
ABSTRACT 
 

Electrical Resistivity Imaging for Characterizing Dynamic Hydrologic Systems 
 

Sikiru Adetona Amidu, Ph.D.  
 

Committee Chair: John A. Dunbar, Ph.D. 
 
 
Electrical resistivity imaging (ERI) is widely used in hydrogeophysical studies for 

monitoring spatiotemporal variations in hydrologic properties and processes. Its 

applications to hydrologic settings found in sandy and other coarse-grained soils have 

been demonstrated. However, there has been limited use of the method for 

characterization of dynamic hydrologic systems such as those found in Vertisols (typical 

heavy-clay soils) and water layers in lakes. One reason for this is that principles that work 

well in sandy and loamy soils often produce erroneous results in clay soils. In addition, 

because of the dynamic nature of such systems, detailed empirical and computational 

studies are required to fully understand various properties, which vary spatially within a 

few meters or less, and temporally in less than few days.  

This dissertation investigates the effectiveness of ERI for characterizing dynamic 

hydrologic systems. Two specific questions are addressed: 1) Can spatiotemporal 

hydrologic variations in such systems be effectively characterized using ERI? 2) How 

accurately can the true resistivity distribution in the systems be determined? To address 

the first question, geoelectric studies of seasonal wetting and drying of a Texas Vertisol 



were carried out. Data processing involved inversion, temperature corrections and time-

lapse analysis. In addition, a van Genuchten water retention function was incorporated 

into the study to estimate moisture flux. To answer the second question, theoretical and 

field geoelectric data from Lake Whitney, Texas, USA, were analyzed.  

Following an introduction to the research in chapter one, results of geoelectric 

studies of seasonal wetting and drying of the Texas Vertisol are presented in chapter two. 

Results reveal the seasonal hydrodynamics of the soil as they are controlled by micro-

relief topography (gilgai) and cracks. In chapter three, time-lapse analysis and 

computations of the apparent moisture flux are discussed. This study shows that 

integrative hydrogeophysical and hydropedological method is a viable approach for 

visualizing moisture flux in soils. In chapter four, results of geoelectric studies in Lake 

Whitney are discussed with recommendations for advancing the ERI as a tool in 

limnological research for mapping freshwater zones within impacted lakes and water 

reservoirs. Chapter five presents brief summary and conclusion of the research. 
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CHAPTER ONE 
 

Introduction 
 
 

Research Background 
 

Electrical resistivity imaging is one of the widely used geophysical methods in 

hydrologic studies. Generally, the method is non-invasive and can be useful in collecting 

spatial and temporal data to complement results of hydrological models. This method has 

the advantage that surveys can be carried out in two- and three dimensions (2D and 3D), 

and at various scales, which may be as small as centimetric scales (Samouëlian et al. 

2003). Common applications of the method are in monitoring spatial and temporal 

variations in moisture in the soil. Examples of such studies include those of Hagrey and 

Michaelsen (1999), Zhou et al. (2001) and Garambois et al. (2002), where the electrical 

resistivity method was used to characterize soil hydrology at various geological settings. 

Another important application is in studies of groundwater-surface water interactions to 

understand submarine groundwater discharge and nutrient loading in coastal 

environments (Manheim et al., 2004; Krantz et al., 2004; Breier et al., 2005; Day-Lewis 

et al., 2006; Mansoor and Slater, 2007).  

These types of studies are important because they can help us understand 

dynamics of flow and transport in geologic media. However, these studies have yielded 

only qualitative, rather than quantitative, information on the dynamics of these 

hydrologic systems. In addition, most of these hydrologic systems are relatively non- 

heterogeneous and temporally less dynamic. Consequently, quantitative information on 
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the effectiveness of the electrical resistivity method to accurately characterize dynamic 

systems, where the hydrologic properties changes rapidly in time and space is rare in the 

literature. 

This dissertation addresses approaches to using electrical resistivity method for 

hydrogeophysical characterization of spatiotemporally dynamic hydrologic systems. In 

the first part of this work electrical resistivity imaging is applied to characterize seasonal 

hydrodynamics of a Texas Vertisol. Being expansive clay soils, Vertisols are complex 

and previous models of the in-situ wetting and drying of these soils are either based on 

incomplete data or are too speculative. Through real-time and time-lapse geoelectrical 

measurements as well as laboratory calibrations, this study provides the first detailed 

quantitative descriptions of the seasonal hydrodynamics of the soil. In the second part, 

this study explores the potential application of the electrical resistivity method for water 

reservoir salinity studies. Specifically, the study examines how accurately the smooth and 

subtle resistivity variations in the water layer in reservoirs can be determined. 

 In chapter two, the geoelectric studies of seasonal hydrodynamics of Texas 

Vertisol are described. Important advances are the development of a unique method for 

measuring resistivity-soil moisture relationship in the laboratory, and a method for 

carrying out temperature corrections of electrical resistivity data without necessarily 

destroying the structure of the soil. The resistivity-derived soil moisture data are related 

to seasonal variations in soil moisture in the Vertisol. The seasonal hydrodynamics of the 

soil are determined to be a complex interrelationship of by-pass flow through cracks, 

microrelief variability and low hydraulic conductivity of soil as well as rainfall 
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distribution. This chapter has been published in Vadose Zone Journal (Amidu and 

Dunbar, 2007a). 

 Chapter three extends the above study by incorporating a van Genuchten 

pedotransfer (water retention) function into the time-lapse analysis of the electrical 

resistivity and apparent soil moisture data. The objective of this study is two-fold: (1) To 

obtain a better characterization of the effects of gilgai and cracks on the seasonal 

hydrodynamics of the soil and; (2) To examine the prospect of using the resistivity-

derived apparent soil moisture data to determine spatial pattern of moisture flux in 

Vertisols. The results further reveal the effects of microrelief variability and cracks on 

seasonal soil moisture variations in the Vertisol. It is proposed that such integrative 

hydrogeophysical and hydropedological studies hold promise for characterizing 

contaminant transport, groundwater recharge and internal catchment processes in the soil. 

This work is currently in review in Geoderma (Amidu et al., in revision). 

 The fourth chapter explores the potential of using the electrical resistivity method 

to quantitatively determine salinity variations in lakes and water reservoirs. Synthetic 

models that simulate resistivity variations in the lake are generated. These synthetic data 

are then used to estimate inversion parameters that yield optimal models of salinity 

distributions in the reservoir. The field data consist of georeferenced continuous 

resistivity profiling data augmented by in situ measurements through the water column of 

conductivity and temperature along three profiles in the lake. The inverted resistivity data 

are then evaluated against the measured water conductivity in the lake. It is demonstrated 

that subtle salinity changes in the range of 2- to 4 Ωm in the water column in reservoirs 
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an be effectively characterized using the electrical resistivity method. This chapter has 

been published in Geophysics (Amidu and Dunbar, 2008).
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CHAPTER TWO 
 

Geoelectric Studies of Seasonal Wetting and Drying of a Texas Vertisol 
 
 

Abstract 
 

Vertisols are complex soils with high clay content (>30%), high shrink–swell 

potential, and microrelief features known as gilgai. We applied field and laboratory 

electrical-resistivity measurements to characterize seasonal wetting and drying of a Texas 

Vertisol, and to quantify the effects of gilgai and cracks on seasonal hydrodynamics of 

the soil. Thirty-two multielectrode resistivity-profiling lines were collected along the 

same profile from 1 May 2005 to 22 Apr. 2006, using combined dipole-dipole and 

Schlumberger electrode configurations. The profiles were 17.5 m long and intersected 

two sets of microlows and microhighs of the gilgai. The resistivity data were inverted 

using the RES2DINV program and the inverted data were corrected for temperature. We 

measured variations of resistivity with soil moisture in the laboratory and the results were 

used to calibrate the field data. To evaluate the resistivity results, in situ measurements of 

soil moisture were made using auger sampling. During the wetting cycle, three distinct 

soil moisture regimes were recognized in the upper 1.4 m of the Vertisol: an upper zone 

(0-0.5 m depth), which is the most dynamic with regard to wetting and drying; a middle 

zone (0.5–1.1 m), which is relatively saturated and less dynamic; and a lower zone 

(below 1.1 m), which is relatively less saturated compared with the middle layer. The 

saturation of the middle layer appears to be enhanced by preferential flow through cracks. 

Also, the microrelief topography exercises a control on spatiotemporal variations in soil 

moisture in that the microhighs dry faster than the microlows. 
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Introduction 

Accurate knowledge of seasonal wetting and drying of expansive clay soils such 

as Vertisols is important in understanding the mechanisms of shrinking and swelling and 

choosing best agricultural and management practices for long-term sustainability of the 

soils. Vertisols cover about 308 million ha. globally and 12 million ha. in 25 states of the 

US (Coulombe et al., 1996). In Texas, they cover about 6.5 million ha. (Coulombe et al., 

1996). Vertisols are characterized by high clay content (>30%) and a high shrink/swell 

potential. Their shrink/swell characteristics give rise to microtopographic expression of 

subsurface soil dynamics known as gilgai and deep cracks which may extend to a depth 

greater than 1 m. Gilgai consists of a series of microhighs that are the higher parts of the 

microrelief, depressions or microlows that are the lower parts of the microrelief, and 

shelves that are planar or subplanar areas intermediate in elevation between the two other 

elements (Coulombe et al., 1996). Although these features form naturally in Vertisols 

over periods of decades (Mermut et al., 1996), the exact mechanism by which they form 

is not well understood (Gustavson, 1975; Wilding and Tessier, 1998). Once developed, 

individual microhigh and microlow features may be more than 4 m wide and the 

elevation difference between adjacent peaks and troughs may be greater than 0.3 m. It is 

known empirically that gilgai strongly influence the spatial pattern of water infiltration 

and soil-moisture in Vertisols. For example, differences in plant growth in some cereal 

crops have been correlated to different gilgai elements (Wilding et al., 1990).  

Soil-moisture regimes in Vertisols are also influenced by deep cracks in the soils. In Soil 

Taxonomy, the criteria used to divide Vertisols according to Udic and Udic-ustic soil-

moisture regimes are the duration and pattern of soil cracking (Dudal and Eswaran,1988). 
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However, the descriptions of cracking patterns as contained in these criteria are 

subjective, and it is not clear as to the extent to which they reflect the climatic conditions 

under which Vertisols occur and which land management and utilization decisions are 

made (Dudal and Eswaran, 1988). Among identified acute areas of needed Vertisol 

research are verification of cracking patterns and cracking depths as a function of 

seasonal soil-moisture between microhigh and microlow gilgai elements (Wilding et al., 

1990; Newman, 1982). 

Many recent studies of Vertisols have been carried out in an attempt to understand 

soil-moisture dynamics in these soils (Favre et al., 1997; Lin et al. 1996; Lin et al., 1997; 

Lin et al., 1998, among others). However, there is no general agreement among the 

authors on concepts such as: seasonal water fluxes; seasonal cracking patterns and 

durations; and closure of cracks in response to soil-water wetting. For example, Favre et 

al. (1997) observed that on some cracked plots in a Vertisol of Senegal, surface irrigation 

and simulated rainfall resulted in crack closure within 4.5 hours. They concluded that for 

the Vertisol studied, bypass flow through cracks would have little impact on seasonal 

field water balance. Lin et al. (1997) carried out infiltration studies on some soil samples 

from Vertisols in Texas. Their results suggested that low-tension (preferential) flow 

through macropores is an important process in the soils. Favre et al. (1997) also showed 

that crack closures start from the soil surface and progress downwards; this contradicts 

the widely held view that closure of cracks starts from the bottom and progresses to the 

soil surface (e.g. Bouma and Loveday, 1988). 

In general, characterizing soil-moisture in Vertisols is an unfinished challenge 

(Wilding and Puentes, 1988). Precise characterization of soil-moisture in Vertisols 
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requires non-invasive 2D (and/or 3D) high resolution and in situ monitoring of seasonal 

wetting and drying of the soils. Conventional methods of soil-moisture measurements 

provide information of soil properties at a point and are destructive, making it difficult to 

carry out repeated measurements at the same locations. Geophysical methods offer a 

potential alternative that gives good spatial coverage but lower resolution. However, the 

ground penetrating radar technique is not applicable in this case, because high 

conductivity of clay soils limits signal penetration (Davis and Annan, 1989). 

