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espite its small size (252 km in radius) and hence rapid
heat loss, Enceladus, an icy moon of Saturn, retains a
global ocean underneath its ice shell (1, 2); geyser-like jets of
water, methane, and other volatiles are shot out of the ice shell
at the south pole (3–6). These unique characteristics imply a
high astrobiological potential, which has triggered interest while
introducing puzzles. One of the puzzles is why all these geysers,
and hence most of the heat flux, are concentrated near the south
pole (7–10). This puzzle is twofold: we need to understand why
the geysers tend to gather to one spot, as well as why the spot
is located at the south pole, knowing that the expected pattern
of tidal heating is expected to be almost perfectly symmetric
between the north and south hemispheres (11, 12). Previous
studies have achieved the observed dichotomy by imposing an
a priori anomaly in the south polar ice shell, mechanically
or thermally, initially or constantly (13–16). Despite successes,
these hypotheses suffer from a common issue: the origin of
the asymmetry relies on either a giant impact or a monopole
structure of geological activity, followed by true polar wandering (17–19), which requires some luck to form only one hotspot,
as observed.
Toward an Explanation without a Priori Asymmetry
A concurrent work (20) proposes that the ice shell is torn apart
by the overpressure induced by a secular freezing of the subsurface ocean. This occurs at poles because the ice shell is thinnest
and thus weakest there; it occurs at only one of the poles because
once the initial fracture forms at one pole, the overpressure
would be released, preventing the same fracture from forming
at the other pole.
Our work aims to propose an alternative mechanism to explain
the gathering of geysers over the south pole, which does not
require any significant a priori asymmetry or secular cooling. We
will show that a hemispherically symmetric ice shell is not a stable equilibrium and that hemispheric symmetry breaking could
be triggered by an infinitesimal random perturbation. Two key
www.pnas.org/cgi/doi/10.1073/pnas.2001648117

characteristics are necessary for a symmetry-breaking mechanism: 1) it should involve some positive feedbacks that amplify
the existing inhomogeneity in the ice shell and 2) it should be
able to select large-scale inhomogeneities compared with smallscale ones, so that the ice shell eventually will be dominated by
large-scale topography, instead of becoming “patchy” and having
geysers spread all over the globe.
Overview of Our Ice Evolution Model
To understand why Enceladus ends up with a hemispherically
asymmetric ice shell, we build a model to calculate how iceshell geometry would evolve. A similar problem has been looked
into by ref. 21, who analytically solved the equilibrium state of
the ice-shell geometry, where cooling induced by heat conduction balances the tidal-heat generation. Here, we follow a similar
path, but in addition to solving for the equilibrium state, we also
look into the stability of such a state.
As sketched in Fig. 1, we consider a global ice sheet whose
thickness profile H is simultaneously reshaped by the freezing induced by heat conduction to space F (outward-pointing
green curly arrows), melting induced by tidal heating T (reddish
patches in the ice shell), mass redistribution by lateral ice flow
Q (blue arrows in the ice shell), crack-induced cooling C, and
an extra heating B > 0. The governing equation of ice-thickness
evolution can be symbolically written as
F(H ) − T (H )
∂
1
dH
=
(sin θQ(H ))− B(H ) + C(H ).
+
dt
L f ρi
a sin θ ∂θ
[1]
In the above equation, H denotes ice thickness, ρi denotes ice
density, Lf denotes fusion energy, θ denotes colatitude, and a
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The ice shell on Enceladus, an icy moon of Saturn, exhibits
strong asymmetry between the northern and southern hemispheres, with all known geysers concentrated over the south
pole, even though the expected pattern of tidal forced deformation should be symmetric between the north and south poles.
Using an idealized ice-evolution model, we demonstrate that
this asymmetry may form spontaneously, without any noticeable a priori asymmetry (such as a giant impact or a monopole
structure of geological activity), in contrast to previous studies.
Infinitesimal asymmetry in the ice shell thickness due to random
perturbations are found to be able to grow indefinitely, ending
up significantly thinning the ice shell at one of the poles, thereby
allowing fracture formation there. Necessary conditions to trigger this hemispheric symmetry-breaking mechanism are found
analytically. A rule of thumb we find is that, for Galilean and
Saturnian icy moons, the ice shell can undergo hemispheric symmetry breaking only if the mean shell thickness is around 10
to 30 km.

