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Induced polarization measurements on unsaturated, unconsolidated sands

Craig Ulrich∗ and Lee D. Slater∗

ABSTRACT

Induced polarization (IP) measurements were ob-
tained on unsaturated, unconsolidated sediments dur-
ing (1) evaporative drying and (2) pressure drainage fol-
lowed by subsequent imbibition (water reentry). Porous
ceramic discs were used with existing laboratory IP
instrumentation to permit accurate IP measurements
on unsaturated samples. Polarization magnitude during
evaporative drying approximates a power law depen-
dence on saturation. Saturation exponents for the polar-
ization term were consistently less than Archie conduc-
tion exponents, although no clear relationship between
the exponents was observed. The polarization measured
over a pressure drainage and imbibition cycle exhibits
a complex (yet similar between tested samples) satura-
tion dependence, being a function of saturation range
and saturation history. Polarization is observed to in-
crease with saturation over certain saturation intervals,
yet decrease with saturation over others. High polariza-
tion observed during sample imbibition is consistent with
a model for the development of a continuous charged
air-fluid interface as previously proposed to explain hys-
teresis in resistivity measurements. The saturation de-
pendence of the phase angle measured in IP in large part
results from changes in conduction as pores fill and drain.
Models of low-frequency polarization based on grain-
size-controlled and pore-size-controlled relaxation both
support dependence of IP measurements on saturation.
Our results suggest that saturation dependent polariza-
tion must be considered for effective interpretation of
IP measurements from the vadose zone.

INTRODUCTION

The growing interest in the application of the induced po-
larization (IP) method in environmental investigations results
from recent studies that illustrate the sensitivity of IP parame-
ters to important lithologic parameters, including surface area,
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grain size and hydraulic conductivity (e.g., Börner et al., 1996;
Slater and Lesmes, 2002). However, published studies consider-
ing the dependence of IP parameters on saturation are sparse
(Vinegar and Waxman, 1984; Worthington and Collar, 1984)
and models for IP mechanisms in earth materials primarily fo-
cus on saturated materials. Consequently, application of the IP
method in vadose zone studies has received minimal attention
in the recent literature. This also presumably reflects the fact
that water content and water distribution are primarily studied
with ground-penetrating radar (GPR) or electrical resistivity,
and are generally not considered properties of interest in IP
exploration. However, knowing the dependence of IP param-
eters on saturation is clearly necessary in order to reliably in-
terpret IP measurements in terms of lithologic parameters such
as grain size, specific surface area, and hydraulic conductivity
when the survey is wholly or partly conducted in the vadose
zone. Accurate geophysical estimation of vadose zone lithology
could enhance development of minimally invasive procedures
to determine the distribution of soil moisture content or un-
saturated hydraulic conductivity as surface area and grain size
exert a primary control on these vadoze zone parameters. We
thus recognize a need for studies of IP parameters as a function
of saturation in near-surface soils and sediments.

Subsurface polarization results from the presence of inter-
faces at which local charge concentration gradients develop
upon application of electric current. Polarization is enhanced
at interfaces associated with metals and clays (see, for review,
Ward, 1990; Schön, 1996), but it is also significant and mea-
surable in clay-free and metal-free sediments (Vanhala and
Soininen, 1995; Schön, 1996; Vanhala, 1997) where it is asso-
ciated with predominantly tangential ion displacement in the
electrical double layer (EDL) forming at the grain-fluid inter-
face (Lima and Sharma, 1992; Schön, 1996; Börner et al., 1996;
Chelidze and Gueguen, 1999; Lesmes and Morgan, 2001). Ionic
mobility contrasts at interfaces between wide and narrow pores
are also considered a source of polarization enhancement in
sandy sediments (Titov et al. 2002).

Electrical parameters in metal-free rocks and sediments are
related to the physicochemical properties of the grain surface–
fluid interface (e.g., Vinegar and Waxman, 1984; Börner et al.,
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IP Measurements on Unsaturated Sands 763

1996; Lesmes and Frye, 2001, Slater and Lesmes, 2002). Sur-
face conduction and polarization at this interface is a function
of surface area, surface charge density, surface ionic mobility,
and surface tortuosity (Schön, 1996; Revil and Glover, 1998;
Lesmes and Frye, 2001). The imaginary conductivity (σ ′′) mea-
sured with IP shows a near-linear correlation with surface area
(e.g., Börner and Schön, 1991; Schön, 1996) and an inverse
correlation with grain size (e.g., Slater and Lesmes, 2002) in
unconsolidated sediments and sandstone. Laboratory studies
show that electrolyte chemistry exerts a relatively weak con-
trol on surface conduction and polarization of the grain-fluid
interface when considering the limited range of electrolyte con-
centration encountered in most sediments (Vinegar and Wax-
man, 1984; Revil and Glover, 1998; Lesmes and Frye, 2001).
Consequently, IP appears a promising tool for lithologic map-
ping in near-surface sediments, and the correlation between
polarization and surface area/grain size encourages hydraulic
conductivity prediction from IP measurements (Börner et al,
1996; Lima and Niwas, 2000; Slater and Lesmes, 2002).

