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Particle entrainment and rotating convection
in Enceladus’ ocean
Ashley M. Schoenfeld 1✉, Emily K. Hawkins2, Krista M. Soderlund3, Steven D. Vance4,

Erin Leonard 4 & An Yin1

Observations from Cassini have identified nanometer-sized silica grains in Saturn’s E-ring

although their origin is unclear. Tidal deformation within Enceladus’ silicate core has been

predicted to generate hot hydrothermal fluids that rise from the core-ocean boundary and

traverse the subsurface ocean. This raises the possibility that the particles observed by

Cassini could have been produced by hydrothermal alteration and ejected via the south polar

plumes. Here, we use an analytical model to quantify potential for particle entrainment in

Enceladus’ ocean. We use scaling relations to characterize ocean convection and define a

parameter space that enables particle entrainment. We find that both the core-ocean heat

fluxes and the transport timescale necessary to drive oceanic convection and entrain particles

of the observed sizes are consistent with observations and predictions from existing thermal

models. We conclude that hydrothermal alteration at Enceladus’ seafloor could indeed be the

source of silica particles in Saturn’s E-ring.
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Enceladus, a ~500-km-diameter moon of Saturn, is char-
acterized by a highly tectonized surface1–3 and ongoing
venting of material from the south pole4 sourced from a series

of parallel “tiger-stripe” fractures in the ice shell. The tiger-stripe
fractures act as conduits that cut through the ice shell, tapping into
a sodium- and potassium-bearing subsurface liquid reservoir5–8.
The detection of significant physical libration9 further demon-
strates that Enceladus’ outer ice shell is mechanically decoupled
from its rocky core and suggests that the subsurface reservoir is a
global ocean.

Subsequent chemical analyses of the south polar plumes with
Cassini’s Cosmic Dust Analyzer (CDA) have revealed the pre-
sence of nanometer-scale silica particles, indicating that the water
identified within the plumes was once in contact with silicate rock
and subjected to high temperatures10,11. Consequently, the
chemistry of Enceladus’ plumes has been interpreted as evidence
for hydrothermal activity at the ocean/core interface. The iden-
tification of substantial amounts of H2 in the plume likewise
serves as a marker of hydrothermal processes, as the observed
amount exceeds what would be expected from primordial storage
or radiolysis12. The detection of silica grains in the plumes sug-
gests that there are flows within the ocean capable of transporting
materials from the core-ocean interface, through the ocean, and
across the ice shell. The means by which oceanic flow within
Enceladus could have realized the inferred transport, however,
has not been fully addressed.

Fluid motions within Enceladus’ ocean may be driven by
mechanical and/or thermal forcing. Mechanical forcing is most
likely induced by the obliquity, libration, and/or eccentricity of
Enceladus13. It is debated whether the small obliquity of Enceladus
rules out its effectiveness as a flow-generating mechanism14–18.
While physical libration could produce oceanic turbulent flows19,20

and dominates tidally induced dissipation, the overall power dis-
sipated in the ocean is nonetheless small21. However, tidal dissipa-
tion within the ice shell via eccentricity is often inferred to be a main
source of tidal heating capable of maintaining a lasting global ocean
inside Enceladus22. Furthermore, tidally induced deformation and
friction within a porous silicate core may generate hot and narrow
upwelling zones at the seafloor23, sourcing hot water into the cooler
ocean layer24. The heat flux at the subsurface seafloor thus likely
drives convection and mixing in the ocean25–29.

