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ABSTRACT OF THE DISSERTATION 
Improved understanding on the effects of soil saturation on spectral induced polarization 

By David A Grunat 

Dissertation Director:  
Lee D. Slater 

 

Recent studies have shown that induced polarization (IP) coupled with electrical 

resistivity surveys can be used for in-situ lithological and hydrologic discrimination of 

the subsurface; yet the driving factors behind the effects of water content dynamics on IP 

are relatively understudied. We sought to improve understanding of the relationship of IP 

on variations in saturation state for an undisturbed agricultural soil.  Our experiment 

consisted of collecting IP measurements concurrently with hydraulic data during 

multistep outflow experiments.  We determined the hydraulic properties of the 

undisturbed soil samples and correlated them with IP data, primarily changes in 

saturation. Due to an increase in salinity with decreasing saturation, we found that 

imaginary conductivity (σ”) may offer distinct advantages for determining moisture 

content over real conductivity (σ’) measurements. Although σ” exhibits a weaker 

dependence on saturation compared to σ’, the relative insensitivity of σ” to salinity 

creates a more robust measure of moisture content in the presence of changing salinities.  

As changes in pore fluid conductivity are likely to occur in the field simultaneously with 

water content changes, we argue that, although IP has traditionally been used to 

discriminate lithology, temporal IP measurements may additionally provide a robust 

indicator of changes in saturation state. 
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Introduction 

Electrical methods are an emerging technology in the field of soil sciences, offering the 

opportunity to observe in-situ spatial and temporal variations in subsurface properties 

including spatial heterogeneity of soil matrix and hydraulics where traditional data 

collection only provides point measurements (Hubbard and Rubin, 2000). In addition, 

these techniques provide data collection with minimal disturbance and associated costs.  

The use of electrical resistivity for the characterization of moisture and pore water quality 

dynamics has been extensively explored (see Lesmes and Friedman (2005), for review).  

 

Electrical resistivity has been used for subsurface imaging due to its dependence on 

salinity, soil structure and degree of saturation (Archie, 1942).  Archie’s Law has been 

utilized in the interpretation of resistivity data for decades.  One use of Archie’s Law is 

the determination of moisture content, or its changes, in the vadose zone. However, while 

resistivity is strongly dependent on saturation, the additional dependence on salinity and 

soil structure can often limit the interpretation of data.  Time-lapse resistivity surveys can 

be used to isolate resistivity changes with time associated with moisture dynamics 

(Mitchell et al., 2011).  While this method removes the effects of lithology, linking 

changes in moisture content to resistivity can be complicated by temporal changes in 

salinity. 

 

While moisture content, salinity, and soil matrix changes can be difficult to discriminate 

in resistivity surveys in the absence of additional information, recent studies have shown 

that induced polarization surveys can be used to discriminate resistivity changes 
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associated with pore fluid variations from resistivity changes associated with physical 

properties, e.g. surface area and hydraulic conductivity (Kemna et al., 2000; Slater and 

Lesmes, 2002). While a relatively weak dependence of induced polarization (compared to 

resistivity) on moisture content is known, how unsaturated water content dynamics affect 

induced polarization measurements remains relatively understudied (Breede et al., 2011; 

Schmutz et al., 2010; Titov et al., 2004; Ulrich and Slater, 2004). 

 

While many studies have been conducted using resistivity, relatively few studies have 

investigated the effects of saturation state on induced polarization. An early investigation 

on saturation effects was conducted by Vinegar and Waxman (1984) using oil as a non-

wetting fluid in shaly sand samples.  They observed decreases in real conductivity (σ’) 

and imaginary conductivity (σ”) with decreasing saturation that could be well described 

by a power law relationship.  The power-law exponent for σ” (p) was determined to be 

lower than the power law exponent for the real conductivity σ’ (n), following the 

relationship p=n-1. Schmutz et al. (2010) conducted IP measurements on sands using oil 

as a non-wetting fluid and also observed decreasing σ” with increasing saturation that 

could be described by a power law relation.  Ulrich and Slater (2004) conducted IP 

measurements on sand samples under evaporative drying and also observed power law 

relationships where p < n. However, Ulrich and Slater (2004) also conducted 

measurements using pressure drainage and inhibition where a peak in σ” was observed 

during desaturation. Breede et al. (2011) conducted IP measurements on both sands and a 

laboratory packed agricultural sample. They also observed a peak in σ” during 

desaturation followed by a decrease in σ”. In general, these studies generally suggest that 
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σ” decreases with decreases in saturation, with Vinegar and Waxman (1984), Ulrich and 

Slater (2004), and Schmutz et al. (2010) demonstrating a weaker  power law relationship 

of σ” as compared to the relationship for σ’.  