Electrical resistivity techniques are non-invasive and empirical relationships exist 

between resistivity and soil-moisture for clay soils (Bussian, 1983; Frohlich and Parke, 

1989). The techniques have been used in identifying subsurface structures (Griffith and 

Baker, 1992) and in mapping soil structure horizonation (Tabbagh et al. 2000) and soil 

pollution (Halvorson, 1976; Amidu and Olayinka, 2006).  Michot et al. (2003) used the 

method in precision agriculture for monitoring water uptake by plants, whereas Besson et 

al. (2004) used the method to investigate effects of tillage on soil properties. Recently, 

Samouëlian et al. (2003) discussed the potential for use of the method for characterizing 

cracks in soils. Also, because of the sensitivity of electrical resistivity to soil-moisture, 

Hagrey and Michaelsen (1999), Zhou et al. (2001) and Garambois et al. (2002), among 

others, have characterized soil hydrology using these techniques.  

In this study, we apply field and laboratory electrical resistivity measurements to  

characterize seasonal wetting and drying of a Texas Vertisol and to quantify effects of 

gilgai and cracks on soil-moisture variations in the soil. We carry out laboratory 

measurements on soil samples and use the results to calibrate data from field 2D 

resistivity surveying over wetting and drying cycles in the Vertisol. We evaluate results 
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of resistivity measurements by using results of soil-moisture measurements by auger 

sampling. Finally, we relate results to in-situ wetting and drying properties of the Texas 

Vertisol. 
 
 

Materials and Methods 
 
 

Site Description 
 

The field site for this study is located at United States Department of Agriculture 

(USDA) - Grassland Soil and Water Research Station, near Riesel, Texas (Fig. 2.1). The 

area is underlain by marls and chalks belonging to the Taylor group of the Gulfian series 

of the Cretaceous system (Soil Conservation Service, SCS, 1942). These chalks and 

marls weather easily to develop soils that strongly reflect the character of the geologic 

material from which they are formed. The field site is on Houston Black soil within the 

research station (Fig. 2.1). In this area, Houston Black soils are classified as fine 

montmorillonitic, thermic Udic-ustic Haplusterts (Natural Resources Conservation 

Service, NRCS, 2001; Soil Survey Staff, 1999). These soils exhibit strong shrink/swell 

potential, and microrelief gilgai features are well developed. Typical elevation difference 

between peaks and troughs of adjacent microlows and microhighs ranges from 10 to 30 

cm, with horizontal spacing of 2 to 5 m. The landscape is characterized by gently rolling 

slopes ranging from 1 - 3% and soil thickness ranging from 1 - 3 m (Allen et al., 2005). 

The annual average precipitation is 787. 4 mm and the temperature ranges from a mean 

minimum of 2.2 oC in January to a mean maximum of 36.1 oC in July.  
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Fig. 2.1. Study location: (a) location map of USDA Grassland Soil and Water Research 
Station, near Riesel, TX, showing the study site and distribution of monitoring wells 
within the station; and (b) sectional view of the experimental layout (MH = microhigh, 
ML = microlow, MI = intermediate microrelief). The electrodes are numbered 1 to 36. 
 
 
Theoretical concepts  

Soil is a three-phase system consisting of grain matrix, air and water. With 

regards to electric current conduction, soil-water is the most important (Saarenketo, 

1998). The commonly used relationship between resistivity and soil-moisture is 

expressed as (Archie, 1942) 

w
nm

a Sa ρρ −−Φ=                                                                    (2.1) 

where a, m, and n are petrophysical constants that are characteristic of the porous 

medium, ρa is the resistivity of the porous medium, ρw
 is the pore-water resistivity, Ф is 

the porosity, and S is saturation, which is the ratio of the water content and porosity. 
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Archie’s law assumes that all current is conducted through the pore fluid and, 

grain and air-filled pores are insulators. However, in clay soils, the effects of conduction 

of current along the grain surface on bulk resistivity of soil have been recognized (Urish, 

1981; Taylor and Barker, 2006). To account for the effects of grain surface conduction, 

Archie’s (1942) model has been modified to yield parallel-resistor models to describe soil 

material – resistivity system for clay soils. A simplified form of these models is given by 

(Frohlich and Parke, 1989) 

sw

nm

b a
S

ρρρ
11

+
Φ

=                                                        (2.2) 

where ρb is the soil bulk resistivity and ρs, which represents the effects of grain surface 

conduction, is resistivity of the grain matrix surfaces. From equation (2.2), it is observed 

that at high saturation, pore-water resistivity contributes more to the overall bulk 

resistivity, whereas grain surface conduction becomes important as saturation and grain 

size decrease. However, at any soil-moisture content, the two parameters contribute to the 

overall bulk resistivity of the soil. Also, at different degrees of saturation (S), 

measurements of ρb incorporate other parameters (soil-water resistivity, porosity and 

grain surface conduction) in the equation. However, these other parameters are relatively 

constant over a wetting and drying cycle. Thus, in theory, measurement of ρb at different 

values of S can be used to characterize temporal variability in soil-water content.  

Electrical resistivity techniques are based on the assumption that the subsurface is 

a continuum - a closely connected metric space (Loke, 2000a). Variation in soil-moisture 

is characterized by relatively smooth variations in resistivity on the inverted resistivity 

sections (Zhou et al. 2001). On the other hand, cracks in soils (which are normally filled 
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with air) represent resistant structures in terms of electrical prospecting (Samouëlian et al. 

2003). They act as small regions within the soil in which values of S and 
sρ

1  are zero. 

This blocks the flow of current and causes it to follow a more circuitous path between 

electrodes. Hence, the presence of cracks along a current flow-path breaks the continuum 

and thereby results in high values of ρb in the soil. In this study, following Samouëlian et 

al. (2003), cracks in the Vertisol are identified as isolated spots of high resistivity values 

on the inverted resistivity sections and of near zero soil-moisture values on the 

corresponding soil-moisture sections.  
 
 
Field Surveys 

 
Multi-electrode resistivity surveys were carried out in the study area from May 1, 

2005 to April 22, 2006, using a Sting R1/SwiftTM resistivity system (Advanced 

Geosciences Inc., AGI, Austin, TX). The system consists of a portable earth resistivity 

meter with a SwiftTM control unit and smart electrodes for total automation of the 

measurement sequence for the array of electrodes. For this study, there were six cables 

each with two electrode take-outs, and surveys were conducted with the roll-along 

technique (AGI, 2000). The system was pre-programmed before each field survey for 

automatic resistivity measurements with dipole-dipole and Schlumberger arrays at a 

minimum dipole and electrode spacing of 0.5 m. The dipole-dipole array has low 

electromagnetic (EM) coupling between the potential and current circuits and is most 

sensitive to horizontal changes in resistivity, whereas the Schlumberger (along with 

Wenner) array is most sensitive to vertical changes in resistivity (Loke, 2000a; Furman et 

al., 2003; Dhalin and Zhou, 2004). With this combined-array technique, we hypothesized 
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that vertical and horizontal changes in resistivity are optimally resolved. The resistivity 

system also has an algorithm for carrying out a resistance test to ensure the electrodes are 

in good contact with the soil. This was carried out before each field survey to ensure 

good data quality. We used four-cycle stacking and set the standard error of 

measurements to 5% in the instrument. With this setting, each measurement was repeated 

four times and readings that did not agree to within 5% were rejected.  

A total of thirty-two profiles were collected during the study period. The 

resistivity profiles were 17.5 m long and intersected two sets of microhighs and 

microlows. Typically, for each field survey, 382 apparent resistivity (a representative 

resistivity of a volume average of the soil’s half-space) readings were collected in a 

period of about two hours (249 readings for dipole-dipole array and 133 for 

Schlumberger array). Surveys were repeated following some of the substantial rain events 

(>10 mm) at intervals of one day, until negligible changes in resistivity were observed on 

successive surveys. For surveys following rain events, delay times of at least 12 hours 

were allowed before conducting surveys. This was done to ensure that errors due to 

streaming potentials were negligible in the resistivity readings (Telford et al., 1976). For 

periods with no rain events, surveys were typically carried out at one-week intervals. To 

ensure that the same section was surveyed each time, the electrodes were left in the 

ground throughout this study. This was particularly important because of the close 

interval variability in physical and chemical properties of the soil (Wilding et al., 1990). 

Also, driving the electrodes in and pulling them out in nearly the same location 33 times 

would substantially change the near surface soil properties, due to physical damage to the 

soil. We surveyed the microrelief topography using a laser-type elevation survey and 
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depths to the water table in the nearby wells, and rain-gauge readings were measured and 

recorded. Finally, to evaluate resistivity results, auger samples were collected on March 

23, 2006, at two sampling points. The sampling points were located adjacent to the 

profile within a microhigh at 0.2 m from electrode number 17, and within a microlow at 

0.2 m from electrode number 22 (Fig. 2.1).  
 
 
Inversion of Field Resistivity Data and Temperature Corrections 
 

To obtain the true 2D distribution of soil resistivity, the apparent resistivity data 

were inverted using the program RES2DINV (Loke and Barker, 1996), and the calculated 

resistivity values were corrected for the effects of temperature. The RES2DINV is a 

computer program that automatically determines a 2D resistivity model of the subsurface 

for the input-apparent resistivity data. The program uses an array of rectangular blocks to 

model the subsurface, and by an iterative forward modeling/correction scheme, calculates 

resistivity values that agree with the actual measurements. There are two options for data 

inversion in the program: a rapid least-squares technique (DeGroot-Hedlin and 

Constable, 1990; Loke and Barker, 1996) which is preferable when there is smooth 

variation in resistivity in the subsurface; and robust inversion method (Claerbout and 

Muir, 1973), which is more applicable to situations involving abrupt change in resistivity 

between adjacent blocks in a medium (Olayinka and Yaramanci, 2000). We used both 

options in our data inversion; the former to account for smooth variations in resistivity 

with water content and the latter to account for sharp resistivity gradient due to the effect 

of cracks in the resistivity data (Samouëlian et al., 2003). The data sets for each array 

(Schlumberger and Dipole-dipole) were first inverted separately using the rapid least-

squares inversion routine. The outputs were then combined using the “General array” 
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option in the program, and were inverted as a single data set using robust inversion 

method. The topography was incorporated into the inversion scheme by taking x-

(electrode locations) as true horizontal distances. We used the “finite element method 

with uniform distortion” option in the program for the topographic modeling (Loke, 

2000b; Tong and Yang, 1990). By default, the “General array” option uses an extended 

model where the model blocks extend to the edges of the survey line (Loke, 2000b). The 

program generated a 5-layer model with a total of 175 blocks arranged in 35 blocks per 

layer. To generate an arrangement of the model blocks such that an individual block does 

not have sensitivity values that are too small, the option “Generate model blocks” was 

used.  However, the final model sections from the robust inversion were clipped at the 

edges to remove areas still characterized by small sensitivity values, where there were not 

enough data to represent actual resistivity variations in the soil. The inverted data were 

saved in XYZ formats. These contained the coordinates of the model blocks with the 

inverted resistivity values as well as absolute errors from the robust inversion method. 

Further details of the inversion scheme are as described by Loke (2000, a and b). 

Following the data inversion, temperature correction was carried out. For 

resistivity measurement over a prolonged period as in this study, the effect of temperature 

variation must be accounted for in the resistivity data. Measurements are usually 

expressed to a reference temperature of 25oC (Rein et al. 2004; Samouëlian et al. 2005). 

The procedure for temperature correction in this study follows Rein et al. (2004). Hourly 

soil temperature data at the site were obtained from USDA database. The data consisted 

of soil temperature averaged over 0.015 m and 0.085 m in the soil. We assumed these 

values are equal to soil temperature at the median depth of 0.05 m. Variations of 
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temperature with depth relative to 0.05 m depth were then calculated, assuming a 

sinusoidally varying daily soil temperature, as (Campbel and Norman,1998; Hillel 1998)                          
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where T(z) is soil temperature at depth, z; aT  is the daily average of soil temperature; 

ampT  is the amplitude (half the difference between the maximum and minimum) of the 

daily soil temperature fluctuations; t is the time of observation reckoned from the zero 

hour of the day; ω  is the angular velocity of earth rotation (7.3 x 10-5 rad/sec)  and 
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ω
kD 2  is the damping depth for diurnal wave where k is thermal diffusivity of the 

soil (obtained from Campbell and Norman, 1998). The mean hourly temperature data 

were used to obtain aT  and ampT , and t is the time of the day surveys were carried out 

(averaged over about two hours). Generally, equation (2.3) allows variation of 

temperature with depth to be predicted without necessarily destroying the structure of the 

soil (Fig. 2.2). The calculated temperature values were used to correct the inverted 

resistivity values to 25oC using the equation (Keller and Frischknecht, 1966; Besson et 

al., 2004) 

                                  )]25(025.01[25 CT o
TCo −+= ρρ                                                  (2.4) 

where the value 0.025  is the temperature coefficient. Tρ and 
Co25

ρ represent resistivity 

values at temperature T and reference temperature of 25oC, respectively.  
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Fig. 2.2. Examples of estimated temperature profiles in the Vertisol that were used for 
temperature corrections of the inverted resistivity data. The times indicated on the plot 
correspond to the average of the time span of resistivity surveys on each day. 
 
