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The detection of a sub-surface present-day ocean on Europa is
of considerable interest. One possible method of detecting an ocean
is by an orbiting radar sounder. The effects of a range of possible
Europan ice chemistries on radar attenuation are investigated, us-
ing plausible Europa ice temperature profiles. Ice chemistries are
derived from geochemical models of Europa predicting a sulfate-
dominated ocean, a chloride-dominated ocean scaled from the
Earth, and on experimental data on marine ice formed beneath
ice shelves on Earth, on low-salinity sea ice and models of rock and
ice mixtures. Chloride ions are expected to dominate the radar ab-
sorption because they are incorporated into the ice lattice, though if
freezing rates are rapid or similar to sea ice, then brine pockets will
dominate losses. In the case of an ocean being present underneath
the ice, the range of attenuation found in the models is from about
5 dB/km for rock/ice mixtures up to 80 dB/km for sea ice mod-
els. However, perhaps the best model at present is for ice formed
from a plausible sulfate-dominated ocean with the fraction of chlo-
ride incorporated into the ice set to the same as for low accretion
rate Ronne Ice Shelf marine ice. This has a radar absorption of
9-16 dB/km for surface temperatures of 50—100 K. In the case of
a convecting isothermal ice layer beneath a conducting ice lid, ab-
sorption in the conducting lid is lower for all the models than it
is over an ocean as the convecting ice is modeled to be 250-260 K.
Absorption in the isothermal layers is very high, but the interface be-
tween conducting and convecting ice may be marked by a reflection
coefficient that enables it to be imaged. It is concluded that real-
istic ice-penetrating radars are likely to be able to penetrate some
kilometers into the ice, though problems of interpretation caused
by scattering are not considered here.  © 2000 Academic Press
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INTRODUCTION

observations can be explained by induced fields generated
currents flowing in a salty, electrically conducting, liquid layer
near the surface, all of which is consistent with a present-de
ocean. Despite this circumstantial evidence, there is no clear-c
proof that an ocean still exists beneath the surface. One putati
method of detecting an ocean, and for mapping the thickne
variations of an ice cover above the ocean, is an orbital ice
penetrating radar.

The viability of the radar sounding technique depends on tf
ability of radar waves to penetrate the ice crust and on the r
turns being interpreted properly. Although the surface of Europ
is quite smooth on large scales, the many ridges and chaotic i
regions exhibit very steep surfaces on scales smaller than Kil
meters (Caret al. 1998). An orbiting radar has many problems
associated with interpretation, mainly due to the large radar sp
size on the satellite’s surface and the corresponding extranec
clutter expected to come from reflection glints off steep ridge
at large off-nadir angles. This problem may be more significar
at the ice/liquid interface because the low Europan gravity ar
small density contrast between ice and water could lead to larg
bottom topography than at the surface. The scattering proble!
though significant, is susceptible to processing techniques. He
we will only consider the factors that govern the depth of pen
etration of radar waves into the ice, as this is a fundament
property of the ice itself.

In this paper we assume that the crust is composed of ice 1
that is, the same ice phase as seen on Earth; which is consist
with the phase diagram of water under the geophysical conc
tions of Europa. Often (but not exclusively), we assume that th
ice on Europa was derived from an ocean at some pointin its tl
geological history. The models are not dependent on the curre
status of an ocean but are distinguished from scenarios whe
the ice is actually present in a mixture of rock and ice and he

Europa is known from spectroscopic and gravity data (Calvivever suffered melting and freezing processes. This kind of ice
et al 1995, Andersoeet al. 1998) to have a predominantly wa-essentially that considered in the models of Chgttal. (1998),
ter ice crust, with a low density upper layer some 80-170 kand it is discussed here for comparison purposes. On Earth t
thick that could be either ice or liquid water mixed with saltsaaturally occurring ice types can be classified into three bas
The Galileo mission has provided significant evidence of a sulypes: atmospheric precipitation that forms the glaciers and it
surface ocean (Caet al. 1998, Khuranat al. 1998). The surface sheets, known ameteoric ice ice formed by the freezing of
of Europa shows little cratering, indicating a geologically youngater close to the atmospheric interface, typifiedsea ice
age; the detailed surface morphology is consistent with a rigiehd ice which forms beneath the large ice shelves of Antarctic
relatively thin shell on a soft deeper layer. And magnetic fieldlom frazil ice crystals that form directly in the ocean water,
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called marine ice Meteoric ice cannot be present on Europgive rise to Maxwell-Wagner interfacial polarizations that ar
in any quantity because of the lack of a significant atmosphestrongly shape dependent, but which can be very large due
Similarly seaice is formed at the ocean—atmosphere interfacetba large difference in dielectric constant between liquid brin
Earth; on Europa’s surface, freezing and boiling would be veand ice (typical dielectric constants of 86 and 3.2, respectivel
rapid, and the ice structure formed would be rather unlike shbkore et al. 1992). The large number density of these sma
ice. However, at an ice/ocean interface there is a good chabeme pockets accounts for much of the scattering loss in sea i
that processes similar to those on Earth would occur on Europad has largely prevented use of radar as means of investig
suggesting that marine ice analogues are relevant. We will cang sea ice thickness. The large loss factor also means that
sider evidence on the radar properties of these types of icexamdition of tanS«1 for Eq. (2) may not be fulfilled at 50 MHz.