The suspension of particles in a fluid depends strongly on the
mechanism of turbulence generation, namely buoyancy stresses
driven by convection (viscous stress associated with buoyancy flux
from the seafloor) or Reynolds stresses associated with unsteady
turbulent motions (driven by convection or mechanical
forcing)30,31. For rapidly rotating convection, such as expected for
Enceladus’ ocean, thermally driven buoyancy forces are typically
much larger than non-linear, inertial forces32. Moreover, experi-
ments have shown that turbulent shear flows associated with
downwelling cold plumes (surface cooling alone) were insufficient
to cause entrainment, whereas entrainment occurred when heated
from below30. These results are consistent with the ratio of Rey-
nolds stresses to the weight per unit area of the particle, ΔρgD
(where Δρ represents particle-fluid density difference, g is gravity,
and D is particle diameter), being too small for incipient motion of
a particle bed30. Convective entrainment is, therefore, argued to be
the primary cause of upward transport of hydrothermal products,
such as silica particles, from the ocean floor to the surface to be
ejected at the south polar plumes. Thus, we consider only the role
of thermal buoyancy stresses under the presence of rotation in
transporting silica particles across the ocean of Enceladus. The
geometry of such a fluid system is conceptualized in Fig. 1.

We apply a particle entrainment model based on laboratory
experiments30,31 (see “Methods”) and use scaling relations33–37

(see “Methods”) to characterize length and velocity scales of

convection in the ocean using a parameter space constrained
from the particle entrainment model results. Physical parameters
for Enceladus’ ocean are summarized in Table 1.

Results
Equation (1) (“Methods”) presents the ratio of buoyancy stress to
weight per unit area of the particle; the condition for entrainment
of solid particles with a density ρP in a thermally convecting fluid
with a density ρf occurs when this ratio exceeds some critical
value30,31. For the purposes of this study, we assume equilibrium
in ocean composition and that thermal buoyancy dominates
entrainment behavior. We algebraically solve for particle dia-
meter with spherical geometry, determining its dependence on
heat flux from the silicate core. Figure 2 illustrates the stability of
predicted properties with depth and justify our decision to hold
heat capacity and ocean density constant in our model. Contours are
shown of density, thermal expansivity, and heat capacity vs. ocean

Fig. 1 Rotationally dominated convection columns. a Conceptual
representation of rotationally dominated “Taylor” convection columns
aligned with the axis of rotation within the ocean underneath Enceladus’
south polar terrain, and b simplified geometry of one such column. H
represents the vertical length of the fluid system (in this case, the thickness
of the ocean), and δt represent the width of the column and depends on
degree of thermal forcing. Not to scale: for a 60 km thick ocean, the Taylor
columns are predicted to have widths of δt ≲ 1.6 km.

Table 1 Parameters for Enceladus’ ocean used in our
calculations24,28,44,83.

Parameter Symbol Value Unit

Density contrast Δρ 1000
1200
2000

kgm−3

Dynamic viscosity η 10−3 Pa s
Thermal expansion coefficient α 1 × 10−4

5 × 10−5

1 × 10−5

K−1

Gravitational acceleration g 0.113 m s−2

Specific heat capacity cp 4200 J kg−1 K−1

Thermal diffusivity κ 1.3 × 10−7 m2 s−1

Viscous diffusivity ν 10−6 m2 s−1

Thermal conductivity k 0.5 Wm−1 K−1

Rotation rate Ω 5.3 × 10−5 rad s−1

Ocean thickness H 20
40
60

km
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salinity and temperature at pressures of 1 and 10MPa; ~1MPa is
approximately the pressure under 5 km of ice at the south pole, while
10MPa is potentially 10’s of km into the seafloor38. When calcu-
lating particle size, we assume that the thermal expansion coefficient
is always positive so that convection may proceed throughout the
ocean. As shown in Fig. 2b, positive buoyancy requires a minimum
ocean salinity of ~20 g kg−1, or an increase in temperature by
roughly half a degree to the point where the thermal expansivity
again becomes positive. An ocean salinity of ~20 g kg−1 is the higher
end-member estimate for inferred plume salinity6 but fits generally
well within other estimates for ocean salinity10,39–44. As in previous
studies, we assume a base temperature around 274 K44 and assume
ΔT= 5mK in the normally adiabatic ocean38. Contour calculations
were made specifying 12 g kg−1 seawater to approximate the Cl rich
ocean composition inferred from Cassini Dust Analyzer sampling of
the plumes5.