 
Laboratory Calibration 

To calibrate the field results, variations of resistivity with soil-water content were 

measured in the laboratory. An important issue in laboratory calibrations is that the 

volume of soil measured in the laboratory is always small compared to the volume 

measured in the field (Zhou et al., 2001; Michot et al. 2003). Thus, the inevitable but 

challenging scale transfer or multiscale transfer issue remains at the heart of many 

hydrologic and pedologic studies (Lin, 2003). In our laboratory calibration, we aimed at 

reducing errors due to: (1) edge effects on resistivity measurements arising from the finite 

extent of the soil samples; (2) deviation from the assumption of a point source of current 

in the operating principles, and electrode sample-coupling; these effects are significant 

and need to be accounted for in data obtained from resistivity surveys with electrode 
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spacings less than 1.0 m (Zhdanov and Keller, 1994); and (3) soil shrinkage with 

decrease in soil-moisture, which is an important characteristic of the soil under study 

(Yule and Ritchie, 1980, a and b).  To account for the edge effects, preliminary 

measurements were made in a water-filled plastic bucket 30.5 cm in diameter and 15.2 

cm deep (this was the anticipated size of the soil samples to be collected). The 

conductivity of the water in the bucket was increased by adding salt and, resistivity 

values were measured with the Sting R1 equipment (set up in the manual mode (AGI, 

2000)), and a calibrated YSI Model 30 conductivity meter (YSI Inc.). The water 

temperature was simultaneously measured with the YSI conductivity meter. For 

resistivity measurements with the Sting R1 equipment, a Wenner array with four 

electrodes spread at 8 cm was used. This electrode separation incorporated a greater 

portion of the water volume in the measurements. The resistivity meter has an accuracy 

of up to 1% (AGI, 2000), and by using it for both field and laboratory measurements in 

this study, systematic errors are presumably reduced in the calibration results. The water 

in the bucket was thoroughly stirred at each stage of the experiment, and thus, the 

medium was assumed homogenous. After corrections of readings to 25oC using equation 

(2.4), the following relationship was established:                                                        

0536.06275.0 −= WT ρρ                                                        (2.5)  

 where ρT  is the presumed true resistivity of the medium as measured using the YSI 

conductivity meter and, ρw is the apparent resistivity value measured using the Wenner 

array.  

Three cylindrical soil samples were collected from the gilgai elements (microlow, 

microhigh and intermediate microrelief). The samples were 30.5 cm in diameter and 15.2 
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cm thick. The soil samples were initially soaked in distilled water for five days. They 

were then drained and four electrodes spread at 8 cm were inserted into the samples (Fig. 

2.3). Then measurements were made using Wenner arrays at different water content, as 

the sample dried at room temperature. The insertion of electrodes into the soil samples 

from the surface and the use of a collinear (Wenner) array in the laboratory 

measurements were done to approximate the field experiment conditions, and thereby 

account for deviations from the assumptions of point-source of current and electrode 

sample-coupling in the resistivity measurements. Also, because of the relatively large 

size of the samples, we assume the partitioning of the water content was similar to field 

conditions. The apparent resistivity values (after temperature corrections) were converted 

to true resistivity values using equation (2.5). To account for the shrinkage of soil sample 

with decrease in soil-moisture, sample volume and bulk density were measured at each 

stage of the soil drying. The bulk density values were then used to obtain corresponding 

volumetric soil-water content. Next, we established a resistivity-soil moisture relationship 

for the Vertisol by fitting a modified form of the power-law relation of Yeh et al. (2002) 

to the laboratory data. Yeh et al. (2002) related bulk electrical resistivity to water content 

for some sandy soils as follows: 

                                     m
b

−= θρρ 0                                                                  (2.6) 

where bρ and θ are bulk density and soil-moisture, as defined previously; 0ρ  is a fitting 

parameter that is related to the electrical resistivity of pore water and m is a 

dimensionless constant. In establishing a fit to our laboratory data, we made θ the 

dependent variable. This power-law relation eliminates the required and often ill-posed 

problem of estimating the petrophysical parameters in using equation (2.2) for estimating 
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soil-moisture from resistivity data (Zhou et al., 2001). Detailed discussion of the validity 

of this approach has been presented by Yeh et al. (2002) and Liu and Yeh (2004). Similar 

approaches have been used by other authors in similar studies (Walker and Houser, 2000; 

Hymer et al, 2000; Amer et al., 1994).  
 
 

 
 
Fig. 3.3. Experimental setup for the laboratory measurement of resistivity variations with 
soil moisture. 
 
 

Results
 
 

Resistivity/Soil-moisture Relationship 
 

Figure 2.4 shows the resistivity-soil moisture characteristics of the soil samples

obtained from the laboratory calibration, and a general curve fitted to the data. Generally, 

at high water content (greater than 0.5 m3/m3), large changes in soil-moisture cause small 

changes in resistivity, whereas at the other extreme (soil-moisture less than 0.18 m3/m3), 

small changes in soil-moisture result in large changes in resistivity values. At 

intermediate soil-moisture values, resistivity decreases proportionately with decrease in 
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soil-moisture. However, it should be noted that the lowest soil-moisture value determined 

is 0.13 m3/m3. Below this value the soil cracked continuously and eventually crumbled, 

such that no current could be injected into the soil samples. 
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Fig. 2.4. Soil moisture–resistivity characteristics of the Texas Vertisol. 
 
 

Further analysis of Figure 2.4 shows that the general trend of resistivity and soil-

moisture variations, especially at higher water content, differs by position within the 

microrelief. For the same soil-moisture values, resistivity values are highest for the 

microhigh soil sample and lowest for the soil sample collected from the microlow. The 

values for the intermediate microrelief soil lie mostly between these two extremes. For 

example, at a soil-moisture of 0.5 m3/m3, resistivity is 6 ohm-m for microlow, 7 ohm-m 

for intermediate, and 10 ohm-m for microhigh soil samples. The general curve fitted to 

the data (Fig. 2.4) is expressed as:  

12.00145.6 536.1 += −
bρθ                                                 (2.7) 
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where the constants in the equation are chosen to optimize the fit in a least-square sense.  

The first term in the right-hand side is equivalent to the term in the equation of Yeh et al.  

(2004). The added value of 0.12 was used to establish a better fit to the data. We achieved 

an overall root mean square error of 6.18 %.   
 
 
Field Rainfall Data 
 

Figure 2.5 shows the rainfall distribution during the period of study. The month of 

May 2005 was characterized by eight days of rainfall with mean monthly value of 3.33 

mm. In June and July 2005, there was cessation in rainfall, which resulted in mean values 

0.43 and 0.9 mm, respectively, for the months. However, the wettest month during the 

period of study was August 2005, with average rainfall of 8 mm. From September to

December 2005, the average monthly rainfall was mostly less than 1.0 mm, the lowest 
 
 

 
 
Fig. 2.5. Rainfall distribution during the period of study. The intervals corresponding to 
the wetting and drying cycles in the soil are indicated in the figure. 
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monthly average of 0.08 mm being recorded in November 2005. From January 22, 2006,

the average monthly rainfall started to rise again. Throughout this study, the depths to the 
 
water table were greater than 6 m. 
 
 
Resistivity-derived Soil-moisture Sections 

Figures 2.6, 2.7 and 2.8 show representative soil-moisture sections inferred from 

corresponding resistivity profiles. In deriving the soil-moisture values, the temperature-

corrected resistivity values of the inverted model blocks were substituted for bρ  in 

equation (7). Thus, the soil-moisture sections are shaped after the geometry of the 

inverted resistivity models (Michot et al., 2003). The lateral extent and boundaries of the 

gilgai elements are shown on the sections. As reported by Zhou et al. (2001), these 

sections are indicative of relative variations in soil-moisture, rather than absolute values. 

Hence, they are hereafter referred to as apparent soil-moisture sections. These apparent 

soil-moisture sections are divided into three groups and are arranged in the order in which 

individual field surveys were carried out. Each group corresponds to a wetting or drying 

cycle in the soil. The wetting cycle corresponds to intervals of time on the scale of 

months, in which there was a net increase in the apparent soil-moisture. Conversely, 

during the drying cycle, there was a net decrease in the apparent soil-moisture over the 

same time scale. Both cycles are characterized by multiple short-term, wetting and drying 

events on the scale of days. 

There are two wetting cycles corresponding to the time intervals from May 1, 

2005 to August 16, 2005, and from January 22, 2006 to April 22, 2006, when the average 

monthly rainfall was relatively high. They are designated as wetting cycles 1 and 2, 
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respectively. The time interval from August 16, 2005 to January, 22, 2006, when the 

average monthly rainfall decreased considerably, corresponds to the drying cycle. The 

various intervals are indicated in Figure 2.5. For the sake of comparison, the resistivity 

scales as well as absolute errors of data inversion are shown in the sections. Generally, 

the sections obtained during the wetting cycle are characterized by relatively small 

absolute errors ranging from 1.9% for the section collected on May 1, 2005 (Fig. 2.6a) to 

a value of 5.7% for the data collected on July 20, 2005 (Fig. 2.6f). The errors for the data 

collected during drying period were higher; the highest value of 6.9% being from the data 

collected on October 28, 2005 (Fig. 2.7e). It is evident that for the latter, the higher error 

values are due, in part, to high contact resistance and presence of cracks in the soil. 
 
 
Wetting Cycle 1 (Late Spring/Summer 2005)  Figure 2.6 displays the 

representative apparent soil-moisture/inverted resistivity sections collected in the Vertisol 

during a wetting cycle in the Late Spring/Summer 2005. Figure 2.6a shows that, for the 

profile collected on May 1, 2005, following a cumulative rainfall of 14.73 mm in April 

(as inferred from rainfall record precluding this study), apparent soil-moisture values vary 

from about 0.25 m3/m3 to about 0.45 m3/m3 from 0 to about 0.5 m depth, and there is 

spatial variation in apparent soil-moisture underneath each of the microrelief elements in 

this zone. Underlying this layer is a relatively saturated layer with apparent soil-moisture 

mostly greater than about 0.45 m3/m3, which extends from about 0.5 m to 1.1 m depths. 

Below about 1.1 m depths, apparent soil-moisture varies from about 0.25 m3/m3 to about 

0.45 m3/m3. These apparent soil-moisture layer-relationships are also observable in the 

profile collected on May 24, 2005 (Fig. 2.6b), but with pronounced development of 

isolated spots of lower apparent soil moisture (less than about 0.25 m3/m3) at, for 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

 
Fig. 2.6. Representative apparent soil moisture–inverted resistivity sections collected during Wetting Cycle 1: (a) 1 May; (b) 24 May; 
(c) 29 May; (d) 15 June; (e) 22 June; (f) 20 July; and (g) 16 Aug. 2005. The lateral extent of the microhighs (MH), microlows (ML), 
and the intermediate microrelief (MI) are shown in Fig. 2.6a. The areas marked “P” in (c) denote preferentially saturated portions of 
the soil in the section. The absolute error values are errors in % from the robust inversion of the apparent resistivity data. 
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example, positions of 5 m, 8 m and 12 m along the profile, in the upper layer. This is 

indicative of localized drying as a result of no rainfall in the ten day period prior to the 

survey (Fig. 2.5). Localized lower apparent soil-moisture zones are also observable at 

positions 4 m and 8 m along the profile, in the lower layer (below about 1.0 m depth).  

