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Geophysical data from the Cassini spacecraft imply the pres-
ence of a global ocean underneath the ice shell of Enceladus1, 
only a few kilometres below the surface in the South Polar 
Terrain2–4. Chemical analyses indicate that the ocean is  
salty5 and is fed by ongoing hydrothermal activity6–8. In order  
to explain these observations, an abnormally high heat power 
(> 20 billion watts) is required, as well as a mechanism to 
focus endogenic activity at the south pole9,10. Here, we show 
that more than 10 GW of heat can be generated by tidal fric-
tion inside the unconsolidated rocky core. Water transport 
in the tidally heated permeable core results in hot narrow 
upwellings with temperatures exceeding 363 K, characterized 
by powerful (1–5 GW) hotspots at the seafloor, particularly at 
the south pole. The release of heat in narrow regions favours 
intense interaction between water and rock, and the transport 
of hydrothermal products from the core to the plume sources. 
We are thus able to explain the main global characteristics of 
Enceladus: global ocean, strong dissipation, reduced ice-shell 
thickness at the south pole and seafloor activity. We pre-
dict that this endogenic activity can be sustained for tens of  
millions to billions of years.

Tidal dissipation within the ice of Enceladus is too weak to coun-
terbalance the global heat loss from the ocean by thermal diffusion 
through the ice shell (20–25 GW)2. Although enhanced tidal dis-
sipation in the ice shell could sustain the activity in the South Polar 
Terrain (SPT) owing to its reduced thickness at those latitudes and 
to the presence of active faults11,12, the absence of additional heat 
sources would nevertheless lead to the overall crystallization of the 
internal ocean in less than 30 Myr2. This suggests that another dis-
sipation process provides the missing heating power deeper in the 
moon’s interior, possibly in the core.

The estimated core density of Enceladus (see Methods) is low 
for a metal–rock core, requiring considerable (water-filled) porosity 
and a composition dominated by iron-bearing hydrated minerals 
whose abundance dictates the core water content. For iron numbers 
(Fe/(Fe +  Mg)) between 50% and 100% of the chondritic value, the 
porosity of a core composed primarily of hydrated silicates would 
be 20–30% (see Methods). If anhydrous minerals are still present, 
as suggested by the recent detection of hydrogen in the plume8, 
porosities are slightly larger. Owing to low confining pressures  
(< 40 MPa) and moderate temperatures reached in the core, such an  
elevated porosity inherited from the accretion process13,14 may be 
maintained over geological timescales15. Moreover, the joint action 

of thermochemical and tidal stresses as well as hydrothermalism 
may sustain the core in a highly fragmented or unconsolidated state.

A core with high porosity inside Enceladus may be subjected to 
considerable tidal heating, at least during some period of time16,17. 
Previous work17 quantified the rate of dissipation for an ice-filled 
porous rock core, but did not consider the tidal dissipation once 
ice melting occurs. Other authors16 investigated the consequences 
of strong tidal dissipation on the heat transfer by water flow in a 
porous permeable core, but they considered uniform and arbi-
trary values of tidal dissipation and limited their analysis to two-
dimensional (2D) geometry. Here we perform coupled simulations 
of tidal friction and heat transfer in a porous water-filled core using 
a 3D approach.

In absence of direct constraints on the mechanical properties of 
Enceladus’ core, we consider a wide range of parameters to char-
acterize the rate of tidal friction and the efficiency of water trans-
port by porous flow. The unconsolidated core of Enceladus can be 
viewed as a highly granular/fragmented material, in which tidal 
deformation is likely to be associated with intergranular friction 
during fragment rearrangements (see Methods). Although this 
mechanism depends on microstructure characteristics unknown 
in the case of Enceladus, the mechanical response of such uncon-
solidated media is usually parameterized using the effective shear 
modulus and the dissipation function. These two parameters con-
trol the response amplitude to cyclic forcing and the fraction of 
mechanical energy that is converted into heat, respectively18. The 
local dissipation rate is computed from the strain and stress tensors, 
and the global dissipation power is evaluated by integrating the dis-
sipation rate over the entire satellite (see Methods). A total power of 
10 to 30 GW can be generated for effective shear modulus ranging 
between 107 and 108 Pa and dissipation function between 0.2 and 
0.8 (Fig. 1a and Supplementary Fig. 1). Such low values of effective 
shear modulus associated with high dissipation could be explained 
by weakening effects due to cyclic tidal strain, in a similar way to 
what is observed in cyclic loading tests on saturated sand and gravel 
mixtures in the laboratory (see Methods). Such a highly dissipa-
tive core may partly explain the observed lag in plume activity19–21. 
However, existing mechanical tests are performed at frequencies 
higher than tidal forcing and pressures lower than core pressure. 
Extrapolation to Enceladus conditions will have to be confirmed by 
dedicated experiments.