contributes an additional −0.6 (see SI Appendix for details).
Besides these, a more dissipative ice shell would have an even
stronger rheology feedback (26), and ocean circulation may also
contribute (Concluding Remarks and Discussion). Given these
uncertainties, we leave pα as a tunable parameter. The schematics depict a situation where the ice shell is thinner over the south
pole and thus tidal heating is amplified there.
The idealized Maxwell rheology used here has been shown to
underestimate the total tidal-heat generation (28, 29). To compensate for this underestimation, a multiplicative factor, γ, is
incorporated in the tidal-heating formula. Since the total tidal
heating in the ice shell is poorly constrained, we leave γ as a
tunable parameter.

Fig. 1. Schematics to demonstrate the physics processes we consider in this
model. See Overview of Our Ice Evolution Model for descriptions.
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denotes the radius of Enceladus. F, T , Q, B, C are all functions of the ice thickness H . Their definitions are given in SI
Appendix.
The heat conduction to space F is inversely proportional to
H . The ice flow Q flows down-gradient, smoothing the ice-shell
inhomogeneities, particularly those at small scales. Q weakens
in regions with thin ice, allowing the formation of ice “holes.”
The crack-induced cooling C allows extra heat loss when the ice
thickness is below the crack threshold Hcrack = 8 km (to account
for the strong heat flux from the geysers on the south pole;
refs. 7–10). The balancing term B is introduced to keep the
global-mean ice thickness H0 unchanged, as our focus here is to
understand topography formation on the ice shell rather than the
maintenance of the ice shell at a certain thickness.
Tidal heating generated in the ice shell and the core dominantly balances heat loss by conduction F (22, 23). As Enceladus
orbits Saturn, the change of geopotential induced by orbital
eccentricity deforms the ice shell and the core and generates
heat. Here, we focus on the tidal dissipation in the ice shell, which
is sketched as two reddish patches over the poles in Fig. 1 to
demonstrate the polar-amplified heating profile, as suggested by
previous studies (24–27).
In a laterally varying ice shell, tidal heating T would be concentrated in regions where the ice shell is thinner and thus more
mobile (geometric effect), just like a rubber band with a weak
point would generate more heat there. The enhanced heating
rate over the thin-ice regions can, in turn, warm up the ice shell,
making it even more mobile (rheology feedback). To make the
problem analytically approachable, we account for this effect
by amplifying the membrane-mode heat generation by a factor of (H /H0 )pα .∗ According to the calculation in ref. 26, the
geometric effect contributes −1 to pα , and rheology feedback

* Among

the three tidal-dissipation modes, the membrane mode is the dominant one.
Physically, it corresponds to the dissipation induced by extension/compression and
tangential shearing of the ice membrane (26).
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Symmetry Breaking of Enceladus’s Ice Shell
The equilibrium ice topography Heq can be obtained numerically by evolving the ice-thickness model from an initial value
H (θ) = H0 for a long enough period of time until the tendency
terms exactly compensate each other. Heq and the corresponding
melting/freezing rate induced by F, T , Q are shown in Fig. 2A.
The tidal heating T peaks at the two poles. Compensated by a
relatively faster heat loss to space F in the polar regions and
a poleward ice flow, the system reaches equilibrium, with thinner ice at the two poles. Here, we set γ = 38, which yields a 24.8
mW/m2 tidal-heating rate on global average. Since this heating
rate is lower than the average heat-loss rate at F = 33.8 mW/m2
given by the heat conduction model, a positive constant balancing heating B is required to keep the global ice-shell thickness
unchanged. Physically, this term could correspond to dissipation
in the ocean or the core (23, 30, 31).
In the real world, we would not expect a perfectly uniform ice
shell to begin with. If the initial ice-shell thickness H is slightly
and randomly perturbed around the mean H0 , as shown by the
thin dashed curve in Fig. 3, a break in symmetry between the two
hemispheres appears spontaneously. After 100 My, the ice-sheet
thickness reaches a final state with a significant tilting from one
pole to the other, as shown by the thick solid curve in Fig. 3. This
final state captures the main characteristics of ice-shell geometry
constrained by observation (27, 32, 33): the ice shell is thinner at
the poles than the equator, with geysers concentrated at one of
the poles.
This symmetry breaking arises from a normal-mode instability induced by the concentration of tidal heating in the regions
where the ice shell is already thinner than elsewhere. By linearizing the ice-evolution model around the unperturbed equilibrium state Heq , we obtain the linear tangential system (for

