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Ocean stratification impedes particulate
transport to the plumes of Enceladus
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Flynn Ames ® <, David Ferreira®", Arnaud Czaja? & Adam Masters?

Water-vapour plumes erupting from Enceladus’ south pole provide a window into the properties of its
subsurface ocean, a prime target in the search for life. However, the extent to which plume material
represents conditions at Enceladus’ depths is unclear, because of its unknown ocean stratification,
which may impede the transport of matter to the ocean top. Previous studies have found conflicting
stratification regimes using differing parameter choices and model physics. Here, we build a
comprehensive view of Enceladus’ ocean stratification and bottom-to-top transport timescale, across
plausible ranges of salinity and tidally- and librationally-induced mixing, accounting for non-linearities
in the equation of state for water, geothermal heating and ice-ocean freshwater exchanges. We use
theoretical models verified with global ocean numerical simulations. We show that, under a steady
state assumption for the ice shell, which requires melting at the poles, there is no parameter choice
permitting an unstratified ocean from top to bottom there. As aresult, potential hydrothermal products
take at minimum 100s of years to reach the plumes. This suggests that either timescales of several
months, inferred from Cassini observations, are incorrect, perhaps biased by alternative particulate

transport mechanisms, or that Enceladus’ ice shell is not in a quasi-equilibrated state.

Global oceans of liquid water underlay the surface of several icy satellites in
our solar system and among them Enceladus—a ~500 km wide moon of
Saturn—is a leading astrobiological target'”. Unique to Enceladus are the
geyser-like plumes containing water vapour and ice grains that erupt con-
tinuously from fissures in its south polar ice shell®. These plumes, sustained
by tidal stresses imparted by Enceladus’ eccentric orbit about Saturn’”, eject
ocean material into space, providing an opportunity to probe its
composition.

Existing interpretations of plume vapour and particulates, sampled via
the Cassini spacecraft, hint at an ocean conducive for life’, with possible
submarine hydrothermal activity at the ocean bottom'*", perhaps fuelled by
tidal heating in Enceladus’ rocky core'’. Combined with detected CHNOP
bio-essential elements'*'*, and low ocean pressures (owing to Enceladus’
weak gravity), this implies physico-chemical environments at depth com-
parable to those around submarine hydrothermal vent fields on Earth,
which provide the redox agents necessary for chemosynthetic life'".

Given the recent prioritisation of a mission returning to Enceladus,
dedicated to probing plume material as a means to constrain Enceladus’
biogeochemistry and search for evidence of extant life'®, it is necessary to
estimate the extent to which plume material (sourced from a localised
region near Enceladus’ south polar ocean-ice interface) can be assumed
representative of the ocean bottom, where hydrothermal systems capable

of supporting life may exist. Previous work highlighted fractionation
processes within the geyser conduit as a means to create compositional
differences between the plume and ocean [e.g.,”’]. Here we highlight the
role of ocean stratification (measuring the strength of density layering
within the ocean), which if present, could isolate the ocean-ice interface
from the ocean bottom and yield plume material that misses components
present at depth.

Stable stratification inhibits convection—an efficient mechanism for
vertical transport of particulates and dissolved substances™. In Earth’s
predominantly stably stratified ocean’' this permits the marine snow phe-
nomena, where organic matter, unable to maintain neutral buoyancy,
undergoes ’detrainment’, settling down to the ocean bottom™*. Mean-
while, the slow ascent of hydrothermally derived, dissolved substances
provides time for scavenging processes and usage by life, resulting in surface
concentrations far lower than those present nearer source regions at
depth®™™.

In contrast, Enceladus’ ocean has been assumed in much previous
work to be convecting from top to bottom (thus entirely unstratified—Fig. 1,
upper left), able to efficiently transport hydrothermally derived substances
to the plumes'*"**. The assumption is made on the basis that Enceladus’
ocean is cooled from above and heated from below, by an ice shell (via
conductive or convective heat loss) and tidally heated rocky core,
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Fig. 1 | Inverse Stratification and particulate transport within Enceladus’ ocean.
Upper right: Thermal expansion coefficient (ar - °C™") plotted as a function of
temperature (°C) and salinity (g kg ') at constant pressure, computed under 20 km
mean ice thickness for Enceladus. Black line denotes where ;- changes sign. Black
box with arrows denotes the range of uncertainty for Enceladus’ mean ocean salinity
(5-20 g kg ") implied by Cassini E-ring ice grain observations”. Red dashed line
denotes the water freezing temperature (corresponding to the temperature at ice
interface), using the formulation of*. Grey shading denotes frozen water. Water
density is computed using the non-linear equation of state of ref. 52. Schematics:
Ilustrating an idealised ocean beneath Enceladus' south polar ice shell, either
entirely unstratified (and thus convecting; upper left) or inversely stratified owing to
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negative ar (lower left and lower right). Where a1 < 0, cooling from the overlying ice
makes water more buoyant, while warming from the underlying core makes water
denser. These effects reverse where ay > 0, and the resultant presence of buoyant
water underlying denser water induces convective overturning (indicated with solid
black arrows). Dashed arrows denote the magnitude of assumed tidally and libra-
tionally induced mixing, parameterised in this work as «,. Red dotted lines denote
heat transport by induced mixing, achieved for the same bottom heat flux. Green
circles denote hypothetical particulates unable to attain neutral buoyancy where the
ocean is stably stratified (light blue shading), but entrained where the ocean convects
(dark blue shading). Note these schematics assume no other mechanisms for stra-
tification of Enceladus’ ocean.

respectively. However, such boundary forcings can only induce convection
where the thermal expansion coefficient (¢—quantifying the expansion of
water with increasing temperature) is positive, so that colder water is denser
and thus sinks. For water of salinity <20 gkg™ (Enceladus’ ocean salinity as
implied by Cassini ice grain observations ), ay is in fact negative near its
freezing point (which is necessarily approached at the ocean-ice interface)
(Fig. 1, upper right). This means that cooling from above, rather than
inducing convection, should act to increase water buoyancy and promote
the development of a stratified layer underlaying the ice shell’’. The same
mechanism for stratification occurs in freshwater lakes on Earth during
winter and is commonly referred to as inverse stratification’”’, terminology
that will be used here.