The degree-two shape of the tidal potential results in a modu-
lation of tidal heating as a function of latitude and longitude  
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(see Methods). These variations are small near the core centre where 
heat production is maximal (Fig. 1b), but they increase toward the 
core surface. This leads to integrated heating at the poles that is 
twice that at the equator at the sub-Saturnian and anti-Saturnian 
points (Fig. 1c). To determine the consequences of such a heteroge-
neous heat production on the internal dynamics of Enceladus’ core, 
we simulate the Darcy flow of liquid water in a 3D spherical porous 
rock medium and systematically investigate plausible ranges for the 
three controlling parameters: permeability (K), global power dissi-
pated in the core (Ptide) and porosity (φ) (see Methods).

In our simulations, flow and temperature fields both exhibit 
localized linear upwellings of hot water interspaced with colder 
regions of passive downward water flux, a heat pipe mechanism 
typically obtained for convection with a permeable surface22. Cool 
liquid water from the ocean enters the core passively and is grad-
ually heated as it penetrates deeper in regions of reduced gravity 
(Supplementary Fig. 5). There, narrow hot sheets form, losing little 
of their heat as they actively rise with increasing buoyancy. Their 
temperature and velocity are mostly determined by the assumed 
permeability and total dissipated power (Fig.  2). Although much 
larger thermal anomalies develop for low K values, the severe 
decrease in associated velocity results in smaller mass flux and heat 
power advected out of the core (see Supplementary Section S2.3 and 
Supplementary Fig. 8).

The detection of nanometre-sized silica particles originat-
ing from Enceladus is consistent with water–rock interactions at 
moderately high temperature (~363 K for pH >  9.5)6,7. Our sim-
ulations show that the core permeability should be lower than 
10−12 m2 in order to induce temperatures exceeding 363 K (Fig. 2 
and Supplementary Fig. 6). Conversely, values as small as 10−15 m2 
lead to low mass flux and high water temperatures, possibly 
exceeding the boiling point for high dissipation rate. The boil-
ing point represents the upper temperature limit of our model’s 
validity, as it does not allow us to consistently capture the associ-
ated phase change (see Methods for details). In the following, we 
consider permeability values ranging between 10−14 and 10−13 m2, 
corresponding to a good compromise in terms of vent tempera-
tures and outflow.

Heat flux distribution through the core–ocean interface is 
dominated by radial advection of water with lateral temperature 
variations. In a set of models with homogeneous heating, it is 
found to depend strongly on permeability and global heat power: 
smaller-scale and time-dependent slowly drifting patterns cor-
respond to larger K and Ptide values (Fig.  3 and Supplementary 
Fig. 7). Even though tidal dissipation presents a relatively diffuse 
lateral heterogeneity with moderate amplitude (Fig. 1), it suffices 

to focus upwellings of hot liquid water into a narrow annulus 
(Fig. 3) coinciding with the maximum heating. Maximum upward 
advection is permanently anchored at the poles, characterized 
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Fig. 1 | Tidal friction in the porous core of Enceladus saturated with liquid water. a, Total power generated in the core (contours in GW) as a function 
of effective shear modulus μeff and dissipation function Qμ

−1. b, Average (black), minimum (blue) and maximum (red) heating rate Htide at a given radius. 
Values are normalized by the maximum rate obtained at the smallest radius Hmax (Hmax =  2.4 ×  10−6 W m−3 for Ptide =  20 GW). c, Spatial distribution of ‘tidal 
heat flux’ qtide (radial integration of volumetric heating rate Htide at each location) normalized by the maximum (polar) value (qmax).
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Fig. 2 | Synthetic characteristics for porous convection of liquid 
water with heterogeneous tidal heating of the rocky core. Maximum 
temperature Tmax (top) and volume fraction above 363 K (bottom) are 
shown as a function of permeability K. Colours denote the global tidal 
power Ptide: 3 GW (black), 10 GW (blue) and 30 GW (red). Symbols indicate 
porosity φ: 0.1 (squares), 0.2 (circles) and 0.3 (triangles). Cases with 
φ =  0.1 and 0.2 are displayed only for Ptide =  10 GW. Vertical bars denote the 
range of values obtained in time-dependent simulations. Note that, in the 
case of Tmax, two different scales (linear/log) are used for temperature with 
the dashed horizontal line approximately indicating the boiling point.
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by a few hotspots releasing a power ranging between 1 and 
10 GW and stable for at least 10 Myr (Fig. 4).