Fig. 2. The equilibrium ice thickness starting from a perfect uniform ice
shell and the most unstable mode based on linear analysis. A shows Heq as a
function of colatitude θ as a solid black curve with the y axis on the left. The
equilibrium-state melting/freezing rate induced by tidal heating T (H)/Lf ρi
1
(red dashed), ice flow a sin
θ ∂θ (sin θQ(H)) (blue dashed), and heat loss to
space F (H)/Lf ρi (green dashed) are shown on the right axis. A minus sign is
multiplied to the tidal-heating curve and heat-loss curve to show the curves
in the same axis. B shows the normalized structure of the most unstable
mode against colatitude θ and the corresponding growth rate.
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marked by the white color in Fig. 4. Fig. 4, A–C shows results for
pα = −1.5, −2, −2.5, respectively.
As |pα | increases, the symmetry-breaking regime gradually
widens, as does the range of γ that can trigger the symmetry
breaking. This is unsurprising because a greater |pα | can enhance
the growth of ice topography, which is one of the two necessary
elements for symmetry breaking to happen.
From Fig. 4, one can clearly see that, for any given pα and
Ts , symmetry breaking can only occur in a specific range of H0 .
With an ice thickness beyond the upper bound (no symmetrybreaking regime is found for H0 ≤ 36 km), symmetry breaking
does not occur because the ice flow becomes too efficient‡ to
maintain any topography. With ice thickness below the lower
bound, the ice flow is too weak to maintain a crack-free Heq in
the absence of perturbations. According to the stability analysis shown in SI Appendix, the symmetry-breaking regime should
satisfy the following criteria:
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derivation, see SI Appendix, Linearized Equation for Ice Thickness Evolution and the Unstable Mode). The most unstable
eigenmode structure is shown in Fig. 2B and has a pole-to-pole
tilting structure. If this structure continues to grow with time, the
ice shell over one of the poles (depending on the initial condition) would get thinner and thinner, and finally a parallel set of
geysers may develop through the mechanism proposed in ref. 20,
as we see in Fig. 3.
Discussion
The above calculation suggests that, without a priori asymmetry,
Enceladus could naturally evolve into a state with a significant hemispheric asymmetry and with one pole being concentrated with geysers. With the present setup (pα = −1.5, surface
temperature Ts = 80 K), symmetry breaking occurs when γ ∈
[36.9, 38.1], which corresponds to a global-mean ice-dissipation
rate of 23.8 to 25.1 mW/m2 . Below this range, the hemispheric
asymmetry of the ice shell would stabilize at a hemispheric symmetric state, with no geysers anywhere. Above this range, the
topography self-amplification becomes so strong that not only
the degree-1 mode but also the degree-2 mode would become
unstable. The degree-2 mode could dominate over degree-1
because the polar-amplified tidal-heating profile would force
a degree-2 pattern in Heq , even without perturbations. As a
result, geysers (ice thinner than 8 km) would form in both
poles. Symmetry breaking occurs within a relatively narrow range
of γ for most of the parameters we explore here because γ
needs to be large enough for the degree-1 mode to grow while
small enough for other modes (in particular degree-2 mode)
to decay.
To show that the symmetry-breaking mechanism is not completely sensitive to the choice of poorly constrained parameters,
we repeat the same calculation for various (H0 , Ts ) combinations, guided by observational constraints (1, 32, 34) and
for three different pα values. For each (H0 , Ts ) combination,
we search for a γ that can lead to the hemispheric symmetry breaking and, meanwhile, guarantees that the global-mean
tidal-heating rate would not exceed the global-mean heat loss
to space.† The combinations that allow us to find such a γ are

