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Introduction. Ground ice and adsorbed water are 

widespread on Mars, but are likely heterogeneous at 
scales of surface exploration. Spectral Induced Polari-
zation (SIP) is a geophysical technique that can quanti-
fy the volume percentage (v%) of ice and adsorbed 
water in the top several meters of the martian regolith. 
This is deeper than can be probed by neutron spectros-
copy (NS), but the two techniques are complementary 
because SIP is insensitive to mineralogically bound 
water and NS cannot distinguish the hydrogen-bearing 
phase. Furthermore, living cells have distinct SIP sig-
natures that have been characterized on Earth in the lab 
and in the field: SIP can reconnointer the martian sub-
surface below the oxidized layer and beyond the pene-
tration of ionizing radiation. 

Shallow H2O on Mars and Habitability. Ground 
ice appears to be ubiquitous in the top few meters of 
Mars poleward of 45–50 latitude [1,2], in good 
agreement with predicted diffusive equilibrium with 
atmospheric water vapor [3]. Massive ice is locally 
preserved at depths <10 m near latitude 40 [4,5] and 
interstitial ice may be present in mantling deposits 
down to latitude ~30 [6]. Recurring Slope Lineae 
suggest near-surface, localized sources of tropical and 
midlatitude ground ice or water [7-10]. Small quanti-
ties of adsorbed water can be retained in fine-grained 
soils, probably anywhere on Mars: ~1 wt% of adsorbed 
H2O is present in the regolith of Gale Crater below 
1020 cm depth [11], in addition to 2–3 wt% chemi-
cally bound water [12]. A comparable amount of ad-
sorbed water may condense at night [13]. On larger 
scales, the sum of bound and adsorbed water can range 
up to 10 wt% [1]. Noninvasive techniques, comple-
mentary to but distinct from NS, are desirable to 
uniquely identify H2O phase at depths greater than 
achievable by NS. 

The ExoMars rover will drill to 2-m depth, intend-
ing to find biosignatures of past or present life below 
destructive levels of oxidation or ionizing radiation 
[14]. However, these depths are strongly model-
dependent [15,16], so approaches to screen for biologi-
cally prospective regions, independent of water con-
tent, are also desirable.  

Spectral Induced Polarization (SIP) is the geo-
physical term for impedance or dielectric spectroscopy. 
The principle of SIP is simple:  a sinusoidal current I is 
injected into the ground between two electrodes and 
voltage V is measured between two other electrodes.  
The amplitude and phase of V/I yields the electrical 
storage (permittivity or  dielectric constant) and loss 

(conductivity). Geophysicists commonly use resistivi-
ty, the reciprocal of conductivity. A spectrum is 
formed by sweeping across many frequencies, typical-
ly 1 mHz to 20 kHz. By moving the electrodes, or by 
using an array of many electrodes that can be variably 
used for I or V, a cross-section of the frequency-
dependent electrical properties can be derived. The 
Huygens Permittivity probe [17], Phoenix TECP [18], 
and Philae SESAME [19] are all localized conductivi-
ty/dielectric sensors whose investigation depth is cm to 
tens of cm (investigation depth is ~25% of the maxi-
mum electrode separation). Larger electrode separa-
tions with variable geometry will therefore enable full 
cross-sectional imaging, and broadband measurements 
allow robust spectral deconvolution. We have envi-
sioned SIP electrode accommodation in lander legs, 
rover wheels, a robotic arm, and in a ballistically de-
ployed string [20,21]. Our present efforts are aimed 
toward prototypes of a rover-deployed cable (first sug-
gested by [22]) of capacitively coupled electrodes; 
measurements can be made statically or the cable 
dragged over clear ground to develop long subsurface 
cross-sections. This large electrode array requires high-
impedance, low-capacitance coupling and mitigation 
of coherent noise such as leakage and eddy currents 
using buffering, shielding, and guarding of electrodes. 