Although Enceladus’ ocean dynamics probably involve large-
scale turbulence (either of convective origin23 or caused by tidal 
forcing24) shaping the exchanges between the deep interior and the 
ice shell at the global scale, such hot water outflows from the core 
are expected to produce smaller-scale hydrothermal plumes that 
locally affect the ice shell above. Scaling analysis indicates that sea-
floor hotspots releasing a power of 5 GW (Fig.  4) generate ocean 
plumes with a vertical velocity of a few centimetres per second (see 
Methods). Materials carried by these thermal vents, such as nano-
metre-sized silica particles, would be transported from the seafloor 
to the ice–ocean interface on timescales of a few weeks to months, 
consistent with their limited growth inferred from Cassini6,7.

The predominance of heat release under the poles is consistent 
with an ice-shell structure presenting minimal thicknesses in polar 
regions2. The observed difference between the north and south of 
Enceladus cannot be attributed to the deep processes as simulated here 
(see Supplementary Section 2.4 and Supplementary Figs. 7 and 9). 
A difference in the mechanical response of the ice shell between the 
two poles due to thinner and more deformable shell at the south 
would, however, create a north–south asymmetry in heat produc-
tion in the core (not prescribed explicitly in the models presented 
here; see Methods, Supplementary Section  1 and Supplementary 
Fig. 2). This effect would be further enhanced by the amplifications 
of tidal friction along the SPT faults when the shell becomes thinner 
than 5–10 km (refs 11,12), thus possibly explaining a thermal runaway 
in this region. Moreover, the maximum hot water outflow along two 
specific meridians in all models, regardless of the latitude, is also 
consistent with a thinner ice shell predicted in two regions centred 
on these longitudes2.

We show that, for K <  10−12 m2, hydrothermal activity would 
occur as long as a power of at least 10 GW is produced in the core. 
But for how long can such a power be generated? This first depends 
on how the orbital eccentricity evolves through time, which is 
determined by the dissipation rate within Saturn and the strength 
of the orbital resonance with the moon Dione. The latest estimate 
of Saturn’s tidal dissipation25 is considerably higher than classically 
anticipated and yields an equilibrium heating Ptide >  10 GW for 
which the present-day eccentricity remains constant through time. 
Tidal evolution assuming resonance locking and internal oscilla-
tion modes in Saturn could even maintain an orbital equilibrium 
for Ptide =  50 GW (ref. 26): hydrothermal activity would then persist 
for billions of years.
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Fig. 3 | Heat flux pattern at the interface between rocky core and ocean. Advective flux distribution through the surface of the porous core: three sets of 
parameters are presented for both homogeneous and heterogeneous (tidal) volumetric heating. Porosity is 0.2 for all these examples.
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Fig. 4 | Hotpots at the seafloor. a, South polar view of the temperature 
field obtained for a case with Ptide =  30 GW, K =  10−13 m2, φ =  0.2. In the 
upper panel, one of the six blocks from the mesh is removed to reveal the 
inner temperature field. The colour scale is nonlinear in order to highlight 
the specific role of isotherm 363 K. b, Advective heat flux at the rocky 
core/ocean interface averaged over a period of 10 Myr (stereographic 
projection). The typical averaged net power outputs in the three main 
hotspots identified in the southern hemisphere in this example are 5.6 GW 
(HS1), 3.2 GW (HS2) and 1.3 GW (HS3). c, Time fraction during which a 
given location at the rocky core/ocean interface remains at a temperature 
above 363 K (stereographic projection). The duration of this time-
dependent simulation is 10 Myr.
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A large decrease in Ptide is predicted in the case of ocean crystal-
lization (see Supplementary Fig.  2) so that a second requirement 
is that the ocean remains present at a global scale. This is guaran-
teed by the global diffusive heat equilibrium for Ptide >  15 GW. For 
Ptide ≈  10–15 GW, this equilibrium predicts an average ice shell of 
35–40 km: in the case of considerable lateral variations, direct con-
tact might occur between the porous core and the ice in its thickest 
equatorial regions, at the sub-Saturnian and anti-Saturnian points, 
possibly causing the cessation of hydrothermalism. A minimal tim-
escale before such a low dissipative state is reached is determined by 
the local thermal diffusion flux through the ice (~15–20 mW m−2)2. 
Neglecting probable lateral ice flow that will reduce the growth rate of 
icy roots, this timescale is already ~20 Myr, which can be considered 
as a very conservative minimal duration when hydrothermal activity 
is sustained in the core.

