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Introduction:  Earth’s ice sheets and ice shelves 
could be viewed as poor analogs for understanding the 
physical character and processes within icy moons be-
cause the formation of Earth’s ice is dominated by at-
mospheric processes.  However, below the top few tens 
of meters, the atmosphere ceases to dominate processes 
within Earth’s large ice masses so they become increas-
ingly relevant as analogs for icy moons.  These analogs 
are particularly useful in the case where the icy shell 
overlies an ocean; the most robust example being Eu-
ropa.  

Our intent is to examine the thermal and composi-
tional properties of Earth’s ice sheets and ice shelves 
that are relevant to radar sounding. We will then exam-
ine the governing processes on Earth that give rise to 
these properties and then relate these processes to those 
hypothesized for Europa.  Our ultimate goal is to iden-
tify physical states within Europa’s icy shell that may 
be observable through orbital radar sounding and to 
prioritize the laboratory measurements of the dielectric 
properties of ice (as a function of its thermal, composi-
tional and possibly structural state) needed to interpret 
these observations.

Thermal Character: The absorption of electro-
magnetic energy in ice at radar sounding frequencies 
(1-100 MHz) is highly non-linear in temperature and is 
significantly higher at warmer temperatures. 

Earth’s polar ice sheets in East Antarctica, West 
Antarctica and Greenland are up to five km in thick-
ness and have surface temperatures ranging from 213 – 
273 K.  In many cases, their internal temperature pro-
files are nearly isothermal in the upper half,  where ver-
tical advection of cold material from above (snow) 
dominates, and linearly increasing with depth in the 
lower half where upward conduction of geothermal and 
latent heat dominates.  Strain heating,  horizontal advec-
tion and spatially- or temporally-varying boundary 
conditions all contribute to deviations from this simpli-
fied description.  

A significant deviation from this temperature struc-
ture exists for polythermal ice caps (e.g., Svalbard) 
where significant thicknesses of temperate ice (iso-
thermal at the pressure melting point) are found at the 
base, overlain by a linearly-varying layer.  These pro-
files generally result from the vertical advection of heat 
by surface melt draining through the colder upper layer 
of these ice caps. The temperature profiles for ice 
shelves are widely varied as the profile inherited from 
the present ice sheet continues to be modified by 
downward advection of accumulating material and 
melt/freeze processes become dominant at the base.  

Advected heat either from surface melt or ocean infil-
tration can substantially modify these profiles.

Many processes analogous to those responsible for 
the thermal state of Earth’s ice sheets and ice shelves 
have been proposed for Europa’s icy shell.  These in-
clude an overlying kilometers-thick brittle shell where 
thermal conduction is thought to dominate but with 
added tidally driven strain heating or possibly substan-
tial melting and freezing at depth.  In addition, the ver-
tical advection of heat by the redistribution of surface 
material by sputtering (frost) and gardening, downslope 
motion or the draining of brines may be thermally 
analogous.   Finally, it should be noted that there are no 
known Earth analogs for thermal convection within a 
deep warm ductile layer that has been proposed for 
Europa although the thermal processes in Earth’s poly-
thermal glaciers may yet prove analogous.

Obviously, a thorough understanding of the elec-
tromagnetic absorption of ice at radar sounding fre-
quencies over a temperature range from a few tens of K 
to its pressure melting point will be critical to using 
orbital radar sounding to elucidate processes within 
Europa’s icy shell (or that of any other icy moon).

Compositional Character:  The absorption of 
electromagnetic waves in ice is also a function of both 
soluble and insoluble impurities with the soluble impu-
rities (in particular chlorine, ammonia and acids) domi-
nating. Under terrestrial conditions,  the temperature 
dependence of the absorption due to impurities is less 
than that of pure water; understanding these absorption 
trends in the much greater temperature range of the 
outer solar system will be important for interpreting 
radar sounding results.

The compositional state of Earth’s ice sheets and 
ice shelves is dominated by subtle debris and impurity 
layering.  The process driving the layering is surface 
deposition and vertical advection of material resulting 
from transient events.  The material may be transported 
atmospherically (e.g., volcanic ash) or through the 
process of mass wasting (debris fall).  

The other primary compositional states are repre-
sented by units of impure ice found both at the base of 
and within ice shelves.  The process causing these bod-
ies is associated with freezing of sea water either in the 
low temperature gradient at the ice-water interface (so-
called marine-ice units) or in the sharper temperature 
gradients within cracks that penetrate a substantial por-
tion of the ice shelf.  The steepness of the temperature 
gradient modulates the rate of impurity rejection as the 
ice freezes.  

An ice shelf dominated by marine ice formation is 
the Filchner-Ronne ice shelf of West Antarctica; crack-
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fill is associated both with tidal flexure at grounding 
lines and ice berg calving.  Often, sub-ice cracks extend 
into the upper regions of the ice shelf allowing sea wa-
ter to infiltrate the poorly compacted material and mi-
grate laterally giving horizontally extensive bodies of 
very impure ice well above any marine ice layer.

Processes on Europa that may be analogous to those 
described above include the modulation of the deposi-
tion of sputtering by-products by transient gardening 
and mass wasting events resulting in layering of impu-
rities (somewhat analogous to density layering proc-
esses described below).  A slow freezing of sub-ice sea 
water is commonly proposed in association with the 
infilling of transient melt zones for spot/chaos forma-
tion as well as crack infilling for ridge/band formation.  
Analogous to Earth, a likely implication of these crack 
infilling hypotheses for Europa would be laterally ex-
tensive units of impure ice at the base of any zone of 
porous regolith penetrated by a water filled crack.

Laboratory measurements of the electromagnetic 
absorption of ice contaminated by the full range of hy-
pothesized insoluble and,  in particular, soluble impuri-
ties must be undertaken to utilize radar sounding to test 
virtually any contemporary hypothesis for the exchange 
of materials between the surface, subsurface and any 
ocean on Europa or any other icy moon. Particular em-
phasis should be given to measurements both at the 
coldest estimated temperatures and as the temperature 
warms toward the eutectic for each of these impurities.

A Note on Structural Character:  The dielectric 
constant for the near-surface of any icy moon will be a 
function of the percentage of void space which will 
decrease as the firn-like upper layer densifies with 
depth. Density layering in the upper few tens of meters 
of Earth’s ice sheets and ice shelves is pervasive.  This 
is because ice sheet surfaces on Earth are continually 
generated by deposition and densification processes 
that vary temporally but on independent timescales.  
Analogous structural processes on Europa may include 
vertical density variations in the shallow subsurface 
caused by the interplay between deposition of sputter-
ing byproducts (e.g., frost) and deposition/erosion as-
sociated with gardening/mass-wasting.  Because of 
this, any laboratory measurements of the dielectric 
properties of the electromagnetic properties of candi-
date ice mixtures should be made over a broad range of 
density.
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