this study of plausible Europan ice composition. ) .
Temperature Considerations

RADAR ABSORPTION The temperature dependence of electrical conduction in i
has been typically approximated by an Arrhenius expressic

Evans (1965) gives the attenuation rate of electromagnéfiien and Paren 1975). Caet al. (1993) show that the elec-
waves In ice, trical conductivity of ice,s, can be expressed as a series 0
Arrhenius functions with impurity-specific activation energies

o= 0.129\/Er f [\/ (14 tar?8) — 1]1/2 dBm2, (1) and constants,
where tard = ¢j /¢, i ande, are the imaginary and real parts of 3 Ei/1 1
the dielectric constant (permittivity), anflis the frequency in 7= Z Ci exp k\T T/ @)
MHz. If tan$ is «1 (as it is for low loss materials such as most =1

ice at radar sounding frequencies), this can be rewritten as \yhereT is absolute temperature afidis a reference tempera-

ture of 251 K. Here(; represents the conduction contribution

o ~ 0.000% dBm*, (2)  fromthe various components in the ice, an intrinsic pure ice ter

amounting to 4.5S nt ! and the acid and chloride molar con-
whereo is the ice conductivity (inuS nmr?) appropriate for ductivities, which are 4 SM for acids and 0.5 SM for CI~ at
radar sounding frequencies. Comparison of electrical conductiy-(Moore and Fujita 1993)E; is the species-specific activation
ity measurements on meteoric and laboratory ice at LF (abatergy;k is the Boltzmann constant. The activation energy fo
100 kHz) with data from much higher radar and microwavgure ice is rather high, about 0.6 eV or about 58 kJ/mol (Gle
frequencies suggests that there are no significant dielectric diad Paren 1975), compared with those for impurities (Etai.
persions in the radar sounding range, and t¢habes not vary 1992). This means that the relative importance of the pure i
with impurity concentration (Glen and Paren 1975, Moore andrm rapidly diminishes with decreasing temperature, while th
Fujita 1993). There is thus no change in the dielectric paramffects of impurities dominate, leading to the activation energy «
eters of ice between the AF-range Debye dispersion, havingnateoric polar ice being typically close to 0.25 eV (24.2 kJ/mol
relaxation frequency that depends on impurity content and te(Glen and Paren 1975). The activation energy for acid impurity
perature (typically about 10 kHz), and the infrared absorptiamell known over the temperature range found in earth ice shee
bands. This means that we can take data from the laboratoryvgiere acids are the dominant impurities, and it is about 0.25 e
the conductivity of ice made inthe LF frequency range (typicallYhe activation energy for Clfrom marine ice and meteoric ice
atfrequencies of 100 kHz to 1 MHz)—well above the Debye digs quite well known over a wide range of concentrations and :
persion relaxation frequency—and apply them directly in rad&mperatures down to 210 K, and it is 0.19 eV (18.4 kJ/mo
absorption calculations. (Mooreet al. 1992).

The electrical conductivity of ice, and hence its absorption The strong temperature dependence of Eq. (3) means that
of radar waves, is dependent on the ice temperature and thethatemperature profile in the Europan ice layer is a major fact
ture and concentration of impurities it contains. Experimeniis total radar absorption loss. Chybgal (1998) pay particular
on ice grown in laboratories, and on naturally occurring iceattention to the temperature profile in a conducting ice crus
have shown that the electrical conductivity of ice (which dewhich is probably governed both by the well-known surface an
termines its dielectric loss and radar absorption coefficient) dssumed basal temperatures and by the unknown distribution
governed by impurities that can be incorporated into the ice laidal heating through the ice shell. Taking this into account, the
tice, where they generate electrical defects (Gedss. 1977, give a temperature profil€(z) as a function of depth from the
1978, Glen and Paren 1975, Moaeal 1992, 1994). Further surface,
radar losses come from interfacial polarizations and scattering
that occur whenever the radar waves encounter material with T(2) = Tsexpz/h), 4)
different impedance. Important sources of loss in Earth sea ice
are mm-scale brine pockets that are trapped in the ice. Thedeere the surface temperatur&istz=0andnh =b/In(Ty/ Ts),
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300 ' T T , T T T T . (1991) will be hypersaline in sulfate salts. However, the chlo
rinity of such an ocean would be only about half that of Earth’.
Y ocean. Independent work based on the leachates obtained fr
2501 g meteorites of the carbonaceous chondrite type, thought to be re
e resentative of the original composition of Europa (Faredlel.
o 1977, 1998), shows rather similar results—the salts in an ic
L % crust or ocean on Europa will be dominated by magnesium ar
L 7 sodium sulfates, with additional quantities of CaS@nother