An inverse stratification was previously suggested for Europa by
but as pointed out by, is more likely for Enceladus due to its lower

pressures (compared to Europa), which could permit negative ar (and
thus inverse stratification) to extend the full ocean depth®. Increasing
temperature can also force ar to become positive (Fig. 1, upper right).
This could allow bottom heating to maintain a positive ar at depth
provided sufficient heat can accumulate there. Heat accumulation would
be controlled in part by the magnitude of the bottom heat flux, but also
by processes that can move colder waters from the ice-interface down-
wards, and heat away from the ocean bottom, in the absence of con-
vection. These processes would include molecular diffusion, but could be
made far more efficient within Enceladus by mixing induced by tides and
ice shell libration (periodic movement of the ice shell over the ocean;™). If
induced mixing is strong enough to ensure a negative ar at all depths,
Enceladus’ ocean could be entirely stably stratified (Fig. 1, lower right). If
induced mixing is weak, an inverse stratified layer would instead overlay
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a well-mixed convecting layer, separated by the depth at which ar
becomes negative (Fig. 1, lower left), henceforth referred to as the
inversion depth.

The existence or extent of inverse stratification within Enceladus is
currently poorly constrained. Only a handful of simulations have been
conducted at salinity < 20 g kg™, computing water density using a non-
linear equation of state that permits a varying ar (thus permitting an
inversion depth). These include a localised (albeit unequilibrated) simula-
tion by”” which produced an entirely inversely stratified ocean beneath the
Enceladus’ south pole (akin to Fig. 1, lower left), along with two localised
simulations by™, one of which produced an inversion depth ~ 30 km
beneath the surface (akin to Fig. 1, lower right). Equilibrated global simu-
lations of Enceladus’ ocean were conducted at 8.5 g kg salinity by both™
and”, with an inversion depth obtained in both simulations. However, as in
the aforementioned studies’”, tested only one value of x,—an effective
vertical diffusivity used to parameterise the vertical mixing induced by tides
and libration™. By approximating «, as a function of the total energy
available for ocean mixing, ref. 31 derived the range of uncertainty of «,
within Enceladus to span five orders of magnitude, from ~1077to 10> m’
s ', corresponding to existing bounds in estimates of tidal and librational
energy dissipation*>*'. The sensitivity of ocean stratification within Ence-
ladus to «,, and implications for the transport of hydrothermally derived
particulates and dissolved substances to the ice shell, has not yet been
explored.

Inferences from Cassini observations of silica nano-particles—believed
to be sourced from hydrothermal alteration within Enceladus’ core—sug-
gest transport timescales through Enceladus’ ocean of several months'.
However, it is important to test how this fits within constraints provided by
fluid dynamics and whether inferred transport timescales could be achieved
within the plausible parameter space in ocean salinity (determined by'’ as
not exceeding ~40 g kg™') and «,. With this in mind, the geometry of the
overlying ice shell could provide additional constraints upon ocean strati-
fication that should be accounted for***’. Enceladus’ ice shell appears to be
thicker at the equator than at the poles*. To maintain a steady state ice
thickness, melting would be required at the poles and freezing at the equator,
to balance the expected poleward ice flow* ™. Stratified polar freshwater
melt has previously been shown to provide a barrier to vertical particulate
transport in high-resolution, localised simulations™, although these were
not run to equilibrium.

The novelty of this manuscript is a comprehensive investigation of
ocean stratification within Enceladus across the plausible parameter space in
ocean salinity and «;, and the explicit computation of the transport time-
scales of entrained particulates and dissolved substances (hereafter 'tracers’)
from source regions at depth, to the south polar plumes. We first build upon
previous work™ to develop a simple theoretical model specific to inverse
stratification and corresponding tracer transport timescales. We then per-
form numerical simulations using an ocean general circulation model to
verify the theory while accounting for ice shell melting and freezing, under
the assumption of steady state. Finally, we discuss the implications of our
results for interpretations of plume material and the state of Enceladus’
ice shell.

Theoretical model

Inverse layer thickness

Following common practice in Earth ocean modelling, tidally and
librationally induced mixing is parameterised using an effective vertical
diffusivity «,. In Earth’s oceans, a complex pathway links tidal energy
dissipation to its mixing effects, involving the emission, transmission,
and breaking of internal waves®. However, «, has proved to be a good
first order representation of this pathway in ocean models®. As on Earth,
k. may exhibit spatial and temporal variations within Enceladus due to
stratification, topography, and profiles of tidal and librational energy
dissipation, which may be concentrated within boundary layers at the
ocean top and bottom™. Given existing uncertainties, «, here is assumed
constant and uniform.

By assuming x, dominates vertical heat transport in the inverse stra-
tified layer, a steady state heat balance requires that the vertical diffusive flux
is equal to the geothermal heat flux at any depth in the inverse layer:

oT
Q= CPPOKZB_Z’ 1)

where Q is the geothermal heat flux (W m?), ¢, the specific heat capacity
(J kg™ K™") and p, the ocean density (kg m™).

The top of an inverse layer, in contact with the ice-ocean interface, is at
freezing point T, while the bottom of this layer, the inversion depth, is at the
critical temperature T;—the temperature at which a; changes sign for a
given salinity and pressure (solid black line in Fig. 1, upper right). Inte-
grating across the inverse layer gives’:

Hstrat = D(Tcrit - Tf)7 (2)
whereD = %, and Hy,, is the thickness of the inverse layer. Note that for
inverse stratification, which requires ar < 0, to exist, T; must be higher than
T; (ocean temperature cannot fall below freezing point—see Fig. 1,
upper right).

T i varies with pressure, and is therefore not independent of H,,. To
make analytical progress, T is approximated as a linear function of salinity
and pressure:

Ty ~ aS+ bP +c, 3)

where we find, a = —0.216 °C (gkg )™, b= —2.11x 1077 °C Pa”', and
¢ = 4.01 °C, across the range of salinity and pressure plausible for
Enceladus (see Methods, section: Critical Temperature Computation
and Fitting).