We find that the entrained particle size increases with increasing
core heat flux when assuming a constant thermal expansivity of
α= 1 × 10−5 K−1 (Fig. 3a). For a fixed heat flux, the entrained par-
ticle size increases with decreasing density contrast, Δρ, between the
particle and the fluid. Similarly, the relationship between the
entrained particle size and heat flux varies with different thermal
expansivity coefficients when assuming a constant density contrast of
Δρ ¼ 1200 kgm−3 (Fig. 3b); an order of magnitude change in
thermal expansivity results in an order of magnitude change in
estimated heat flux. For particles with silica density of 2200 kgm−3 10,
we find that a heat flux of ≥0.3Wm−2 is necessary to explain
entrainment of the largest detected particles.

We can compare the results of our particle entrainment model
to the results from ref. 24. Their model shows that the distribution
of heat flux along the seafloor is dominated by radially advecting
water that varies laterally in temperature. These narrow upwel-
lings are characterized as powerful hotspots, from 1 to 5 GW,
with temperatures in excess of 363 K. For a core radius of
~190 km45 and assuming that heat flux at the surface is confined
to an area comparable in size to the modeled hotspots in ref. 24—

approximately 10% of the polar area—we estimate a heat flux of
~3 GW, which fits well into this 1–5 GW range. Reference 24 also
predicts localized heat fluxes on the order of 1 to 8Wm−2,
averaged over a period of 10Myr.

We calculate flow speeds (Eq. (5), “Methods”) in terms of the
dimensionless free-fall Rossby number (i.e., the ratio of inertial to
Coriolis forces) to be on the order of 10−4 to 10−3, demonstrating
the importance of rotation on convective transport. Figure 3c
shows the turbulent length scale (“Methods”) versus heat flux.
The range of heat fluxes reported above, based on observed plume
particle sizes10, are highlighted by the yellow shaded area in
Fig. 3c. Varying the ocean thicknesses H at 20 km, 40 km, and
60 km to accommodate the distribution of ice shell thickness
variations9,16,45,46 leads to turbulent length scales on the order of
100’s of meters to a few kilometers. Figure 3d shows free-fall
velocity versus heat flux.

Vertical flow speeds are on the order of a few mm s−1, repre-
senting an upper bound. The corresponding transport time of
entrained silica particles from the core-ocean boundary to the base
of the ice shell can be estimated by Tff=H/uff, which is on the order
of several months and conversely represents a lower bound. Note
that the length scale begins to plateau with increasing heat flux,
suggesting that there is an upper bound on characteristic fluid
length scale despite increasing heat flux. Conversely, there is also a
minimum velocity, and by extension minimum length scale, that
exists as heat is injected into the system.

Due to water’s anomalous thermal expansion coefficient,
there may exist a stably stratified layer in the upper ocean,
extending from where the thermal expansion coefficient is negative
at the freezing front to where the thermal expansion coefficient
becomes positive such that convection proceeds. This layer pro-
vides a thermally conductive barrier between the convecting ocean
and the ice and is similar to the stratified layer that has been
hypothesized to exist in the ocean of Europa47. The fluid beneath
the ice shell would be close to the temperature of water’s zero
thermal expansivity, or about 0.5 K above freezing for 20 g kg−1