Most IP models generally consider water-saturated samples
and neglect to include a saturation term. Chelidze and Gue-
gen (1999) review available theoretical models for the elec-
trical response of porous rocks over a wide frequency range
and discuss how percolation models and Maxwell-Wagner-
Bruggeman-Hanei (MWBH) type models predict saturation
dependence. However, models based on grain-fluid interface
polarization are required to predict the low-frequency elec-
trical response of unsaturated earth materials. Vinegar and
Waxman (1984) incorporated water:oil saturation into an IP
model for shaly sandstone based on the membrane polariza-
tion mechanism. Polarization was theoretically and experimen-
tally shown to display power-law saturation dependence, with
the imaginary conductivity saturation exponent (p) equal to
n − 1. Worthington and Collar (1984) also present results on
sandstone as a function of water:oil saturation in a paper ad-
dressing IP parameters and petrophysical properties. Knight
and Nur (1987a) investigated the dielectric properties of rocks
as a function of saturation in the kilohertz frequency range
and related the high apparent dielectric constants observed to
interfacial polarization mechanisms. Su et al. (2000) examine
the spectral electrical response of rocks as a function of satura-
tion during oil-driving water tests using a two-electrode mea-
surement technique. They found the imaginary conductivity to
show a near linear relationship with water:oil saturation in the
kilohertz range. Electrode polarization below the kilohertz fre-
quency range, coupled with the potential existence of multiple
polarization mechanisms across the full frequency spectrum,
limits evaluation of the significance of these measurements on
IP surveys.

Uncertainty exists regarding the length scale controlling the
EDL polarization observed in rocks and sediments, casting un-
certainty on the likely dependence of IP on saturation. Some
workers argue theoretically and show experimentally that the
dominant relaxation time of the polarization is controlled by
the grain size as depicted in Figure 1a (e.g., Klein and Sill,
1982; Lima and Sharma, 1992; Garrouch, 1999; Chelidze and
Guegen, 1999; Lesmes and Morgan, 2001). Scott and Barker
(2003) present experimental data suggesting that the relaxation
is primarily associated with localized charge blockage caused
by constrictions in the fluid-filled pore space, linking the IP re-
sponse to a dominant pore throat size (Figure 1b). Similarly,

Titov et al. (2002) formulate a model in terms of interfaces
between ion-selective pore-throats and larger pores, again re-
lating the IP mechanism to pore-throat size. Lima and Niwas
(2002) choose to recognize the existence of polarization lengths
associated with both the grain size and the pore size. Obvi-
ously, pore/pore-throat–controlled polarization implies satu-
ration dependent IP parameters whereas saturation depen-
dent IP is less intuitive when considering grain-size–controlled
polarization.

Complex electrical measurements on unsaturated water:air
materials in the frequency range of IP surveys are poorly doc-
umented in the current literature. Kemna (2000), referring to
work published in German (Schopper et al., 1997), reports
that σ ′′ showed n − 1 saturation dependence for measurements
on unconsolidated sediments. Slater and Glaser (2003) briefly
considered saturation as part of a paper addressing the range
of controls on IP in unconsolidated sediments. In this current
paper, we report the results of laboratory IP measurements
on sandy unconsolidated samples as a function of water con-
tent and saturation history. We show how IP parameters vary
with saturation and illustrate the existence of hysteresis in both
the electrolytic conduction and polarization terms. We also de-
scribe the instrumentation and calibration procedure used to
obtain reliable IP measurements on unsaturated samples. We
discuss the results in terms of (1) polarization mechanisms in
unsaturated sediments and (2) interpretation of IP measure-
ments from the vadose zone.

Figure 1. Identified relaxation length scales for EDL polariza-
tion in rocks and soils: (a) grain-size–controlled length scale,
(b) pore-throat-size–controlled length scale. E denotes electric
field.
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764 Ulrich and Slater

ELECTRICAL PROPERTIES

The frequency (ω) dependent electrical response of soils in
the laboratory is measured in this study using an impedance
analyzer. Impedance magnitude and phase shift (φ) of the sam-
ple are recorded relative to a precision reference resistor upon
stimulus with a sine wave. Results may be presented in terms
of magnitude and phase or in terms of real and imaginary com-
ponents of the impedance. It is a matter of choice whether
to present measurements in terms of sample impedance or in
terms of resistivity, conductivity, or dielectric permittivity, all
being calculable from the measured impedance and sample ge-
ometry. It is important to note that each of these parameters
contains a total energy storage term and a total energy loss
term (see Knight and Endres, 2003).