- ~ crude estimate of chlorinity of a Europan ocean, if processe
- - similar to those on Earth occurred there, can be made by sir

e e ply scaling the volume of kD relative to the crustal surface
iy 7 to which it is exposed on each body. If we take a thickness ¢
100 L 1 100 km of the ice/water crust of Europa, then its volume is rathe
e similar to that of Earth’s ocean, while the land surface of Eart
o is about 10 times Europa’s surface area. So a simplistic estime

T 2 & 4 s s 7 & a1 wouldbean ocean chlorinity aboutll that of Earth’s oceans
Depth (rm) or about 3.5 ppt (salinity units in parts per thousand). Howeve
FIG.1. Temperature distribution through a 10-km-thick ice crust given b§hi5 is likely to be a gross overestimate of the salinity of Europa’
Eq. (4), with surface temperatures of 100 and 50 K (dashed lines). The sdigean due the lack of granitoid continental crust and considerir
lines are for a 5-km-thick conducting lid overlying an isothermal convectinthat Europa has probably experienced Nno concentrated rates

layer at 250 K with a lower conducting boundary. weathering similar to those on the early Earth.
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EUROPAN ICE COMPOSITION
whereb is the ice thickness anf, is the temperature at the ice
base. The surface temperatures on Europa range from abouit concentrations in the ice above a species-dependent so
100 K at the equator to 50 K at the poles, diads determined bility limit, the species must be present outside the crystal strus
by the pressure melting point of ice. However, for Europa this igre as aliquid or separate salt phase. The species that are knc
a minor effect and the basal temperature will be close to 270t& have non-negligible solubility in ice are'FCI~, NH}, and
for reasonable ice thicknesses. We assume this form for the tdmi- (Grosset al. 1978). Sulfate ions are not soluble in ice to
perature profile in conduction-dominated ice since it considedgy significant degree. Experiments on ice formed naturally c
ice rheology in the most realistic way to date. Several authdrérth, and in laboratories, show thatSGeems to play no role
have proposed that an ice mantle on Europa will be likely to coif-electrical conduction, which is consistent with its insolubility,
vect (Squyrest al. 1983, Pappalardet al. 1998). Squyrestal. and with expectations considering the relative size of the ox\
(1983) conclude that convection will rapidly cool and freeze ar§en and sulfate centers (Grasssal. 1978, Wolffet al. 1997).
sub-surface ocean; conversely, McKinnon (1999) argues that this likely that ammonium salts play no part in Europan brine
convecting shell will actually heat up, possibly leading to thepr ice formation, as temperatures in the nebula where Euro
malinstabilities and runaways leading to features such as diapfasmed probably exceeded the condensation temperature |
Pappalardet al. (1998) use evidence from Galileo imagery t&mmonium hydrate (Kargel 1991). However, if Jupiter anc
support the idea of convection under an rigid ice lid a few kdruropa formed much further away from the sun, then signif
thick. In the case of an isothermal convecting layer of ice, thieant amounts of ammonia may be present, but we have litt
value ofT, is taken to be the temperature of the isothermal lay@vridence to support this hypothesis at present. If large amour
rather than the ice base. Some profiles for purely conducting @lesulfate exist in any ocean on Europa, it may be possible th
crusts and for a crust with an isothermal convecting layer aseme HSO, may be present, which could contributé kb the

shown in Fig. 1. ice, and HSO, has been observed spectroscopically on som
parts of the surface (Carlsaat al 1999). This acid is likely
POSSIBLE EUROPA OCEAN COMPOSITION produced on the surface and may be transported deeper in |

ice by the resurfacing process; however, the acid content of tl

Kargel (1991) used a straightforward model of the geochemeeper ice remains unknown. Carbonates are commonly se
ical evolution of Europa to deduce the composition of the uppir leachates from meteorites (Fanafeal. 1977) and also are

icy crust. He expected the upper 110 km to be largely domiensistent with spectroscopy observations of surface salts

nated by sulfate salts, mainly Mgg@nd NaSQO,; however, Europa (McCordet al. 1998)—carbonates in an ocean would

there would also be about 1% by weight Cl, probably mainkgnd to neutralize acids and may even lead to alkaline wat

NaCl and MgC}. All these salts are highly soluble in waterchemistry. F is cosmogenically rather rare. So we are left with
and any ocean of composition similar that predicted by Karg€l~ and possibly H as the dominant soluble impurities in ice.
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The solubility limit of CI~ in ice as determined by laboratoryformed from a mass of frazil ice crystals suspended in the watt
experiments (Grosst al. 1977) on artificial ice, and on naturalwhich rise under the ice shelf to form a slushy layer on the ord
marine ice (Mooreet al. 1994), is about 200-300M (0.01- of 10 m thick, which slowly compresses and removes brine ve
0.02 ppt). Gros=t al. (1977) give a distribution coefficient, efficiently. Slower rates of marine ice accumulation produce le:
k = Cs/CL = 3x 1073, for the CI concentration in ice relative saline ice (Mooreet al. 1994).
to that in the liquid in which it is grown, based on laboratory
experiments. Natural marine ice seems to have a lav@rCl~ THE ICE MODELS
than laboratory grown ice. To a large degree the temperature
gradientin the ice determines the incorporation of brine into ice. In this paper we am interested in examining the range of po
Seaice typical forms in temperature gradients of order 10K m sible radar absorptions that could be presentin Europanice. T
while the marine ice beneath the Ronne Ice Shelf grew in murdnges from basically pure ice to the sea ice type. The drawin
lower temperature gradients, of orderi® m—! (Oerteretal. in Fig. 2 illustrate several possibilities for ice formation anc
1992). The marine ice under the Ronne Ice Shelf seems to hatates. To calculate the various absorptions that may be given