Fig. 2 Contours of density, thermal expansivity, and heat capacity vs. ocean salinity and temperatures. Shown at pressures of 1 MPa (a–c) and 10MPa
(d–f). Black dashed lines indicate the lower and upper limits on ocean salinity based on in-situ observations made by Cassini6,42. For the ocean
temperature, we assume 274 K44.
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seawater at 1MPa. For k= 0.5Wm−1 K−1, ΔTs= ~0.5 K (across
the stagnant layer), and q= 0.3Wm−2, we use Eq. (6) (“Methods”)
and calculate the equilibrium thickness of such a stagnant layer to
be hs ~ 1m. With no convection in the stratified layer, the vertical
transport of tracers would be primarily achieved by diffusion
with a timescale, τdiff , given by Eq. (7). For hs= 1m, and
κ= 1.3 × 10−7 m2 s−1, τdiff ~ 3 months. However, ref. 48 estimates
that vertical mixing through the stratified layer will take hundreds
of years, provided mixing is dominated by molecular diffusivity.
The difference in timescales comes from the difference in assumed
heat flux; ref. 48 use an average global heat flux when calculating the
stagnant layer thickness, whereas we use the heat flux under the
south pole as inferred from our model. The two heat fluxes differ by
an order of magnitude, resulting in a stagnant layer smaller by an
order of magnitude, and resulting in a diffusive timescale smaller by
three orders of magnitude. The thickness of a conducting stratified
layer will likely vary with latitude; we argue that since heat flux is
expected to be highest under the south pole, as supported by both
observation and modeling, the thinnest possible section of such a
layer would be found under the south pole. Reference 48 similarly
explore the possibility that vertical mixing in the ocean may be
enhanced by turbulence, induced either from libration or tidal
dissipation. In such a scenario, molecular diffusivity would be

replaced by turbulent diffusivity, increasing both the depth of the
stratified layer and the upward transport timescales, potentially
increasing the diffusive timescale by three orders of magnitude. For
the purposes of our study, we only invoke molecular diffusivity in
our calculations, as the magnitude of turbulent diffusivity relevant
to Enceladus is highly unconstrained.

We consider some alternate estimates for the ability of a rising
particle to breach the stagnant layer. First, we suggest that the ability
of an ascending plume to penetrate a stagnant layer can be estimated
using the Brunt–Väisälä frequency (Eq. 8; “Methods”). Given suffi-
cient upwelling momentum, a rising fluid parcel may overcome
loss of buoyancy at the layer interface. For g= 0.113m s−2,
ρ= 1000 kgm−3, and ∂ρ

∂z ~−5 × 10−4 kgm−3 m−1, N ~ 0.24mHz,
or a period of ~70min. Thus, a fluid parcel encountering the stag-
nant region needs a velocity of greater than 0.24mm s−1 to traverse
the boundary. In regions away from the south pole, the heat flux at
the ice interface is likely about 100× lower, and the stagnant region
would be proportionally thicker. As such, away from the south pole
the necessary speed is likely closer to 24mm s−1. The characteristic
vertical velocities we calculate (on the order of several mm s−1) thus
imply that risingmaterials could reach the ice at the south pole where
heat fluxes are high. Second, we consider Stokes dynamics for a
vertically upwelling nanoparticle. Plugging in appropriate values into

Fig. 3 Particle size, length scale, and velocity results. a Entrained particle size versus heat flux for three different fluid-particle density contrasts of
Δρ= 1000, 1200, and 2000 kg m−3 (corresponding to amorphous silica particle densities of 2000, 2200, and 3000 kgm−3, respectively) with a constant
thermal expansion coefficient of α’ 1 × 10−5 K−1. b Entrained particle size versus heat flux for thermal expansion coefficients of α’ 1 × 10−5, 5 × 10−5, and
1 × 10−4K−1 with a constant density contrast of Δρ ¼ 1200 kgm−3. Yellow shaded areas represent the range of heat flux values that yield entrainment of
particles comparable in size to those detected by Cassini and reported in ref. 10. c Plot of turbulent length scale and d free-fall velocity versus heat flux for
constant values of thermal expansivity (α¼ 1 × 10−5 K−1) and density contrast (Δρ ¼ 1200 kgm−3) within the ocean. Results for three different ocean
thicknesses are also shown. Yellow shaded areas represent the range of heat flux values found in (a) and (b) for these α and Δρ values.
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Eq. (9), we calculate rise times that are on the order of nanoseconds
and rise heights that are sub-atomic. Stokes dynamics are thus not
expected to apply to nanometer-sized particles, such that Brownian
motion is more appropriate. Consequently, further investigation is
required to determine how such a stratified layer may affect material
transport in Enceladus’ upper ocean, as well as more consideration
for boundary layer physics that may determine a particle’s final
transition from ocean to vacuum.