In the time interval between May 9, 2005 and May 27, 2005, there were no 

significant rain events (except for a rain event of 2.03 mm on May 14, 2005) (Fig. 2.5); 

this led to development of the first set of cracks in the Vertisol. The locations of these 

cracks were confirmed by visual inspection on May 25, 2005. Figure 2.6c shows the 

inverted resistivity/apparent soil-moisture section for the profile collected on May 29, 

2005 following a rainfall of 39.9 mm on May 28, 2005. The upper 0.2 m, and the depth 

intervals between about 0.6 m and about 1.1 m of the soil are characterized by apparent 

soil-moisture values greater than about 0.5 m3/m3, whereas apparent soil-moisture 

variations in the depth intervals between about 0.2 m and about 0.5 m and, sections of the 

soil at depths in excess of about 1.1 m, range from about 0.45 to about 0.3 m3/m3. In 

addition, traces of isolated low apparent soil-moisture spots can be noted in the upper 

layer with preferential saturation of the regions immediately underlying each spot 

(corresponding to the points marked ‘P’). The apparent soil-moisture variations in Figure 

2.6d (the profile collected on June 15, 2005) are similar to those of Figure 2.6c, but, 

because there was no rainfall from June 4 to June 15, 2005 (Fig. 2.5), the thin relatively 

saturated layer in the upper 0.2 m in Figure 2.6c is no longer visible in Figure 2.6d. For 

the profile collected on June 22, 2006 (Fig. 2.6e), the pattern of apparent soil-moisture 

variations is similar to those of Figure 2.6a and Figure 2.6b, but, due to further cessation 

in rainfall in this period (Fig. 2.5), there are relatively low apparent soil-moisture values 
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for the respective sections of the soil. For example, apparent soil-moisture values are 

mostly less than about 0.25 m3/m3 in the upper 0.5 m and there is development of isolated 

low apparent soil-moisture spots at, for example, positions 5.5 m and 8 m along the 

profile. Similarly, because the average rainfall between June 22, 2005 and July 20, 2005, 

was only 0.86 mm, there is relatively low value of apparent soil-moisture for the 

respective sections of the soil in Figure 2.6f (the profile collected on July 22, 2005), when 

compared with Figure 2.6e. The isolated low apparent soil-moisture spots in the upper 

layer of the soil are more developed and the relatively saturated middle layer is less 

continuous. Figure 2.6g shows the apparent soil-moisture section for the profile collected 

on August 16, 2005 following the peak rainfall event on August 10, 2005 (Fig. 2.5). This 

section reflects a relatively complete saturation of the soil by a cumulative rainfall (from 

previous survey) of 212 mm (Fig. 2.5). As shown in Figure 2.6g, apparent soil-moisture 

is mostly greater than about 0.45 m3/m3 in the entire section, except for the portions at 

depths below 1.1 m, where apparent soil-moisture is less than about 0.45 m3/m3.  
 
 
Drying Cycle (Fall 2005/Winter 2006)  The representative apparent soil- 

moisture/inverted resistivity sections collected during the drying cycle are shown in 

Figure 2.7. The figure shows depletion in apparent soil-moisture, which was initially 

gradual (Figs. 2.7a-2.7c) and later became rapid (Figs. 2.7d-2.7g), after a relatively 

complete saturation of the soil (Fig. 2.6g). Because of lack of rainfall between August 16, 

and August 27, 2005 (Fig. 2.5), apparent soil-moisture values in the section collected on 

August 27, 2005 are mostly less than about 0.3 m3/m3 in the upper 0.5 m of the soil in 

Figure 2.7a. However, there is a relative saturation of the middle layer (about 0.5 m to 1.1 

m depths) with apparent soil-moisture greater than about 0.45 m3/m3. At depths greater  
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Fig. 2.7. Representative apparent soil moisture–inverted resistivity sections collected during the drying cycle in the Vertisol: (a) 27 
August; (b) 9 September; (c) 17 September; (d) 8 October; (e) 28 October; (f) 30 November; and (g) 29 Dec. 2005. The absolute error 
values refer to the errors in % from the robust apparent resistivity data inversion.
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than 1.1 m in the soil, there is spatial lateral variation in apparent soil-moisture but with 

values mostly less than about 0.3 m3/m3. Similar variations in apparent soil-moisture are 

observed in Figure 2.7b (the profile collected on September 9, 2005) and Figure 2.7c (the 

profile collected on September 17, 2005) but with relatively low apparent soil-moisture 

values for the respective sections of the soil. However, due to a cumulative rainfall of 21 

mm in the interval, the isolated low apparent soil-moisture spots in the upper layer are 

less visible in Figure 2.7c than in Figure 2.7b. The interval from September 17, 2005 to 

October 8, 2005 was characterized by lack of rainfall (Fig. 2.5). In Figure 2.7d (the 

October 8, 2005 profile), the upper 0.4 m of the soil is dry with apparent soil-moisture 

values of less than about 0.2 m3/m3. In the middle layer, the regions underneath the 

microlows are of higher apparent soil-moisture (greater than about 0.33 m3/m3) than the 

regions underneath microhighs (mostly less than about 0.25 m3/m3). At depths in excess 

of about 1.0 m in the soil, there is spatial variation in apparent soil-moisture with values 

mostly less than about 0.3 m3/m3. Similar apparent soil-moisture variation is observed on 

other profiles collected during this period (Figs. 2.7e-2.7g), but, because the lowest 

average monthly rainfall was in this period (Fig. 2.5), there are lower values of apparent 

soil-moisture and more pronounced development of the isolated low apparent soil-

moisture (high resistivity) spots, in the subsequent sections. 
 
 
Wetting Cycle 2 (Winter/Spring 2006)  Figure 2.8 shows the representative 

apparent soil-moisture/inverted resistivity sections collected following resumption of 

rainfall events after intense drying of the Vertisol. In Figure 2.8a (apparent soil-moisture 

section collected on January 24, 2006), the soil is relatively dry. However, in comparison  
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Fig. 2.8. Representative apparent soil moisture–inverted resistivity sections collected during Wetting Cycle 2 in the Vertisol: (a) 24 
January; (b) 4 February; (c) 26 February; (d) 1 March; (e) 23 March; and (f) 22 Apr. 2006. The absolute error values refer to the errors 
in % from the robust inversion of the apparent resistivity data.
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with Figure 2.7g (apparent soil-moisture section collected on December 29, 2005), 

apparent soil-moisture values are relatively high in the corresponding portions of the soil 

due to cumulative rainfall of 11.43 mm in the interval between the two field surveys. As a 

consequence, the isolated low apparent soil-moisture regions in the upper layer are less 

visible in Figure 2.8a than in Figure 2.7g. Figure 2.8b shows the profile collected on 

February 4, 2006 following a cumulative rainfall of 70 mm (Fig. 2.5) in 12 days from the 

previous survey on January 24, 2006 (Fig. 2.8a). There is relative saturation of the upper 

0.3 m of the soil with the inferred apparent water-content values greater than about 0.45 

m3/m3. However, isolated spots of near zero apparent soil-moisture, especially at the 

position 7 m along the profile in the upper layer, could still be observed. The lower 

portions at depths below about 0.4 m are characterized by apparent soil-moisture mostly 

less than about 0.45 m3/m3. With increase in cumulative rainfall (Fig. 2.5), progressive 

movement of the wetting front down to deeper sections of the soil could be observed on 

subsequent sections (Figs. 2.8c-2.8f). Also, relicts of the isolated low apparent soil-

moisture spots are visible in the upper 0.4 m of the soil 
 
 
Data Evaluation 

Figure 2.9 shows comparisons of the resistivity-derived apparent soil-moisture 

values, for the March 23, 2006 survey (Fig. 2.8e), to results of auger sampling. The 

apparent soil-moisture values were extracted from vertical variations of apparent soil-

moisture at 8 m and 10.5 m positions along the profile (Fig. 2.8e), which are the closest 

points to the microhigh and the microlow auger sampling points, respectively (Fig. 1). 

Also, in computing the volumetric moisture from gravimetric values obtained for the 

auger samples, we used soil bulk density values ranging from 1.2 g/cm3 at the surface, 



32 

which was at higher moisture content at the time of sampling, to 1.5 g/cm3 at depths 

(Coulombe et al., 1996; Plant, 2000). The various data were then interpolated so that 

results could be compared for the same depths. As shown in Figure 2.9a, for the 

measurements taken within the microhigh, the resistivity-derived apparent soil-moisture 

values are lower than soil-moisture values derived from auger sampling by an average of 

about 16%, in the upper 0.2 m of the soil. From 0.2 m to about 0.6 m depths, the apparent 

soil-moisture values are greater than soil-moisture derived from auger sampling by about 

22%. Below 0.6 m depth, the relationship is essentially the same as in the upper 0.2 m but 

with an average difference of about 19%. For the sampling within the microlow (Fig. 

2.8b), the apparent soil-moisture values are highest in the upper 1.0 m by an average of 

about 17%, whereas at greater depths, the values are lower than soil-moisture obtained 

from auger sampling by about 14%.  
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Fig. 2.9. Comparisons of results of soil moisture values derived from resistivity 
measurements of 23 Mar. 2006 to those obtained from auger sampling on the same date: 
(a) measurements within the microhigh; (b) measurements within the microlow. 
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Discussion 
 
 

Soil-moisture/Resistivity Characteristics of the Vertisol and Data Evaluation 
 

The resistivity/soil-moisture relationships for the Vertisol obtained from 

laboratory measurements (Fig. 2.4) follow the trend for clay soils (McCarter et al., 1984; 

Samouëlian et al., 2005). At high soil-moisture, it is likely that current conduction is 

mainly through the pore water, whereas current conduction along the grain surface 

probably predominates at low water content in the Vertisol. At the intermediate soil-

moisture values, the proportionate decrease in resistivity with soil-moisture shows 

resultant effects of conductivity due to the pore water in the conduits and the matrix 

conductivity along grain surface. In equation (2.7), the value of 0.12 added to the 

optimization scheme probably denotes the effects of current conduction along the grain 

surface analogous, but not necessarily equal, to the effects of 
sρ

1  in equation (2.2). This 

value may be equivalent to the water content near which it is impossible (or at least 

difficult) to inject current to estimate soil-moisture in the Vertisol using the approach 

presented in this study. Presumably, near this value in the apparent soil-moisture sections 

(Figs. 2.6, 2.7 and 2.8), the inferred soil-moisture are influenced primarily by cracks in 

the soil.  

The trends in soil-moisture from data evaluation in Figure 2.9 indicate that, for 

the most part, the values of the resistivity-measured apparent soil-moisture are greater 

than soil-moisture values derived from auger sampling at relatively high water content, 

whereas at relatively low water content, the values are smaller. The exception is in Figure 

2.9a, where apparent soil-moisture values are lower than soil-moisture derived from the 
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auger sampling at relatively high water content in the upper 0.2 m of the soil. The 

difference between the apparent soil-moisture and soil-moisture derived from auger 

sampling may be due to close interval variability in physical and chemical properties of 

the soil (Wilding et al., 1990; Akbar et al., 2004), and the fact that, the resistivity 

measurements were calibrated according to the surface soil, whereas soil profiles in 

Vertisols are known to change significantly in pedological properties with depth (Wilding 

et al. 1990; Nordt et al. 2004). The relatively low value of the resistivity-derived apparent 

soil-moisture in the upper 0.2 m in Fig. 2.9a may be due to the effect of a probable crack 

around the 8 m position along the profile (Fig. 2.8e). Additional difference may however 

be due to ambiguity implicit in the 2D approximation of 3D flow of current in the 

resistivity survey, as well as artifacts in the resistivity data inversion scheme (Zhou et al., 

2001). Nevertheless, because the general trends of the apparent soil-moisture followed, to 

some extent, the soil-moisture measured by the auger sampling (especially as shown in 

Fig. 2.9b), we conclude that, the resistivity-derived apparent soil-moisture data are valid 

for characterization of seasonal wetting and drying of this Vertisol, which is the main

 objective of this study. 
 