Ocean pressure can be approximated as P = P,, + P, the pressure
at the ice-ocean interface and pressure contribution from any overlying
ocean respectively. Py, = pigH;, where g denotes gravity (m s~*) and H; and p;
denotes ice thickness (m) and density (kg m ). Using the hydrostatic
approximation, at the inversion depth:

P ocn — P OgH strat* (4)

Substituting Egs. (3) and (4) into Eq. (2), an approximation for the inverse
layer thickness can be obtained:

crits Tf)
1 — Dbgp,

_D(T

strat T

H, (©)

where T+ = aS + bPy, + ¢ is the critical temperature evaluated at the
ice-ocean interface, and is independent of H. To the first order, Eq. (5)
has the same physical interpretation as proposed by’": Increasing bottom
heat flux Q increases the thickness of the bottom convective layer,
reducing the inverse layer thickness Hy,., while a larger vertical diffusivity
k. is more effective at transporting the geothermal flux upward, thus
reducing the penetration of convection and increasing the inverse layer
thickness. Compared to’" however, Eq. (5) shows a non-linear dependence
on Q and «, owing to the additional lev factor derived here. Eq. (5)
also explicitly includes a salinity dependence through T+ (note that T¢
also depends on S and Pj,, but the behaviour of T+ — Ty is dominated
by that of T see Methods). Further interpretation of Eq. (5) is
discussed below.

Tracer age

The transport timescale of tracers sourced from the ocean bottom to the
south polar plumes, gives a lower bound residence time for such tracers in
Enceladus’ ocean (i.e., before ejection into space)—this timescale will hen-
ceforth be referred to as the tracer age. Assuming the transport timescale
through any underlying convecting layer is negligible, the time taken to
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traverse diffusively through an inverse stratified layer of thickness Hgyrar
given a mixing ; is:

2

H
T = 2strat . (6)
K,

z

Note that tracer age 7 is not inversely proportional to x, because Hy,, is itself
a function of «.

It is worth emphasising that our timescales do not account for
detrainment of matter, which could further prolong transport timescales,
and even prevent sufficiently large, dense or compacted particulate matter—
unable to attain neutral buoyancy—from ever being transported to the
plumes™. Because of this, and the neglect of the time in the convective layer
and transit time within the ice shell, tracer ages derived here should be
interpreted as lower bounds on the transport timescale from the ocean’s
bottom to the plumes.

Analytical solutions across plausible range of salinity and k,

Solutions for the inverse layer thickness and tracer age from Egs. (5) and (6)
are shown in Fig. 2 (left). These are computed across the plausible range of
ocean mean salinity and , for Enceladus. Bottom heating Qs set to 0.03 W
m~’, the approximate globally averaged heat flux at the inversion
depth, assuming a total core heat output of 20 GW, in the middle of the 10-
30 GW range proposed by'”. Interface pressure is computed assuming a

Theoretical Model

Inversion depth (km)

SHALLOW INVERSE
STRATIFIED LAYER <1 km

INVERSE
STRATIFICATION
EXTENDS FULL OCEAN
DEPTH

Age (years)

10 15 20 25 30 35 40
Ocean mean salinity (g kg™1)

Fig. 2 | Stratification and tracer age—results. Top Left: Inversion depth Hy,¢ (km
—depth at which thermal expansion coefficient ar becomes negative, taken here to
define the inverse stratified layer thickness) computed using Eq. (5), plotted as a
function of ocean mean salinity (g kg™') and vertical diffusivity «, (m*s™') plausible
for Enceladus. Contours denote 1 km (and black contours 10 km) depth up to the
assumed 40 km ocean depth for Enceladus, shaded in midnight blue. Grey shading
denotes where inverse stratification cannot occur, because a; cannot become
negative at the ocean-ice interface pressure (computed under the 20 km mean ice
thickness for Enceladus). Bottom Left: Tracer age (years) at the ocean-ice interface,
computed using Eq. (6). Note that age contours are logarithmic. Blue dotted line

mean ice thickness of 20 km, mean ice density of 925 kgm ™

0.113ms™

The predicted tracer age varies by over six orders of magnitude
depending upon the chosen values of mean salinity and «,, with an inverse
layer thickness ranging from metres to the entire ocean depth.

For a given k., lower salinity is predicted to yield a thicker inverse layer.
This is because Ty, (see Eq. (3)) is warmer at lower salinity, and can be
attained (allowing the inverse layer to extend) closer to the heat source at the
bottom. A larger inverse layer thickness, in turn, results in older tracers in
the plumes, owing to the greater distance that must be traversed diffusively.
The dependence of Hy,; on the mean salinity is linear through (T e+ — T
(see Eq. (5)), except if Hyyy, reaches the full ocean depth (Fig. 2, top left).

For a fixed salinity, a larger «, results in a thicker inverse layer. The
behaviour is complex due to the non-linear dependence of Hg On &,
(Eq. (5)) and saturation upon Hy, reaching the ocean depth (set to 40 km
here). At high salinities, Tq;+ is much nearer the freezing temperature
(Fig. 1, upper right) (or equally, ocean pressures are more likely to force arto
become positive at depth). As a result, beyond ~20 gkg™, the inverse layeris
shallow and weakly sensitive to x,. Conversely, at low salinities where the
Teiex — Ty difference is large, Hyyy is highly sensitive to «,. While Hyyy
increases linearly with «, for low «,, the aforementioned non-linear effect
kicks in quickly and Hy, increases slowly with «, at higher «,. This is
because the increase in H,, that results from increasing «, causes Ty to
become cooler through its pressure dependence, counteracting the ability of
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delineates parameter space where inverse stratification is predicted to extend the full
ocean depth. Within this parameter space, age contours are horizontal, with no
predicted salinity dependence. Top right: Numerical solution for the inversion
depth (thick cross, dashed line) across a range of ocean mean salinity for three values
of k., denoted with different colours. This is plotted alongside the analytical solution
(thin cross, dotted line) for comparison. Where the inversion depth equals the ocean
depth, the whole ocean is inversely stratified. Bottom right: Numerical solution for
the ideal age at the south polar ocean-ice interface (thick plus, dashed line), plotted
alongside the analytical solution (thin plus, dotted line) for comparison. Note that
age does not fall below 1000 years in any numerical simulation.