 

Two recent theoretical models have been proposed to describe changes in water content 

on the observed IP response.  The first relates the response of σ” to a ratio between large 

and narrow passages for current flow (Titov et al., 2002). Using this theory, Titov 

experimentally demonstrated an increase in σ” in unconsolidated sands to some peak 

level associated with a peak ratio of large and narrow water filled pore diameters, 

followed by a decrease (Titov et al., 2004). This model is consistent with the peak σ” 

values seen by other researchers (Breede et al., 2011; Titov et al., 2004; Titov et al., 

2002; Ulrich and Slater, 2004).  Additionally, this model may explain the lack of a peak 

during evaporative drying as all pores simultaneously drain (Ulrich and Slater, 2004) or 

when a highly heterogeneous soil is used due to the superposition of multiple peaks.  The 

second model initially presented by Leroy and Revil (2009) for saturated conditions, 

attributes induced polarization to the polarization of the Stern layer around soil particles 

that is discontinuous within the porous media. Jougnot et al. (2010) refined this 

relationship to account for changes in saturation by modifying the charge density of 

counterions per unit pore volume with varying saturation. Experimentally, they 

demonstrated a decrease in σ” with decreasing saturation (Jougnot et al., 2010). This 

model does account for the general power law decrease in σ” with decreases in 

saturation, but is unable to describe the peak values observed by others. 
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The original objective of this study was to collect and correlate IP data with observed 

hydraulic properties and to further investigate the dependence of IP on saturation state. 

We performed laboratory experiments to investigate the effects of IP during water 

desaturation on undisturbed loamy sediments from an agricultural site. To our 

knowledge, no previous IP studies have been conducted on undisturbed soil columns and 

none have been conducted under field conditions. Measurements were conducted under 

flow and no flow conditions using pore fluids of similar salinity as observed in 

agricultural soils (Blume et al., 2010).  Due to an observed increase in pore fluid 

conductivity during desaturation, we observed and modeled changes in complex 

conductivity as a function of both pore fluid conductivity and saturation. We present 

evidence that imaginary conductivity is a more robust sensor of changes in saturation 

state than real conductivity under conditions of changing pore fluid salinity. 

Electrical Properties 

Spectral induced polarization (SIP) measurements are conducted by injecting current over 

a range of frequencies, with a phase lag (φ) and magnitude (|σ|) of the voltage waveform 

observed between electrodes measured.  These results can be presented as magnitude and 

phase or can be reported in terms of an in-phase real conductivity (σ’) representing 

electromigration and an out of phase imaginary conductivity (σ“) representing 

polarization.  Using the measured phase lag and magnitude, σ’ and σ”, the following 

relationships hold, 

 

𝜎𝜎 = 𝜎𝜎 + 𝜎𝜎 ,    (1) 
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𝜑𝜑 = 𝑡𝑡𝑡𝑡𝑡𝑡 𝜎𝜎
𝜎𝜎 ,     (2 

 

𝜎𝜎 = 𝜎𝜎 𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑,     (3) 

and 

𝜎𝜎 = 𝜎𝜎 𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑.      (4) 

 

Vinegar and Waxman (1984) developed a model to describe the complex conductivity 

(σ*) of shaly sandstone.  Their model consists of the parallel addition of the electrolytic 

contribution (σel) representing electromigration through the interconnected pore space and 

a mineral surface contribution consisting of both electromigration  (σ’surf) and 

polarization (σ”surf) through the electrostatic double layer (EDL).  The Vinegar and 

Waxman (1984) model assumes the following equations: 

 

𝜎𝜎∗ = 𝜎𝜎 + 𝜎𝜎∗ ,     (5) 

and 

𝜎𝜎∗ = 𝜎𝜎′ + 𝜎𝜎′ + 𝑖𝑖𝜎𝜎′′ .    (6) 

 

As shown in the above equations, σ” depends only on the surface polarization while σ’ 

depends on both electrolytic and surface conduction.  Archie’s Law is commonly used to 

describe electrolytic conduction in porous media, 

 

𝜎𝜎 = 𝜎𝜎 𝑆𝑆 = 𝜎𝜎 𝜑𝜑 𝑆𝑆     (7) 
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where F (-) is the formation factor, σw (S m-1) is fluid conductivity, φm (-) is porosity 

raised to Archie’s cementation factor m (-), and Sw is saturation (Sw=θ/φ, where θ (-) is 

the water content) raised to Archie’s saturation factor n (-) (Archie, 1942).  Archie’s 

cementation factor (m) can be used to describe the effects of intergranular cementation 

and grain shape with a typical values of 1.3 for clean sand to 4.4 for Mexican Altered 

Tuff (a clay rich mineral) with a heterogeneous soil material exhibiting a cementation 

factor of approximately 2 (Lesmes and Friedman, 2005). Archie’s saturation factor is 

typically reported as approximately 2 for unconsolidated sediments with experimental 

results showing it ranging from 1.3 to 2.7 (Schön, 2004).  Using this relationship the 

electrical resistivity is commonly used to estimate moisture content. 