Discussion
The new results we present for transport times through Enceladus’
ocean have important differences from predictions made by other
models. Reference 10 use the precipitation chemistry of silica to
estimate transport times through and out of the ocean; the detected
nano-silica particles with radii <10 nm imply fast and continuous
upward transport of hydrothermal products, likely within months
to years. In contrast, ref. 24 use tidal dissipation models to predict
that particles are carried from the seafloor to the bottom of the
ice crust within a few weeks to months. Despite the differences
in methodology, our calculations for transport times of several
months are similar to lower end model predictions by ref. 10 and
higher end predictions by ref. 24. Ocean circulation models
similarly predict vertical flow speeds of a few mm s−1 when driven
by thermal convection, strongly constrained by rotation across
the entire ocean domain28, again similar to our estimates. Our
results imply that relatively fresh (i.e., more recently expelled)
materials from hydrothermal vents (and possible biosignatures) are
capable of being transported directly from the core to the south
polar plumes and can be sampled and analyzed with a suitable
instrument suite.

We note that while our assumed salinity is within previously
estimated values, it is possible that salinity measurements inferred
from direct plume sampling represent an underestimate of the
ocean’s bulk salinity. Heterogeneity in the thickness of Enceladus’s
ice shell suggests regions of localized freezing and melting exist at
the ocean–ice interface, resulting in the modification of the density
(and salinity) of the upper ocean via freshwater fluxes and brine
rejection44. The ensuing low salinity layer could penetrate up to
~1 km below the ocean–ice interface and would vary from the pole
to the lower latitudes48,49. If such a layer were to have salinity below
a critical point of about 20 g kg−1, vertical transport of particles to
the ice-ocean interface may be suppressed. If the upper part of
Enceladus’ ocean is stably stratified, for example, transit timescales
may be on the order of hundreds of years50.

We now briefly address observational biases and potential
consequences for our results. Salts, organics, and silica compo-
nents have been identified within Saturn’s E-ring and Enceladus’
plumes via direct sampling and have been interpreted to originate
as submicron particles floating below the icy crust, eventually
serving as submicron condensation cores for the ice grains
freezing out of plume ejecta51. The observed nanometer-sized
silica particles from ref. 10 were initially embedded in icy grains
and released as stream particles via sputter erosion in the E-ring;
size estimates come from both integration of the Si+ signal and
from dynamical analysis52. Stream-particle measurements offer
the highest quality CDA spectra with the lowest possible signal
contamination from refractory constituents, such as salt, that are
otherwise prevalent in the E-ring and Enceladus’ plume53. Stream
particles are defined as nanometer-sized grains twice removed
from the plume: they are particles that were able to escape from
Enceladus plumes into the E-ring, were stripped down by plasma
interactions, and subsequently ejected into interplanetary space at
speeds of >100 km s−1 52,53. Ultimately, however, the source of
the Saturnian stream particles is Enceladus, and thus stream
particles can be used to probe the moon’s interior.

If we consider the hotspot heat fluxes of 1–5Wm−2 from
ref. 24, our model suggests that silica grains of ~100 nanometers
are capable of being entrained and transported to the ocean-core
interface (see Fig. 3a, b). However, aside from the observed range
of 2–9 nm radii particles, Cassini did not report larger silica
grains. As discussed in ref. 10, the size of a silica grain is con-
trolled by its residency time within the ocean, as prescribed by
thermo-chemical properties of a silica-water system. The argu-
ment for a hydrothermal origin for the silica nanoparticles is two-
fold10: (1) the metal-poor (or metal-free) stream particle spectra54

are not in agreement with those of typical rock-forming silicate
minerals (that is, olivine or pyroxene), and (2) the improbability
of homogeneous fragmentation of pure bulk silica into particles
with radii exclusively below 10 nm within Enceladus. One may
expect a broader continuum of sizing if the limiting factor was the
ability to be ejected. It is possible then that larger nano-silica
grains are not observed simply because they do not have time to
grow beyond ~10 nm. Alternatively, we posit that larger silica (or
silicate) grains derived from other sources, i.e., abraded from the
core, may be getting entrained and ejected, but that they result in
grains that are too large to escape to altitudes where they could be
fully characterized in the spectra.