 
Characterization of Seasonal Wetting and Drying 
 

The geoelectric study of seasonal wetting and drying of this Texas Vertisol 

revealed the spatiotemporal pattern of soil-water variations in the soil. The wetting and 

drying of the Vertisol correlate with rainfall distribution in the area (Fig. 2.5) and are 

influenced by cracking and microrelief variability. As shown in Figure 2.6, the upper 1.4 

m of the soil can be divided into three soil-moisture regimes: an upper zone (from 0 to 

about 0.5 m depth), which is of relatively low soil-moisture; a middle zone (from about 
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0.5 m to about 1.1 m depths), which is relatively saturated; and the lower zone (below 

about 1.1 m depth) which is relatively less saturated compared to the middle layer. The 

upper layer is the interface between the atmosphere and the deeper sections and, as 

expected, is the most dynamic with regards to wetting and drying in the Vertisol. The 

saturation of the middle layer appears to be enhanced by by-pass flow into the deeper 

sections of the soil. For example, as can be inferred from Figure 2.6c, the portions of soil 

presumably underneath the cracks (localized high resistivity/low apparent soil-moisture 

spots) are preferentially saturated relative to other areas in the Vertisol. According to Lin 

et al. (1997), by-pass flow through cracks may constitute an important mechanism that 

may lead to rapid transport of contaminants to groundwater. Also, according to Allen et 

al. (2005), rapid recharge in the study area is related to by-pass flow. Even when the soil 

surface approaches field capacity, the remaining cracks are sufficient to support flow 

rates of 2.5 cm day-1 around the soil structural units (Allen et al., 2005; Ritchie et al., 

1972). It can also be inferred that the more intense the rainfall, the greater the preferential 

flow process in the Vertisol.  For example, the relative complete saturation of the soil as 

shown in Figure 2.6g is enhanced by the rainfall events. Following these events, lateral 

infiltration probably proceeds at the same rate as vertical movement of water in the soil 

(Favre et al., 1997). However, the low hydraulic conductivity of the soil ensures that the 

lower portion below about 1.2 m depth is still relatively less saturated. In addition, it 

appears that the localized low apparent soil-moisture spots extend to the soil surface in 

the profiles collected following localized drying as a results of cessation in rainfall (Fig. 

2.6b), whereas following rainfall events, they appear closed at the surface with their 

traces visible at depths in the section (Fig. 2.6c). Thus, in accordance with the work of 
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Favre et al. (1997), crack closure starts from the soil-surface and progresses downward in 

the soil.  

This study also shows that microrelief features exercise a significant control on 

seasonal variations in soil-moisture regimes in the Vertisol. By comparing variations in 

apparent soil-moisture in the various profiles, it can be observed that more moisture is 

retained underneath microlows than underneath microhighs throughout the wetting and 

drying cycles. The relative saturation of the microlows, especially during the wetting 

cycle, might be due to the fact that much of the rainfall falling in the microhighs runs off 

into the microlows (Newman, 1986). This is supported by our field observation that more 

vegetation was produced in the microlows than on the microhighs. In addition, the soils 

beneath microlows have been known to have higher organic content than those 

underneath the microhighs (Wilding et al., 1990; Nordt et al., 2004). An implication of 

this result is that, in a typical farming season, assuming other effects are negligible, crops 

planted on microlows will give higher yield than those planted on microhighs because of 

differential availability of water (Wilding et al., 1990) and by implication, nutrients 

(Rodriguez-Iturbe, 2000), to the plants. Thus, a consideration of hydrologic effects of 

gilgai microrelief is important for optimal agricultural management of Vertisols. 

The profiles collected during the drying cycle (Fig. 2.7) and the beginning of the 

wetting cycle (Fig. 2.8a) illustrate cracking patterns in the soil. Although, crack geometry 

and depth cannot be determined precisely from 2D resistivity sections, and inversion 

schemes based on regularized mesh such as RES2DINV (Samouëlian et al., 2003); the 

distribution of cracks within the upper layer and duration of cracking can be inferred 

from the apparent soil-moisture/inverted resistivity sections. This is particularly 
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important in developing better classification schemes for Vertisols (Wilding et al., 1990; 

Dudal and Eswaran, 1988; Newman, 1986). As mentioned previously, the localized near-

zero soil-moisture (high resistivity) spots are interpreted as corresponding to cracks in the 

upper layer. It can be noted from the sections that more cracks are concentrated on the 

microhighs and intermediate portions of the soil than in the microlows. This may be 

correlated to microclimatic variability between the microhigh and microlow features. 

According to Newman (1986), microhighs and microlows control surface water flow in 

the same way as larger topographic features. Hence, it is natural that the soil beneath the 

microhighs would be drier and more intensely cracked than that beneath the microlows. 

Further analysis of the sections shows that cracks (especially those around distances of 8 

m and 12 m) are opened between October 8, 2005 (Fig. 2.7d) and January 24, 2006 (Fig. 

2.8a). This is consistent with the classification (NRCS, 2001; Soil Survey Staff, 1999) of 

the Vertisol under study as belonging to Udic-ustic soil-moisture regime. This 

classification requires, in part, that cracks be opened from 90 to 150 cumulative days in 

most years (Dudal and Eswaran, 1988).  

Moreover, it can be inferred from Figure 2.8 that rewetting of the Vertisol after 

intense drying is, among other factors, a function of amount of rainfall and antecedent 

moisture content. For example, in Figure 2.8b, due to the low antecedent moisture 

content, the added moisture was absorbed in the upper portions of the soil and due to the 

relatively small amount of rainfall, by-pass flow was not noticeable underneath the 

cracks. This is especially true for the apparent crack shown at position of 7.5 m along the 

profile. Additional rainfall events led to further saturation of the soil with the cracks 

being less visible on subsequent sections. In addition, the observed movement of the 



38 

wetting front into the deeper sections with cumulative rainfall shows that the data from 

this study can be used for calculating soil-moisture flux and flow gradient which may be 

important in studying contaminant hydrology of the soil. However, additional studies are 

required to verify this assertion.  

The present work has shown that electrical resistivity techniques can be effective 

methods of characterizing hydrological properties and processes in Vertisols. Unlike 

conventional methods of soil-moisture measurements, the techniques allow cracks and 

gilgai microrelief features to be incorporated into soil-moisture profiles. However, for 

resistivity methods to evolve as a tool for routine hydrologic studies of Vertisols, 

improvements in survey designs and data inversion schemes are needed. Further work is 

recommended in the study area with 3D imaging and time-lapse techniques. It would also 

be of interest to test other electrode configurations such as square arrays in the laboratory 

and field measurements. Finally, we did not observe movement of electrodes left in the 

ground during the field surveys, and they were not observed to have induced cracking in 

the soil. This might have been due to relatively low lateral flow property of the soil 

(Allen et al., 2005), which may not be applicable to other Vertisols. Thus, further studies 

are recommended to investigate if techniques and phenomena reported in this study can 

be considered applicable to all Vertisols.  
 

 
Summary and Conclusions 

 
In this study, field and laboratory electrical resistivity measurements are used to 

characterize seasonal wetting and drying of a Texas Vertisol. Laboratory measurements 

are used to generate soil-moisture/resistivity relationships and to calibrate data from 2D 

resistivity monitoring of spatiotemporal soil-moisture variations in the Vertisol over a 
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period of one year. Both laboratory and field resistivity data were corrected for the effect 

of temperature variations. Results of resistivity measurements are correlated to results of 

soil-moisture measurements with auger sampling. The results show that the upper 1.4 m 

of the Vertisol can be divided into three soil-moisture regimes: an upper zone (from 0 to 

about 0.5 m depth) that is the most dynamic with regard to wetting and drying in the soil; 

a middle zone (from about 0.5 m to about 1.1 m depths) that is relatively saturated during 

periods of substantial rainfall when the soil is wet; and a lower zone (below about 1.1 m 

depth), that is relatively less saturated compared to the middle layer. The saturation of the 

middle layer appears to be enhanced by preferential flow through cracks into the soil. It is 

apparent from the resistivity/apparent soil-moisture sections that most cracks terminate at 

depths in this layer. Moreover, the micro-relief topography exercises a significant control 

on spatial and temporal variations in soil-moisture in that the microhighs dry out faster 

than the microlows. This study should be of relevance in better agricultural management 

of Vertisols.  
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CHAPTER THREE 
 

An Integrated Hydrogeophysical Characterization of Seasonal Soil Moisture Dynamics in 
a Texas Vertisol. 

 
 

Abstract 
 

This paper presents results of time-lapse analyses of the electrical resistivity and 

apparent soil moisture data obtained from geoelectric studies aimed at understanding in-

situ seasonal soil moisture dynamics in a Texas Vertisol. Vertisols are important soil 

resources; however, they are relatively difficult to manage. Their shrink/swell 

characteristics give rise to development of deep cracks and microtopographic expression 

of subsurface soil dynamics known as gilgai. The field surveys were carried out along the 

same profile from May 1, 2005 to April 22, 2006, during which 32 multi-electrode 

resistivity profiling lines were collected. Laboratory data were used to generate soil 

moisture-resistivity relationships for the Vertisol, and to calibrate the inverted field 

resistivity data. We used the time-lapse analysis to examine resistivity changes in the soil 

within various time intervals over the duration of the field surveys. Also, by combining 

the resistivity-measured apparent soil-moisture data with a van Genuchten water retention 

curve for clay soils, we computed apparent water fluxes. Vector plots of the calculated 

flux values were then made to obtain apparent water flow patterns in the soil. Earlier 

interpretations of the field and laboratory electrical resistivity data have shown that there 

are three distinct soil-moisture regimes in the upper 1.4 m of the Vertisol, where a 

relatively saturated middle layer (about 0.5 to 1 m depth) appears to be underlain and 

overlain by relatively less saturated layers. The time-lapse analyses results showed that 
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maximum negative resistivity changes occur in this middle layer and in the regions 

underneath the microlows, indicating preferential saturation of the soil in these regions. 

In addition, by-pass flows into the soil were inferred from the preferential negative 

resistivity changes at the regions underneath the cracks in the soil. The apparent moisture 

flux patterns inferred from the vector plots indicated divergent flows from the middle into 

the upper and lower layers as well as in-filling of cracks with moisture during the wetting 

cycles, whereas apparent upward fluxes dominated the patterns for the apparent fluxes 

computed for the drying cycle. The apparent flux patterns appeared to reflect the 

prevailing atmospheric water demand and supply at various intervals during the study 

period.  
 
 

Introduction 
 

Accurate characterization of in situ seasonal soil moisture dynamics in expansive 

clay soils, such as Vertisols, is critical for understanding the mechanisms of shrinking 

and swelling, groundwater recharge, contaminant transport and development of landscape 

evolution models (Ritchie 1972; Lin 1997, 1998; Wilding 1991; Akbar 2004; Allen et al., 

2005). This is a difficult research problem because of the heterogeneity in vadose zone 

flow and high shrink/swell potential of the soils. In Vertisols, the shrinking and swelling 

characteristics result in the formation of deep cracks (> 1 m) and microtopographic 

expression of subsurface soil dynamics known as gilgai. The gilgai consists of a series of 

microhighs that are the higher parts of the microrelief, depressions or microlows that are 

the lower parts of the microrelief, and shelves that are planar or subplanar areas 

intermediate in elevation between the two other elements (Coulombe et al., 1996). 

Previous studies have shown that cracks may constitute conduits for bypass flow which 
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may aid rapid movement of contaminant to the groundwater (Ritchei 1972; Lin 1997, 

1998; Allen et al., 2005). For example, Lin et al. (1996) examined the effects of 

macroporosity and initial soil moisture on infiltration rates in some Vertisols and vertic 

intergrades in Texas. Their results show that although macroporosity constitutes less than 

5% of the total soil porosity, about 89% of the observed flux at 0-cm tension was through 

macropores. In addition, the gilgai has been demonstrated to induce variability in the 

spatial pattern of water infiltration and soil moisture in Vertisols (Wilding et al., 1991; 

Mermut et al.1996; Akbar et al., 2004). As shown by Wilding et al. (1991), in a typical 

farming season, crops planted on microlows will potentially give higher yield than those 

planted on microhighs because of differential availability of water, and by implication 

nutrients, to the plants. 

Despite the large numbers of studies on the characterization of the hydrology of 

Vertisols (Ritchie 1972; Bouma and Loveday, 1988; Allen et al., 2005), accurate 

knowledge of seasonal soil moisture dynamics of the soils is still an unresolved problem 

(Wilding and Puentes, 1988). This is due, in part, to the fact that, the temporal scales 

involved in most studies are short, usually in hours or days (e.g. Fevre et al., 1997; Lin et 

al. 1997). Hence, soil moisture characterization, over extended periods on the scale of 

months or years, based on such data is not optimal. In addition, because conventional 

techniques of soil moisture measurements are point-based, capturing inherent spatial 

variability in hydraulic properties remains a challenge (Mulla, 1988). With regards to the 

latter, the use of geophysical techniques, and in particular, electrical resistivity 

tomography (ERT), is an attractive option for collecting non-destructive spatial data. 

