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Introduction:   Jupiter’s moon Europa has a mean
density suggestive of rock, but a reflectance spectrum
that shows that it is covered by water ice [1].  Europa’s
moment of inertia indicates that its surface may be
underlain by 100 to 200 km of mostly pure water [2].
Many authors have discussed the interesting possibility
that Europa may possess a surface ice shell overlying a
liquid water ocean [1].  That this scenario is possible at
all is due to a peculiarity of water ice: Solid ice is less
dense than the liquid from which it freezes.  In this
abstract we investigate the possible consequences of
another peculiarity of water: Liquid water is densest at
a temperature a few degrees above the freezing point.

A Thermal Conundrum:  If Europa possesses a
subsurface liquid water ocean, as suggested by its low
electrical conductivity, the base of the ice shell must be
at the freezing point of the ocean.  This temperature
depends upon both pressure and salinity of the ocean,
but lies in the range of 0 to –4 °C.  However, if the
pressure is not too high (less than 30 MPa) at the base
of the shell and if the ocean is not too saline (less than
30 gm salts per kg water), water at the base of the shell
may be more buoyant than warmer water (Fig. 1).
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Figure 1.  Melting temperature and temperature at
maximum density of water as a function of pressure
and salinity.  Data from [3]

In this case the cold water at the base of the ice
shell may be underlain by a deep ocean that is several
degrees warmer than the melting temperature of the
ice.  Because the deeper, warmer water is denser, the
cold water immediately underlying the ice forms a
convectively stable boundary layer --- a kind of
“stratosphere'' overlying the convective interior --- that
transports heat by conduction.

Convection in the Deep Water Ocean: The rocky
interior of Europa probably produces some amount of

radiogenic heat.  Assuming the rocky component pro-
duces as much heat per kg as a carbonaceous chon-
drite, a surface heat flow of about 8 mW/m2 will result.
In addition, an unknown amount of tidal heat will be
dissipated in the deep interior (as well as some in the
flexed ice shell).  Even with this small amount of ra-
diogenic heat flux, the deep ocean will convect vigor-
ously, with Rayleigh numbers in the vicinity of 1020

and Nusselt numbers near 106.  Convection theory tells
us that under these conditions the super-adiabatic tem-
perature difference between the top and the bottom of
the ocean will be only a few millikelvins and the mean
convective velocities less than a mm/sec.

The interesting question is, what is the mean tem-
perature of this deep, vigorously convecting ocean?
Most of the ocean is at such high pressure that the
temperature of the highest density of water coincides
with the melting temperature.  But if the ocean salinity
is low enough, and the ice shell thinner than about 23
km (less as salinity increases), then the top of the con-
vecting system falls in the zone where warm water is
denser than cold water.  If convection is vigorous
enough to pierce this layer where the coefficient of
thermal expansion is negative, then the mean tem-
perature of the ocean falls close to the melting point of
ice.  However, if the upper, cool, buoyant water is sta-
ble, then the mean temperature of the convecting ocean
will be close to the temperature at maximum density
just below the ice/water interface.

Stability  of the Europan “stratosphere”: The thickness
of the buoyant layer at the top of the ocean depends on the
heat flux, salinity of the ocean, and thickness of the ice shell
and is  ~100 m for realistic parameter values.  Convective
plumes from the hot (~4 °C) oceanic interior that penetrate
this layer become negatively buoyant and descend back into
the oceanic interior.   This process causes mixing of hot
plume water into the stable layer, increasing its temperature
and reducing its buoyancy.  The timescale for “eating
through'' the entire stable layer is simply the mean potential
energy of the stable layer (relative to an adiabat) divided by
the rate at which impinging plumes deposit potential energy
into the layer through the mixing they induce.  The resulting
timescale is uncertain but is probably 1011–1013 sec depend-
ing on the vigor of the convective plumes.  Simultaneously,
conduction out the top will cool the stable layer, restoring its
buoyancy.  The thermal diffusion time for the stable layer is
~1011 sec. A comparison of these timescales suggests that,
most likely, the stable layer can be maintained against the
mixing caused by plumes penetrating from below.
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Nevertheless, dynamics in the ocean may affect
the stable layer and in local regions allow the hot inte-
rior water to impinge directly on the ice. In the sim-
plest scenario, dynamics would tend to remove any
topography that exists at the bottom of the ice shell.
Cold buoyant water in the stable layer would flow
“uphill,'' away from regions of thick ice, and pool in
regions where the ice is thin.  By allowing the hot,
dense interior water to contact regions where the ice is
thick (hence increasing the heat flux and causing
melting), and forcing it away from regions where the
ice is thin (decreasing the heat flux), the topography
would be smoothed.