We choose to compute complex conductivity (σ ∗). The in-
phase (real, σ ′) conductivity component represents ohmic
conduction currents (energy loss), whereas the out-of-phase
(imaginary,σ ′′) conductivity represents the much smaller polar-
ization (energy storage) term. The measured magnitude (|σ |)
and phase (φ) parameters are related to the real and imaginary
components as follows:

|σ | =
√

(σ ′2 + σ ′′2), (1)

φ = tan−1
[
σ ′′

σ ′

]
≈

[
σ ′′

σ ′

]
(φ < 100 mrads). (2)

The phase angle measured in IP defines the ratio of the polar-
ization to the conduction.

Ohmic conduction in nonmetallic rocks is ionic, occurring
through the pore-filled electrolyte and by ion migration in the
EDL forming at the grain-fluid interface. A common assump-
tion is that the electrolytic conductivity (σel) and surface con-
ductivity (σ ′

sur f ) add in parallel (e.g., Waxman and Smits, 1968;
Vinegar and Waxman, 1984):

σ ′ = σel + σ ′
surf. (3)

The relative importance of σ ′
surf is critically dependent on

matrix mineralogy, grain size, and fluid conductivity (σw). In
coarse, clay-free sediments saturated with saline groundwater,
σel 
 σ ′

surf, and Archie’s (1942) equations can be used to pre-
dict σ ′ as a function of σw , formation factor (F), and saturation
(Sw):

σ ′ ∼= σel = 1
F

σw Sn
w = σ ′

satS
n
w, (4)

where σ ′
sat is the saturated real electrolyte conductivity and n

is the saturation exponent related to the distribution of fluid
within the pore space. The saturation exponent is a function
of the range of saturation studied (e.g., Longeron et al., 1989;
Knight, 1991). Hysteresis in the σel versus Sw relationship re-
sults in saturation exponents that differ for drainage versus im-
bibition (water reentry) curves (Longeron et al., 1989; Knight,
1991).

EXPERIMENTAL PROCEDURE

Four electrode measurements (0.1–1000 Hz) were made
using a National Instruments (NI) 4551 Dynamic Signal
Analyzer (DSA). Pre-amplification is used to increase the in-
put impedance to approximately 109	 on the sample chan-
nel, minimizing errors from the instrumentation. Nonpolariz-

ing (Ag-AgCl) electrodes are used to measure the phase shift
(φ) and conductivity magnitude (|σ |) across the sample rel-
ative to a reference resistor. All measurements are made in
an environmental chamber at 24.5 ± 0.5◦C. Slater and Lesmes
(2002) provide further details of the instrumentation and cali-
bration procedures employed to ensure accurate IP measure-
ments across the investigated frequency range.

In the present study, considerable effort focused on the de-
sign of a sample holder that would permit accurate IP mea-
surements of unsaturated, unconsolidated samples. A prob-
lem results from the need to maintain electrical contact with
an unsaturated sample at the nonpolarizing potential elec-
trodes. One approach is to maximize the surface area of metal
electrode in direct electrical contact with the sample. How-
ever, placement of metal potential electrodes inside the sam-
ple holder and between the current electrode rings produces
phase artifacts that increase if the potential electrode is in-
clined from perpendicular to the primary current flux along the
sample (Vanhala and Soininen, 1995). Phase artifacts are min-
imized when the electrodes make electrical contact with the
sample via emplacement in electrolyte-filled chambers built
onto the sides of the sample holder (e.g., Lesmes, 1993). We
routinely use this approach for saturated samples (e.g., Slater
and Lesmes, 2002).

Calibration measurements on water samples of known phase
response (0.1–1000 Hz) illustrate the unacceptable phase er-
rors that arise when coil or even small wire electrodes are
placed inside the sample and between the current electrodes.
Figure 2 shows the phase measured for a water sample of con-
ductivity 395 µS/cm using four measurement geometries. The
solid line shows the theoretical phase response of a water sam-
ple assuming a relative dielectric permittivity of 81. Coiled po-
tential electrodes placed inside the sample result in anomalous
negative phase (configuration 1 in Figure 2). Anomalous phase
results are also obtainable when wire electrodes are inside the
sample (configuration 2 in Figure 2). Placing the potential elec-
trodes in fluid-filled chambers on the edge of the sample re-
moves such phase errors (configuration 3 in Figure 2). The
electrical response of unsaturated soils can be measured with
this configuration by using a sealed porous disc with high air en-
try pressure (≈16 psi) placed in between the potential electrode
chamber and the sample holder. Residual 1–2 mrad errors
can still arise and depend on the separation between current
and potential electrodes. These errors increase with decreas-
ing potential-current electrode separation (compare geometry
3-1 with geometry 3-2 in Figure 2). The sample holder used
for all measurements in this study has a phase error ≤0.5 mrad
across the entire frequency range (geometry 3-2 in Figure 2).
We note that poor sample design can result in both capacitive
and inductive (negative phase in conductivity space) artifacts.