Communications Earth & Environment| (2025)6:63


www.nature.com/commsenv

https://doi.org/10.1038/s43247-025-02036-3

Article

the inverse layer to expand downward. At fixed salinity, the maximum value
Of Hyprat (=(Teriex — Tp)/( — bgpo)) is approached for large mixing. For our
parameter choices, this maximum value ranges from ~160 km at S=0 gkg ™
to ~20 km at 20 g kg™". Importantly, beyond about 17 gkg™, the maximum
inverse layer thickness is less than the ocean depth, i.e., limited by properties
other than the ocean geometry.

Turning to the tracer age (Fig. 2, bottom), for low «, (<10 m’s™"), the
tracer age increases with the inverse layer thickness (thicker layers take
longer to traverse). For larger «,, where the inverse layer saturates at either
the ocean depth or its maximum Hgy,,, further increasing x, makes trans-
port through the inverse layer more efficient, decreasing tracer age. As a
result, the maximum ages are obtained at x, =~ 107 m’s™", i.e. the lowest x,
for which the inverse layer extends the ocean depth. Despite this, an inverse
layer of 50 m can still produce ages exceeding 100 years at the lowest «,
tested, because transport is inefficient in this case.

Note that Eqgs. (5) and (6) can be applied to any moon, planet or dwarf
planet containing an ocean heated from below and permanently overlain by
ice (see Methods, section Application to Other Icy Moons for application to
Europa).

Tests with a numerical global ocean circulation model
Our 1D theoretical model neglects lateral gradients in ocean salinity (driven
by ice shell melting and freezing), and in temperature (owing to the pressure
dependence of freezing temperature) that could drive an overturning cir-
culation in Enceladus’ ocean. The associated heat transport could challenge
the assumption of Eq. (5), that vertical heat transport in the inverse stratified
layer is dominated by «,. We therefore test the robustness of our 1D theo-
retical model against a non-linear 2D global ocean model.

SALINITY ANOMALY TEMPERATURE ANOMALY STRATIFICATION “

(1073 gkg™)

Model description

We use the Massachusetts Institute of Technology Ocean General Cir-
culation Model (MITgem;™) in a 2D latitude-depth setup configured for
Enceladus. A fully non-linear equation of state is employed™, with water
density computed (and ar allowed to vary) as a function of ocean
pressure, salinity and temperature. Freshwater fluxes from the ice shell
are prescribed, under the assumption of steady state’’, by computing the
ice shell melting and freezing necessary to balance the ice flow induced by
an idealised poleward-thinning ice shell geometry”*. This results in
freshwater input (ice melting) at the poles and freshwater output (ice
freezing) at the equator, as previously proposed”. Temperature is
restored to the pressure-dependant freezing point at the ocean top,
computed using the same idealised geometry™, yielding polar ice-
interface temperatures ~ 0.1 °C warmer than at the equator (see Fig. S1).
The upper boundary in the model simulation is flat for simplicity.
A polar amplified geothermal heat flux is applied at the ocean
bottom assuming a total core output of 20 GW'. Unresolved mixing by
convection is parameterised via the diffusive adjustment scheme of
ref. 56. Ocean mesoscale eddies are parameterised using the Gent-
McWilliams and Redi schemes”**—a standard combination in Earth
ocean modelling, but modified here for icy moon oceanography (see
Methods).

Borrowing from studies of ocean ventilation on Earth [e.g.,”] , solutions
for tracer age are obtained by computing the ideal age. This defines the
(volume-weighted) time elapsed since a water parcel lost contact with the
ocean bottom. As for the theoretical age (section: Tracer Age), the numerical
age is a lower bound on the transport timescale of tracers from the ocean
bottom to the south polar plumes.
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Fig. 3 | Temperature, salinity, stratification and age—2D fields. Numerical
solutions with effective vertical diffusivity x, = 107> m® s, across three different
mean ocean salinities of 5 (top), 17.5 (middle), and 22.5 (bottom) g kg ', highlighting
three contrasting stratification regimes. Note colour bar scales are saturated and vary
throughout. First column: Salinity anomaly (g kg ') taken about the mean salinity.
Second column: Potential temperature anomaly (°C) taken about the simulation
reference temperature T, (freezing temperature computed under 20km mean ice
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Simulations are performed across a range of plausible ocean mean
salinity (5, 10, 15, 17.5, 20, 22.5 g kg™'), and «, (107, 107, 10> m* s7").
Extended model details can be found in the section Model Configuration
Details.

Numerical solutions

Numerical solutions for the globally averaged inversion depth, along with
the tracer age at the south polar ice interface, are plotted in the right panel of
Fig. 2. Analytical solutions using Egs. (5) and (6), are plotted alongside for
comparison. Corresponding 2D fields of ocean temperature, salinity, stra-
tification, and ideal age are shown in Fig. 3. The inversion depth is chosen as
a metric for the thickness of the inverse layer. An alternative metric, the
depth at which convection extending from the ocean bottom ceases, gives
nearly identical results (see Fig. S2).

Numerical and analytical solutions for the inversion depth show good
agreement. Two solutions (x, = 10> m’s ™" and salinity < 10 gkg ') exhibita
stratified inverse layer extending through the entire ocean depth (no
convection).

In all other solutions with salinity < 20 g kg™, an interface develops at
the inversion depth, between a cooler inverse stratified layer underlying the
ice shell, and a warmer convecting layer underneath (Fig. 3, middle). In the
convective layer, the temperature is nearly homogeneous at = T, owing to
efficient mixing there, as found previously”. A lateral temperature gradient
develops at the ice-ocean interface in all solutions owing to the pressure-
dependant freezing temperature there, warmer at the poles, cooler at the
equator. In the 5 g kg™ solution, this results in enhanced stratification at the
equator relative to the poles at the highest «, tested (Fig. 3, upper). Similarly,
salinity gradients develop at the ice interface in response to the imposed
melting and freezing forcing pattern (see Fig. S1). Despite these, the hor-
izontally averaged inversion depth follows closely the 1D theoretical model
discussed in the section Analytical Solutions Across Plausible Range of
Salinity and «,.