 

As previously discussed σ’ depends on both electrolytic and surface conductivity and 

using the Vinegar and Waxman (1984) parallel conductor model, σ’ can be described 

under saturated conditions using the following relationship: 

  

σ′ = 𝜎𝜎 + 𝜎𝜎′      (8) 

 

where F is independent of σw and thus σ’ varies linearly as a function of salinity. Using 

Archie’s law (Eq. [7]), the soil porosity and formation factor can be used to determine 

Archie’s cementation factor at full saturation (i.e. Sw=1). Additionally, surface conduction 

(σ’surf) can be determined as the residual conduction at low salinities.   
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Imaginary conductivity represents the ability of a soil to polarize from the presence of 

interfaces at which local charge concentration gradients form upon application of 

electrical current.  Charges at a particle surface result in an interfacial region of 

counterions necessary to provide equilibrium in a solution.  This interfacial zone of 

charge is typically referred to as the electrical double layer (EDL).  As distance from the 

particle surface increases the charge density decreases.  Two distinct zones can be 

derived, the first being the “Stern” layer described as the zone near the surface where ions 

are strongly bound. The outer layer is known as the  “diffuse” layer where ions are less 

strongly bound and ion exchange can occur (Hillel, 2004). A schematic of the idealized 

behavior of cations in the stern layer with and without an electric current is presented as 

Figure 1. 

 

Figure 1) Schematic of idealized behavior of cations with and without electric current. 

 

The redistribution of cations in the EDL in the presence of electrical current and 

subsequent relaxation when the electrical current is removed is the basis for IP 

measurements.   

 

Previous research has shown that the magnitude of this polarization is dependent on 
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surface area, surface charge density, surface ionic mobility and surface tortuosity (Frye et 

al., 1998; Glover, 1998; Revil and Florsch, 2010; Revil et al., 1999; Schön, 2004).  

Additionally, it has been shown that σ” in saturated samples is sensitive to salinity 

changes; with a power law increase of σ” with increases in salinity to some critical 

salinity where σ” becomes asymptotic around 1 S m-1 (Flath, 1989; Slater and Glaser, 

2003; Vinegar and Waxman, 1984; Weller et al., 2011).  This weak dependence of σ” on 

fluid chemistry has motivated the use of IP methods for improving lithologic 

discrimination relative to using resistivity alone (Weller et al., 2011; Weller and Slater, 

2012; Weller et al., 2010).   

 

As previously discussed, σ” typically exhibits a power law relationship with changes in 

saturation: 

 

  𝜎𝜎 = 𝑎𝑎  𝑆𝑆       (9) 

 

where a is a fitting parameter (Su et al., 2000; Ulrich and Slater, 2004). As previously 

discussed, Vinegar and Waxman (1984) proposed p=n-1 describing the effects of oil on 

shaly sands. Although Ulrich and Slater determined no correlation between sediment 

structure and p, they did observe that p was consistently less than Archie’s Saturation 

factor n.  Furthermore, Schmutz et al. (2010) additionally discussed the power law 

relationship; similar to Vinegar and Waxman (1984), they fit p as a function of n where it 

was assumed that p=n-1 (Schmutz et al., 2010).  
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To compare the real and imaginary parts of the complex surface conductivity, Börner 

(1991, 1992) demonstrated experimentally a linear proportionality of σ’surf and σ’’surf.  

Assuming this linear relationship can be extended to changes in saturation, we similarly 

assume real surface conduction varies linearly with surface polarization by constraining 

σ’surf by Sw
p resulting in: 

 

𝜎𝜎′ = 𝜎𝜎 𝜑𝜑 𝑆𝑆 + 𝜎𝜎′ 𝑆𝑆      (10) 

 

Hydraulic Theory 

Flow through unsaturated media can be described by a modification of Darcy’s law 

(Darcy, 1856) known as Richards' Equation (Richards, 1931):  

 

= 𝐾𝐾 𝜃𝜃 − 𝐾𝐾(𝜃𝜃)     (11) 

 

where θ (-) is volumetric water content, K (L T-1) is hydraulic conductivity, t (T) is time, 

and z (L) is length (Durner et al., 1999). Durner et al. (1999) revised Van Genuchten’s 

model (van Genuchten, 1980) to describe the water retention curve and unsaturated 

conductivity for multimodal pore-size distributions using a linear superposition of van 

Genuchten models: 

 

𝑆𝑆 ℎ = = 𝑤𝑤 1+ 𝛼𝛼 ℎ   𝑓𝑓𝑓𝑓𝑓𝑓  ℎ < 0
1   𝑓𝑓𝑓𝑓𝑓𝑓  ℎ ≥ 0

     (12) 
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  𝐾𝐾 𝑆𝑆 =
( )

 .   (13) 

 

where k (-) is the number of pore-sizes present, τ (-) is an empirical shape parameter, wi  

are weighting factors where 0< wi <1 and 𝑤𝑤 =1, and αi, Ni and mi  are fitting 

parameters for each pore size distribution (Durner et al., 1999).  This relationship for two 

pore size distributions is referred to as the dual van-Genuchten-Mualem model.   