Unconsolidated sediments were available from samples of
the Kansas River floodplain. Laser particle-size analysis was
used to determine the grain-size distribution for all samples.
The samples are predominantly well-sorted sands with a neg-
ligible percentage of clay-size grains. Specific surface area was
measured using the nitrogen BET method. Total porosity (φtot ),
likely to be close to effective porosity (φeff) in these loosely
packed sediments, was determined from wet and oven-dried
weight measurements. Mineralogy was investigated using x-ray
diffraction (XRD). Quartz was the only major mineral present
in the 12 samples. Albite, microcline, and albide were detected
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IP Measurements on Unsaturated Sands 765

as trace constituents in some samples. Sample physical charac-
teristics are summarized in Table 1.

Samples were repacked in PVC sample holders for electri-
cal measurements as a function of saturation. Coiled stainless-
steel current electrodes were embedded in the samples close
to the ends. Samples were first purged overnight with CO2 in
order to maximize initial saturation and then slowly saturated
by through flow of pore-filling fluid. However, 100% initial sat-
uration was not achieved. Sample saturation was varied using
two procedures. First, samples (8.9-cm long, 2.5-cm diameter)
were dried by progressive evaporation, achieved by opening
both ends of the sample to the atmosphere. Sample saturation
was determined by weighing immediately prior to an electrical
measurement. Deionized water and 0.01-M NaCl electrolyte
were used as pore fluids. Drying was continued until high con-
tact resistance (>100 k	) at the current electrodes prevented
injection of sufficient current to obtain a reliable magnitude
and phase measurement with the instrumentation. In the sec-
ond procedure, pressure drainage and subsequent imbibition
of samples (8.9-cm long, 2.5-cm diameter) was achieved us-

Table 1. Physical characteristics of soil samples showing grain size at which 10% of sample is finer (D10), grain size distribution
(��), porosity of repacked samples for evaporative (φφevap) and pressure (φφpress) experiments, surface area (SSA) and real (n) and
imaginary (p) saturation exponents.

D10 SSA Saturation Exponents
Sample (mm) � Porosity (m2/g) n p

A 0.047 1.3 0.3651 2.83 1.01 ± 0.151 0.41 ± 0.081

D 0.749 0.6 0.3181 0.44 1.29 ± 0.141 0.61 ± 0.071

0.3632 1.29 ± 0.172 0.80 ± 0.082

0.263 2.38 ± 0.123 1.43 ± 0.083

E 0.071 1.9 0.3131 1.19 1.11 ± 0.071 0.67 ± 0.051

F 0.077 1.9 0.2773 1.76 1.23 ± 0.083 0.5 ± 0.103

G 0.329 1.0 0.3953 0.91 2.7 ± 0.093 0.94 ± 0.083

H 0.022 2.3 0.4071 1.06 2.0 ± 111 1.4 ± 0.141

Error4 ±0.002 ±0.1 ±10% ±0.01

1Evaporative drying with a 0.01-M NaCl pore fluid.
2Evaporative drying with a distilled water pore fluid.
3Pressure drainage/imbibition with a 0.01-M NaCl pore fluid.
4Errors calculated as follows: standard deviation for D10 and � calculated from laser particle-size results for five repeat samples,
porosity relative error calculated from estimated relative error in sample volume and sample weight measurements, SSA error
estimate provided by vendor, saturation exponent errors are the normal error obtained from least-square regression statistics.

Figure 2. Measured phase as a function of
Ag-AgCl potential electrode location for
a 395-µS/cm water sample. (1) Coil po-
tential electrodes placed within the sam-
ple and between the current electrodes,
(2) wire electrodes extending 4 mm into
the sample between the current elec-
trodes, (3) wire electrodes placed in
electrolyte-filled chambers just outside
of the sample between the current elec-
trodes, also showing the effect of distance
between the current electrodes and the
potential electrode pair on residual phase
artifacts. The solid line shows the theo-
retical phase response for this sample as-
suming a relative dielectric permittivity of
81. “C” designates coiled current injection
electrodes, and “P” designates Ag-AgCl
potential electrodes. The sign convention
is such that IP phase angles are positive as
per equation (2).

ing a high-pressure syringe pump (Figure 3). Water was re-
moved and injected from the bottom of the sample by way
of a nylon membrane filter (16-psi bubble pressure). The top
of the sample was open to the atmosphere via a long, narrow
tube (2-mm diameter) allowing air entry but preventing evap-
oration. Extraction and imbibition flow rates were less than
0.5 ml/hr during both cycles. Sample saturation was determined
from calculated sample porosity and precise measurement of
the amount of water extracted or imbibed as recorded by the
syringe pump. Large time intervals (2–3 weeks) between con-
secutive drainage or imbibition increments were employed to
encourage pore-fluid redistribution and equilibrium prior to
each electrical measurement.