However, applications have been largely limited to the relatively simple hydrology found 
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in sandy and other coarse-grained soils (Hagrey et al., 1999; Zhou et al., 2001; Binley et 

al., 2002; Michot et al., 2003; Amidu and Olayinka, 2006).  

Ongoing research at the US Department of Agriculture-Grassland Soil and Water 

Research Station (USDA-GSWRS), Riesel, Texas, is aimed at a better understanding of 

the seasonal soil moisture dynamics, landscape evolution as well as groundwater recharge 

in a clay-shale terrain (Allen, et al., 2005; Arnold et al., 2006). As part of this study, 

spatiotemporal monitoring of soil moisture variations over wetting and drying cycles in a 

Vertisol in the area was carried out from May 1, 2005 to April 22, 2006, during which 

thirty-two ERT profiles were collected. In addition, laboratory measurements were made 

to generate a resistivity-soil moisture relationship for the Vertisol and to calibrate the 

inverted field resistivity data. The results of this study were presented by Amidu and 

Dunbar (2007). Generally, the results revealed three distinct soil-moisture regimes in the 

upper 1.4 m of the Vertisol, where a relatively saturated middle layer (about 0.5 to about 

1 m depth) was underlain and overlain by relatively less saturated layers. Also, the 

saturation of the middle layers appeared to be enhanced by preferential flow through 

cracks into the deeper sections in the soil. 

In this paper, we extend this study by carrying out time-lapse analyses of the 

electrical resistivity and apparent soil moisture data presented by the authors (Amidu and 

Dunbar; 2007a). Our objectives are two-fold: (1) To obtain a better characterization of 

the effects of gilgai and cracks on the seasonal hydrodynamics of the soil and; (2) To 

examine the prospect of using the resistivity-derived apparent soil moisture data to 

determine spatial pattern of moisture flux in Vertisols. To achieve the first objective, 

resistivity-difference sections were computed by relating the measured resistivity values 
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at various time intervals to a base resistivity data, and the calculated resistivity changes 

were interpreted in terms of moisture depletion and saturation in the soil. Generally, time-

lapse geoelectrical studies are more useful in characterizing dynamics of time-varying 

soil properties such as soil moisture, than the “time-static” interpretations (Barker and 

Moore, 1998). Consequently, the methods have been widely applied in hydrological 

studies for infiltration monitoring and for evaluation of movement and concentration of 

contaminants in the vadose zone (Daily et al. 1995; Barker and Moore, 1998; Slater et al., 

2000, 2002; Descloitres et al., 2003; Miller et al. 2007). To reach the second objective, 

we used the resistivity-derived apparent soil moisture data (Amidu and Dunbar, 2007a) to 

compute apparent moisture fluxes in the soil. Water movement in soils is not a function 

of water content, but rather, of the energy state of soil-water, which is expressed as 

pressure heads (Hillel, 1998; Campbell and Norman, 1988). However, in theory, using 

water retention (soil water-pressure head) curves, apparent distribution of pressure head 

can be calculated from moisture data and values for successive sections can be compared 

to obtain, presumably, apparent moisture fluxes in the soil. We used the van Genuchten 

(1980) water retention function for the calculations and generated vector plots of the 

calculated flux values to obtain apparent directions of water flow. Valuable information 

on the seasonal dynamics of soil moisture in the Texas Vertisol was obtained from this 

study, while at the same time, the study generated data to analyze the potentials of using 

electrical resistivity methods for characterizing in situ soil moisture dynamics in 

expansive clay soils.  
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Methods 
 

The methodology employed for the characterization of the seasonal 

hydrodynamics of the Texas Vertisol is summarized in Figure 3.1. This includes field and 

laboratory geoelectrical measurements and data inversion as well as time-lapse analyses 

of the resulting electrical resistivity and apparent soil moisture data. The details of the 

field surveys, data inversion and temperature corrections as well as the laboratory 

calibrations have been discussed previously by Amidu and Dunbar (2007a). However, to 

orient the readers to the data presented in this paper, a summary of the methods is 

provided in the next section. The time-lapse analyses of the resistivity and apparent soil

 moisture data which are the focus of this paper, are discussed in the subsequent sections.
 
 

Resistivity data inversion
Temperature corrections

Inverted resistivity sections

Apparent soil moisture sections

Laboratory
measurements

Apparent distribution of pressure heads

Water retention
curve

Resistivity-difference sections

Time-lapse analysis

Apparent moisture flux

Vector plotting

Field resistivity surveys

Soil moisture/resistivity relationship

Soil sampling from the gilgai elements

Apparent moisture flow patterns

Time-lapse analysis

Calibration

Amidu and
Dunbar, 2007

This study

 
 
Fig. 3.1. Schematic diagram showing the methods used for the characterizations of 
seasonal soil moisture dynamics in the Texas Vertisol (modified after Zhou et al., 2001). 
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Previous Study-Field and Laboratory measurements 
 

The field surveys were carried out at the USDA-GSWRS, Riesel, Texas, where 

the Vertisol (Houston Black soil) that was studied, is classified as thermic Udic-ustic 

Haplustert (Soil Survey Staff, 1999). Generally, the soils in the area are weathered 

products of the underlying bedrock consisting of mainly marls and chalks assigned to the 

Taylor Group of the Gulfian series of the Cretaceous system (Soil Conservation Service, 

1942). The soil exhibits strong shrink–swell potential, and microrelief gilgai features are 

well developed. Typical elevation difference between adjacent peaks and troughs ranges 

from 0.1 to 0.3 m with horizontal spacing of 2 to 5 m. The soil thickness ranges from 1 to 

3 m (Allen et al., 2005). The surveys were carried out along the same profile from May 1, 

2005 to April 22, 2006, using combined dipole-dipole and Schlumberger electrode 

configurations at minimum dipole and electrode spacings of 0.5 m. The profiles were 

17.5 m long and intersected two sets of microhighs and microlows of the gilgai. A total of 

32 profiles were collected during the period. The microrelief topography was surveyed 

using a laser survey system and depths to the water table were measured. Also, the 

rainfall, soil temperature and other weather data were recorded by the network of stations 

installed at the site.  

For the data inversion, the RES2DINV program developed by Loke and Barker 

(1996) was employed. This involved a combined use of the rapid least-squares (DeGroot-

Hedlin and Constable, 1990) and robust inversion methods (Claerbout and Muir, 1973) in 

the program. Whereas the former was used to account for smooth resistivity variations 

due to the effects of soil moisture (Zhou et al., 2001), the latter was used to account for 

sharp resistivity gradient due to the effects of cracks in the resistivity measurements 
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(Olayinka and Yaramanci, 2000; Amidu and Dunbar, 2007a). The microrelief topography 

was incorporated into the inversion scheme using the “finite element method with 

uniform distortion” option in the program for the topographic modeling (Loke, 2000). 

The inverted data were then saved in XYZ formats. Next, for the temperature corrections, 

the predictive model of Campbell and Norman (1998) was used to obtain variation of 

temperature with depth using the measured surface-soil temperature data, then the 

inverted resistivity values were transformed to comparable values at 25oC using the 

equation of Keller and Frischknecht (1966).  Generally, this method allowed temperature 

corrections to be carried out without necessarily destroying the structure of the soil. 

Finally, to calibrate the field resistivity data, an experiment was designed to 

measure variations of resistivity with soil moisture in the laboratory, using three 

cylindrical soil samples collected from the gilgai elements - microhigh, microlow and 

intermediate microrelief elevations. This laboratory set-up was particularly unique in that 

the effect of electrode coupling and deviations from the assumptions of a point source of 

current in the resistivity measurements (Zhdanov and Keller, 1994) as well as soil 

shrinkage with decreased moisture (Yule and Ritchie, 1980), were accounted for in the 

calibrated data (Amidu and Dunbar, 2007a). The power law relation of Yeh et al. (2004) 

was then fitted to the overall data to obtain a soil moisture-resistivity relationship for the 

Vertisol (Amidu and Dunbar, 2007a): 

                                                       12.00145.6 536.1 += −
bρθ                                         (3.1) 

where θ is soil moisture and bρ  is the bulk soil electrical resistivity. By substituting the 

temperature-corrected inverted resistivity values into equation (3.1), the inverted 

resistivity sections were converted to models of soil moisture variations in the soil. 
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However, as reported by Zhou et al. (2000), these sections were indicative of relative 

variations in soil moisture rather than absolute values. Hence, the soil moisture sections 

were referred to as apparent soil moisture profiles (Amidu and Dunbar, 2007a). An 

evaluation was carried out by the authors by comparing these apparent soil moisture data 

with data obtained from in situ water-content measurements by auger sampling. The 

results showed that, although the soil moisture values were overestimated at higher water 

content and underestimated at low water content, the apparent moisture data were 

characteristics of in situ moisture variations in the Vertisol (Zhou et al., 2000; Amidu and 

Dunbar, 2007a).  
 
 
Time-lapse Analysis of the Resistivity Data 
 

Time-lapse inversion of geoelectrical data is now a widely used approach in the 

geophysics literature (Daily et al., 1995; Barker and Moore, 1988; Slater, 2000; Miller et 

al. 2007). In theory, resistivity response due to soil lithology, texture and other features of 

the soil are considered relatively invariant over the duration of study. Hence, by 

calculating resistivity differences between two independently measured sections over the 

same profile, the effects of these properties are presumably removed from the data. 

Consequently, the computed resistivity differences reveal the time-varying soil 

properties, such as soil moisture, more than results obtainable from independent inversion 

of the respective apparent resistivity datasets (Descloitres et al., 2003; Miller et al. 2007). 

Generally, the resistivity variations are estimated by making cell-to-cell comparisons of 

the resistivity values of a base data and values obtained at a later time. These 

comparisons may involve computation of ratios (Daily et al., 1992 and 1995; Slater, 

2000; Binley et al., 2002) or the normalized differences between the two set of values 
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(Barker and Moore, 1988; Miller et al. 2007). Whereas the former approach is more 

applicable for situations in which there is subtle change in resistivity; where the 

resistivity difference is large; the latter approach is preferable (Descloitres et al., 2003). 

Consequently, the latter approach was used in this study. We used the data set collected 

on May 1, 2005, as the base values and to track the resistivity changes in the soil, 

following Miller et al. (2007), we plotted the quantity ∆ expressed as: 
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where baseρ is the base resistivity value (May 1, 2005) and tρ is the corresponding 

resistivity value at a later time; baset ρρδρ −= . The calculated ∆ values were multiplied 

by 100 to express the results in percentage. Based on the inverse relationship between 

resistivity and soil moisture (equation (3.1)), positive values of ∆ implied a net depletion 

of soil moisture, due to evaporation, relative to the base data, whereas negative values 

indicated net addition of water, mainly from rainfall, in the soil. The absolute value of ∆ 

in either case was related to the net soil moisture change (increase or decrease) over the 

time intervals.  
 
 
Calculations of Apparent Moisture Flux 
 

The approach used for the calculation of the apparent moisture flux from the 

resistivity-derived apparent soil moisture data is summarized in the following steps: 

1. The apparent distribution of pressure head in the soil was calculated from the 

apparent soil moisture data using water retention (soil water-pressure head, θ(h)) curve. 

We adopted the widely used θ(h) curve of van Genuchten (1980), which is of the form:   
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where θs and θr indicate saturated and residual values of soil water content, respectively, 

and α , m, and n, where nm 11−= , are fitting parameters that depend on the shape of 

the θ(h) curve and h is pressure head given as a function of water content θ. It should be 

noted that h is assumed positive over the soil-moisture range (van Genuchten, 1980). 

Rearranging equation (3.3) yields h as a function of θ: 
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Equation (3.4) gives the values of h that will, in theory, be measured in the soil over the 

interval sr θθθ ≤≤ . Beside, the soil moisture θ, other parameters in the equation are 

constants. In many hydropedological studies, different values of these parameters have 

been used to describe flow and transport properties of various soils (e.g. Coquet et al., 

2005; Šimůnek et al., 2003; Schaap et al., 2000; Oquist et al., 2006; Deurer and 

Bachmann, 2007). For the present analysis, we used the values obtained for clay soils by 

Schaap and Leij (2000) based on a comprehensive analysis using UNSODA data (an 

international soil-hydraulic database) (Leij et al. 1996): α =0.02, n= 1.3 and m= 0.23, 

with sθ  and rθ equal 0.512 and 0.098 cm3/cm3, respectively. 

