
RIDGES ON EUROPA: ORIGIN BY INCREMENTAL ICE-WEDGING.  H. J. Melosh1 and E. P. Turtle1,
1Lunar and Planetary Lab (University of Arizona, Tucson AZ 85721.  jmelosh@lpl.arizona.edu;
turtle@lpl.arizona.edu).

Introduction:  The surface of Europa is covered
by ridges that display a variety of morphologies [e.g.,
1,2,3,4].  The most common type is characterized by
a double ridge divided by an axial trough. These
ridges are, in general, narrow (typically only a few
km across) and remarkably linear. They are up to a
few hundred meters high and the inner and outer
slopes appear to stand at the angle of repose [5]. A
number of diverse mechanisms have been proposed
to explain the formation of these ubiquitous features
[e.g., 5,6,7], although none can fully account for all
of their observed characteristics. We propose a
different formation theory in which accumulation of
material within cracks that open during the
extensional phase of the tidal cycle prevents complete
closure of the cracks during the tidal cycle’s
compressional phase.  This accumulation deforms the
surrounding ice and, in time, results in the growth of
a landform remarkably similar to the ridges observed
on Europa.

Ice Wedges Beneath the Surface:  On the Earth,
ice wedges commonly form in periglacial
environments as surface melt-water trickles into
cracks created during cold spells [8]. Repeated over
many years, this process eventually produces
laminated ice wedges that may be many meters wide.
On Europa, we envision that the water rises from the
underlying global ocean during times when tidal
stresses are extensional [e.g., 9,10].  Liquid water
propagates up the crack as it opens and freezes along
its sides. The accumulation of water is not uniform,
however, as more heat is lost just under the surface
than at great depth in the ice shell.

The minimum depth of ice accumulation, which
controls the width of the ridge’s inner trough, is
assumed to be the hydrostatic stand height, equal to a
few hundred meters, judging by the maximum depths
of chaos floors beneath the surrounding plains.  The
maximum depth of ice accumulation, which controls
the width of the outer ridge slopes, is set by a balance
between the heat transferred from the water flushing
through the crack (mainly as latent heat) and heat
conduced from the crack to the surrounding cold
shell.  The wall temperature of an active water-filled
crack must, of course, equal the pressure melting
point of ice (neglecting, for the moment, small
differences due to possible dissolved salts), and so
heat conduction into the surrounding cold ice shell is
intense, especially near the surface.  The minimum

width of a crack that can supply the heat loss, per
tidal cycle, is only a fraction of a millimeter
(assuming that all of the entrained water freezes and
none is flushed back into the ocean.  In fact, some
will be rejected and the crack must be wider than this
minimum.  Furthermore, if crack widths really were
this small, a serious question would arise as to
whether water had enough time to rise to the surface).
At this rate the ice accumulation in the crack will
grow at an average rate of a few cm/Earth year.

Based on the amount of tidal strain predicted for
Europa, cracks spaced ~100 km apart could be up to
~1 m wide [6] (treating the shell between cracks as
otherwise rigid, so this provides an upper limit).

The Bottom of the Accumulation Zone:
Although only a small quantity of water freezes
during each tidal cycle (due to the very large latent
heat of water), the bottom of the accumulation zone,
by definition, is the location where, on average, no
net freezing occurs.  For this depth to be located
above the bottom of the ice shell, the water injected
from the ocean below must be slightly warmer than
the freezing temperature.  Conductive heat losses
below this depth must be supplied by the loss of
sensible heat.  The width w of the crack that supplies
this water controls the depth z of the accumulation
zone below the surface.  We find that the crack width
is given by:

† 
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k
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ln(H /z) DTshell
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P

Where k is the diffusivity of water, H the thickness of
the ice shell, DTshell is the temperate difference
between the bottom and top of the shell, DTwater is the
superheat of the injected water and P is the period of
Europa.  For plausible values of the parameters,
including a superheat of about 1°C, assuming a warm
subsurface ocean [11], the necessary crack width is a
few cm when H is about 10 km and z is 1 km.  At this
width, there is no difficulty about water being able to
rise in the crack over the 80 hour tidal cycle.

Ridge Size and Shape: To test this mechanism
of ridge formation we applied the technique of finite-
element analysis [12], incorporating the rheologic
properties of water ice [13,14]. Our models
demonstrate that the stress induced by the addition of
material within a crack is sufficient to achieve plastic
failure in the ice surrounding the crack. This results
in localized, upward deformation on either side of the
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crack. The addition of 200 m (horizontally) of
material between depths of 100 to 1100 m results in a
ridge ~100 m high and ~3 km wide, comparable to
those observed on Europa.  At the accumulation rates
estimated above, this implies that a full-size ridge can
grow in about 10,000 years.

Figure 1.  Finite element mesh showing the deformation of
the surface of Europa due to intrusion of an ice wedge.  The
form of the ridge is visible in the surface deformation.  The
symbols in each element show the presence of plastic
deformation.  In spite of the caption, dimensions are in
meters.

We experimented with parameters (including the
strength and rheology of ice) describing the region in
which material is added to investigate their effects on
ridge morphology. We find that the final ridge
morphology is quite sensitive to the depths to the top
and bottom of the region of accumulation as well as
the region's shape. Because these parameters are
controlled by the thermophysical interaction of ice
and water, our models allow us to use elevation data
of ridges to constrain the near-surface structure and
the thermal gradient of Europa.
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