Methods 

Sample Collection and Column Construction 

Samples analyzed for this experiment were from an agricultural soil collected from the 

Cornell Extension Cooperative in Riverhead, New York on Long Island, where 

geophysical methods are being used to better understand the transport of fertilizers and 

pesticides through the vadose zone.  Two samples were collected by driving a sharpened 

PVC column into undisturbed soil in adjacent locations.  Each sample was capped in the 

field and stored in a cool (10°C) and dark environment prior to analysis to prevent soil 

structure changes due to temperature and humidity changes and to limit microbial 

growth.  Soil physical properties were determined including grain size distribution by 

sieving and sedimentation.  Bulk density and porosity were determined by calculating the 

saturated and dry mass of soil. Surface area for the soil was determined by using the 

Nitrogen Brunauer-Emmett-Teller (BET) adsorption method (Micromeritics ASAP 2020, 

Norcross, GA, US). For determination of the cation exchange capacity the samples were 

first treated with 0.1 M and 2.5 mM BaCl2 followed by 0.02 M MgSO4. The 
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concentration of exchanged Mg was measured by ICP-OES (Varian 725 OES, Varian, 

Germany).  Organic carbon content was determined by oxidative combustion of 100 to 

200 mg air-dried, homogenized sample material in a high temperature furnace at 1300 °C 

with subsequent NDIR detection of the resulting CO2 on a multi N/C 2100 (Analytic 

Jena, Jena, Germany).  Soil physical properties for the agricultural soil are presented in 

Table 1. 

Table 1) Physical Properties for Haven Loam Soil from Cornell Cooperative Extension, 

Riverhead, New York 

Sand Silt Cla Bulk 
Density 

(%) (%) (%) (g cm-3) 

41.40±1.07 52.45±0.68 6.15±0.40 1.65 

Porosity 

Nitrogen  
BET 

Surface 
Area 

Cation 
Exchange 
Capacity 

Organic 
Carbon 
Content 

(%) (m2/g) (meq kg-1) (g kg-1) 

38 8.47±0.04 31±3 6.72±0.08 

 

Two measurement columns were constructed using 2-inch diameter by 10-inch clear 

schedule-40 PVC pipe and non-conductive PVC fittings (Figure 2).  Each column 

consisted of eight electrodes, two tensiometers, and a porous plate.  The electrodes were 

constructed using 12-gauge non-polarizing silver-silver chloride (Ag-Ag/Cl) wire in a 0.1 

M KCl electrolyte solution connected to the soil with porous ceramic cups (1 bar air entry 

pressure, Sunvalley Solutions, Sunny Isles Beach, FL, US) to retain electrolytic contact 

during soil desaturation and to prevent anomalous phase results.  Through this 
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electrolytic contact, the electrodes resulted in a pore fluid conductivity variation that will 

be further described below. 

 
(a)    (b) 

   
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

(c) 
  

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2) Column construction showing the electrode and tensiometers locations (a), 
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electrode construction (b), and connection to digital signal analyzer (c).  

 

For this experiment, four electrodes organized in a horizontal plane were utilized, as 

vertically separated electrodes would integrate over a range of moisture contents due to 

the vertical distribution of moisture content associated with gravity.  SIP measurements 

were collected by using four electrodes 2-inches above the bottom of the column 

connected to a digital signal analyzer (NI4551 DSA, National Instruments, Austin, TX, 

US).  Initially measurements were collected using both upper and lower electrodes; 

however, due to the time required for data collection only one plane could be collected 

through each experiment. The bottom electrodes were selected as infiltrating pore fluid 

during flow conditions could create an anomalous increase in saturation near the upper 

electrodes. Measurements were collected over 40 equally spaced frequency intervals 

between 0.1 and 1000 Hz.  Impedance magnitude and phase shift were measured relative 

to a precision resistor using opposite electrodes on the horizontal plane to the current 

electrodes.  During column calibration, the column was filled with water of varying 

salinities.  Both traditional vertical electrode arrays and horizontal arrays were tested to 

ensure reliability of the horizontal data by reproducing the vertical data. The geometric 

factor, which is a correction factor used to convert an apparent conductivity (a function of 

the electrode locations) to a true conductivity (assuming homogeneity with the support 

volume) for electrodes in different arrays, is often determined by measuring the distances 

between current and potential electrodes for one-dimensional current flow along a 

column.  Due to the close proximity of the electrodes and three-dimensional flow from 

point electrodes preventing a simple analytical solution for the geometric factor, the 
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horizontal electrode array was calibrated experimentally using fluids of known 

conductivity ranging from approximately 50 to 3000 µS cm-1.  Linear regression of 

resistance against known sample resistivity resulted in a coefficient of determination (R2) 

of 99%; phase errors were less than 1 mrad below 10 Hz.  As we focus on a single 

frequency of 1 Hz, this was deemed suitable for these measurements. Additionally, prior 

to sample analysis, saturated measurements were conducted on laboratory grade Ottawa 

sand to ensure a typical SIP response was achieved and no artifacts from the non-

traditional horizontal array were present.  

 

Two tensiometers were placed in the plane bounded by both the upper and lower 

electrode arrays for continuous tension measurements.  Tensiometers were constructed by 

connecting pressure transducers (26PCCFA6D, Honeywell, Morristown, NJ, US), to a 

small column of degassed deionized water connected to the soil with Sunvalley Solutions 

porous ceramic cups. The porous plate placed beneath the soil was constructed using a 

membrane disc filter (3.0 µm Versapor, Pall Corporation, Port Washington, NY, US), 

affixed to a polyethylene disk.  Air entry values were tested and determined to be greater 

than 3 meters and thus deemed suitable for these experiments as the maximum suction 

head applied was 3 meters.  The entire column was placed on a balance to continuously 

record water content changes via weight loss.   