Our simulations indicate that, for 10−14 <  K <  10−13 m2, the 
entire ocean is processed in the core at temperatures higher than 
363 K in 25–250 Myr (Supplementary Fig.  8). Strong localized 
melting of the ice crust beneath the SPT and other basins as well as 
ocean crystallization outside these areas also implies continuous 
mass exchange2. Dissipation in the core and associated water flow 
thus promote efficient rock–water–ice interactions in Enceladus 
over geological timescales. Only future missions equipped with 
instruments capable of analysing the organic molecules in the 
plume27 with higher accuracy than the Cassini measurements will 
tell us whether the required conditions have been sustained long 
enough for life to have emerged on this distant ocean world.

Methods
Core porosity. As a reference for the interior of Enceladus, we consider 
differentiated interior models consistent with the estimated moment-of-inertia 
factor (~0.33)28,29 and with the observed libration (0.120 ±  0.014° or 528 ±  62 m)2. 
Such values suggest that the core of Enceladus has a density of 2,450–2,600 kg m−3 
and a radius of 185–195 km (see Supplementary Table 1).

Hydrated silicates have densities between 2,580 kg m−3 for Mg-serpentine and 
3,290 kg m−3 for Fe-serpentine (Supplementary Table 2), which is larger than the 
density of the core. Even with an amount of iron much lower than chondritic 
values, the low density of Enceladus core implies considerable porosity. Assuming 
that the core is made of serpentine only (the presence of brucite or magnetite 
would increase the density and therefore the porosity), we can derive the silicate 
(sil) density as a function of the amount of iron x =  Fe/Mg:

ρ ρ=
+

+
ρ

ρ

xM M

x M M (1)sil
Fe,ant Mg,ant

Fe,ant Mg,ant
Mg,antMg,ant

Fe,ant

where the molar masses of Fe- and Mg-serpentines (antigorites), MFe,ant and 
MMg,ant, respectively, and the corresponding densities are given in Supplementary 
Table 2. Assuming that the pores are filled with water, the porosity φ is then  
given by:

φ
ρ ρ

ρ ρ
=

−
− (2)

sil b

sil w
0

where ρb is the bulk density of the core and ρw
0 is the reference density of water (also 

see values in Supplementary Table 1).
The hydration of the main silicate minerals pyroxene and olivine can produce 

a variety of combinations between hydrated minerals and hydroxides, described in 
Supplementary Table 3. End-members are serpentine if (Fe+ Mg)/Si =  1.5 (reactions 
1A and 1B). For a higher value of this ratio (solar concentration or carbonaceous 
chondrites give a ratio of 1.9), we use serpentine and brucite without oxidation of 
iron and therefore no production of H2 (reactions 2A and 2B), or serpentine and 
magnetite (reactions 3A, 3B and 3C) with optimum production of H2.

We have generated porosities for the diversity of mineralogical assemblages 
described above. As the silicates become more and more hydrated, the porosity 
decreases. However, the value of porosity varies between 30 and 20% for chondritic 
fraction of iron and various degrees of serpentinization. In our models, we 
consider three values: 0.1, 0.2 and 0.3.

Core permeability. Another bulk property, the permeability, is of paramount 
importance in investigating porous flow of liquid water. In absence of direct 
constraints, we consider values representative of granular/fragmented materials 
such as subglacial tills witnessed beneath flowing glaciers on the Earth’s surface: 

between 10−16 m2 and 10−13 m2 (cf. ref 30. In order to encompass both this wide 
range and the values considered by Travis and Schubert16 in their pioneering study 
of Enceladus’ porous core, we investigated in our calculations the following four 
values for K: 10−15 m2, 10−14 m2, 10−13 m2 and 10−12 m2.