RESULTS

Frequency dependence of electrical parameters

Figure 4 shows examples of the frequency dependence of the
imaginary conductivity during drying. Results of evaporative
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766 Ulrich and Slater

drying for sample H are shown in Figure 4a and results of pres-
sure drainage for sample D are shown in Figure 4b. The real
conductivity (not shown) is effectively frequency independent,
whereas the frequency dependence of the phase (not shown)
mimics the imaginary conductivity. The imaginary conductivity
of unsaturated samples dried by evaporation exhibits a weak
increase with frequency and no evidence for a dominant re-
laxation time (length) within the measured frequency range
(Figure 4a). Similar frequency dependence is commonly ob-
served for saturated unconsolidated sediments (e.g., Börner
et al., 1996; Vanhala, 1997; Slater and Lesmes, 2002). Imagi-
nary conductivity as a function of frequency during pressure
drainage exhibits a weak polarization peak for Sw = 0.9–0.6,
suggesting the presence of a dominant relaxation length. This
peak is absent for the saturated sample and for Sw < 0.6. It is
most prominent for Sw = 0.8, occurring at about 8 Hz. The peak
shifts slightly with changing saturation but shows no correla-
tion with decreasing Sw . Both evaporative drying and pressure
drainage results illustrate that the σ ′′ versus Sw relationship
is frequency dependent and that Sw dependence becomes less
above 100 Hz. In the following sections, we focus on the re-
sponse of electrical parameters to Sw at 1 Hz, being represen-
tative of the response observed below 50 Hz and the frequency
range typical of field IP data collection.

Evaporative drying

Figure 5 shows the dependence of σ ′, σ ′′, and φ as a function
of saturation observed as samples are dried by evaporation.
The real conductivity and polarization magnitude are plotted
as a ratio of the value during drying to the saturated value
and denoted as S′ and S′′, respectively. The real conductivity
shows the Archie power law dependence on saturation with

Figure 3. Schematic of sampler apparatus for IP measurements on unsaturated samples. A high-pressure syringe
pump is used to induce sample drainage and imbibition. IP measurements (0.1–1000 Hz) are obtained with an
NI 4551 DSA. Nonpolarizing Ag-AgCl electrodes placed in chambers just outside of the sample are kept in
electrical contact with the pore fluid using high air-entry porous discs.

linear correlation coefficient (R2) greater than 0.9 in each case.
Saturation exponent (n) values are summarized in Table 1 and
are at the low end of the range of values typically reported for
unconsolidated sediments (Schön, 1996) but consistent with
those reported in studies of similar alluvial sediments (Pig-
got, 1999; Baker, 2001). Similar exponents are obtained for
0.01-M NaCl saturated and distilled water saturated solutions
(Figures 5d and 5e). The polarization magnitude (S′′)
also shows first-order power law dependence on saturation
(R2 > 0.9). Su et al. (2002) report a similar relationship from
kilohertz-range measurements on rock during oil-driving ex-
periments. Polarization saturation exponents (p) for our study
are recorded in Table 1. Polarization-magnitude saturation ex-
ponents are consistently smaller than real-conductivity satura-
tion exponents. There is no observable relationship between
the exponents and the measured physical properties of the
sediments (Table 1). The phase-angle dependence on satura-
tion is similar for each sample with φ generally increasing with
sample drying. Some variability is observed between samples.
Above Sw = 0.7, the phase for sample D is only weakly satura-
tion dependent (Figures 5d and 5e). Phase for samples A and
E shows decreasing Sw dependence at lower saturation values
(Figures 5a and 5b).

Pressure drainage

Figure 6 shows the dependence of σ ′, σ ′′, and φ as a func-
tion of saturation observed during pressure fluid extraction
(denoted by subscript “ext”) and subsequent fluid imbibition
(denoted by subscript “imb”) for samples F, D, and G. Real
conductivity and polarization magnitude are normalized to val-
ues immediately prior to initiation of drainage, again denoted
as S′ and S′′, respectively. The syringe pump allowed precise
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IP Measurements on Unsaturated Sands 767

control of the volume of fluid removed or added, permitting
a higher sampling intensity. The shape of the S′ response is
similar between samples. The shape of S′′ during extraction
is also similar between samples. The S′ plots show that the
saturation exponent (n) depends on saturation range and on
saturation history as shown in previous work (Longeron et al.,
1989; Knight, 1991). Our results show that this is also the case
for the polarization magnitude as observed by Knight and Nur
(1987b) at higher frequencies (30 kHz). We estimate saturation
exponents for the drainage saturation interval where power
law behavior is observed (Table 1). Polarization magnitude ex-
ponents are considerably smaller than real conductivity expo-
nents, consistent with the results obtained from evaporative
drying. Saturation exponents during pressure drainage of sam-
ples D and G are high relative to exponents obtained from
evaporative drying. This may in part result from differences in
sample preparation for the two experiments. No observable re-
lationship between estimated exponents and sample physical
properties is again observed (Table 1).