A) Marine Ice Type Processes

1-5?Km Medium o
Marine Ice Type
Weak R
BigR ABLATION - - _ - = -
— _ _ _
ACCRETION 270K
SULFATE / CHLORIDE OCEAN

B) Tidal/ tectonic Processes

RAPID FREEZING IN CRACKS
<+ —>
80K
1-15km ~-|  SALT(ROCK)/ICE TYPE
- - Low o
Weak R — ) e . 250K
BigR —p— = = T EES e SRR TG TYPE T =
270K
SULFATE / CHLORIDE OCEAN
C) Convection
80K
1-3km COLD RIGID CRUST ROCK/ICE TYPE Low o
Medium R 250K
High o
>5 km 250 - 260 K CONVECTING ICE
BRINE POCKETS SEA ICE TYPE
NOR 270K
Seen SULFATE / CHLORIDE OCEAN OR BEDROCK

FIG. 2. Qualitative representations of ice types that may occur on Europa with radar abserptithmagnitude of radar reflectidd at interfaces in the
ice, illustrative temperature profiles (each assuming a “mid-latitude” surface temperature of 80 K), and ice thicknesses. (A) Processescbat fdhklioe
is similar to Earth marine ice (e.g., Europa’s chaotic terrains) with parts of the base subject to melting and others to accretion from frazlscé)rict
formation via extrusion into cracks or fissures (e.g., Europa’s ridged plains), where rapid freeze-boiling occurs if an ocean is exposed te tunditidas.
(C) One possible convection scenario with a cold rigid lid underlain by thicker isothermal convecting ice.
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TABLE |
Radar Absorptions for Various Ice Types and Temperatures

M Ice type Impurity content o | 1l 1l Notes

0 pureice nil 0.0045 1.4-24 05-0.9 0.2-0.3 Glenand Paren (1975)

1  chloride-dominated 3.5 ppt chlorinity ocean 0.016 4-7 2.5-4 1.6-2.8 Marine ice scaled from
Europa ice/ocean Earth oceanky =7 x 1074

2 rocklice 1% lunar soil 0.008 5-6 4-47 3.6-4.1 Chgbal (1998) recalculated

3 rockl/ice 10% lunar soll 0.01 8-9 7-8 6-7 Chydial (1998) recalculated

3 sulfate-dominated 10 ppt chlorinity ocean 0.037 9-16 6-11 4-7 Kargel (1991); marine
Europa ice/ocean ice,kyi =7 x 1074

1  chloride-dominated 3.5 ppt chlorinity ocean 0.05 14-24 10-17 7-12  Marine ice scaled from
Europa ice/ocean Earth oceanko =3 x 1073

1  rocklice 50% lunar soil 0.021 30-33 29-32 28-31  Chstoal. (1998) recalculated

2 depth-dependent Ronne 0—40M Cl linear rise varies 34-56 24-40 17-28  0-100% Ronne
Ice Shelf marine ice surface to bottom Ice Shelf ion content

2 sulfate-dominated 10 ppt chlorinity ocean 0.15 36-61 25-44 18-31 Kargel (1991); marine
Europa ice/ocean ice,ko=3x 1073

2 Ronne Ice Shelf marineice  4Q@M CI (0.025 ppt salinity) ice 0.15 36-61 25-44 18-31 Moet@l.(1994) LFo

from core samples
0 Baltic Seaice ice grown i3 ppt sea water 0.85 (at270 K)  50-85 26-43 16-27 200 MHz radar measuremer

Note.Attenuationg, is in dB/m at 251 K. Columns |, I, and Il are computed two-way attenuations, in dB/km, for ice shells with base temperatures of 270
and 250 K, respectively. The range of values for each of these corresponds to surface temperatures of 50 and 100 K. These values are indepémdknesshe
since the temperature profile is stretched to the ice thicknessMTt@umn represents the plausibility of the ice type for Europa; 0 is least likely while 3 is mol
likely, given the present understanding of Europa. The distribution coeffidigraadky affecting the marine ice models come from laboratory experiments an
Ronne Ice Shelf marine ice measurements, respectively.