Multi-Step Outflow Experiment 

A widely accepted method for determination of unsaturated hydraulic parameters is the 

use of a multistep outflow experiment (Vereecken et al., 1997).   This method is based on 

the measurement of the diminishing outflow from samples in a column after suction at 
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the lower boundary is changed by a measured increment.  By using in-situ measurements 

of tension to determine a gradient and measurement of overall moisture content, the 

K(Sw) and K(h) relationship can be modeled for a range of moisture contents (Hillel, 

2004). 

 

Two multi-step outflow experiments were conducted on each of two soil columns by 

applying suction at the lower boundary with hanging water column.  The first experiment 

consisted of applying a constant flux of 380 µS cm-1 CaCl2 pore fluid at 0.3 mm hr-1 

while lowering the suction at the lower boundary to decrease water content (Table 2). A 

380 µS cm-1 solution was chosen based on the median value of typical pore fluid 

conductivities in agricultural soils (Blume et al., 2010).  CaCl2 was used to prevent 

dispersion of the fine-grained sediments altering the physical properties of the soil.  The 

second experiment consisted of starting with the column fully saturated with 380 µS cm-1 

CaCl2 pore fluid and lowering the suction at the lower boundary to decrease water content 

with no additional influx of pore fluid.  Prior to initial measurements the columns were 

flushed with fresh pore fluid for approximately 2 weeks to prevent influence of 'first 

flush' behavior (Wehrer and Totsche, 2009) associated with the exchange of naturally 

present ions with the CaCl2 used during the laboratory experiments.   

 

Using the multi-step outflow data, an inverse model was created using Hydrus-1D 

(Šimůnek et al., 2008).  We first attempted to fit a single van-Genuchten model but this 

was unable to sufficiently model the data.  Therefore, a dual-porosity inverse model was 

used to determine the coefficients necessary for a dual van-Genuchten-Mualem model as 
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proposed by Durner et al. (1999) (Eq. [12]).  The boundary conditions and parameters of 

the simulation are presented in Table 2. 

Table 2) Hydrus-1D Boundary Conditions and Experimental Parameters for Multi-Step 

Outflow Experiments on Column 1 (a) and Column 2 (b) 

 
(a) 

  
(b) 

 

Elapsed 
Time 

(Hours) 

Boundary 
Condition 

Suction at Lower 
Boundary 

 (cm)   

Elapsed 
Time 

(Hours) 

Boundary 
Condition 

Suction at Lower 
Boundary 

 (cm) 
6.5 0 

 
23.65 0 

24.62 -10 
 

23.75 -10 
48.5 -40 

 
120.75 -40 

74.74 -80 
 

166.75 -80 
192 -100 

 
191.75 -120 

241 -319 
 

289.00 -312 
          

 

Based on the soil physical properties θs was set at 0.38 equal to porosity, θr was set at 

0.001, and the tortuosity parameter I was left at the default value of 0.5.  Using the early 

outflow conditions and tensions at low suctions and late outflow conditions at higher 

suctions a single van-Genuchten model was used to model individually the early and late 

data. The individual results were then used as initial guesses for the dual porosity inverse 

solution.  

Archie Experiment 

To evaluate the Archie’s Formation Factor (F) and the contribution of surface conduction 

(σ’surf) in each column, an Archie experiment was conducted by measuring σ’ while 

varying salinity under saturated conditions. Prior to collecting measurements, the column 
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was again flushed with deionized water for approximately two weeks to prevent ‘First 

Flush’ behavior from the exchange of ions from the soil.  The column was then flushed 

with pore fluids with salinities ranging from approximately 0.85 to 1000 µS cm-1.  For 

each salinity interval, the column was flushed from below for 24 hours prior to 

measurement.  A linear regression of pore fluid salinity and σ’ was conducted to 

determine the formation factor and contribution of surface conduction for each column 

(Eq. [8]). 

Results 

The results of the parameter estimation conducted using Hydrus 1-D for the multi-step 

outflow experiment are presented in Table 3.   

 

Table 3) Hydrus-1D inverse solution showing parameter estimation and standard error 

for Column 1 (a) and Column 2 (b) 

 
(a) 

 
(b) 

 Experimental 
Parameter Value 

Standard 
Error Value 

Standard 
Error 

α1 0.70 0.31 0.68 0.17 
N1 1.74 0.36 3.32 1.30 
Ks 0.17 0.02 56.07 19.43 
w2 0.67 0.04 0.86 0.01 
α2 4.28x10-3 1.67x10-3 0.01 1.29x10-3 
N2 1.42 0.12 1.29 0.02 

 
 
The dual porosity inverse solutions for Columns 1 and 2 achieved R2 of 94.9% and 98.9% 

and mass balance error of 0.0915% and 0.0860%, respectively.  Using these parameters, 

the moisture content at the plane of IP measurement was determined by using the Durner 



 18 

equation (Eq. [12]) and measured tensions (h) (Figure 3). 