2. Linear calibration of the resistivity derived apparent soil moisture data. Following 

Zhou et al. (2001), the resistivity derived soil moisture data were linearly calibrated by: 

                                                 )( 1
12

r
rr

rs
rcal θθ

θθ
θθ

θθ −
−
−

+=                                         (3.5) 
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where sθ and rθ are as defined previously (values of 0.512 and 0.098 cm3/cm3, 

respectively), and 2rθ and 1rθ are the saturated and residual apparent water content 

derived from equation (3.1) (values of 0.12 and 1.53 cm3/cm3, respectively). Equation 

(3.3) ensures that the calibrated soil moisture values calθ  are in the range 

512.0098.0 ≤≤θ  cm3/cm3. We then substituted calθ  for θ in equation (3.4), to obtain 

apparent distribution of pressure heads in the soil. 

3. Apparent soil moisture fluxes were calculated and vector plots of the resulting data 

were made to obtain apparent water flow directions, basically to quantify the dominant 

effects of rainfall or evaporation, between two successive field surveys. Similar to the 

approach adopted for the time-lapse analysis of the resistivity data (however, in this case, 

the base values were varied), h values for successive sections were compared 

(considering the kinematic wave equation of Raat (1983)) using the relation:  

                                                 a
tt
hh tt

01

01

−
−

−=μ                                                            (3.6) 

where ht1 and ht0 are the calculated apparent pressure heads at initial and final times t0 

and t1, respectively. The term a  is a dimensionless component, which was assumed equal 

to 1. The term μ  is dimensionally equivalent to water flux or velocity (meter/day) in the 

soil (Raat ,1983; 2000). The negative (-) sign in equation (3.6) ensures that the flux 

gradient is towards direction of reduced moisture (Hillel, 1988). By this convention, 

flows will diverge away from regions with positiveμ  values, because they corresponds 

to areas with net moisture increase over a time interval, whereas flows will converge 

towards regions with negativeμ  values, as they are regions with net depletion of water in  
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the soil. The vector plots were made using Golden Software’s SurferTM package as

 described by Golden Software Inc. (2002).
 

 
Results 

 
 

Rainfall Data and Representative Apparent Soil Moisture/Resistivity Sections 
 

The daily and cumulative rainfall distribution during the study period is shown in 

Figure 3.2. The month of May 2005 was characterized by 8 days of rainfall with a total 

value of 101.6 mm. In June and July 2005, there was cessation in rainfall, which resulted 

in relatively small total values of 11.7 and 26.6 mm, respectively, for the months. The 

wettest month during the study was August 2005 with a total rainfall of 247 mm and with 

the maximum daily rainfall throughout the study period occurring on August 10, 2005. 

This is indicated by the sudden increase in the cumulative rainfall by 159 mm in this 

period (Fig. 3.2). Following this period, the total monthly values decreased considerably. 

Generally, from September to December, 2005, the average monthly cumulative rainfall 

was mostly less than 20 mm with the lowest value of 2.54 mm being recorded for 

November 2005. After December 2005, the monthly cumulative rainfall began to rise 

again as the total monthly values were mostly greater than 60 mm.  

Figure 3.2 also shows the intervals of time designated by Amidu and Dunbar 

(2007a) as corresponding to the wetting and drying cycles in the Vertisol. The wetting 

cycles corresponded to the intervals, on the scale of months, in which there was a net 

increase in soil moisture, whereas, during the drying cycle there was a net decrease in soil 

moisture over the same time scale. Both cycles were characterized by multiple periods of 

wetting and drying on the scale of days (Amidu and Dunbar, 2007a). The time intervals 



53 

from May 1, to August 16, 2005, and from January 22, to April 22, 2006, when the 

average monthly rainfall was relatively high, were designated as the wetting cycles 1 and 

2, respectively, whereas the interval from August 16, 2005 to January 22, 2006, when the 

average monthly rainfall decreased considerably, corresponded to the drying cycle. The 

depth to the water table was greater than 6 m and well below the depth of the resistivity 

sections throughout the study period (Amidu and Dunbar, 2007a).  
 
 

 
 

Fig. 3.2. Daily and cumulative rainfall distribution during the study period 
 
 

The representative apparent soil moisture/inverse model resistivity sections for 

each of the wetting and drying cycles in the Vertisol (adapted from Amidu and Dunbar, 

2007a) are shown in Figure 3.3. The lateral extent and boundaries of the gilgai elements 

are indicated in the sections. For May 1, 2005 (the representative section for the wetting 
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cycle 1), apparent moisture values varied from about 0.25 to about 0.45 m3/m3 (resistivity 

values ranging from 6 to 12 Ωm) from 0 to about 0.5 m depth, and there were spatial 

variations in the apparent moisture/resistivity values underneath each of the gilgai 

elements. Underlying this layer was a relatively saturated layer with apparent moisture 

greater than 0.45 m3/m3 (resistivity values less than 6.6 Ωm), which extended from about 

0.5 to 1.1 m depths. Below about 1.1 m, the apparent moisture was mostly greater than 

0.25 m3/m3 (resistivity values greater than 12 Ωm) in the soil.  

For the representative profile collected during the drying cycle (Fig. 3.3b), the 

upper 0.4 m in the soil was dry with apparent moisture value of less than 0.2 m3/m3 

(greater than 16 Ωm resistivity) and with isolated low apparent moisture (high resistivity) 

spots around 4, 8 and 12 m positions. These isolated high resistivity spots corresponded 

to identified cracks in the soil (Amidu and Dunbar, 2007a). In the middle layer, the 

regions underneath microlows were of higher apparent soil moisture values (greater than 

0.3 m3/m3) than the regions underneath microhighs. Below about 1.1 m depths, there was 

a decrease in moisture with apparent moisture values less than about 0.25 m3/m3 (less 

than 12 Ωm resistivity). The representative apparent soil moisture/resistivity section 

collected during wetting cycle 2 (re-weeting after intense drying of the soil) is shown in 

Figue 3.3c.

The field data were collected on March 1, 2006, following a cumulative rainfall 

from December 29, 2005 of 121 mm (Fig. 3.2). There was relative saturation of the upper 

0.3 m of the soil with apparent moisture value greater than about 0.45 m3/m3 (less than 

resistivity value of 6.6 Ωm). However, isolated low apparent moisture (a high resistivity) 

spot at the position of 7 m along the profile was still noticeable.  The lower portions 
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Fig. 3.3. Representative apparent soil moisture/inverted resistivity sections for the wetting 
and drying cycles in the Vertisol (adapted from Amidu and Dunbar, 2007). The lateral 
extents of the gilgai elements are shown in the sections. Also, the error values (%) represent 
the absolute error values from the robust inversion of the apparent resistivity data (see Amidu 
and Dunbar, 2007). 
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below about 0.4 m depth in the soil were characterized by apparent moisture mostly less 

than about 0.45 m3/m3. With increase in cumulative rainfall (Fig. 3.2), progressive 

movement of the wetting front into the deeper portions of the soil were observed in the 

subsequent sections during this period. Details of these observations have been discussed

by Amidu and Dunbar (2007a).  
 
 
Time-lapse Analyses Results  
 

Figures 3.4, 3.5 and 3.6, show representative time-lapse sections obtained from 

comparisons of the respective data with the base values using equation (3.2). To enhance 

the resistivity changes that occurred within the various time intervals, the sections for the 

wetting cycles (Figs. 3.4 and 3.6) were plotted on a scale separate from that used for 

those for the drying cycle (Fig. 3.5).  

The resistivity changes in the soil from May 1, 2005, to May 9, 2005, with 

cumulative rainfall of 38.4 mm in the interval, are shown in Figure 3.4a. The upper 0.4 m 

was characterized by net negative resistivity changes (from about -50 to 0%) indicating 

soil wetting and these were localized mostly at regions underneath the microlows. 

However, isolated spots of positive resistivity changes (greater than 20%), indicating 

possible moisture depletion, were noticeable near the surface at the 4-, 6-, 8-, 10- and 12 

m positions along the profile. At greater depths, the resistivity change was essentially 0% 

indicating that resistivity values and, by extension water saturation, were comparable in 

this portion of the soil on the two dates. The section obtained from comparisons of the 

May 29, 2005, with the base (May 1, 2005) data is shown in Figure 3.4b. There were 

localized negative resistivity changes around 4- and 8 m positions along the profile. 
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In the time interval between May 9, 2005 and May 27, 2005, there were no 

significant rain events (except for a rain event of 2.03 mm on May 14, 2005) (Fig. 3.5); 

this led to development of the first visible set of cracks around 4 and 8 m positions along 

the profile, which were confirmed by visual inspection on May 25, 2005. This period of 

drying was followed by a rain event of 39.9 mm on May 28, 2005. Thus, the localized 

resistivity changes, especially the one around the 8 m position, were indicative of by-pass 

flow through the crack (Amidu and Dunbar, 2007a). It could be noted that the localized 

change at the 8 m position extended to the base of the section. In other regions in the 

section, the resistivity values for the two sections were essentially the same as indicated 

by net resistivity change near 0%, the exception being for the higher resistivity region 

around the 10 m position at depth greater than 1 m.  

For the resistivity differences between the June 22, 2005, and the base data (Fig. 

3.4c), the resistivity changes were similar to those observed in Figure 3.4a, as localized 

negative resistivity changes occurred mostly underneath the microlows and intermediate 

portions of the gilgai. However, net positive resistivity changes of up to 35% were 

observed at 1.5- and 16 m distances in the middle layer (0.5 to 1 m depths). The depletion 

in soil moisture due to cessation in rainfall is indicated in Figure 3.4d (resistivity-

difference section for the July 20, 2005 data). Net positive resistivity changes occurred in 

the upper layer (0 to 0.4 m depth) indicating that the soil was drier near the surface than 

at depths where resistivity change was mostly near 0%. The time-lapse section computed 

for the comparison of the data collected on August 16 following the peak rainfall of 159 

mm on August 10, 2005, and the base data, is shown in Figure 3.4e. The portions 

underneath the microhigh and intermediate microrelief portions around 4-, 8- and 11 m 
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Fig. 3.4. Representative time-lapse/resistivity-difference sections for the wetting cycle 1 computed from comparisons of the respective data 
sets to the base data obtained on May 1, 2005, using Eq. (2). 
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positions, where isolated cracks had been earlier identified (Amidu and Dunbar, 2007a) 

were characterized by negative resistivity changes greater than about 50%. As in Figure 

3.4b, these changes were presumably due to the preferential saturation of the soil by the 

by-pass flow in these regions. For the other regions where no cracks were observed 

during the period, the resistivity difference mostly ranges from -10 to 0%, indicating that 

the areas were relatively less saturated. Figure 3.5 shows the resistivity-difference 

sections computed for the data collected during the drying cycle. The lack of rainfall and 

subsequent drying of the soil were indicated in these sections. Generally, unlike in Figure 

3.4, the resistivity differences were mostly greater than those for the base (May 1, 2005) 

data. In Figure 3.5a (resistivity difference between May 1, and August 27, 2005 data), the 

near-surface was characterized by negative resistivity changes of up to 25% with 

localized high resistivity regions around 8 and 11 m positions. However, isolated high 

resistivity regions 10 to 20% greater than the base values were observed at depths greater 

than 0.8 m. For the resistivity changes computed for the September 17, 2005, data (Fig. 

3.5b); the patterns were similar to the variations observed in Figure 3.5a, but, the 

resistivity changes were lower. The negative resistivity changes near the surface indicated 

the effect of the rainfall of 17 mm on September 16, 2005 (Fig. 3.2). The effect of lack of 

rainfall and increased drying of the soil are shown in Figure 3.5c (result of comparison of 

October 8, 2005 and the base data). Generally, there were net positive resistivity changes 

in most part of the section. However, it appeared that the values underneath the  

microhighs were higher than those underneath the microlows (Fig. 3.5c). 

The effect of further increase in the intensity of drying of the soil is shown in 

Figures 3.5d and 3.5e (resistivity-difference sections for the October 28 and December 
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Fig. 3.5. Representative time-lapse/resistivity-difference sections for the drying cycle, computed from comparisons of the respective data-
sets to the base data (as for Fig. 4). Note that because of the higher resistivity difference, the sections are plotted on a larger scale than those 
used for the result obtained for the wetting cycles. 
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29, 2005, respectively), where resistivity difference relative to the base data of up to 

200% were observed in the sections. However, in Figure 3.5d, it appeared the soil was 

relatively wet in the middle layer (0.5 to 1.1 m depths) as indicated by 0% resistivity 

change. Similar isolated near 0% resistivity-difference regions were also noticeable in 

various portions in Figure 3.5e. Examples of the resistivity changes for the data collected 

following re-wetting after intense drying of the soil (wetting cycle 2) are shown in Figure 

3.6. For the comparisons of January 24, 2006, data with the base (May 1, 2005) data, the 

upper 0.4 m depth was characterized by resistivity-difference values of -5 to 0%, which 

was attributable to the effect of cumulative rainfall from December 29, 2005 of 11.2 mm. 