the various models in Fig. 2, we need to calculate the absorgd-radar attenuation in undeformed sea ice that exhibits vel
tions of the various ice types under conditions likely to exist dmigh activation energies at temperatures above 245 K, which &
Europa. For that we need the surface temperature, the tempaise consistent with the importance of liquid brine inclusion:
ture profile in the ice, and the chemical composition of the icplaying the dominant role at warm temperatures. The activ
Table | shows the relevant radar parameters for the various ities energies and absorption values chosen here are reasonz
discussed in this paper. Since the radar absorption is govergedsistent with Kovacst al. (1987) and Addision (1975), and
by a dependence on temperature (Eq. (4)), which is exponentiéth marine ice at 251 K containing Clat the solubility limit.
to a good approximation with depth, the two-way absorptioi3espite the very low solubility limit of S§7 there appear to
per km can be found for a given surface temperature indepdx@ no liquid brine pockets visible in marine ice containing les
dent of ice thickness. In Table | we take values 50 and 100®~ than its solubility limit (Mooreet al. 1994). This may be
as representative of the poles and the equator. Using the dathénause S§ is relatively low in concentration in marine ice, so
Table I it is then possible to calculate the radar absorptions fany brine pockets that do exist are rare, small, and undetectt
more “realistic” models of the ice simply by programming ther because the non-Clons are not present in a liquid form but
layer depth and temperature ranges for each type of ice. may be isolated at grain boundaries or in interstitial spaces
As an end member in this study we will take the case of séfze crystal structure. If a similar mechanism occurs on Europ
ice formed in the relatively low salinity Bay of Bothnia in theand if the chloride concentration is below the solubility limit,
Baltic Sea, where water salinities are about 3 ppt. The ice fahen there may be no liquid brine pockets in the ice.
ric is of the sea ice type and brine pockets are common, withFor the sake of completeness we include the pure ice absol
ice salinities of about 0.5-1 ppt (Wee&sal. 1990). The data tion here as an end member of the range of possible absorpti
were measureih situ using a 200 MHz radar system at abouinodels. We select the pure ice conductivity and activation el
270 K; the activation energy was taken to be 0.6 eV (58 kJ/mal)gy from Glen and Paren (1975), since it has the highest activ
between 270 and 250 K and 0.19 eV (18.4 kJ/mol) at colder tetien energy reported and probably represents the most pure i
peratures. The choice of activation energy is poorly constraineample measured.
since there are few data on sea ice characteristics at temperaturdsmore realistic end member comes from Chgbal. (1998),
below those experienced situ on Earth. However, data from who modeled the icy shell of Europa as 1, 10, and 50% lun:
artificial sea ice (Addison 1975) showed that changes in dielessil mixed with pure ice, with the 1% mixture taken as a more
tric behavior at the eutectic points of various salts occurred, apldusible end member than pure ice. We have recalculated t
that liquid brine effects dominate the response at temperatuatsorption losses for these models using the pure ice behav
warmer than about 220 K. Kovaesal. (1987) present a model described above. This leads to small differences from the loss
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given in Chybaet al. (1998). The mixtures contribute to absorp- 300 - ' - - '
tion through the differences in permittivity between pure ice
and the rock components, using a Rayleigh mixing formula fc ;|
spherical scattering bodies in a background medium. No soluk
impurities are considered. This type of model could represeg
a Europan ice crust that had been well below the melting poils 200t
throughout its history, or it could represent the ice formed if ic(g
and salts were formed in the cracks and then spread over mv£ 1so
of the crust (Fig. 2B). If the ice is convecting with a cold brittle &
lid underlain by warmer ice at perhaps 235-260 K (Pappalarc
et al. 1998, Chybat al. 1998, McKinnon 1999), then the cold Z
lid would have a similar response, since the permittivity of solic
salts is similar to that of rock. However, the deeper warm laye 9|
is likely to contain brine pockets as the ice temperature will b
above the eutectic point of some chloride salts (Kargel 1996 ¢
In this case radar absorption will become very high—similar t
that in the Baltic Sea or even higher (Fig. 2C). If the boundary is
reasonably sharp, there will be a radar reflection from it due theFIG. 3. Total two-way attenuation due to ice conduction for the models
change in dielectric impedance. The magnitude of the reflectitiystrated in Fig. 2. The surface temperature is 80 K and total ice thickness
will depend on the brine content in the ice. For example, th gmin 'each of the modgls. The solid line represents_the_ one reali;atior? of t
absorption model shown in Fig. 2B. The upper layer of ice is 1% salt/ice mixtur
Pbs_erved atthe bound?‘ry t?etwe?” cold—dry and temperate—mi the lower layer all > 250 K is of Baltic Sea ice type. The dot-dashed
ice in polythermal glaciers is typically about20 dB (Bamber cyrve represents a model of type 2A, where the ice is of Ronne Ice Shelf ty,
1987), a significantly smaller reflection than that from an abrufet sulfate-dominated model ocean derived Europa ice). The dashed curve
ice/ocean interface. also Ronne Ice Shelf ice but with a variable ionic impurity concentration the
As an example of the calculation method used in general, ies from zero at the surface to 100% of that of the Ronne Ice Shelf at tl
shall illustrate the method by describing the process shown T
Fig. 2B in some detail, assuming some parameters that are con-
sistent with the model—though these are quite arbritrary. Welt is also significant that this relatively abrupt change in con
shall assume that the total ice thickness is 5 km, and the temphretivity will lead to a radar amplitude reflection coefficient tha
ature distribution is given by Eq. (4), with a surface temperatuvee can approximate by assuming a step change across a st
of 80 K chosen to represent a typical surface state. The rock/smundary between two semi-infinite slabsyx 1/2A tans =
ice composition is a 1% mixture of NaCl in pure ice. Belowl/2Ac /(27 f er£0) (g0 is the permittivity of free space, 84 x
depths where the temperature is greater than the NaCl eutetic'? F m™1), givingr of about 0.01 (about40 dB). The intro-
point (250 K), we assume that the ice behaves like old sea iciction of brine in the ice will also change the ice permittivity
i.e., the salt has tended to drain out until salinities are rathggnificantly, as the relative permittivity of brine is about 90
like those of Baltic Sea ice, (about 1 ppt, or 0.1%). Then wehile for ice it is about 3. A typical Baltic Sea ice permittivity
set up a calculation of the absorption in a series of 1-m-thiekt 50 MHz is about 4; we could therefore expect an amplituc
layers each with a temperature from Eq. (4) and with contribreflection coefficient; ~ 1/2As, /e, corresponding to a power
tions to conductivity given by Eq. (3), the components in Eq. (3gflection of about-20 dB.
at 251 K being 4.5.S nT! (0.0045 dB/km) for pure ice and  Figure 2A illustrates a marine ice Europan crust, with part
2.3S m1 for 1% rock/ice, with activation energies of 0.6 andubject to bottom melting and others to accretion. The expe
0.0025 eV, respectively. Then ice below the 250 K layer havingental values of conductivity obtained on Ronne Ice She
the Baltic Sea ice conductivity of 140S n! (at 251 K) and marine ice are well known at LF over the temperature ranc
an activation energy of 0.6 eV is used instead of the chlori®de-70C (Mooreet al. 1994). Table | gives the calculated ab-
component until the base of the ice is reached at 270 K. Therption losses for this ice. To calculate the absorption loss
total radar losses are then calculated from the conductivitiesaffmarine ice models, it is necessary to estimate the distributic
each layer using Eq. (2). Figure 3 shows the absorption losscagfficientk. Grosset al. (1977) give the valuko = 3 x 1073,
a function of depth for the particular parameters chosen for thiased on laboratory experiments. However, it is clear that sonr
run of the model. Note the sharp increase in absorption at tivbaat lower distribution coefficients must have created the lowe
transition from solid-phase electrical conduction via defects galinity marine ice samples recovered from beneath the Ron
the ice lattice below 250 K to conduction via brine inclusionke Shelf, which giveky, = 7 x 10~* (Moore et al. 1994).
above 250 K. Although the total absorption in the ice is morks discussed earlier, the value lofdepends on the nature of
than 250 dB, the absorption is well below 30 dB at the 250 the freezing conditions, which are poorly known for terrestria
interface. marine ice but certainly include the temperature gradients ai