Hysteretic effects are evident in the elec-
trical response as a function of saturation
over the drainage and imbibition cycle. Hys-
teresis observed in the conductivity ver-
sus saturation curves is larger than that re-
ported in other studies of unconsolidated
sediments. Piggott (1999) observed minor
hysteretic behavior in Ottawa sand samples,
whereas Baker (2001) reported insignificant
hysteretic behavior in gravels and sands.
Hysteresis in our measurements is very sim-
ilar to that reported for loosely consolidated
sandstone and attributed to distinctly differ-
ent pore-fluid distributions occurring during
drainage and imbibition (Knight, 1991) as
well as in more porous tuff samples (Roberts
and Lin, 1997). The pore-fluid distribution
at any saturation is dependent on the sat-
uration history, sample geometry, and sat-
uration procedure. Our experimental setup
may encourage differences in pore-fluid dis-
tribution during drainage relative to during
subsequent imbibition, resulting in the mag-
nitude of hysteresis observed here.

Below Sw ≈ 0.7, S′ is lower during
drainage than during subsequent imbibi-
tion. This relationship is reversed above
Sw ≈ 0.7. Real conductivity after imbibition
of all extracted water is less than that at the
start of drainage. We attribute this to in-
complete sample saturation prior to initial
drainage and redistribution of water and air
in the pore space caused by the drainage-
imbibition cycle. Above Sw ≈ 0.8, there is a
weak dependence of S′ on saturation. In this
region, extraction lowers the water level in
the sample. The increased saturation depen-
dence below Sw ≈ 0.8 during extraction be-
gins as water starts to drain from pores.

The polarization magnitude exhibits
more complex saturation dependence al-
though the response is very similar for the

three samples and is consistent with the hysteresis observed
for the dielectric constant of partially saturated sandstone at
30 kHz (Knight and Nur, 1987b). Polarization magnitude in-
creases with Sw over some Sw intervals, yet decreases with
Sw over others. This behavior is most apparent in the imbi-
bition curves. Drainage of the water level during extraction
is associated with an increase in S′′. The polarization mag-
nitude then starts to decrease as water is removed from the
pores. The polarization magnitude during imbibition shows
a similar shape for samples F and D but is shifted on the
Sw axis. At low saturation, S′′ increases with Sw during im-
bibition. A peak in S′′ occurs at Sw ≈ 0.35 for sample D, at
Sw ≈ 0.5 for sample F, and at Sw ≈ 0.4 for sample G. The po-
larization magnitude decreases with Sw above this saturation
value. Unlike samples D and F, S′′ during imbibition at points
exceeds the value prior to drainage. The phase response is
similar for samples D and G with φ during extraction gener-
ally higher than during imbibition. The reverse is observed for
sample F. Phase during extraction is similar to phase behavior

Figure 4. Examples of the frequency dependence in the imaginary conductivity
spectra as a function of saturation: (a) sample H during evaporative drying, (b)
sample D during pressure drainage.
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768 Ulrich and Slater

during evaporative drying, exhibiting a general increase with
drying.

DISCUSSION

Our results demonstrate that IP measurements are satura-
tion dependent. Yet subsurface saturation is rarely considered
in the interpretation of IP measurements. In this study, we
varied saturation by both evaporative drying and by pressure

Figure 5. Dependence of real conductivity (S′), imaginary conductivity (S′′), and
phase angle (φ) on saturation (Sw) during evaporative drying of unconsolidated
sediment samples initially saturated with 0.01-M NaCl (unless stated): (a) sample A,
(b) sample E, (c) sample H, (d) sample D1, (e) sample D2 (distilled water). Real and
imaginary conductivities are normalized to values at saturation. Lines show power
law fits to S′ and S′′ (R2 > 0.9) from which saturation exponents are estimated.

drainage followed by subsequent imbibition. Electrical mea-
surements of unsaturated laboratory samples are known to
depend on the method of saturation employed (e.g., Knight,
1991). It is thus necessary to consider the degree to which
our results reflect the electrical properties of the vadose
zone. Evaporative drying only occurs at the earth surface,
whereas the pressure drainage and imbibition employed
here is somewhat similar to the pore drainage and filling that
occurs when water table changes combined with capillary water

removal by plants operate in the vadose
zone. We did not investigate the effects
of multiple drainage-imbibition cycles on
electrical measurements, a process incor-
porated into the study of Knight (1991) and
representative of the vadose zone. How-
ever, our results show that effective use of
the IP method in vadose-zone studies must
consider the significant effect of saturation
on polarization parameters.