Core water properties. The density and viscosity of the water flowing in the rock 
core are variable in our study. We have neglected the mild pressure effect on water 
density in the temperature and pressure ranges characteristic of Enceladus’ porous 
core and opted instead for a formulation involving a second-order polynomial 
for T (or, equivalently, a formulation with thermal expansivity that varies linearly 
with T):

ρ = . + . − .T T894 24 1 0807 0 0023 (3)w
2

with T corresponding to temperature in kelvin. Supplementary Fig. 3 shows that 
our expression agrees reasonably well with the predictions of the SUPCRT92 
software31, whatever the pressure value. Viscosity is then evaluated using the 
formulas in ref. 32 from local density and temperature, spanning an interval 
between 7 ×  10−5 and 1.7 ×  10−3 Pa s: again, the agreement is satisfactory for the 
whole pressure range (Supplementary Fig. 3).

As shown in our results, water pressure in the porous core of Enceladus never 
exceeds the conditions leading to a critical state. However, in our calculations 
with low permeability (K ≤  10−14 m2), liquid water sometimes reaches the boiling 
temperature: for numerical reasons, we do not introduce the phase-change effect 
on density and viscosity; water vapour is described with the density and viscosity 
values corresponding to liquid water at the boiling temperature for a given 
pressure. This greatly underestimates the buoyancy of water parcels subjected to 
vaporization and overestimates their viscosity, which should be kept in mind when 
analysing these specific cases. Furthermore, the geometry of the porous medium 
is potentially altered if boiling events are pronounced. Such events would help to 
maintain the fragmented nature of Enceladus’ core.

Enceladus’ core: mechanical properties. We consider a wide range of parameters 
to characterize the strength of the core relative to tidal forcing and the efficiency 
of tidal friction. The unconsolidated core of Enceladus can be viewed as a 
highly fragmented material, where tidal deformation is likely to be associated 
with intergranular friction during grain rearrangements33,34 or/and frictional 
sliding along microcracks35,36. Both mechanisms depend on the microstructure 
characteristics (grain distribution, microcrack density), which is unknown in the 
case of Enceladus.

The mechanical response of such highly fragmented/granular media is 
classically parameterized using the effective shear modulus, μeff, and the dissipation 
function, μ

−Q 1 (equal to twice the damping ratio, a quantity classically derived in 
mechanical tests), which control the response amplitude to cyclic tidal forcing and 
the fraction of mechanical energy that is converted into heat, respectively18,33–35,37. 
An effective viscosity could also be defined assuming a Maxwell rheology as it is 
classically done when computing tidal deformation in viscoelastic bodies17,38,39. 
However, it is more meaningful to directly represent the dissipation rate as a 
function of effective shear modulus and dissipation function (or damping ratio) as 
these are the quantities inferred directly from mechanical tests in the laboratory.

The real and imaginary parts of the complex shear modulus, μc, used to 
compute the tidal deformation, are determined from the effective shear modulus, 
μeff =  |μc|, and the local dissipation function, μ

−Q 1, as follows:

μ μ= | | − μ
−( )QRe( ) 1 (4)

c c
1 2

μ μ= | | μ
−QIm( ) (5)c c

1

The forcing frequency is expected to affect both shear modulus and dissipation 
function, especially in cohesive unconsolidated materials. The damping ratio 
(dissipation function) in cohesive soils is expected40: (i) to increase at frequencies 
below 0.1 Hz, due to creep effects of soil skeleton; (ii) to remain more or less 
constant between 0.1 and 10 Hz; and (iii) to increase at frequencies greater than 
10 Hz because of the pore fluid viscosity.

Cyclic loading tests performed on unconsolidated granular materials (mixtures 
of sands and/or gravels)35–37,41–43, at low confining pressure, indicate that the 
effective shear modulus strongly decreases for cyclic strain exceeding 0.01–0.1%, 
for forcing frequency ranging between typically 0.01 and 1 Hz. These mechanical 
tests also demonstrate that the damping ratio increases with decreasing shear 
modulus, and can reach values of about 0.3–0.4, corresponding to dissipation 
function of 0.6–0.8. Although the occurrence of this reduction of shear modulus 
(and increase of dissipation) is observed in all samples in laboratory tests18,34,36, 
the exact values of cyclic strain at which the change of mechanical behavior occurs 
may depend on the characteristics of the sample (such as grain-size distribution, 
composition and porosity), as well as on the frequency and strain history44,45. 
The confining pressure also influences the dissipation rate, but this effect remains 
moderate43, at least for confining pressures up to 5 MPa, corresponding to 
the pressure at the surface of Enceladus’ core. Unfortunately, no data exist at higher 
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pressure to confirm this tendency. Even though the conditions inside Enceladus’ 
core are different from those considered in laboratory tests (lower frequency, 
higher pressure), we assume that a similar trend should occur when the core 
materials are subjected to cyclic strain. This assumption will have to be confirmed 
by future mechanical tests in the appropriate range.