Numerical and analytical solutions for the tracer age in general show
good agreement, but with larger relative discrepancies where salinity
%20 gkg " (Fig. 2, bottom right). Discrepancies tend to be larger at the lowest
k tested, because the inversion depth is shallow in this case, meaning this and
the corresponding age are more sensitive to the employed vertical resolution
(~300 m at the ocean-ice interface, see Methods). However discrepancies are
pronounced at 22.5 gkg ™', where numerical solutions for tracer age converge
to ~1000 years across all x, tested, and the inverse stratification theory
appears to break down. This can be explained by the effects of ice shell
melting and freezing, which are not captured by the 1D theoretical model.
Freshwater melt at the pole (necessary to maintain Enceladus’ ice geometry
assuming steady state) induces salinity anomalies that become the dominant
control upon ocean density for salinity % 10 g kg™ (owing to weaker ar
nearer the ice interface, see Fig. 1), resulting in stably stratified, buoyant,
freshwater lenses at both poles. For salinity > 20 g kg™, the freshwater lens
penetrates deeper than the inversion depth becoming the dominant control
upon the transport timescales of tracers to the polar ice shell.

At the equator, saltier water (generated by ice freezing) can penetrate
the inversion depth in solutions with 22.5 g kg™’ mean salinity. There,
convection exists much closer to the ice-interface than at the poles. Despite
this, age is still of order 100’s of years at equatorial ocean top (see also
numerical solution at lower «, in Fig. S3). This is because a weak stratifi-
cation is maintained here against convection by the eddy parameterisation
scheme (see Methods). The eddy scheme is invoked because ice melting and
freezing induce lateral gradients in ocean density, causing isopycnals (con-
tours of constant density—see Fig. 3, middle right panel) to become ’sloped’.
As in Earth’s oceans, the parameterised eddies mimic the effect of baroclinic
instability which extracts the potential energy stored in the sloped isopycnals
and, in doing so, flattens them, re-stratifying the water column [see also***].

Also note the stratifying influence of eddies is likely modulated by the
shape of the overlying ice shell—an effect not considered here. Because
Enceladus’ ice shell is expected to extend deeper into the ocean at the equator
than at the poles, freezing should occur lower down in the water column

than melting. Where salinity anomalies are the dominant control upon
ocean density (e.g., Fig. 3, lower), a large x, would be necessary to mix the
buoyant (fresher) water downwards to sustain the lateral density gradient at
the equatorial ice interface™. Without this, equatorial eddy restratification
would likely be weaker than obtained in our numerical solutions for this
regime. Numerical solutions for the equatorial age should be interpreted
with this in mind.

To quantify the potential control of freshwater melt upon tracer age at
the south pole, we use the scaling proposed by” for the thickness of a
freshwater lens:

Hlens ~R £ ’ (7)
KoM

where kG is the eddy diffusivity and R a horizontal length scale defining the
horizontal scale of salinity contours within the freshwater lens (which clo-
sely follows a region of melting—see Fig. 3 and Fig. S1), taken here to equal
the moons radius (~ 1 the length of the simulation domain). As noted by"
and®, this scaling is applicable only where these salinity contours do not
intersect the ocean bottom.

Where Hi,s is deeper than the inversion depth, we can substitute Eq.
(7) into Eq. (6) to obtain an estimate for the tracer age at the south polar ice
shell:

R2

2Kepm

~

®)

Note the cancellation of x, here: lower «, results in a thinner freshwater
lens to be traversed, but this effect is offset because lower «, also yields less
efficient vertical transport through this layer. Substituting in gy = 1 m*s™
from the numerical model setup (see Methods), Eq. (8) yields a tracer age
T ~ 1000 years, in approximate agreement with the numerical solutions
(Fig. 2, bottom right). Additional tests suggests that at very low xgm
(0.01 m* s™") the steepening of isopycnals in a freshwater lens (owing to a
deeper penetration into the ocean interior in accordance with Eq. (7))
allows along-isopycnal transport by eddies to become an increasingly
significant contributor to the vertical tracer transport. This, combined with
the saturation of Hy.,s at the ocean depth, increases discrepancies relative to
Eq. (8). Yet, because xgy is weak in this instance, the tracer age remains
larger than 10,000 years (see Fig. S4).

Discussion

In this work, we investigate ocean stratification within Enceladus’ ocean and
implications for the transport of hydrothermally derived particulates and
chemical species (tracers) to the south polar plumes. We develop analytical
expressions for the stratification and corresponding tracer bottom-to-top
transport timescales and test these successfully using a global ocean general
circulation model. We explore a range of plausible salinity and tidally and
librationally induced mixing «,, accounting for the non-linearities in the
equation of state for water, geothermal heating and freshwater exchanges at
the ocean-ice interface.

A key outcome of our study is that, regardless of the values of the
salinity and mixing «., there always exists ocean stratification that impedes
transport to the south polar ice-interface. Ocean stratification within
Enceladus is controlled to the first order by its ocean salinity, in combination
with non-linearities in the equation of state for water density. Schematically,
there are two limits:

¢ In the low salinity limit, permitting a negative ay, cooling from the
overlying ice shell stratifies the underlying ocean, as occurs in cold
freshwater lakes on Earth (referred to as inverse stratification). Existing
uncertainty in induced mixing yields stratification that could extend
anywhere from 10’s of metres to 10’s of kilometres beneath the ice-
interface (Fig. 2, upper left).

At high salinities, enough to prevent ar becoming negative, polar
freshwater melt—required under the assumption of steady state—
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ensures the upper ocean remains stably stratified by freshwater lenses
overlying a well-mixed ocean.