On the other hand, there may be situations where
dynamics increases the topography at the ice-water
interface and perhaps even allows massive melt-
through of the ice layer.  Several processes could cause
persistent horizontal pressure gradients that induce
long-lived flow patterns (such as vortices) in the water.
Depending on the pressure field, the cold, buoyant
water may flow away from thin regions of ice, which
would bring the underlying hot water in contact with
the ice in the region where it is already thin --- hence
magnifying the thinning process.

Terrestrial Analogs?  We have sought situations
on Earth where this kind of stratification may occur.
Unfortunately, although many oceans posses 4 °C
bottom water, lateral transport dominates the heat
transfer process.  Deep lakes, such as Lake Baikal, are
subjected only to annual cooling events that do not
penetrate deeply enough to create a steady-state ther-
mal regime.  The most likely terrestrial analog of a
warm subsurface Europan ocean may be lake Vostok,
situated beneath the Antarctic ice sheet.  Unfortu-
nately, we do not yet know the thermal structure of that
lake.  When it is determined, it will be of great interest
to students of Europa.

Consequences of a Warm Ocean: Geologic stud-
ies of Europa have shown a wealth of features that are
consistent with the presence of water not far below the
surface.  In particular, broad areas known as “Chaos”
may be regions where the ice shell briefly melted
through [4].  Although many theories for how this
might happen have been proposed, the most natural
explanation may be that they represent areas where
deep, warm ocean waters have come into contact with
the overlying ice.  Long-lived thermal upwellings in
the deep ocean may breach the stably stratified layer
and permit the voluminous warm water of the deep
ocean to directly impinge on the ice shell.  This would
result in rapid melting so long as the supply of warm
water is continued.

More speculatively, Europa’s global tectonics may
operate in the mode that has been suggested for Venus

[5]: After a paroxysmal overturn that resurfaces the
satellite, the ice shell may gradually cool and thicken
for a time as the ocean warms beneath.  When the
ocean becomes sufficiently warm to breach the stable
layer once again the ice shell is consumed and another
cycle begins.

The interval between such catastrophes can be cal-
culated as follows: The ocean must warm by of the
order of 4-8 °C (if the ocean starts throughout at 0 °C,
it must warm to 8 °C to be buoyant enough to breach
the stable layer).  A 100 km deep ocean corresponds
to108 kg/m2 of water, requiring 4x1011 J/ °C to warm.
If the core supplies a reasonable net heating of 10
mW/m2 (radiogenic plus core tidal heat) the ocean will
take 1-3x1014 s to heat up to the overturning point, or
around 5 Myr.  This is, perhaps not coincidentally, the
same order as the age of the surface of Europa, esti-
mated at about 10 Myr from crater counts [6]. This
time increases for lower net heating rates or a deeper
ocean.

Conclusion:  Water is a peculiar substance.  The
possibility that a subsurface liquid water ocean might
exist at all is due to the peculiar fact that solid water is
less dense than liquid water.  It may be that another
peculiarity, the fact that water is most dense at a tem-
perature higher than its melting point, is responsible
for not only the tectonic style of Europa’s surface, but
the overall age of the surface.
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