Using the particle entrainment model, we show that the silica
particle sizes observed by Cassini require core heat fluxes of
≥0.3Wm−2, given our assumed values of thermal expansivity and
density contrast. A summary schematic of our dynamical model for
convective entrainment in Enceladus’ ocean is presented in Fig. 4. If
we assume that this heat flux is confined to ~10% of the polar core
area24, akin to hotspots, we estimate this heat flux to be ~3GW.
Using the parameter space constrained from the particle entrain-
ment model, we find that the turbulent length scale of Enceladus’
ocean varies from 100’s of meters to a few km, with vertical flow
speeds on the order of mm s−1 that correspond to transport times of
several months. Our derived values compare well to timescale
predictions made by ref. 10 and ref. 24. The analysis shows that
convection in the ocean of Enceladus can explain the entrainment,
transport, and ultimate delivery of silica particles from Enceladus’
core/ocean interface to the ice shell. The physical mechanism pro-
posed in this work can similarly be used to constrain material

Fig. 4 Particle entrainment in Enceladus’ ocean. Conceptual diagram of a
columnar vortex entraining particles in Enceladus’ ocean (left). Conceptual
diagram illustrating the force balance on an entrained silica particle that is
traveling vertically upward at velocity uff (right).
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mixing within other icy satellites with a three-layer internal struc-
ture comparable to that of Enceladus, where a silicate core is in
contact with a subsurface ocean. Understanding the physical and
chemical interactions between oceans, icy shells, and cores is central
to determining the evolution of icy satellites, which in turn has
implications for assessing the habitability of other ocean worlds.

Methods
Constraining particle size from convective upwelling. The condition for
entrainment of solid particles with a density ρP in a thermally convecting fluid with
a density ρf occurs when the ratio of buoyancy stress to weight per unit area of the
particle exceeds some critical value30,31:

ηαgq
cp

 !1=2
1

ΔρgD
≥C ð1Þ

where C is an empirical constant with a value between 0.1 and 0.2, Δρ ¼ ρP � ρf is
the density contrast between the solid particles and the fluid, α is thermal
expansivity of the fluid, η is fluid dynamic viscosity, q is basal heat flux, g is
gravitational acceleration, D is particle diameter, and cp is specific heat capacity.

The thermal expansion coefficient in (1) depends on pressure, temperature, and
salinity. Observational inferences for the salinity of Enceladus’ ocean remain uncertain,
which translates to uncertainty in thermal expansivity. We choose three values of
thermal expansivity for our calculations, adhering to the assumption that thermal
expansivity is sufficiently positive such that Enceladus possesses a homogeneous and
unstratified, convecting subsurface ocean: α’ 1 × 10−5, 5 × 10−5, 1 × 10−4K−1. Our
reasoning for these values is as follows: a thermal expansivity coefficient of 1 × 10−4 K−1

is on the order of what has been used for Europa28,55 yet is likely unrealistic for
Enceladus given different pressure conditions. We also use the value 5 × 10−5K−1,
which is cited for Enceladus in ref. 44 given an ocean salinity of 22 g kg−1 and ocean
temperature of 274 K at 20MPa. This pressure is high for Enceladus, so we also use the
value 1 × 10−5K−1, which comes from calculations made with PlanetProfile at 1MPa
and 10MPa for realistic salinity and temperature conditions within the ocean (Fig. 2)38.
We use a dynamic viscosity of η’ 8.9 × 10−4 Pa s56, a thermal heat capacity at constant
pressure of cp’ 4200 J kg−1 K−1 (Fig. 2c, f), and the average gravitational acceleration
for Enceladus, g’ 0.113m s−2. For simplicity, we also assume that the difference in
density between the silica grains and the convecting fluid, Δρ, is constant throughout
the ocean column, implying that the salinity of the water does not change significantly
with depth (Fig. 2a, d), and that the density of the amorphous silica grains does not vary
substantially.

