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Introduction: Dielectric spectroscopy (DS) can non-
invasively detect electrical properties over a wide
quency range (1 mHz — 10 kHz) at depths rangingp fro
10s cm to 10s m. Electrical properties vary digectl
with density and mineralogy. Therefore, DS can dete
mine the subsurface distribution of water ice, adesd
water, iimenite, and possibly £eUnderstanding the
subsurface distribution of these minerals is anoimp
tant first step for in-situ resource utilizationhd pres-
ence and subsurface distribution of these minexats
also be used to address scientific questions ssich a
adsorbed water exists in the subsurface, ice ardfor
sorbed water are the source of the enhancementin h
drogen near the poles, and to locate immature itagol
that has trapped the composition of the ancierdrsol
wind.

Dielectric Spectroscopy: Induced polarization (IP),
precursor to DS, measures the resistive-dieleptop-

erties of the earth and has been employed for yhearl
century to explore for minerals and groundwater @nd

toward the design of a transmitter and receiveuireq
ing a few kilograms and a few watts, plus electsode

Electrical Properties of Lunar Materials. Electrical
properties describe how a material responds toxan e
ternal electric field. If the material's resistiyits fre-
qguency independent, than the material behaves as a
simple resistor, or resistively. If the materialsistiv-

ity varies inversely with frequency, then it behsvas a
simple capacitor, or dielectrically. The mineralpgy
temperature, frequency, and presence and statatef w
determine if the subsurface behaves resistivelgior
electrically. DS can only be applied in limited res-
trial environments because the conductivity of iliqu
water makes the subsurface behave as a simpléoresis
below 100 kHz. However, due to the lack of liquid
water, the lunar subsurface will behave dieleclisica
even at very low (<1 Hz) frequencies. Dielectrie re
laxations occur as additional polarization mechasis
occur. These relaxations are unique to a mineral, a
thus can be used to identify the mineral and itscea-

characterize subsurface geology. DS was createat abo tration (Fig. 2) [2].

30 years ago, and now encompasses multiple frequen-

cies from 1 mHz — 10 kHz [e.qg., 1]. The first D&upé-
tary instruments have flown on Huygens, Phoenix, an

Over the last three years, we have been making
electrical properties laboratory measurements afig!
tary regolith analogs at lunar temperatures. Tihieda

the Rosetta lander. These instruments lack the-band are crucial as they are used to determine whichrlun

width and depth of penetration of terrestrial DSe W
are developing a DS system for planetary applioatio
with the capabilities of a terrestrial system, lwat
pacitively coupled. This requires larger electraate
rays, high-impedance (~10Q), low-capacitance (~1
pF) coupling, and mitigation of coherent noise sash
leakage and eddy currents using buffering, shigldin
and guarding of electrodes.

DS works by injecting current | into the ground via

minerals can be uniquely identified with DS. Bel®w
a summary of our measurements.

Water ice and adsorbed water (originally measured
for DS on Mars) both produce strong dielectric xala
tions at low frequencies due to the intrinsic dgof
the water molecule. The dielectric relaxation &f is a
relatively narrow (Debye) relaxation with a freqagn
near 100 Hz near 180 K (Fig. 2). The temperature de
pendence of the dielectric relaxation of water diee

two electrodes and then measuring the magnitude andpends on the number of defects in its crystal sfrec
phase of the voltage V response with two other-elec [4]. These defects are produced by the solubilitZio

trodes. The frequency of the injected current iseda
over the bandwidth of the instrument. Electricabppr

and F, and possibly by radiation damage. A forward
calculation using present estimates of the intrinsi

erties are derived at each frequency from the imped properties of ice and its moderation due to rejolit

ance (V/I) and electrode geometry. The geometry als
controls the subsurface depth of investigation \ath
ger electrode spacing allowing for deeper peneimati
The depth of investigation is around 1/3 of theydst
electrode separation.

mixing illustrates that an ice-detection limit 0f% or
better is possible using DS.