In the absence of direct constraints, we can estimate the core mechanical 
properties from the total power required to explain the global ocean underneath 
a relatively thin ice shell. By computing the tidal dissipation in the core for a wide 
range of parameters (see below), we show that the generation of 10–30 GW by tidal 
friction in Enceladus’ unconsolidated core requires an effective shear modulus 
between 107 and 108 Pa and a dissipation function between 0.2 and 0.8 (Fig. 1a). 
This corresponds to a cyclic strain in the core ranging between 0.005 and 0.015% 
(see Supplementary Fig. 2). According to experimental data on gravelly soils18,37, 
the dissipation function typically ranges between 0.05 and 0.2 for such a cyclic 
strain. As noted above, we anticipate that the dissipation function will be higher at 
very low frequency (< 10−5 Hz in the case of tidal deformation for Enceladus) than 
in these experiments (performed in the range 0.1–1 Hz) because of creep effects in 
the solid matrix40. Although performed on materials of a different nature, such an 
increase of dissipation (and shear modulus reduction) is observed in mechanical 
tests performed at very low frequencies (10−4–10−3 Hz) on polycrystalline 
aggregates (olivine46 or ice47). Moreover, the cyclicity of tidalforcing may also result 
in strain accumulation44 and gradual build-up of pore pressure45, favouring the 
weakness of the core material and maintaining it in a highly deformable state.

Viscoelastic tidal response. Enceladus’ interior is divided in three layers, from 
the centre to the surface: a weak unconsolidated water-saturated porous core, 
an inviscid water ocean and a viscoelastic ice shell. For simplicity, each layer is 
assumed to have constant and uniform densities and mechanical properties (see 
Supplementary Table 4). In the porous core, the complex shear modulus, μc, is 
determined from the effective shear modulus μeff, equal to the norm of μc and the 
dissipation function μ

−Q 1equal to the ratio between the imaginary part and the 
norm of μc. Values between 107 and 109 Pa and between 0.2 and 0.8 are tested for 
μeff and μ

−Q 1, respectively. For the outer ice shell, a Maxwell rheology48 is considered, 
characterized by constant values of elastic modulus, μE, and viscosity, η, throughout 
the ice shell, ranging between 0.3 and 3.3 GPa and 1013 and 1018 Pa s, respectively. 
Thicknesses of the ice shell varying between 2 and 50 km, as well as models with no 
internal ocean, are tested.

The viscoelastic deformation of Enceladus under the action of periodic tidal 
forces is computed following the method of ref. 39. The Poisson equation and the 
equations of motion are solved for small perturbations in the frequency domain 
assuming a compressible viscoelastic rheology39. The potential perturbation, 
associated displacement and stress are computed as a function of radius by 
integrating the radial functions (yi)i=1,7 associated with the radial and tangential 
displacements (y1 and y3, respectively), the radial and tangential stresses (y2 and 
y4, respectively), and the gravitational potential (y5), and a sixth radial function 
(y6) to account for the continuity of the gravitational potential49 in the elastic 
equivalent problem. For the deformation of the inviscid water ocean, the static 
simplified formulation50 is adopted relying on two radial functions, y5 and y7. The 
solution in the solid part (porous core and ice shell) is expressed as the linear 
combination of three independent solutions (yi =  Ayi1 +  Byi2 +  Cyi3), which reduces 
to one solution in the liquid part. The integration of these three solutions is 
initiated at the centre using the analytical solutions of spheroidal oscillations for a 
compressible homogeneous sphere (equations 98, 99 and 100 in ref. 49). The system 
of six differential equations is solved by integrating the three independent solutions 
using a fifth-order Runge–Kutta method with adjustive stepsize control from the 
centre (r =  0 km) to the surface (r =  252 km). The three coefficients, A, B and C, 
are determined at the surface by imposing the boundary conditions appropriate 
for forcing by an external tidal potential. The solutions for the six radial functions 
are then computed using the coefficients and the appropriate relationship at each 
liquid–solid interface39,49.