It is necessary in IP interpretation to
distinguish between the measured param-
eters and the direct measures of polar-
ization. The measured phase defines the
polarization magnitude relative to the con-
duction magnitude [equation (2)]. Changes
in the conduction term due to pore fill-
ing or drainage will cause the phase to
exhibit saturation dependence even if the
polarization term is constant. The phase
increase during drying is largely attributed
to the reduced conduction through the
pore space, although changing polariza-
tion (discussed next) is also a contributing
factor. Chargeability and percentage fre-
quency effect (PFE) are measured IP pa-
rameters that will show the same character
as the phase (Lesmes and Frye, 2001).

The imaginary conductivity confirms
that polarization in these unconsolidated
sediments is a function of saturation. How-
ever, the polarization is less affected by
saturation than the conduction in both
evaporative and pressure drainage exper-
iments. In the evaporative experiments,
the polarization-saturation exponents are
consistently lower than the conduction-
saturation exponents although there is no
consistent relationship between the two.
Furthermore, no obvious relationship be-
tween measured physical properties and
saturation exponents was observed. In-
duced polarization is considered primarily
sensitive to lithologic parameters (surface
area, grain size, clay content) and, rela-
tive to resistivity measurements, less sen-
sitive to the fluid chemistry. In unconsol-
idated sediments, the polarization shows
only minor dependence on fluid chemistry,
resulting in strong relationships between
polarization and lithology (e.g., Slater and
Glaser, 2003). Our results suggest that
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IP Measurements on Unsaturated Sands 769

these relationships are unlikely to hold in vadose zone studies
in the instance of variable saturation.

We have previously noted the uncertainty regarding whether
the length-scale controlling the polarization is predominantly
controlled by a dominant grain size or a dominant pore size,
or whether relaxations exist at both scales. Estimation of the
length scale of the relaxation at the grain-
fluid interface is theoretically possible (e.g.,
Lesmes and Morgan, 2001), but it requires
values of the diffusion coefficient of the
ions at this interface. We are thus unable to
evaluate whether the weak relaxation peak
observed is consistent with the grain-size
distribution of the samples. A dependence
of IP on saturation intuitively follows if the
dominant relaxation mechanism is pore-
size controlled. Drainage of pores and pore
throats would reduce the polarization oc-
curring at throats and pore constrictions
as we observed during evaporative drying
and over certain Sw intervals of a pressure-
drainage cycle. As this characteristic length
scale is inversely related to the pore size
(Titov et al., 2002; Scott and Barker, 2003),
we would expect the polarization peak in
the frequency spectra to progressively shift
to higher frequency (smaller pore size) as
larger pores continue to drain preferen-
tially. Spectra obtained during evapora-
tive drying do not exhibit a polarization
peak, but instead show a weak increase
with frequency. Such behavior is assumed
to result from the superposition of multiple
relaxations over many length scales (e.g.,
Lesmes and Morgan, 2001), such as could
result from a sample with a wide pore-size
distribution. Pressure-drainage spectra do
exhibit a weak polarization peak over a
limited Sw range, but there is no clear cor-
relation between the frequency of the peak
and Sw . Pore-throat–dominated relaxation
is likely to be more pronounced in sedi-
mentary rocks where dissolution and ce-
mentation occur.

Chelidze and Guegen (1999) invoke a “gi-
gantic low frequency polarization” theory,
based on an EDL “open” to the bulk elec-
trolyte, that is characterized by grain-size–
controlled relaxation and appears to be con-
sistent with saturation dependence of the IP
response. In this model, polarization is en-
hanced by the free exchange of EDL charge
with the electrolyte via ion displacement
normal to the interface. Concentration gra-
dients then build up in the electrolyte out-
side of the EDL. Long relaxation times re-
sult from the redistribution of charge within
the electrolyte upon removal of the applied
electric field. The relaxation time is grain-
size controlled and a function of the bulk
diffusion coefficient of the electrolyte. We

suggest that removal of the electrolyte as a result of drainage
would limit this polarization mechanism and result in a reduc-
tion in imaginary conductivity with drying, as generally ob-
served in our data. In this case, the distribution of grain sizes
in natural materials would result in a multitude of relaxation
times and the lack of a distinct polarization peak, as observed in

Figure 6. Real conductivity (S′), imaginary conductivity (S′′), and phase (φ) ob-
served at 1 Hz over a pressure drainage and subsequent imbibition cycle: (a) sample
F, (b) sample D, (c) sample G. The real and imaginary conductivities are normal-
ized to the values immediately prior to initiation of drainage. Subscripts “ext” and
“imb” refer to fluid extraction (pressure drainage) and subsequent fluid imbibition,
respectively.
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770 Ulrich and Slater

this study. We therefore favor this grain-size–controlled model
for explaining the IP saturation dependence observed during
evaporative drying.