The dielectric signature of adsorbed water is de-
pendent on the number of monolayers (MLs). If <1 ML
exists, the adsorbed water produces a low-frequency

The electrodes can be accommodated in landervery broad dielectric relaxation that can be mesasur

legs, rover wheels, a robotic arm, or in a badaty
deployed string (Fig. 1). Our present efforts dreed

over the entire frequency range [2]. If >1 ML exist
then the previous relaxation is additive to a nadd
high-frequency narrow dielectric relaxation [2]. €Th
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high-frequency relaxation occurs at higher freqiesic  Other than water, ilmenite is the best mineral tken
than ice as the water molecules are bound lestytigh oxygen from. The vertical density profile deternsine
each other compared to ice. The mid-frequencyioslat  the thickness and rippablity of the lunar regolitihich
occurs at a frequency lower than ice. The number of can be used to determine how much feedstock i$-avai
MLs increases both the strength and relaxation fre- able and how easy it will be to remove.
guency of the mid- and high-frequency relaxatioits w
3 ML at 180 K having relaxation frequencies near 10 References: [1] Grimm R.E. (2005). Environ. Eng. Geo-
Hz and 10 kHz, respectively. phys., 10, 351-364. [2] Stillman, D.E., et al. (submittel)

At high &1 MHz) frequencies, the water and ice Chem. Phys. B [3] Carrier, W.D. et al. (1991) ibunar

; ; = Sourcebook (eds. Heiken et al.), 475-594. [4] Grimm, R.E.,
relaxations disappear and the real part of theadigt et al, (2009)). Chem. Phys. B. 15382-15390. [5] Campbell

constant is determined by electronic polarizatior g ) "o 5| (1997)GR, 102, 19307-19320. [6] Feldman,
lunar regolith, this has been determined via latooya ¢ et 41 (2001JGR, 106, 23231-23252. [7] Feldman,
measurements on lunar samples to be a simple &mcti \v.c. (2002)Science, 197, 75-78. [8] Campbell, D.B. et al.
of density [3]. The imaginary (lossy) part of thelec- (2006)Nature, 443, 835-837. [9] Pieters, C.M., (20083i-
tric constant is proportional to its ilmenite contre- ence Express, 1178658. [10] Clark, R.N. (200Sience
tion [3]. At low frequencies, the real and imaginar Express, 1178105. [11] Sunshine, J.M. (20(&jence Ex-
part of the dielectric constant both increase when  press, 1179788.

menite is present due to the mineral's low-freqyenc TV

broad dielectric relaxation [3]. lImenite concetitas a el
of the top few meters of the lunar subsurface lmen W I3y e —
A A4 A

inferred from previous radar (high frequency) sys/e o Tx-4 =

[5]. DS will be able to detect even smaller concznt 4 Rxd 4 I rea¥

tions of ilmenite, due to its larger signal at Idre- T3 E[:: j e

guencies, to depths of 10s of meters if large eldet

arrays are used. Figure 1. Alternative schematic layouts for DS electrodes.

The concentration of Péncreases as the lunar re-  Tx = transmitter, Rx = receiver. (1) Electrodesstatic lan-
golith matures. Febehaves resistively, but it should der footpads. (2) Closely spaced electrodes orishedllly
create a Maxwell-Wagner dielectric relaxation begau deployed string for shallow subsurface investigatig3)
it is surrounded by minerals that behave dielealijc ~ Widely spaced electrodes for deeper investiga{énLarge

The signature of this relaxation has yet to be nmeas transmitter dipole on lander and short dipole arerqwheel
base) for deep investigation. (5) Rover-only shiigpbles for

— bile, shallow i tigation.
Applications. DS can be used to address many lu- moblle, snallow Invesfigation

nar science questions. Neutron spectroscopy has-mea
ured an increase in hydrogen concentration at dhesp
[6,7]. The putative signature of ice in radar taratg

is controversial [8]. Near infrared spectroscopys ha
mapped an increase in adsorbed water near the pole
[9,10]. DS can uniquely identify water ice and ad-
sorbed water to determine if both or either aresgmé

in the polar subsurface. DS can also detect addorbe
water in the subsurface at mid-latitudes and largt
studies could determine whether this subsurface ad
sorbed water migrates as has been observed for at
sorbed water on the surface [11]. If subsurface ad:
sorbed water is detected, it would drastically éase
previous estimates of lunar water. This would pdevi 10
additional constraints on the genesis of this water
(cometary or solar wind derived). DS may also ble ab
to identify layers of lunar regolith that are immna,
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Figure 2. The dielectric response of various concentrations
of ice mixed with a fine-grained sand measuredunlabo-

. s ratory at 181 K. The maximum near 100 Hz is thédedteic
thus identifying layers that could be sampled ttede relaxation of ice. This relaxation frequency shiftshigher

mine the composition of the ancient s_olar wind. frequencies due to an increase in ice defects theapore
DS can be used for characterize subsurface re edges [2]. The low frequency relaxation of adsorwetkr is
sources. This is critical before in-situ resourtiéza- represented by the decrease in imaginary parteofitblec-

tion (ISRU) is tested on the Moon. Adsorbed or éoz tric constant below 1 Hz. The noise floor is neBr3tabove
water is likely the most valuable resource on theoM 1 Hz and considerable higher below 1 Hz.