Crucially, the thinnest inverse layers and freshwater lenses are reached
for low mixing rates, which are also inefficient at transporting tracers. As a
result, transport timescales to the plumes do not fall below 100’s of years (see
Egs. (1) and (8)). At the other end of the range, transport timescales could
possibly exceed 100000 years (Fig. 2). In any case, such timescales provide
opportunity for alteration between synthesis at depth and ejection out
to space.

Our estimates are inconsistent with the inferences of several months
made from Cassini observations of size-fractionated silica nanoparticles in
Saturn’s E-ring". This discrepancy could possibly be explained by alter-
native particulate transport processes not considered here. For example,
mechanisms associated with the opening of the plume conduit could per-
haps pull nano-particles up from underneath a stratified layer. Hydrogen
gas bubbles have been suggested as an alternative nano-particle transport
mechanism, but only when assuming an unstratified ocean®. It has also
been suggested that size-fractionated silica nanoparticles could be produced
by non-hydrothermal processes”, for example, photolytic decomposition of
silica-saturated ice grains after ascent through the geyser conduit™. If the
source of observed nano-particles is not Enceladus’ core, Cassini observa-
tions are not necessarily inconsistent with ocean stratification at Enceladus’
south pole.

Alternatively, the discrepancy may suggest that our assumption of a
steady state ice shell is incorrect. This assumption implies ice melting at the
poles that maintains a stratification there and, as a result, large transport
timescales, even in an otherwise predominantly convecting ocean. If
Enceladus’ ice shell is freezing at the poles, this could be sufficient to break
down ocean stratification beneath the plumes. This would require that
Enceladus’ ice shell is not in a quasi-equilibrated state, which has been
proposed owing to the inability of tidal heating models to reproduce the
heating necessary to balance the observed heat outflow from Enceladus’
south polar ice shell”®*. These issues are currently being debated [see'***"]
and go beyond the scope of the present work.

Our work approaches the problem from a fluid dynamics perspective,
complimentary to direct numerical simulations that can resolve much finer
scale ocean dynamics [e.g.,”**’], but currently not the effects of ocean salinity
and non-linearity in the equation of state for water density.

Our results emphasise that a robust evaluation of the stratification must
use a non-linear equation of state that accounts for variation of the thermal
expansion coefficient with temperature, salinity and pressure as well as
account for the ice-ocean freshwater exchanges that create salinity gradients.
We find that, under a steady state assumption and under observed con-
straints on geothermal heating and the shape of Enceladus’ ice shell, there is
no regime with bottom-to-top convection underneath the plumes. Future
studies should make careful use of the assumption of a well-mixed ocean on
Enceladus (and other icy moons).

We end in noting that stratification interfaces within Enceladus’ ocean
separate regions with efficient and inefficient supply of hydrothermal
sourced nutrients—a dividing line for regions of ocean most favourable for
life. This would also apply to other ice-covered moons, like Europa, where
stratification interfaces could mark the predominant meeting point of
hydrothermally derived reductants from below with oxidants delivered
from the ice shell above”””". By constraining the extent of stratification in ice-
covered oceans, further constraints upon their habitability could be
obtained. In particular, improved constraints upon induced mixing within
Enceladus’ ocean would strongly reduce uncertainty in the transport of
hydrothermally -derived tracers to the plumes.

Methods

Model configuration details

Numerical simulations are performed using the Massachusetts Institute of
Technology Ocean General Circulation Model (MITgem;™) configured for
Enceladus. The MITgcm has been used previously to model the oceans of icy

moons’ "> and the ice-covered ocean of Snowball Earth

similarities with Enceladus’ ocean.

The setup is fully non-hydrostatic, so that all components of the
Coriolis force are considered—these were previously found to be important
for icy moon ocean dynamics””~. The thin shell approximation is relaxed by
turning on the MITgcm’s deep atmosphere mode. This allows the model to
more precisely represent Enceladus’ ocean geometry which is of non-
negligible thickness relative to its radius. Gravity is allowed to vary with
depth in the model, using the formulation of ™*:

73-75

, which shares

_ 47TG[pcore(rS — Hi — H0)3 + poi((rs — Z)3 — Hi — Ho)s]
B 3(r, — z)*

8(2) )
where G=6.67 x 107" m’ kg ™' s is the gravitational constant, p_, = 2370
kg m~ and p,; = 1000 kg m™* the approximated mean densities of the core
and ocean-ice (combined) layers respectively, ;= 252 km the mean radius at
the ice shell surface, z the ocean depth and H; = 20 km and H,, = 40 km the
mean thickness of the ice and ocean layers respectively*.

The configuration is 2D, at a 1 degree (~4 km) meridional resolution
with 50 layers in the vertical. The vertical resolution coarsens with depth via
a hyperbolic tangent profile”, from ~300 m at the ocean-ice interface, to
~1000 m resolution at the ocean bottom. Finer resolution is used nearer the
ice-interface to better resolve shallow stratified layers.

The coarse resolution employed, combined with the lack of a zonal
dimension (which provide a necessary reduction in computational cost)
means the effects of baroclinic eddies must be parameterised. Here we
employ the GMREDI scheme, a flagship standard in Earth ocean modelling.
The parameterisation scheme consists of two components: firstly, the Gent-
McWilliams (GM) component represents the adiabatic stirring effects of
eddies”, using a bolus (i.e., eddy-induced) velocity [see’*], parameterised as:

u* _az(KGMSx)
ut = v = _az(KGMSy) ) (10)
w* az(KGMSx) + az(KGMSy)

where S is the isoneutral slope (slope of locally referenced potential density)
in the x or y directions (denoted by subscript), and kg, is the isopycnal
diffusivity, also referred to as the GM or eddy diffusivity.