The different states of H2O in mixtures with sili-
cates cause intrinsic or interfacial polarizations that 
decrease the resistivity with increasing frequency [23]. 
Protonic-point defects in ice cause a temperature- and 
impurity-sensitive dielectric relaxation. This character-
istic signature of an increase in conductivity varies 
directly with ice content in sand (Fig. 1). The relaxa-
tion can be identified for ice contents as small as 1 v% 
[24]. In materials with a significant fine-grained frac-
tion such as JSC-Mars-1 (Fig. 2), the ice relaxation is 
obscured at low H2O content by adsorbed water, but 
the conductivity still varies regularly with water con-
tent. Laboratory SIP measurements of H2O-silicate 
mixtures have also been reported by [25,26]. Our cur-
rent laboratory investigations focus on the effects of 
low humidity and vacuum as well as radiation damage 
to ice and silicate surfaces.  

We have undertaken a program of field testing in 
Alaska for noninvasive measurement of subsurface ice 
content using SIP. Our initial tests were performed in 
and above the US Army Permafrost Tunnel [27]. The 
local Fairbanks silt has high surface area and signifi-
cant contribution from adsorbed water. Using laborato-
ry measurements of SIP response as functions of ice 
content and temperature, we determined [28] that  the 
ice content could be well predicted from the chargea-
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bility m, or normalized difference in high- and low-
frequency conductivities. In practice, we used the val-
ues at 10 Hz and 20 kHz to represent these asymptotes: 
m = (20kHz10Hz)/20kHz. The derived map of ice 
content (Fig. 2) shows correlations with independently 
mapped areas of both high and low ice content (an ice 
wedge and a zone of prominent laminations and 
organic inclusions [29,30]). Both the overall ice 
content and derived temperature were in good 
agreement with independent measurements. We 
recently performed more extensive SIP surveys near 
Tok, AK that will be confirmed by drilling. Terrestrial 
SIP measurements in cold regions will be useful for 
understanding the effects of ice content on the 
evolution of periglacial landforms, the impact of 
permfrost melting on the global carbon inventory, 
mapping buried glaciers, and long-term noninvasive 
measurement of ground-temperature change.  

Cell metabolism involves transfer of electrical 
charges that can be probed with external electric fields. 
Contemporary terrestrial biogeophysics focuses on SIP 
applications to environmental remediation and under-
standing microbe-mediated mineralization [31,32]. 
More work is needed to distinguish effects of microbes 
and their biofilms from the porous medium and fluid, 
including Mars-analog organisms (e.g., psychrophilic, 
halotolerant, iron-oxidizing [33]) Our calculations 
suggest microbial densities as small as 105 cells/cm3 
may be detected beneath an irradiated and oxidized 
sterile layer. This is facilitated by the simpler discrimi-
nation of dielectric signatures in cold regions [23]. 
Even if unique electrical biosignatures cannot be estab-
lished, DS may be able to screen out sterile regions or 
areas below some minimum bioload. 
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Fig. 1. SIP spectra at 60C as functions of H2O volume for a fine-
grained sand. Real conductivity increases with ice v% and frequen-
cy; phase highlights ice dielectric relaxation.  
 

 
Fig. 2. As Fig. 1, but for JSC-Mars-1. Additional polarization due to 
adsorbed water in this fine-grained material is now evident at lower 
frequency. About 6.5 v% of the total water (in legend) is adsorbed. 
 

 
Fig. 3. Ice v% in a horizontal plane in winze wall of the Fox (AK) 
Permafrost Tunnel, derived from SIP chargeability = (20kHz10Hz)/ 
20kHz. Position of ice wedge was mapped independently from 
outcrop in winze and adjacent adit [29]. Mean ice 80 v% compares 
favorably to 76 v% from sample analysis. Best match to spectra at 
3C is in good agreement with tunnel temperature.  SIP can 
characterize both abundance and temperature of subsurface ice.  
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