 

Figure 3) (a) Observed outflow versus Hydrus modeled outflow, (b) Observed 

average water content and modeled water content at lower tensiometers including 

sensitivity analysis varying estimated parameters (α-1, α-2, n-1 and n-2) by ±10% in 

Column 1 No Flow. 

 

During desaturation the modeled water content shows variation with observed average 

water content at times showing higher and lower values. The maximum variation 

between modeled water content and observed water content is approximately 4% 

saturation. To determine the contribution of each parameter, a sensitivity analysis was 

conducted by varying the modeling parameters α and N for both pore systems.  This 

sensitivity analysis is additionally shown on Figure 3b. The sensitivity analysis shows 

that the lack of fit observed at the end of the outflow experiments is not a result of the 

poor fit rather, the inability of the model to fully capture the dynamics observed in the 
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column.  

 

Figure 4 presents the IP response for Columns 1 and 2 during flow and no flow 

conditions versus the modeled water content, where σ’ is seen to initially increase, and 

then decrease with decreasing saturation; in contrast, σ” overall decreases with water 

content.  

  

  
Figure 4) IP results at 1 Hz during multi-step outflow experiment showing real 

conductivity (σ’), imaginary conductivity (σ’’) and phase shift (φ) for Column 1 Flow (a), 
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Column 1 No Flow (b), Column 2 Flow (c), and Column 2 No Flow (d), imaginary 

conductivity scaled by 1000. 

 

No characteristic peak frequency typical of a dominant grain size or pore length 

(Kormiltsev, 1963; Schwarz, 1962) was detected in the soil likely due to the 

superposition of peaks associated with the heterogeneous nature of our soil (Figure 5). 

 
Figure 5) SIP results for Column 1 during multi-step outflow experiment showing 

frequency dependence of real conductivity (σ’) and imaginary conductivity (σ’’) and line 

indicating 1 Hz frequency used for single frequency analysis, imaginary conductivity 

scaled by 1000 

 

σ’ is unaffected by frequency and σ” increases slightly with frequency.  As no 

characteristic peak in frequency is observed in the σ” results, we focus our analysis on 

the single frequency of 1 Hz. 
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Real Conductivity 

The results of the Archie experiment are presented in Figure 6.  The formation factor was 

determined to be 5.9±0.5 and 7.7±0.6 for Columns 1 and 2, respectively. Surface 

conduction was determined to be 0.0007±0.0001 S m-1 for both Columns 1 and 2. Using 

the determined formation factor, Archie’s cementation factor was determined to be 1.83 

and 2.03 for Columns 1 and 2 respectively (Eq. [7]). In addition to determining the 

surface conduction and formation factor, we additionally observed an increase of 15 µS 

cm-1 in the outflow fluid during percolation of deionized water associated with the release 

of ions from the soil.  
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(a)        (b) 

  

  
 

Figure 6) Real (σ’) and Imaginary Conductivity (σ”) versus pore fluid conductivity (σw) 

showing a linear relationship for real conductivity in Column 1 (a) and Column (2) (b) 

and a weaker dependence of imaginary conductivity 
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To evaluate the σ’ response, a fitting was first attempted for n using the experimentally 

determined parameters from the Archie experiment (Figure 7). However, due to the 

increase in pore fluid conductivity σw observed in the outflow, a simple fitting was not 

possible (Eq. [10]).  The fitting resulted in non-convergence at the lower limit of n at 1. 

The small volume of fluid collected throughout each outflow interval prevented reliable 

measurements of the outflow conductivity. However, σ’ was not seen to obey a power 

law decrease with decreases in saturation, but rather was seen to initially increase 

followed by a decrease.  An increase of σw during the experiment could result from 

different mechanisms, such as release from an ion source or evaporation. To account for 

this behavior, pore fluid conductivity was modified in Archie’s equation (Eq. [10]) using 

a general form of a polynomial equation to account for release of ions as a nonlinear 

function of time (t) into the pore water:  

  

σ = l  t +   σ     (14) 

 

where l is a lumped fitting parameter, k is the exponent of ion release, and σo  is the initial 

conductivity of the input solution.  In this equation, different exponents can occur 

depending on the type of process causing the conductivity increase. For first order kinetic 

release processes the exponent is 1, for film diffusion exponents it can range between 0 

and 1, for diffusion the exponent is typically 0.5, and finally for time variable diffusion or 

processes near equilibrium exponents can be smaller than 0.5 (Kookana et al., 1992; 

Wehrer et al., 2012).  Using this ion release relationship and the previously discussed 

assumption that available surfaces for conduction decrease during desaturation (Eq. [10]) 
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we fit the data with: 

 

σ = lt + σ φ S + σ S    (15) 

 

where l, k, and n were fitting parameters. The results of this fitting are presented in Table 
4.   
 