Secondly, the Redi component parameterises along-isopycnal mixing
induced by mesoscale eddies using a tensor applied to the tracer field, also as
a function of the isoneutral slope . In Earth ocean models, the small slope
approximation is typically employed (i.e., S < < 1). This yields the small slope
Redi tensor™:

1 0 S,
Kredi: 0 1 S}V (11)
S, S, ISP

We find this assumption to be inappropriate for icy moon oceanography
where weak vertical gradients in ocean density can result in slopes orders of
magnitude larger than those typically observed in Earth’s oceans. Therefore,
we employ the full unapproximated Redi tensor™, defined as:

1 1+8 -8, S,
2
Ken =157 58 148 sy2 . (12)
S, s, 18I

A xgp of 1 m” s7'is chosen, found to be near the upper bound of plausible
eddy diffusivity values in the eddy resolving 3d simulations of ref. 60. This is
chosen as a conservative estimate, given the referenced work did not con-
sider freshwater fluxes from the overlying ice shell as done here, which could
further enhance eddy activity. We perform sensitivity tests using lower
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values of «gp as described in the main text (Fig. S4). Due to the near infinite
slopes that can develop in statically unstable regions, we apply a slope
clipping scheme which limits the magnitude of the GM streamfunction,
¥, = kgmS,» beyond a slope of 5 to maintain numerical stability. While this
introduces diabatic fluxes, it does so only in statically unstable regions which
we find has negligible influence upon the penetration depth of a surface
stratified layer. We argue this is more robust than the explicit horizontal
diffusivity used in previous global simulations of icy moon ocean circulation
which introduces (uncontrolled) diabatic fluxes that interfere with the
effects of prescribed diapycnal mixing ., rendering sensitivity experiments
to mixing impractical.

For reference, numerical solutions for the vertically integrated mer-
idional heat transport achieved by GMREDI are provided in Fig. S5. Heat is
transported equatorward, in qualitative agreement with previous work™".
When extrapolated to the full globe, the total meridional heat transport of
~7-10 GW achieved by GMREDI is in approximate agreement with scal-
ingsby® atx,=10">m’s . Solutions at lower «, produce a larger meridional
heat transport than predicted by existing scalings (possibly owing to the
diabatic fluxes present within convecting regions, which are more extensive
at low x,—see Fig. S3). This is not expected to impact the conclusions
presented in the main text.

Convection is parameterised using a simple diffusive adjustment
scheme, where vertical diffusivity is increased in regions of static instability
to represent the vertical mixing of tracers that unresolved convection would
have otherwise generated™’. We set this diffusivity to 1 m* s™', using the
scaling of ’, assuming a buoyancy flux induced by our prescribed bottom
heat flux (see below). A limitation is that this scheme inhibits slantwise
convection (convection parallel to the axes of rotation) and Taylor columns
that may be expected to occur on Enceladus®. However, given our finding
that ocean stratification extent is predominantly controlled by the vertical
mixing «, and eddy induced mixing kg (i.e., processes that can move heat
within the stratified region of ocean), we argue this does not affect the
robustness of the results and conclusions presented in the main text.
Slantwise convection may alter the heat flux at the bottom of the stratified
layer nearer the equator, where the rotation axis (and by extension, the
direction of slantwise convection) tends towards being perpendicular to the
vertical. This could enhance lateral variations in stratification extent. Future
work focusing upon accurate representations of convection could determine
if this is the case.

Parameters such as ocean depth, rotation rate, planetary radius and
surface gravity are set to match those of Enceladus and are given in table S1.
We assume a flat ocean bottom and make no attempt to include topography
at the upper boundary at this stage, the former owing to lack of constraints*,
and the latter for simplicity.

A geothermal heat flux is applied at the bottom boundary. We borrow
the formulation of *', which yields a bottom heating twice as large at the
poles vs the equator, consistent with the tidal heating study of *

[0-5Y5(®) + K]

F
QCOI‘E(@) = 47‘[Kf’% ’ (13)

where r,=192 km is the core radius (radius to the ocean bottom), K~ 0.904 a
constant and Y,, a degree 2, order 0 spherical harmonic function (as a
function of co-latitude ©). A total core heat output of Fo, = 20 GW is
assumed. This is the mean value in the range suggested by'*. The computed
bottom heating profile is shown in Fig. S1 (upper left).

At the upper boundary we apply a fixed freshwater flux to simulate the
effects of freezing and melting of an overlying ice shell. We follow the
approach of ¥, by computing the flow rate of a prescribed ice shell geometry
using the ice flow model of *, then using the ice sheet divergence to compute
an implied freezing rate (Fig. S1). We use a sinusiodal curve to represent
Enceladus’ ice shell geometry in boundary forcing computations, with a
mean thickness of 20 km, symmetrical about the equator where thickness is
a maximum (10 km thicker than at the poles). While idealised, this captures
the broad equator-to-pole variation that has been reconstructed from

gravity, libration and shape data**** and suffices for our goal here of pro-

ducing a reasonable approximation for the large-scale variations in fresh-
water fluxes at the ice-ocean interface. The flow of the ice shell is then
computed using the following:

28 2:(py — PO Hiu dHy,

M) =— rmmeul”3(%) d¢

”Z)/Tx » —E, (Tf 1> ; (T;) T} dT,
expl——:y = — n( — ; s
v, Jor, o |RTr \T; T T, T,

(14)

where g is surface gravity, p; = 925 kg m~ and p, the ice and ocean reference
densities respectively. Hj,, gives the thickness of the ice layer at a point
latitude, 7, the mean radius of Enceladus, #,,e; the ice melting viscosity (at
the base of the ice shell), T; and T the prescribed temperatures at the ice-
ocean interface (freezing temperature) and surface respectively. Ti(z, ¢) is
the ice temperature (computed using Eq. (S7) from™). E, = 59.4 k] mol " is
the activation energy for diffusion creep, R, = 8.31 ] K™ is the gas constant
and T} = Tj(z) is an integral variable (prime symbol used to distinguish the
outer vs inner integral). The surface temperature T; is computed using a
radiative balance at the ice shell surface, given the solar constant at Saturn
and assuming a surface bond albedo of 0.81%, using the analytic approach
of **. The profile for T, is shown in Fig. S1 (bottom left).