100+

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
depth m
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currents in the water around the crystals. The desalination p 40
cess that occurs in the mush of frazil ice crystals is critical, ai Surface Temperature = 50K
the effects of lower gravity on a possible Europan mush of ic *°f :g: ?ﬁii'nlii‘ie?’"&i!e = 270K Sulfate Model, k from 1db work
crystals would act to delay compaction. This probably allow ;| \,'_
more efficient brine removal from the mush, and the eventig !
marine ice, than would occur under Earth gravity. The loweg 25|
salinity marine ice samples are those that formed under the slcg {
est accretion rates, akg, may therefore be more representativg 20t
of the value ok appropriate for a putative Europan ice accretio§ s /
process than thky found from the laboratory experiments. AtS [ |
temperatures warmer than the salt eutectic points, brine pock? 1ol
could occur, but given the low chlorinity of the modeled ocean 1% Rock/lce Mo
they may not occur in Europan ice, as the @le concentration 5l 10% Rock/lce Model
would be lower than the solubility limit.

It can be postulated, as a variation on the models discus:  %;—==<35=500 350 20 500 600 765 890 900 7000
so far, that the ionic concentrations in a particular ice type col depth m
vary with depth, especially if basal freezing of ice from an ocean _ _ _
is taking place, with the deeper ice having larger ion concentra-F'G' 4._ Total two-way attenuation t_iue to ice conduction for some of the
) L. . . ice types in Table |, for ice of 1 km thickness and a surface temperature
tions than the near surface. This is consistent with the Ear "K. For larger ice thicknesses the depth would scale the total absorption,
based radar scattering experiments showing that surface ice fa@sd the fractional absorption at any depth. Ronne Ice Shelf marine ice ar
very low loss—though this would be a consequence of the |obe sulfate-dominated Europa ocean model wighhave the same absoprtion
temperatures for any relatively cleanice. To investigate increégaracteristics;_th_e curvesforlO% rock/ice_ mixtures andthg sulfate ocean mot
. h . . . . h ky have similar total absorption but different losses with depth because ¢
ing ion concentration with depth, we selected a marine ice tyﬁ%irver diff - ;