β(τF /τT ) τF
<
< −pα (τF /τT )(β/2 + 1) − 1.
4
τQ

Here, τF , τT , τQ are the timescales for heat conduction, tidal
heating, and ice flow that significantly change the planetary-scale
ice topography, and β is the percentage variation of T about
the mean across different latitudes (see SI Appendix for definitions). As shown by red dashed curves in Fig. 4, Eq. 2 predicts the
location of the symmetry-breaking regime in the (Ts , H0 ) parameter space well, especially for pα = −1.5. For greater |pα |, τF /τT
becomes significantly smaller than 1 when symmetry breaking
occurs; therefore, the actual symmetry-breaking regime is more
on the low side of H0 , compared with the prediction given by
Eq. 2.
For such a symmetry-breaking regime to exist, the upper
bound of Eq. 2 has to be larger than the lower bound, which
leads to an additional necessary condition for ice-shell symmetry
breaking,
1
τF
.
[3]
>
τT
−pα (β/2 + 1) − β/4
This sets a lower bound for the percentage of heat loss that is
compensated by the tidal heating in the ice shell. For the example, as we show in the results, this condition would be satisfied
if the ice-dissipation rate is enhanced by a γ factor greater than
14.8, which could be possible given that the Maxwell body rheology used here could significantly underestimate the dissipation
rate (28, 29).
The ice-shell symmetry-breaking criteria (Eqs. 2 and 3) can
be applied to other icy moons, if their orbital parameters and
physical characteristics are known. For icy moons around Jupiter
and Saturn whose ice shell is a major heat producer (i.e.,
Eq. 3 is satisfied), symmetry breaking would occur at roughly
the same H0 , regardless of other parameters. Substituting the
definitions of τF and τQ into Eq. 2 and noticing that both
the lower and upper bound of that inequality are of O(1),
we get
τF
H05
∝ 2
∼ O(10−8 ),
τQ (a /g)(η log (Tm /Ts ))

This leaves room for other heat sources.
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[4]

where g and a are the surface gravity and radius of Enceladus,
and η is a weighted-average viscosity across the ice shell,
whose definition is given in SI Appendix. The 10−8 on the
right comes from a combination of physical constants, including fusion energy, thermal conductivity, and density of the

‡
†

[2]

As mentioned in Overview of Our Ice Evolution Model and shown in SI Appendix, ice
flow becomes more (less) efficient when ice shell is thick (thin).
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Fig. 3. The final ice topography H (thick solid curve) after evolving the icethickness model (Eq. 1) for 100 My. The initial condition of H is shown as
a thin dashed curve for comparison. The initial h0 = (H − H0 )/H0 at each
grid point is independent and identically drawn from a uniform distribution
between −0.025 and 0.025. The system would equilibrate faster with larger
initial perturbations. pα is set to −1.5.
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Fig. 4. (A–C) Diagrams showing the combinations that permit symmetry breaking of the global-mean ice-shell thickness H0 and the surface temperature
Ts . White denotes the parameter regimes that allow us to find a γ that can lead to symmetry breaking. Red curves show the symmetry-breaking criteria
given by Eq. 2 with β = 1, τF /τT = 1.

