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Introduction: Subsurface water ice is thought to
exist in shallow-subsurface cold traps near the poles of
the Moon and at high latitudes on Mars [1,2,3]. Neu-
tron spectroscopy has provided these important in-
sights, yet is limited in depth of investigation to sev-
eral tens of centimeters and cannot uniquely identify
water ice as the host of the detected element, hydro-
gen. Measurement of electrical properties can, how-
ever, uniquely identify water ice from its low-
frequency dielectric relaxation. Furthermore, ice con-
centration can be estimated as a function of depth by
changing the electrode geometry. Laboratory meas-
urements of pure ice, doped ice, and regolith-ice mix-
tures will better characterize the magnitude of the ice
response and its mechanism, and new instrument de-
signs will optimize the method for lunar and martian
applications in the next decade.

Dielectric Relaxation of Ice: Dispersion in the
dielectric constant arises from frequency dependence
in polarizability and is often manifested as a distinct
band of maximum change, a dielectric relaxation (Fig.
1). Bjerrum defects in water ice are strongly polarized
at low frequencies to create a real part of the relative
dielectric permittivity at low frequency (&'pc) >80 [4].
At high frequency, these defects cannot move fast
enough to polarize fully, limiting the real part of the
relative dielectric permittivity there to ~3. The Debye
relaxation frequency occurs at the frequency where
these defects are in constant motion.

The relaxation frequency and &'pc are dependent
on temperature, the amount of excess H" and OH’, and
the amount of CI" and F~ impurities that have replaced
O% in the lattice structure of ice [4]. The temperature
dependence of the relaxation frequency follows an
Arrehenius relationship with an activation energy of
~0.56 eV at >233 K (this temperature increases as the
amount of impurities in the ice lattice increase) and an
activation energy of ~0.23 eV at low temperatures [4].
The value of activation energy describes how quickly
relaxation frequency changes with temperature. At
warmer temperatures, the Bjerrum defects are able to
migrate faster because they possess more thermal en-
ergy. Decreasing temperature increases £'pc by reduc-
ing the thermal energy of the defects and allowing
them to stay better aligned with the electric field. CI
and F impurities create more Bjerrum defects and al-
low them to migrate faster, thus increasing both &pc
and the relaxation frequency [4]. Likewise, H" and

OH" impurities also increase both the &' pc and the re-
laxation frequency [4].

Laboratory Measurement: The dielectric re-
laxation of pure and doped ice has been measured pre-
viously; however much uncertainty remains in these
measurements at temperatures below 233 K [4,5].
Little research has been conducted on the effects of ice
in soil [6,7]. Extrapolations from existing data show
that the ice relaxation at the temperature of the perma-
nently shadowed lunar craters (=100 K) is most likely
greater than 10° Hz (Fig 2). To reduce this uncer-
tainty, temperature and frequency dependent electrical
property measurements of soil/ice mixtures as well as
pure and doped ice samples have and are currently
being measured over a temperature range from 90 —
273 K and frequency range from 1 mHz — 1 MHz.
Electrical properties measurements are being made
with a 1260 Solartron Impedance Analyzer connected
to a 1296 Dielectric Interface or a 1294 Impedance
Interface. Measurements can be made in both three-
electrode and four-electrode geometries [8]. Electri-
cal properties can be expressed as complex dielectric
constant, complex conductivity, or complex resistivity.

Application: Narrowband measurement of the re-
sistive-capacitive properties of the earth (“induced
polarization™) has been used for nearly a century to
explore for minerals and groundwater and to character-
ize subsurface geology. Broadband systems are now
seeing wide application, including environmental stud-
ies [e.g., 9]. The Huygens, the Rosetta lander, and
Phoenix spacecraft all include electrical-properties
sensors. However, characterization of the full band-
width of possible water-ice responses and soundings to
depths of meters or more requires high-impedance
(~10 TQ), low-capacitance (~1 pF) coupling, mitiga-
tion of coherent noise such as leakage and eddy cur-
rents using buffering shielding, guarding of electrodes,
and larger electrode arrays. The electrodes (sensors)
can be accommodated in lander legs, rover wheels, a
robotic arm, or in a ballistically deployed string (Fig.
3). Our present efforts are aimed toward a design of
transmitter and receiver requiring a few kilograms and
a few watts, plus sensors.

A forward calculation using present estimates of
the intrinsic properties of ice and its moderation due to
regolith mixing (Fig. 4) illustrates that an ice-detection
limit of ~1% or better is possible.
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Fig. 1. Temperature and frequency dependence of NaCl

saturated ice (Ih). Low frequency limit of the real part of the

dielectric permittivity is never attained due to electrode po-

larization.
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Fig. 2. Data and models of the dielectric relaxation frequency

of ice (Ih) versus temperature. Pure ice is shown in the previ-

ous measurements [10,11,12]. Note that as CI" impurities

replace O the relaxation frequency is greatly increased.
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Figure 3. Alternative schematic layouts for IP electrodes.
Tx = transmitter, Rx = receiver. (1) Electrodes on static lan-
der footpads. (2) Closely spaced electrodes on ballistically
deployed string for shallow subsurface investigation. (3)
Widely spaced electrodes for deeper investigation. (4) Large
transmitter dipole on lander and short dipole on rover (wheel
base) for deep investigation. (5) Rover-only short dipoles for
mobile, shallow investigation.
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Fig. 4. Forward models for the geoelectrical signature of
lunar ice from surface electrode arrays. Model invokes a
two-layered structure [13], uses the complex refractive index
model (CRIM) to calculate electrical properties of mixtures
of soil and the target substance, and assumes that multiple
electrodes are distributed along a linear antenna such that
four-electrode combinations can be used at a variety of spa-
tial scales. Ice depths of 0.1 m (red) and 1 m (black) and ice
fractions 10% (solid), 3% (dash), and 1% (dot) indicate that
ice can be resolved at percent abundance or better (relaxa-
tion time constant of ice after Kawada [11]; dry regolith
resistivity 10" Q-m after Carrier et al. [14]; test frequency 1

mHz).
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