A . . . . Yy ai erent activation energies.
with a chloride concentration varying linearly between zero at
the surface and that of Ronne Ice Shelf marine ice at the bottom.
Again, as the temperature profile is exponential the behavarout—20 dB) should still allow the base of the rigid ice lid
can be represented as absorption/km of ice independent of ithéhe convection model (C) to be detected and characterize
ice thickness, and also independent of the functional form of tiAefinal important result is that the negligible absorption for the
ion depth relation (providing the function is reasonably smooth)pper 80% of the non-isothermal ice for all three models (Fig. 4
The model is presented in Table I. Note that the absorption peruld allow even very weakly reflecting geophysical interface
km is somewhat lower than that for the uniform Ronne Ice Shet be imaged.
ice, though not by much as the ions are concentrated in theFinally we consider the case where a conducting rigid ic
warmer ice near the bottom, where the majority of the absord lies on top of a convecting lower layer of ice. This type of
tion takes place. However, this does mean that the radar wostducture has been proposed for many years (e.g., Ojakangas
penetrate a deeper fraction of the total ice layer, as the absdspevenson 1989, McKinnon 1999) and has been used to expl:
tion would rise much more steeply near the bottom than if ttewme of the geological features of Europa (Pappalatdal.
ice had uniform impurity distribution. This is illustrated by thel998, McKinnon 1999). Chybet al. (1998) give a temperature
curves in Fig. 3. profile in a simple convecting thermal model for Europa. The es

Figure 4 shows the radar absoprtion for 1 km of ice as a fureential elements are a conducting lid, an isothermal convecti
tion of depth for the 1 and 10% rock/ice mixes and the sulfatpart at some temperature taken to be between 235 and 250K,
dominated Europa ocean marine ice models. We choose a 1-&iower conducting boundary layer. McKinnon (1999) suggest
thickness purely to illustrate how absorption varies through tlagtemperature of 260 K for the convecting layer. The ice shel
ice thickness, and thus how well it may be expected to retuimconvecting models tend to be quite thick, at least 5 km witl
echoes. For example if the ice were actually 5 km thick the ah-more likely limit closer to 20 km. If ammonia is present in
sorption curves would look identical except scaled by a factte ice, a eutectic point closer to 200 K could be reached, lea
of 5, as from Table | it is the absorptigrer kmthat is actually ing the possibility of much lower temperature convention. Wk
calculated for each of the models. Figure 2 shows three propogagbstigated the absorption loss, as a function of ice depth, f
ice formation processes on Europa. Note that for both the “m@snducting lids and for convecting layers of 2, 5, and 8 km fo
rine ice” (A) and the “tidal/tectonic” (B) examples, a reasonablgonvecting layer temperatures of 250 and 260 K in a 10-km tc
smooth ice/ocean interface with properties derived from the naat ice thickness model. Temperature profiles for all layers wel
sea-ice entries of Table | (i.e., a reflection coefficient of abobtised on Chybat al. (1998) (Fig. 1). For the “convection” pro-
—3 dB) can be well characterized, given a reasonable radar dgsses of Fig. 2, the deeper warm layer is likely to contain brin
namic range of 50 dB. In addition, the reduced reflection strengibckets as the ice temperature will be above the eutectic pol
from ice—rock/sea—ice interfaces (e.g., a reflection coefficientafsome chloride salts (and ammonium salts—which also ha
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roughly twice the molar conductivity of chloride salts at low In assessing the probable behavior of a Europa radar to det
concentrations without brine being present; Welffal. 1997). interfaces within ice it would be useful to compare its perfor
Because of this, absorption will become very high (similar tmance using terrestrial analogies. The wet/dry contacts typic
the sea ice of the Baltic Sea or even higher; Table 1) and raddmpolythermal glaciers will be of direct usefulness in assessir
will be unable to penetrate the ice to any sub-surface oceanraalar performance. Tests over these glaciers, which are fou
the case of ammonia ice convention at lower temperatures, ptairly widely for the Arctic regions (especially Svalbard and in
etration will be greater, but the effects of liquid inclusions wilparts of the Canadian Arctic), will be helpful to observe high
still be severe. However, it is possible that radar will penetrasmgle contacts between wet and dry ice—which are formed
the upper lid and reach the convecting layer beneath. This carpodythermal glaciers by the wetting of ice via crevasse zones, b
modeled as earlier, but taking the basal ice temperature as thavbfch could model features such as cryo-volcanism on Europ
the convecting layer. The results are again presented as two abFhe contact between fresh meteoric ice and slightly salir
sorption losses per km in Table I, but this is the absorption to th@arine ice provides a strong dielectric boundary between it
interface. The details of the interface are poorly constrained types that is continuous over tens of kilometers on the Roni
theory at present, though it is likely, given the large differencése Shelf. The contrast in ice properties at the interface betwe
in surface features of Europa (chaos areas and ridged plairis@ upper meteoric ice and the lower marine ice may be som
that the convecting interface could be very inhomogeneouswhat typical of ice containing small levels of brine (as seen i
the boundary is reasonably sharp, there will be a radar reflectimarine ice), which could with certain geochemistries be prese
from it due to the change in dielectric impedance. The magrin Europa. The contact is, however, generally horizontal, havir
tude of the reflection will depend on the brine content in theeen formed by bottom freezing on an ice shelf with only slowl
ice and its spatial distribution. A relevant example is the reflegarying topography. Thus it lacks the high angle contacts th:
tion coefficient observed at the boundary between cold—dry asekem probable from the imagery of the surface features.