From the radial functions, y1, y2, y3 and y4, and the degree-2 tidal potential, the 
complex strain and stress tensors are evaluated as a function of radius, latitude 
and longitude. At each point, the tidal heating rate per unit volume averaged over 
one tidal cycle is evaluated using: σ ε σ ε¯ = −ω 



h Im( )Re( ) Re( )Im( )ij ij ij ijtide 2
 with 

ω the orbital angular frequency. The global dissipation is then determined by 
integrating over the entire volume the dissipation rate computed at each point 
from the complex strain and stress tensors. In addition, we also determine the 
global dissipation Ėdiss directly from the imaginary part of the complex Love 
number, k2

c (defined from the potential radial function, y5, at the surface (r =  Rs): 
= −k y R( ) 12

c
5 s ) using the classical formulation38: ˙ = − ωE k eIm( )

R
Gdiss

21
2 2

c ( ) 2s
5

, where 
e is the eccentricity. The two approaches are used simultaneously to ensure that 
the computation is correct. The global dissipation function, μ

−Q 1, is defined as 
= | |μ

−Q k kIm( ) /1
2
c

2
c . The effective cyclic strain is also determined from the second 

invariant of the strain tensor.

Thermal convection of interstitial water in the porous core. We consider two-
phase flow51,52 of water within the rock matrix in the simplified framework of an 
indeformable saturated solid matrix and without phase changes. We also assume 

uniform porosity φ and permeability K throughout the core. The Boussinesq 
approximation is considered. The conservation of mass is

∇ ⋅ =V 0 (6)

where V is water velocity. The conservation of momentum for liquid water (Darcy’s 
law) is:

η ϕ
ρ= − ∇ −( )K pV g (7)

w
w w

with ηw being the water viscosity, ρw water density, pw water pressure and g 
gravitational acceleration. Permeability K is expected to vary as a function 
of porosity φ but both are uniform in our models. Assuming a constant core 
bulk density ρb, ρ ^= − π Grg e4 rb  with ̂er a unit vector in the r direction. As a 
consequence, equation (7) reads:

η ϕ
ρ ρ ^= − ∇ + πK p GrV e( 4

3
) (8)r

w
w b w

The conservation of energy involves diffusion of heat in the two-phase 
medium, advection by water flow and heat production caused by tidal heating Htide:

ϕρ∂
∂

+ ⋅ ∇ = ∇ +C T
t

c T k T HV (9)b w w b
2

tide

with Cb =  (1− φ)crρr +  φcwρw being bulk volumetric specific heat, cr and cw specific heats 
of rock and water, ρr rock density, and kb bulk thermal conductivity, a volume-weighted 
average of both phases16,52. Radiogenic heating is neglected: the mass of the core for 
parameters listed in Supplementary Table 1 is 6.74 ×  1019 kg, so even if we do not 
account for the presence of water, and assuming the radiogenic content of chondrites 
CI (3.5 pW kg−1)53, the total radiogenic power is smaller than 0.25 GW at present.

We introduce the following characteristic scales: length [L] =  Rc, density ρ ρ=[ ] w
0, 

viscosity η η=[ ] w
0, pressure = η

p[ ]
k
KC

b w
0

b
, temperature Δ =T[ ] H R

k
tide c

2

b
, time =t[ ] C R

k
b c

2

b
. 

The dimensionless equations corresponding to equations (6), (8) and (9) are

∇ ⋅ =V 0 (10)

η ϕ
γρ ^= − ∇ +p rV e1 ( ) (11)r

w
w w

ϕρ∂
∂

+ ⋅ ∇ = ∇ + ͠T
t

T T HV (12)w
2

tide

with 
γ = π ρ ρ

η

KC G R

k
4
3

b b w
0

c
2

b w
0 being the Rayleigh number, = ρ c

C
w
0

w

b
the ratio of 

volumetric specific heats and H͠tidethe dimensionless volumetric heating rate (1 in 
the case of homogeneous heating).