Results from the pressure-drainage experiment exhibit a
complex dependence of polarization on saturation and satu-
ration history. We cannot offer a simple explanation of these
results by considering grain surface–fluid interface polariza-
tion alone. Knight (1991) proposed that surface conduction at
the air-fluid interface during imbibition results from the for-
mation of thick surface layers of water that are separated by a
thin air phase (geometry B of Figure 10 in Knight, 1991). She
attributed the hysteresis observed in sandstone samples as pri-
marily resulting from this air-water interfacial conductivity be-
ing present during imbibition but absent during drainage. She
cited numerous references that suggest the magnitude of the
charge density at an air-water interface and resulting surface
conductivity can be of the same magnitude as that occurring
at the grain-fluid interface (e.g., McShea and Callaghan, 1983;
Laskowski et al., 1989). If correct, it is possible that polarization
at the air-fluid interface might also affect the IP response in un-
saturated materials. Our real conductivity data exhibit similar
hysteresis to that recorded by Knight (1991). Furthermore, our
imaginary conductivity data exhibit hystereris that is very sim-
ilar to that recorded at 30 kHz in partially saturated sandstone
and attributed to capacitive charging and discharging of gas
bubbles that is enhanced during imbibition (Knight and Nur,
1987b). This is a significant observation because it suggests that
common pore-scale processes may determine the behavior of
electrical properties over a wide frequency range. Due to the
larger length scales controlling lower frequency polarization,
we prefer to consider polarization at a continuous air-fluid in-
terface as the most likely cause of the hysteresis observed in our
IP experiments. The Knight (1991) model of surface conduction
at an air-water interface assumes that a continuous air-water
interface develops only during imbibition and breaks down at
a Sw point when fluids rearrange to a more stable geometry
(Sw ≈ 0.7 in Knight, 1991). Figure 6 shows that the polarization
during imbibition is greater than that during drainage below
Sw = 0.6 for samples F and G, and below Sw = 0.5 for sample D.
The effect is particularly pronounced for sample G. This polar-
ization during imbibition exhibits a distinct maximum between
Sw = 0.4 and Sw = 0.5, being most pronounced in samples D
and G, and breaks down at higher saturation. Thus our results
appear remarkably consistent with the Knight (1991) model.

CONCLUSIONS

IP measurements using laboratory instrumentation modified
to permit measurements on unsaturated, unconsolidated sam-
ples show that IP parameters are a function of saturation (Sw),
pore-fluid distribution, and saturation history. During evapo-
rative drying, the polarization magnitude approximates power-
law saturation dependence. Polarization magnitude saturation
exponents (ranging between 0.4 and 1.4) are consistently less
than conduction exponents (ranging between 1.1 and 2.7) for
individual samples, although no clear relationship between the
exponents is apparent from this study. The first-order depen-
dence of polarization on saturation is tentatively attributed to
enhancement of free exchange of EDL charge with the elec-
trolyte via ion displacement normal to the interface, as in theory
invoked by Chelidze and Guegen (1999).

Polarization measurements during pressure drainage and
imbibition display a complex, yet similar between samples,
saturation dependence showing clear hysteretic effects. Polar-
ization magnitude increases with Sw over some Sw intervals,
yet decreases with Sw over others, these effects being more
pronounced in the imbibition curves. A distinct polarization
peak develops on imbibition between Sw = 0.35 and Sw = 0.5,
but is absent during pressure drainage. We propose that this
enhanced polarization over a limited intermediate saturation
range observed during imbibition results from the presence
of a continuous charged air-fluid interface as originally sug-
gested by Knight (1991) and previously inferred from higher
frequency dielectric measurements on sandstone (Knight and
Nur, 1987b). Polarization is only weakly frequency dependent
over the measurement range considered here (0.1–1000 Hz),
although we observe some evidence for a shift in polarization
peak (relaxation time) with changing saturation.

This study shows that models describing the IP response in
earth materials must consider saturation in order to predict
the IP response in the vadose zone. Existing grain-surface–
controlled or pore-throat–controlled relaxation models both
imply a dependence of IP parameters on saturation. However,
consideration of polarization at a continuous air-fluid interface
is also required. Our results should encourage the development
of more refined models for IP in unsaturated sediments and
advance interpretation of measurements obtained within the
vadose zone.
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