temperate—wet glacier ice with an essentially uniform distribu- A thick convecting layer of warm ice is unlikely to be pene-
tion of water pockets, which is typically abouf0 dB (Bamber trated due to the probable presence of brine pockets in the i
1987). Assuming a similar reflection coefficient for convectioklowever, it is likely that the contrast at the cold ice/temperat
processes on Europa (Table | and Fig. 2) shows that it is vécg boundary will be easily detected and distinguishable fror
likely that radar will penetrate the full range of expected rigithat between ice and ocean. The relative amounts of ice (if an
lid thicknesses and allow characterization of the interface wigroduced by surface fracturing, rapid freezing, and then buri

the convecting layer beneath. and the ice formed by bottom freezing are probably variable c
Europa; indeed the ice could have been formed by other mec
IMPLICATIONS FOR FUTURE SPACE MISSIONS anisms entirely. The radar response is thus likely to be qui

varied, but calculations of radar absorption and reflection coef

Chybaet al. (1998) suggest a typical radar for Europa magients will help to provide clues on the formation and distributiot
be expected to have at least a detection limit of 50 dB, whidi ice types on Europa, and the underlying ocean chemistry.
could potentially be increased to 80 dB using processing tech-
nigues. The range of absorption losses for plausible Europan CONCLUSION
ices is quite large. Perhaps the most likely ice type (assuming
that there is an ocean) would be the sulfate-dominated oceafMhe importance of the radar absorption of Europaice has be
with a marine ice distribution coefficient, giving 9-16 dB/knillustrated in this paper. It is clearly not sufficient to assums
losses. This model is based on plausible geochemical modelsiofiple mixtures of rock and ice, or to assume the terrestrial m
Europan evolution and observed values of the rate of chloritioric ice behavior is valid for Europa, especially if an ocea
ion incorporation into marine ice. The absoprtion losses of thexists beneath the ice. The calculation of the radar absorpti
type of ice are about midway in the range of absorption losse$.the Europa ice layer is rather poorly constrained at presel
The chloride-dominated oceans are unlikely based on the c8everal methods exist for refining this calculation. Laborator
rent understanding of Europan geochemistry. Ice with 50% roekperiments to determine the radar properties of salts and a
is not supported by spectroscopic observations. Higher absaaipids over the temperature ranges from liquid nitrogen to meltir
tion rates given by ice types containing more impurities due pwint are needed (e.g., Lorenz 1998), especially for the kinds
higher distribution coefficients may occur, but terrestrial maririees that are formed from hyper-saline waters. Here, “saline” ir
ice has a lower distribution coefficient. Table | shows that iadudes chlorides, sulfates (including sulfuric acid), and even an
thicknesses of between 1 and 10 km will probably be penetratednium salts. The radar investigation of Europa offers an exce
on the basis of ice types similar to terrestrial marine ice witholént chance of determining the sub-surface structure of Euro
brine pockets. If the ice is more like sea ice (that is, with brin® depths of several km, or at least to the first geophysical
pockets), penetration will be highly problematic, as an ice covsignificant interface—whether that is an ocean, a convecting it
as thin as 1 km would likely give a bottom return obscured Hgyer, or alayer of differing physical-chemical composition. The
surface clutter. interpretation of radar returns from Europa will be a non-trivia
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problem that could be examined by several terrestrial analoguesn, J. W., and J. G. Paren 1975. The electrical properties of snow and ice.
involving interfaces between ices of varying liquid and chemi- Glaciol. 15, 15-37.

cal compositions. The fact that radar on terrestrial glaciers afitpss, G. W, I. Cox Hayslip, and R. N. Hoy 1978. Electrical conductivity anc
ice sheets is so widely used and is such a generally SuccesSf[:ﬂlaxation in ice crystals with known impurity contedt.Glaciol 21, 143—
tool suggests that it could have valuable applications on the ic

. . . “ G},loss, G. W, P. M. Wong, and K. Humes 1977. Concentration-dependent solt
bodies of the Solar System, and eSpeCIa”y the relatlvely clean redistribution at the ice—water phase boundary, Ill. Spontaneous convectic

ice of Europa. Chloride solutionsJ. Chem. Phy57, 5264-5274.
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