The implied freezing rate is then computed using the divergence of the
ice shell flow:

2 (Mcosg),

9(¢) = 1,COS ¢ 0

(15)

where ¢ denotes latitude. The freshwater flux profile is given in Fig. S1
(bottom right), for an ice melting viscosity of 10~ Pa s. Freezing is largest at
the equator where the prescribed ice geometry is thickest. Melting is largest
nearer the poles where ice is thinner. Sensitivity tests, performed at a five
times increased #,,e;; (corresponding to a five times stronger ice flow rate)
yield similar solutions to that obtained in the main text, but with increased
discrepancies relative to the theoretical model at lower xg\ (Fig. S4,
right panel).

Temperature at the ocean top is restored to freezing point with a
restoring timescale of 30 days. Recent studies have pointed to the impor-
tance of meridional temperature gradients at the ice shell”, particularly in
generating baroclinic eddies which may contribute to ocean stratification
[see®]. We therefore include this effect, by computing the salinity and
pressure dependant freezing point implied by the same ice geometry used to
compute our freshwater flux, using the formulation of . This yields an ice-
interface temperature about 0.1 °C warmer at the poles vs the equator
(Fig. S1, middle left). A linear drag coefficient of 10~ m s ™" is applied at both
the ocean top and ocean bottom. Viscosities are chosen to fix the Prandtl
number at 10. Finally, we employ the fully non-linear equation of state of **
to capture important variations of ocean density (and ay) with temperature,
pressure and salinity.

All simulations are initiated from rest, at a uniform salinity (mean
salinity) and reference temperature (freezing temperature assuming ice
thickness Hj). Simulations are then run to equilibrium which, dependent on
mean salinity and «,, takes anywhere between 10000-600000 model years to
achieve.

Critical temperature computation and fitting
The following section details methods used to obtain a linear approximation
for the critical temperature T;—the temperature at which the thermal
expansion coefficient (ay) changes sign for a given salinity and pressure.
T, is first obtained manually, by computing the temperature that
coincides with a density maximum, across ranges in ocean salinity and
pressures that permit ar to change sign (0-25 g kg™' and 0-28 MPa
respectively). Water density is computed using the non-linear equation of
state of ref. 52.
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A multiple linear regression is then performed using the SciKit-Learn
python package version 1.3.0” to obtain coefficients for the linear approx-
imation for the critical temperature:

T ~ aS+ bP +c, (16)
where we find, a = —0.216 °C (gkg™") ™, b=—2.11x 107 °CPa',and c =
4.01 °C (as shown in the main text). Given the dependence of T upon
pressure is slightly non-linear™, the regression is performed for pressures
relevant to Enceladus, defined here to be 0-7 MPa. The upper bound is the
approximate pressure under 60 km of ocean.

The linearly approximated critical temperature for Enceladus as a
function of salinity and pressure is shown in Fig. S6 (upper left). The
anomaly relative to the manual computation is also shown (Fig. S6, lower
left). Mean absolute error relative to the manually computed T
is ~0.01 °C.

A multiple linear regression is also performed for a range of larger
pressures, from 12-28 MPa. The lower bound corresponds to pressures
under 10 km ice on Jupiter’s moon Europa—an ice-covered, ocean-
bearing moon larger than Enceladus, and a target of upcoming
missions®”*. Mean absolute error is again ~0.01 °C. Coefficients in this
case are: a = —0.221 °C (g kg )™, b = —2.28 x 1077 °C Pa’, and
¢ = 423 °C. The linearly approximated T, for Europa is shown in
Fig. S6 (right).

Critical temperature and freezing temperature comparison
Water freezing temperature, Tf, is computed in the 1D theoretical model as a
linear function of ocean salinity and pressure at the ice-ocean interface:

T, = —0.0558 — 0.753 X 10~ P + 0.008, (17)
obtained by performing a multiple linear regression to the non-linear
formulation of ref. 55. In doing so, Eqgs. (3) and (17) take identical forms,
enabling clarification of the contributions of T and T to the inverse layer
thickness (computed with Eq. (5) of the main text). Increasing ocean salinity
and ice-interface pressure both act to cool T, and T, but the effects of doing
so are three—four times stronger for T The constant is negligible in Eq.
(17) compared to that in Eq. (3). Overall, this ensures that variations in T,
dominate variations in Tfin influencing the inverse layer thickness. Lateral
variations in Tt (e.g., as induced by variations in ice shell topography) are
therefore expected to have little direct effect upon the inverse layer thickness,
except where variations in Ty prevent ar from changing sign in parts of the
domain.

Application to other icy moons

The theoretical model can be applied to other moons and planets perma-
nently overlain by ice and heated from below. Fig. S7 shows the inversion
depth and corresponding age at the ice shell for putative hydrothermally
derived tracers within Jupiter’s moon Europa. For illustrative purposes, the
inversion depth and age are shown for the same ranges in ocean salinity and
«, as done for Enceladus in the main text. We assume an ice thickness of 10
km®, and a bottom heat flux of 0.015 W m™*”, nearer the lower bounds of
estimates, to obtain upper bounds on the possible extent of inverse strati-
fication in its ocean. Note that coefficients for the computation of T, are
adjusted slightly as described in the section Critical Temperature Compu-
tation and Fitting.

For the assumed ice thickness and bottom heat flux, inverse stra-
tification can only occur if ocean salinity is lower than ~14 g kg™". Using
Hyrat =(Taier — Tp/( — bgpo), the maximum possible inverse layer
thickness is approximately 8km, regardless of the assumed bottom
heating. Even so, the transport timescale through an inverse layer could
still exceed 10000 years. This would also apply to materials entering
Europa’s ocean from above’’, for example oxidants delivered into
Europa’s ocean via ice shell brines’". It has been proposed that delivery
of radiolytically derived oxidants from Europa’s ice surface into its ocean

would improve the availability of redox gradients within Europa’s ocean
(compared to that in the presence of hydrothermally derived oxidants
alone), enhancing its habitability [*', and references therein]. Yet, if such
brines cannot penetrate the stratification, oxidant delivery into Europa’s
bulk ocean would be slowed. In this case, the extent to which oxidants
remain concentrated within the inverse layer would depend upon the
efficiency of vertical oxidant transport through the inverse layer, the
frequency of brine pulses, and the presence of sink mechanisms
at depth.

Data availability

The Data used during analysis and in creating the figures is openly available
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