Length scales. In a rotating, low viscosity fluid, buoyant upwellings can become
influenced by the effects of rotation, which act to suppress and align plumes along
the axis of rotation, creating columnar structures57–60. In this work, we assume
oceanic flows will be sufficiently influenced by Enceladus’ rotation such that fluid
structures will be overall aligned with the axis of rotation. This assumption follows
with recent work by ref. 28, though it is discussed therein that a low fluid thermal
expansivity is likely needed to decrease the effects of buoyancy such that fluid
remains organized in columnar-like structures. This finding additionally influences
the range of ocean thermal expansivity values explored in this work (see above).
Qualitatively, we thus describe the fluid as a series of vertical columns aligned with
the axis of rotation61. The physical characteristics of the rotating system, such as
the width of these columnar structures, depends on the strength of the rotation as
well as the amount of energy entering the system62,63.

We define two end-member length scales of the convecting columns. For a
viscosity-dominated system, the horizontal width of the columns (δv) may be
written as64–66:

δv � E1=3H ð2Þ
where H is the total vertical length of the columns and is equivalent to the ocean
thickness; E is the Ekman number defined by E ¼ η

2ρf ΩH
2, and Ω is the rotational

frequency (Fig. 1b). Using parameter values listed in Table 1, the Ekman number
for Enceladus is ~10−12 to 10−11, corresponding to δv on the order of 1 to 10 m.
We also estimate the Rayleigh number for Enceladus, which represents the ratio
between buoyancy and viscous and thermal diffusion in a fluid and is defined as
Ra ¼ αgΔTH3=ðνκÞ. We use our range of thermal expansivities, ocean thicknesses,
superadiabatic temperatures from (5), and a viscous diffusivity of ν ¼ 10�6 m2 s−1

to find that Ra is on order of 1017 to 1019. Taken together, these values suggest that
the role of viscosity is not one of leading order28.

Conversely, for instances of strong thermal forcing, it is expected that inertia
will instead play an important role in the dynamics of a rotating convective
system. For inertia-dominated systems, the horizontal width of the turbulent
convecting columns (δt) can be obtained by balancing the Coriolis and inertial
forces67–69:

δt � Ro
1
2H ð3Þ

where Ro ¼ U
2ΩH is the Rossby number representing the ratio of inertial to

Coriolis forces with U as the characteristic velocity of the fluid. Today’s most
advanced numerical models are only just beginning to probe this turbulent
regime, but ref. 70 find fluid structures that agree with (3) in the most rapidly
rotating models containing strong thermal forcing. Furthermore, the recent
study by ref. 37 finds that the viscous and turbulent length scales scale
equivalently over the parameter space explored. Thus, we examine the turbulent
scale as a function of heat flux in order to characterize the predicted length scale
of our model flow.

Flow velocities. Rapidly rotating turbulent flows, which are thought to be
relevant to the bulk convection of Enceladus’ ocean, are governed by an inviscid
balance between the system’s rotation, inertia, and buoyancy28,37,71–73. Reference 74

shows that in a rapidly rotating system, the inertial timescale scales equivalently to
the convective free-fall time. Thus, the characteristic system velocity can be esti-
mated by the free-fall velocity, which is defined as uff � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

αgHΔT
p

75–77. Here, ΔT
is the average superadiabatic temperature contrast across the convective layer.

We note that using the free-fall velocity to define the system scale
velocity assumes a balance between buoyancy and inertia in the flow and
assumes that viscous diffusion is negligible given that the inertia of the flow
outweighs the viscous diffusion78,79. This will thus provide an upper bound on
vertical velocity (and conversely a lower bound on transport timescale). We
include a pre-factor of 0.1 in our calculations of free-fall velocity, as derived
from convection experiments using water37,80. The free-fall velocity relates to
the non-dimensional free-fall Rossby number, Roff ; by:

Roff ¼
Uff

2ΩH
� ð0:1Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

αgHΔT
p
2ΩH

: ð4Þ

We note that this parameter is often referred to as the convective Rossby
number.