ice. The fact that τF / τQ is proportional to the fifth power
of H0 implies the symmetry-breaking regime is always centered around H0 ∼ 10 to 30 km. Even if the radius of the
moon is enlarged by 10 times (while keeping the bulk density
unchanged), a 2 /g would increase by a factor of 10, and the
symmetry breaking permitting H0 would only change by a factor of (10)1/5 ∼ 1.6. The Galilean satellites are warmer than
Saturnian satellites by about 30 K, and the associated impact
on H0 is no larger than a factor of 2 as well. This leads to
an even simpler empirical rule for the mechanism proposed
here: ice-shell symmetry breaking would only occur on Galilean
and Saturnian icy moons whose ice-shell thickness is around 10
to 30 km.
Our calculation assumes the ice shell is conductive. However,
besides Enceladus, the only place inside our solar system that
satisfies this assumption is Europa; other icy moons (such as
Titan, Ganymede, and Callisto) have an ice shell that is too
thick (35–38) for ice convection to be triggered (39). Repeating
the same calculation for Europa, we found symmetry breaking
could only occur when the ice-shell thickness is 20 to 26 km,
assuming the mean surface temperature is around 100 K (40)
and pα = −1.5. Based on magnetic conduction, Europa’s iceshell thickness is constrained to be below 15 km (41), indicating
that Europa could have narrowly missed the symmetry-breaking
regime. However, the estimation of Europa’s ice-shell thickness
is not yet conclusive (35, 42, 43), so more studies are needed
to improve the thickness estimation and the symmetry-breaking
criteria.
To make the problem analytically approachable, we made
many simplifications and assumptions, which could have an
impact on the symmetry-breaking regime. For example, when
considering the tidal heating generated in an inhomogeneous ice
shell, we multiply T0mem by a factor of (H /H0 )pα , rather than
solve the thin shell ordinary differential equation with variable
coefficients. As a result, we ignore the fact that small-scale perturbations would be suppressed by the greater bending rigidity
associated with it. Taking this into consideration would lead to
a stronger scale selectivity. In addition, the slow circulation in
the slush zone at the ocean–ice interface can also help damp
the small-scale topographies, widening the symmetry-breaking
regime. We also ignore the decrease of surface temperature
toward the poles, as the role played by this factor is less clear
and will be explored in future work.
Other ignored mechanisms, such as ocean circulation, surface snow cover, dynamics of ice convection, and non-Newtonian
ice rheology, could also affect the parameter regime where this
4 of 5 | www.pnas.org/cgi/doi/10.1073/pnas.2001648117

mechanism works and the rate at which hemispheric asymmetry grows. In particular, tidal heating from the core is found to
be necessary to counterbalance the heat conduction to space,
as heating generated in the ice shell alone is not enough, given
our current understanding of ice dynamics (26, 27). The heating generated in the core is carried upward by eddies, convection
plumes, and large-scale circulation in the ocean. It is possible that
some of these processes could respond to changes in ice topography and form a feedback loop, as suggested by ref. 44. We speculate that freezing (melting) at the ocean–ice interface may be
able to reduce (increase) the local salinity and drive an upwelling
(sinking) motion there, which in turn enhances (reduces) the
upward heat transport from the core and leads to further freezing (melting). Feedback like this can be accounted for in our
framework by a greater pα factor. Processes that are not directly
affected by the ice topography are represented by the balancing
term B. Our work assumes a globally uniform profile of B, but it
is highly possible that B is concentrated in a few hotspots (30). If
0
that is true, the equilibrium state heq
would change, which would
in turn affect the growing mode structure and its growth rate.
Even a tiny hemispheric asymmetry in B would help determine
the direction of symmetry breaking, and it could significantly
affect the parameter regime where symmetry breaking could
happen.
Concluding Remarks
Our work takes an idealized framework to demonstrate the
feasibility of spontaneous hemispheric symmetry breaking.
Over billions of years, Enceladus could have gone through
large eccentricity variations (45–47), leading to secular melting/freezing over time. As the ice-shell thickness varies, it
seems unavoidable that Enceladus would pass through the
symmetry-breaking regime shown in Fig. 4. When Enceladus
gets into the symmetry-breaking regime, hemispheric asymmetry would accumulate; when it gets out, hemispheric asymmetry
would gradually decay. Before the historical orbital record is
obtained, understanding the stochastic dynamics of this system would shed light on how much hemispheric asymmetry of Enceladus can be developed through the mechanism
proposed here.
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