will likely form in the Kite and Rubin (2016) model
because of the turbulent heat flux on the crack walls.

The double ridges observed around the tiger stripe fractures on the south pole of Enceladus (G. W. Patterson
et al., 2018) and in many places on Europa may provide an additional line of evidence suggesting that shear
heating along the fractures produces internal melting. Culberg et al. (2022) describe double-ridge formation on
icy satellites building on evidence from refreezing in the surface snow of the Greenland Ice Sheet. As liquid water
freezes in a near-surface reservoir, it expands and drives the sides of the crack vertically. The mushy zone that we
propose could be a near-surface water source and the double ridges could be evidence for episodic geysering
followed by refreezing dormant periods. Triton is another place where double ridges may be associated with shear
heating (Prockter et al., 2005).

Cassini's detection of molecular hydrogen H, is a strong indicator of water-rock interactions on the seafloor,
favoring an ocean source for the plume. Since the H, residence time in the ocean is less than 1 million years, Waite
et al. (2017) concludes that H, must be produced on Enceladus. Alternatively, molecular hydrogen H, could be
trapped in clathrates with stabilization from CH4 and CO, (Waite et al., 2017) or persist as entrained gas bubbles
within the ice shell, as found in ice sheets on Earth (Bender et al., 1997). Waite et al. (2017) argue that the
hydrogen cannot be sourced from clathrates within the shell of Enceladus because the ratio of H, to CO, and CH,
is too large. Yet, given the volatility of H,, partial melting could allow some of the hydrogen to escape while
leaving the carbon dioxide and methane behind. Gas release during terrestrial ice core decompression show signs
of this effect (Gow & Williamson, 1975), but targeted experiments could test this hypothesis. Substantial
depletion of Hj, in the ice shell by diffusion is also unlikely: laboratory evidence shows that the diffusion of H,
through ice at Earth temperatures (with diffusivity Dy, ~ 10~'""' m? s7!) is at least an order of magnitude smaller

than the first-order estimate of the diffusivity D ~ h%/t ~ 2.5 x 10~'m? s~! required for gas to escape from an
h~ 6 km shell in 1,4, ~4.5 billion years. The diffusivity Dy, is likely even smaller at Enceladus temperatures (J.
D. Patterson & Saltzman, 2021), further reducing the possibility of substantial diffusive escape of H,. Here we
propose that partial melting of a clathrate within the shell could (a) produce sufficient volume of H, to match the
observed ejection rate of ~ 10° mol H,/year and (b) that the H, may escape without bringing all of the CO, and
CH,4. We envision that ice flow, refreezing, and tectonic reorganization of the shell will resupply salty ice and
clathrates to the mushy zone, maintaining the plume composition.

With a mushy zone sourcing the plume material, the salt, nanoparticles, and gas clathrates would need to be
replenished over time in order to maintain the levels observed by Cassini. Although we do not model the
replenishment processes here, it is an area of future work. Melting and plume ejection at the tiger stripes will
thin the shell in the south pole, causing ice from northern latitudes to flow down. The shell material that
flows into the south pole will not be depleted of salts, nanoparticles, and gas clathrates. In addition, our
modeled salinity is larger than the observed ice grain salinity. Vapor condensation onto grains is almost
certainly occurring within the plume environment before ejection into space (Postberg et al., 2009, 2011,
2018; Schmidt et al., 2008) which could act to dilute the concentration of salts within individual grains. In
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this case, boiling of the liquid and a small amount of salt would increase the mushy zone salinity, leading to
dissolution of the ice crystals and potentially gas clathrates, which will draw in additional liquid and gas into
the mushy reservoir. The liquid-source temperature in the mushy region (~270 K, cf. Figure 2) is sufficient
for grain collisions in the conduit carrying material from within the shell into space (Brilliantov et al., 2008;
Schmidt et al., 2008). For large fracture fractions, our results show that the mushy zone may periodically
form a dike down to the ocean, potentially leading to the formation of an ocean-surface conduit that could
source the geysers. Then, shear heating will generate a new mushy zone in a region of the shell that is not
depleted of salts and other contaminants. We will test these ideas in future work.

Within the mushy zone generated by the shear heating mechanism, the source brine is concentrated interstitial
liquid produced from the remelting of the ice shell. Thus, it may not be representative of the underlying ocean
chemistry (see Figure S6 in Supporting Information S1). The difference between interstitial brine and the ocean
has fundamental implications for how we relate observed plume properties to interior liquid water reservoirs.
Cryoconcentrative processes in the shell and ion fractionation during droplet solidification may result in plume
compositions that vary significantly from that of the shell or ocean (Buffo et al., 2023; Buffo, Meyer, & Par-
kinson, 2021; Fox-Powell & Cousins, 2021). Such uncertainties feed into predictions of ocean geochemistry and
habitability based on observed plume compositions. We suggest caution in extrapolating plume properties to
interior ocean properties. Without corroborating evidence of a direct ocean-to-surface conduit, the plume may be
sourced from an intrashell brine reservoir whose composition and concentration will depend on the geophysical
history and dynamics of the hydrologic body and surrounding ice shell.

In reconsidering the Nimmo et al. (2007) shear heating theory, we now include salts and the formation of a mushy
zone. These additional processes fix some of the issues with the original theory and solve some of the puzzles
about the ocean source mechanism. However, other pieces require further investigation, such as hydrogen gas,
nanoparticles, and the boiling process. Currently, none of these is a roadblock to the theory and future work will
determine the process that controls geyser formation at Enceladus and other icy satellites. As an example of an
area where further work is required, the conditions at the outlet of the jets play a fundamental role in the observed
signal, independent of whether it is a mushy or ocean source (Fifer et al., 2022; Ingersoll & Nakajima, 2016;
Mitchell et al., 2024). More focused effort in this area would help us understand the Cassini observations as well
as the ocean and/or shell properties. In terms of molecular hydrogen, focused lab work about partial melting of
clathrates and boiling of gas-containing liquids would elucidate the possible configurations that allow for the
observed H,/CH,4-CO, ratios.

5. Conclusions

We described the potential for a mushy source for the geysers of Enceladus, by revisiting the Nimmo et al. (2007)
idea that shear heating along the tiger stripes is responsible for the jet material. Instead of treating the shell as pure
ice, we considered a composite of solid ice and salt, which would naturally form when freezing a salty ocean.
Using an idealized model, we demonstrated that shear heating along the tiger stripe fractures can generate a
mushy zone at depth, while maintaining cold surface temperatures, in line with Abramov and Spencer (2009).
Within the mushy zone, we found that there is sufficient liquid volume in the interstices to source the volume of
observed geyser material and that the melting rate can match the geyser ejection rate. However, the composition
of the liquid brine within the mushy zone may be distinct from that of the ocean. Our simulations represent a
glimpse at an alternative possibility for the source of the geysers on Enceladus and other icy satellites. For
example, the hints at a plume on Europa could come from a transient source such as shear heating in a mushy
zone. Our theory describes a general mechanism that should apply to all tectonically active icy satellites.
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