Table 4) Parameter estimation for real conductivity accounting for ion release (Eq. [18]) 

and no ion release (Eq. [10]) for Column 1 no flow (a) and Column 2 no flow (b) with 

root mean square errors (RMSE) 

 (a) (b) 
Experimental 

Parameter Value Value 

     l    † 0.052 0.054 
k 0.31 0.26 

  Co   0.038 0.038 
Φ 0.36 0.36 
m 1.83 2.03 

   n  † 1.74 1.00 
  σ'surf   0.0007 0.0007 
RMSE 0.001 0.001 

  Co   0.038 0.038 
Φ 0.36 0.36 
m 1.83 2.03 

   n  † 1.00 1.00 
  σ'surf   0.0007 0.0007 
RMSE 0.004 0.008 

† Fitted Parameter	  
	  

	  

 

A representative fitting with and without release of ions for Column 1 during no flow 

conditions is presented in Figure 7. Fitting relationship Eq. [15] based on minimizing the 

root mean square error (RMSE) explains the data very well for no flow conditions. The 

non-smooth result of the fitting is due to the non-linear and discontinuous relationship 
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between time and saturation, due to the sudden changes of the suction boundary 

condition.  

 
(a)       (b) 

 

  
Figure 7) (a) Real conductivity (σ’) versus saturation showing modeled fits accounting 

for ion release and not accounting for ion release using constant pore fluid conductivity in 

Column 1 during no flow conditions. (b) Imaginary conductivity (σ’’) versus saturation in 

Column 1 during no flow conditions showing a power law relationship. 

 

We refrained from fitting the model for the experiment under flow conditions, because of 

the multiple interdependent processes that will operate during flow. Due to the 

continuous exchange of pore fluid and the presence of a dual porosity, consisting of both 

mobile and immobile pore fluids, we assume that Eq. [15] is not able to correctly 

represent the processes of pore fluid conductivity during flow conditions. 
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Imaginary Conductivity 

While σ’ varied over three orders of magnitude with changes in salinity, σ” demonstrated 

a much weaker salinity dependence (Figure 6) during the saturated Archie experiment.  A 

power law relationship was fit to the data, to compare our results to those of Weller and 

Slater (2012). Similar to Weller and Slater (2012), we observed power law exponents of 

approximately 0.3 below 30 mS m-1 and we see evidence of the asymptotic zone with 

further increases in pore fluid conductivity (Figure 6b).  This weak dependence on fluid 

chemistry is highlighted in our columns under unsaturated conditions as the general 

response of σ” for both columns during flow and no flow conditions exhibited essentially 

the same response (Figure 8). 

 
(a)  (b) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8) Similarity between imaginary conductivities (σ’’) versus saturation in all four 

datasets with power law relationship shown (a) compared to dissimilarities between real 

conductivities (σ’) versus saturation in all four datasets (b) 
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  Also, the initial increase followed by a decrease as observed for the σ” was not present. 

To describe the relationship of σ’’ and saturation, we fit our data using a power law 

equation previously discussed (Eq. [9]).  To fit this, we fit σ” as a function of saturation 

with both a and p as fitting parameters (Table 5).   

 

Table 5) Parameter estimation for power law relationship of imaginary conductivity with 

saturation (Eq. [9]) for Column 1 no flow (a) and Column 2 no flow (b) 

 (a) (b) 
Experimental 

Parameter Value Value 

a * 2.26x10-5 4.32x10-7 
p * 0.71 0.83 
R2 77% 83% 

* fitted parameter 	  	  
 
 
In column 1 the fitting does closely match the relationship described by Vinegar and 

Waxman (1984) of p=n-1.  This same relationship is not present in column 2 as n=1.  As 

shown by Figure 7, the data follows a power law relationship observed by Ulrich and 

Slater (2004) and Su et al. (2000).   

Discussion 

While many other researchers have compared electrical results to average water content, 

this may not account for a gradient of moisture content throughout the sampling volume.  

Additionally, using a traditional vertical electrode geometry this gradient would cause the 

IP measurements to be collected over a range of moisture contents.  To mitigate these 

potential errors, we have presented measurements on a column experiment where soil 
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hydraulic data were concurrently measured with electrical resistivity and IP data under 

flow and no flow conditions in a horizontal plane. Using these data we were able to 

create an inverse model using Hydrus 1-D to model the water retention curves for each 

column. A large variation in K was present between the two columns, which could 

possibly be attributed to a macropore in column 2. Using the estimated parameters (Table 

3) and the Durner equation (Eq. [12]) we were able to use the observed tension measured 

with each tensiometer (h) to predict water contents (Sw) along the plane of measurement.  

In general a variation of modeled water content and observed average water content was 

present; however, the maximum variation is a difference of 4% (Figure 3).  We assume 

that this model misfit can be attributed to structural deficits of the model, which may 

either originate from the use of a parameter based water retention curve or to non-

equilibrium conditions. Nevertheless, the model gives a good representation of the water 

content dynamics at the plane of measurement with small deviations between average 

water content and modeled water content. We consider these water content estimates 

sufficient for our purpose. These modeling results show that average water contents are a 

sufficient approximation, if it is aimed for a relationship between complex conductivity 

and saturation in short soil columns. However, care should be taken if averaging is 

performed over longer columns. 