As proposed previously16, the continuity (equation (10)) and Darcy (equation 
(11)) equations can be combined to produce the following equation for pressure:

η
γ

ρ
η

∇ ⋅ ∇ = − ∇ ⋅ ^p r e( 1 ( )) ( ) (13)r
w

w
w

w

which is the form solved in our numerical approach.
Equations (11)–(13) are complemented by boundary conditions for pressure 

and temperature: at the surface of the porous core, a reference value is uniformly 
prescribed for pressure corresponding for convenience to the dimensionless value 
associated with this interface in the 1D radial model. In the case of temperature, 
boundary conditions are time-dependent. A dimensionless value corresponding to 
273 K (the ocean temperature in our model) is prescribed when inward advective 
flux occurs through the interface. In regions where advection of water out of the 
porous core are predicted, the diffusive heat flux through the surface is set to zero 
(see Supplementary Section 2.2 for a discussion).

These equations are solved in the framework of the OEDIPUS numerical 
tool54,55: a multigrid method is developed for pressure and an explicit scheme 
is used for the conservation of energy. Advection terms are treated with a 
flux-limiter (Superbee) high-resolution method. Owing to the absence of 
benchmarking efforts for such specific numerical tools, we have validated the 
program only by computing the value for the onset of convection in the case of 
an almost planar layer with basal heating, uniform water viscosity and a linear 
variation of density with temperature. For numerical reasons, we do not solve the 
problem in the whole core, down to Enceladus’ centre, but in a spherical shell of 
inner radius rb= 37.2 km corresponding to f =  rb/Rc =  0.2. The boundary condition 
for pressure on this inner sphere ensures the absence of porous flow through this 
boundary: ∂ p/∂r =  − γρwf.

Two sets of calculations have been considered (see examples in Supplementary 
Figures 4 and 5): cases with uniform volumetric heating and cases with a 
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heterogeneous volumetric tidal heating. For each set, we performed 36 calculations 
corresponding to the thorough investigation of the 3D parameter space: 
Ptide ×  K ×  φ with the global tidal power Ptide ∈  {3,10,30,50} GW.

Scaling for thermal vents in the ocean. We follow here the scaling results derived 
for Europa in refs 56,57 assuming an unstratified and homogeneous subsurface 
ocean. Consistent with the salt content in icy grains emitted from Enceladus5, 
ocean water is assumed to include a sufficient amount of salts in order to provide a 
positive coefficient for thermal expansion.

The scaling relationships derived in ref. 56 involve three parameters: the natural 
Rossby number Ro, the Coriolis parameter f′  and the ocean’s depth H. The Coriolis 
parameter θ= Ω′f 2 sin  measures the strength of the influence of the moon’s 
rotation at a given location, with Ω  being rotation frequency and θ latitude. In 
the case of Enceladus, at the poles, f' =  1.1 ×  10−4 s−1. Similarly, H ≈  55 km beneath 
Enceladus’ south pole. The natural Rossby number indicates here the relative 
height at which the Coriolis effect becomes important: = ′−R Bf

Ho
( )3 1/4

 where 
= α

ρ
B F

g
c

o o

o o
 is the buoyancy flux (subscript o denotes variables related to the ocean: 

αo =  3 ×  10−4 K−1 is the coefficient of thermal expansion, go ≈  0.12 m s−2 the average 
gravitational acceleration, ρo its density and co its specific heat; see values in 
Supplementary Table 1). F is the total power of the seafloor anomaly (in W).

Considering a typical power of 5 GW for polar hotspots (or 1 GW/10 GW 
respectively) at the seafloor obtained in our simulations (see Fig. 4 in the main 
text), the Rossby number is 0.008 (or 0.005/0.01 respectively) corresponding to the 
lower end of the numerical simulations in ref. 57. According to these simulations, 
the plume velocity is a few centimetres per second so that the transport from the 
seafloor to the bottom of the ice shell would be achieved in a month or less.

Such figures are only orders of magnitude. We nevertheless draw attention 
to the fact that, owing to the combined effects of a thinner ocean (half the 
thickness of that in Europa), a faster rotation and the polar location of Enceladus 
main hotspots, the timescale for vertical transport across Enceladus ocean is an 
order of magnitude smaller than potential Europan equivalents. For this reason, 
considering a typical vertical transport time of less than a few years for Europa’s 
ocean57, one should expect a duration of less than a few months for Enceladus’ 
polar vents.

Data availability. The data that support the plots within this paper and other 
findings of this study are available from the corresponding author upon reasonable 
request.
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