Following refs. 80–82, we use the following scaling relationship to quantify heat
transfer in the convecting system:

Nu � 0:15Ra1:252E2 ð5Þ
where Nu ¼ qH=ðρf cpκΔTÞ is the Nusselt number with κ representing thermal
diffusivity. In addition, Ra is the Rayleigh number and E is the Ekman number. We
use (5) to solve algebraically for the superadiabatic temperature and then plug it
into our expression for free fall velocity.

Penetrating a stagnant freshwater layer. The low salinity of Enceladus’ ocean
implies the existence of a stratified freshwater layer just under the ice, due to
water’s anomalous thermal expansion. This layer provides a thermally conductive
barrier between the convecting ocean and the ice47. We can use the heat diffusion
equation to calculate the thickness of such a stagnant layer:

q ¼ k
∂T
∂z

� k
ΔTs

hs
! hs �

kΔT
q

ð6Þ

For k= 0.5Wm−1 K−1 (corresponding to a molecular diffusivity coefficient of
κ= 1.3 × 10−7 m2 s−1), temperature across the stagnant layer ΔTs= 0.5 K, and
q= 0.3Wm−2, the thickness of such a stagnant layer would be hs= 1 m.

With no convection in the stratified layer, the vertical transport of heat would
be primarily achieved by diffusion48:

τdiff �
hs

2

κ
ð7Þ

For hs= 1 m and κ = 1.3 × 10−7 m2 s−1, τdiff ~ 3 months.
Given sufficient momentum, an upwelling fluid parcel may breach this barrier

layer. The vertical oscillation of a parcel at neutral density perturbed at the interface
is given by the Brunt–Väisälä frequency61:

N ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
� g

ρ
∂ρ
∂ρ

q
ð8Þ

For g= 0.113m s−2, ρ= 1000 kgm−3, and ∂ρ
∂z ~−5 × 10−4 kgm−3 m−1

(calculated with Gibbs Seawater)38, N ~ 0.24mHz, or a period of ~70min. Thus, a
parcel encountering the stagnant region needs a velocity of greater than 0.24mm s−1

to traverse the boundary of ~1m.
Lastly, we consider an upward traveling nanometer scale particle subjected to

Stokes resistance to provide an additional estimation for penetration timescale (see
section S1 in Supplementary for detailed derivation). The rise time of the particle is
given by:

t ¼ mp

6πμr
ln 1� 6πμr

mp

ρ

Δρg
υ0

 !
ð9aÞ

where mp= 5.24 × 10−20 kg is the particle mass, r= 10 nm is the particle radius,
ρ= 2560 kg m−3 is the particle density, μ= 1 mPas is the drag coefficient, and
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υ0 = 1 mm s−1 is the initial upward velocity. The rise height is then given by:

h ¼ υ0 þ υ
� �

t ¼ υ0 þ
mp

6πμr
Δρg
ρ

1� e
�6πμr

mp
t

� �
þ υ0e

�6πμr
mp

t
� �

t ð9bÞ

With (9a) and (9b), we find the rise time to be measured in nanoseconds and
the rise height to be sub-atomic. We therefore suggest that Stokes dynamics do not
apply to particles of this size.

Data availability
Data sharing not applicable to this article as no datasets were generated or analyzed
during the current study. All model inputs are reported in Table 1.

Code availability
Calculations for density, thermal expansivity, heat capacity, salinity for different
temperature and pressure conditions for the ocean were made using The Gibbs SeaWater
(GSW) Oceanographic Toolbox. The toolbox contains a comprehensive set of MATLAB
routines based on the International Thermodynamic Equation of Seawater (TEOS-10).
The code is free to download and available here: https://www.teos-10.org/pubs/gsw/html/
gsw_front_page.html. MATLAB scripts were used to generate Fig. 3. These scripts can be
provided by the corresponding author upon request.
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