 

We found σ’ and σ” to exhibit general decreases with decrease in soil saturation 

consistent with previous studies.  While variation is present in the fitted n values for σ’, 

they are within the range previously reported by others. We showed that σ’ demonstrated 

a complex saturation dependence that was affected by not only moisture content 
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decreases but also by an increase of pore fluid conductivity. Several factors likely 

contributed to the increase of pore fluid conductivity.  These factors may be evaporation, 

release of ions form the soil matrix, temperature increases in the measurement 

environment, and release of ions from electrodes. Evaporation could cause significant 

increases in pore fluid salinity. While we are unable to directly measure the effects of 

evaporation, we assume this process to be negligible because the top of the column was 

covered during the outflow experiment. An increase in the temperature of the laboratory 

environment may result in increases in conductivity; however, the laboratory was 

temperature controlled and no such increases were measured during the experiment.  

Release of ions from the electrodes is quite plausible due to the direct connection of the 

electrolyte solution to the soil. To check this theory a simple diffusion test was conducted 

by placing a single electrode in a 100 mL beaker of deionized water and measuring 

conductivity as a function of time.  This test showed a power law increase in fluid salinity 

with an exponent of 0.5 consistent with diffusion. Finally, the soil itself likely released 

ions due to mineral dissolution and desorption. We are unable to differentiate the 

contributions of the electrodes and the ion release from the soil matrix.  

 

During experimental design, we planned on collecting measurements under flow 

conditions to avoid the effects of the release of ions but this could not fully be avoided 

due to the low flow velocities achieved. To account for the increase of pore fluid 

conductivity we modeled the results using an empirical polynomial equation accounting 

for a time dependent release of ions.  The fitted exponent is smaller than 0.5, suggesting 

either a time dependent diffusion coefficient or near equilibrium conditions (Wehrer et 
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al., 2012). A time dependent diffusion coefficient could occur when the porous cups 

become clogged, for example by air bubbles or soil colloidal material.  

 

For σ”, we did not observe a peak value at a specific saturation as discussed by Titov et 

al. (2004) and observed by Ulrich and Slater (2004) during pressure drainage.  This may 

relate to the heterogeneous grain size distribution of our soil column, which creates a 

range of pore sizes.  Unlike for a uniform grain size distribution, different ratios of large 

to narrow water filled pore diameters will exist simultaneously at all times during 

desaturation. This would result in a smoothing out of the peak saturation responses of σ”.  

Such a response was also reported by Ulrich and Slater (2004) during their evaporative 

drying cycle; this again might be expected as evaporation results in a more uniform 

removal of water from all pores.  Schmutz et al. (2010) additionally did not see this peak 

response.  Alternatively, the saturation response of σ” may not controlled by the ratio of 

large and narrow water filled pore diameters as presented by Titov et al. (2002), but 

rather be controlled by the polarization of the Stern layer discussed by Jougnot et al. 

(2010).  As shown in Figure 7b, a power law relationship described by Jougnot et al. 

(2010) does not perfectly describe our results as shown by the inadequacy of the fit, 

which may be the effect of increasing salinity.  A complex σ’ behavior during 

desaturation of the columns was observed due to a strong dependency on salinity. In 

contrast, the dependency of σ” on salinity was much weaker. In fact, the σ” response 

observed between both columns during flow and no flow conditions was essentially the 

same (Figure 8), which indicates σ” was controlled primarily by changes in saturation 

despite the changes in salinity that were occurring.  
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Previous studies have conducted similar experiments to what is presented here (Breede et 

al., 2011; Revil et al., 2011; Titov et al., 2004; Ulrich and Slater, 2004); however, to our 

knowledge these previous studies have not accounted for the potential variation in pore 

fluid conductivity when modeling σ’, but instead have kept pore fluid conductivity 

constant in Archie’s equation.  Disregarding the potential for pore fluid changes in 

resistivity surveys will likely result in a poor determination of moisture content as, when 

these measurements are conducted in the field, pore fluid conductivity changes are likely 

to occur simultaneously with water content changes. Such changes may occur due to a 

wider range of natural processes, such as mineral dissolution, ion exchange and 

evaporation or due to anthropogenic influences such as fertilizer addition. As these 

changes are practically impossible to directly measure over a spatial extent, the accurate 

determination of salinity contributions and moisture content are unable to be made 

without additional information.   As σ” is shown to be relatively independent of salinity 

changes compared to changes in saturation, this work suggests that IP may be a valuable 

tool in conducting hydraulic investigations and may hold the key to hydraulic 

determinations in geophysical investigations.  Larger scale studies utilizing IP and 

electrical resistivity are thus required to determine whether induced polarization does 

give better information than electrical resistivity alone. 

Conclusion 

Electrical methods including electrical resistivity and IP provide a unique opportunity to 

measure in-situ spatial variations of soil physical properties, which previously could only 

be measured using point measurement tools.  By conducting IP measurements we showed 
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that although σ” dependence on saturation is weaker than σ’, σ” provides a more robust 

determination of saturation in the presence of changing salinities.  Further experiments on 

different soil types would be advantageous to determine if this relationship holds and 

additionally further studies beyond 1-D columns would be needed to see if this 

relationship could be used for saturation determinations over a spatial extent. 
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