Isolated high resistivity spot corresponding to the location of earlier identified apparent 

crack in the soil (Amidu and Dunbar, 2007), was noticeable around 8 m position. At 

depths greater than 0.4 m, the soil was still mostly dry with resistivity difference greater 

than 50%. Also, the boundary between the wetter regions near the surface and dryer 

regions at depth was markedly delineated around 0.4 m depth. With cumulative rainfall 

reaching 70 mm (Fig. 3.2), the movement of the wetting front into the deeper sections of 

the soil was observable in  Figure 3.6b (the difference section for the February 26, 2006 

data) as the thickness of the relatively saturated zone near the surface was greater than 

those observed in Figure 3.6a. 

The effect of further increase in cumulative rainfall in the soil is shown again in 

Figure 3.6c (resistivity difference section for the March 23, 2006). The resistivity 

differences in the respective sections of the soil were lower than those observed in the 

previous sections (Figs. 3.6a and 3.6b). However, it appeared, as observed previously, 

that the net resistivity changes were higher underneath the microhighs than the changes  
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Fig. 3.6. Representative time-lapse sections for the wetting cycle 2. 
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shown in the regions underneath the microlows. Finally, based on Figure 3.6d, the 

saturation of the soil on April 22, 2006, was comparable to the saturation for the base 

data (May 1, 2005) indicating the additional effect of the cumulative rainfall from 

previous survey of 86 mm, the exception being at greater than 0.8 m depths where 

slightly positive resistivity-changes were observable. Also, noticeable, was the isolated 

spot with resistivity difference of around -10% at 8 m position in the upper layer. 
 
 

Apparent Pressure Heads and Moisture Fluxes 

The apparent pressure heads and moisture flux values calculated using equations 

(4) and (6), respectively, are presented in this section. Figure 3.7 shows examples of the 

calculated apparent pressure heard (h) values (smoothed over the 2D sections) using the 

apparent soil moisture dataset for the May 1, October 28, 2005, and March 1, 2006 (Fig. 

3.3). Comparisons of these sections with corresponding apparent moisture sections in 

Figure 3.3 show that, to a large extent, variation in apparent moisture in the soil was 

realized from equation (3.4). As expected, high apparent pressure heads portions in 

Figure 3.7 corresponded to areas with low apparent soil moisture values, and vice versa, 

in the respective sections in Figure 3.3.These variations were characteristics of the 

apparent soil moisture variations shown in Figure 3.3a. Similar relationships exist for 

comparisons of Figures 3.7b and 3.7c, with apparent moisture variations in Figures 3.3b 

and 3.3c, respectively. Figures 3.8-3.10 show examples of the flow patterns generated 

from the vector-plots of the calculated apparent moisture flux in the soil. Since the fluxes 

were relative values (Amidu and Dunbar, 2007a), the emphasis in this study was on the 

inferred flow directions rather than the absolute flux values.  For example, the calculated 

apparent fluxes ranged in absolute values from 48.6 to 66700 m/d for the wetting cycle 1  
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Fig. 3.7. Examples of apparent distribution of pressure heads in the soil obtained from Eq. 
(4). The data were smoothened to generate continuous variations of pressure heads over the 
2D sections. 
 
 
(Fig. 3.8), 15.8 to 2300 m/d for the drying cycle (Fig. 3.9) and 42.3 to 4200 m/d for the 

wetting cycle 2 (Fig. 3.10). These values, especially at the upper limits, would suggest a  

free flow of water through the soil as the values were comparable to the range of fluxes 

obtainable for groundwater flow (Ikeda et al., 2004). However, based on the data 

evaluation of Amidu and Dunbar (2007a), we contend that these apparent flux values 
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were characteristics of the in situ soil moisture variations in the soil. For example, in 

Figure 3.7a, the upper 0.4 m and depths greater than 1.1 m in the soil were characterized 

by apparent pressure heads ranging from 5x103 to 2x105 cm (log/h/ ranging from 3.7 to 

5.3 log cm) whereas the middle relatively saturated layer value was characterized by 

apparent pressure heads mostly less than 6.3x102 cm (log/h/ mostly less than 2.8 log cm). 

To enhance the apparent flux patterns, the plots for the various cycles were made at 

different scales. Generally, the patterns of apparent moisture flow were variable, but, 

some trends could be identified.  

In Figure 3.8a, the apparent flux patterns from May 1, to May 5, 2005, indicated 

downward and upward fluxes of moisture from the middle (0.5 to about 1 m depths) into 

the upper (less than 0.4 m depth) and lower layers (greater than 1 m depth), respectively. 

It appeared the middle layer was relatively saturated over the interval leading to the net 

fluxes of water into the overlying and underlying layers. In addition, there were apparent 

isolated concentrated flows around the 8 and 12 m positions along the profile, which 

suggested possible flow of water into cracks (Amidu and Dunbar, 2007a). Similar 

patterns of apparent moisture fluxes were observable in Figure 3.8b (apparent flux from 

May 24, to May 29, 2005). However, in addition, isolated concentrated flux spots around 

4 and 13 m positions were noticeable. For the apparent fluxes from June 22, to July 15, 

2005 (Fig. 3.8c), the flow patterns suggested upward fluxes of moisture in the upper 

layer, similar to the patterns observed in Figures 3.8a and 3.8b. However, unlike for the 

two sections, the reversed apparent flow directions in the lower layer suggested moisture 

flows into the middle layer. The apparent flow patterns obtained from the computed 

apparent moisture flux between July 20 and August 16, 2005, are shown in Figure 3.8d.  
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Fig. 3.8. Representative apparent moisture fluxes for the wetting cycle 1, obtained from comparisons of the respective calculated apparent 
pressure heads. 
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The apparent flow directions in the upper layer were downward. In addition, there were 

isolated divergent flow spots at 11 and 13 m positions. These were attributed to the 

continuous percolation of moisture due to the effect of the cumulative rainfall of 247 mm 

(Fig. 3.2) in the interval between the two field surveys. The flow patterns in the middle 

layer were variable whereas at depths greater than 1 m, the flow pattern indicated 

possible flux of water into deeper sections below the soil zones, similar to the apparent 

flow pattern shown in the lower layers in Figures 8a and 8b.  

The representative apparent moisture flow patterns for the data collected during 

the drying cycle are shown in Figure 3.9. In Figure 3.9a (the flux from August 27, and 

August 16, 2005), upward apparent flow of moisture dominated in the upper 0.5 m and at 

depths below about 1 m, whereas in the middle layer (about 0.5 to 1.1 m depth), the flux 

was variable as flow of moisture into upper and lower layer could be inferred. Similar 

patterns were observed in the upper and middle layers for the calculated apparent flux 

patterns at various times in this cycle (Figs. 3.9b-d). However, for these latter sections, 

the apparent moisture fluxes in the lower layers were predominantly upward.  

Finally, the calculated apparent moisture flow directions during the rewetting of 

the soil (wetting cycle 2) are shown in Figure 3.10. For the moisture fluxes for the 

interval from January 24, to February 4, 2006 (Fig. 3.10a), the apparent flux of moisture 

into the deeper layer was indicated by the downward flow directions in the upper layer 

which was a consequence of cumulative rainfall of 18 mm in the interval. Also, 

noticeable was the isolated concentrated flow spot around 7 m position in the upper layer, 

which corresponded to the position of an observed crack in the soil (Amidu and Dunbar, 

2007). The flow patterns in the middle and lower layer were variable due to variations in 
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Fig. 3.9. Examples of apparent moisture fluxes for the drying cycles. 
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Fig. 3.10. Representative apparent moisture fluxes in the soil during the wetting cycle 2. 
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the soil moisture content. The effect of cumulative rainfall of 49 mm between February 

26, and March 1, 2006, and of 86 mm between March 1 and March 23, 2006, are shown 

by the apparent flux patterns for the respective data sets (Fig. 3.10b and 3.10c, 

respectively). The patterns observed in the figures were comparable to those in Figure 

3.10a. This was also true for the patterns observed in Figure 3.10d (the apparent flux 

from March 23, to April 22, 2006). However, in Figure 3.10d, the flow at the position of 

the apparent crack (7 m position) was relatively divergent, which was indicative of 

further saturation of the soil. In addition, there were more upward fluxes in the upper 

layer especially at the interval from 3 to 8 m positions in the layer. 
 
 

Discussion 

The present study focuses on the time-lapse analyses of electrical resistivity and 

apparent soil moisture data, with integration of water retention curve, for characterizing 

in situ soil moisture dynamics in a Texas Vertisol. We used the published data of Amidu 

and Dunbar (2007a) for these analyses. The results showed that the seasonal dynamics of 

moisture in the Vertisol is, in part, a complex interrelationship of microrelief variability, 

bypass flow through cracks, and the intensity of rainfall and evaporation. The results of 

the geoelectrical time-lapse analyses show that the gilgai exercise important control on 

soil moisture dynamics in the Texas Vertisol. During the wetting cycle, the regions 

underneath the microlows were relatively more saturated than the areas underneath the 

microhighs. Conversely, during the drying cycle, the apparent rate of drying was higher 

underneath the microhighs than underneath the microlows. These results are in line with 

the early results based on time-static interpretations of the resistivity and apparent soil 

moisture data (Amidu and Dunbar, 2007a). According to Newman (1986), microhighs 
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and microlows control surface water flow in the same way as larger topographic features. 

Hence it is natural that the rate of drying underneath the microhighs will be higher 

thanthat underneath the microlows. These results further show that, heterogeneity in 

vadose zone flow induced by the gilgai microrelief features is an important factor to be 

considered for optimal designs of transport models and improvement of water and 

nutrient management practices in Vertisols (Wilding et al., 1991; Amidu and Dunbar, 

2007).  

The effects of bypass flow through cracks was illustrated in the calculated time-

lapse geoelectrical sections and the results suggested that, this process was, among other  

factors, a function of the intensity of rainfall and antecedent moisture content in the soil 

(Van Stiphout, 1987; Lin et al. 1997). Generally, whereas preferential saturation of the 

regions underlying cracks were observable in the resistivity-difference sections computed 

over intervals with substantial amount of rainfall (Figs. 3.4b and 3.4e) in the sections 

calculated over the interval with no significant rain event, bypass flows were not 

noticeable because preferential saturations were mainly constrained to the upper 0.5 m 

depth in the soil (Figs. 3.4a and 3.4c). In addition, during rewetting of the soil after 

intense drying (wetting cycle 2), although there were significant amounts of rainfall 

during this period, because of the low antecedent moisture content, bypass flow through 

cracks was not visible in the sections (Fig. 3.6). It was apparent that the added moisture 

was mainly absorbed in the upper layer in the soil.  

Moreover, the results show that the effect of the bypass flow may extend over the 

entire soil zone (Figs 3.4b and 3.4c), thus enhancing rapid movement of contaminants to 

the groundwater. This is in line with previous studies that bypass flow through cracks 
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may constitute an important mechanism that may lead to rapid transport of contaminants 

to the saturated zones (Harris et al., 1994; Lin et al., 1997). According to Allen et al. 

(2005), rapid recharge in the study area is related to bypass flow and according to Ritchie 

et al. (1972), even when the soil surface approaches the field capacity, the remaining 

cracks may be sufficient to support significant flow rates around the soil structural units. 

Further characterizations of the possible soil moisture dynamics were provided by 

the results of the calculation of the apparent moisture fluxes. During the wetting cycles, 

infiltration through the soil was indicated by the dominant downward flux of moisture, 

whereas moisture infilling into cracks was indicated by localized concentrated flux at 

locations where cracks had earlier been identified in the soil (Amidu and Dunbar, 2007a). 

The moisture flux patterns were indicative of the fact that rainfall was relatively 

continuous during this period (Amidu and Dunbar, 2007a). Conversely, during the drying 

cycle, it could be inferred that the dominant controlling factor on soil moisture dynamics 

was evaporation from the soil surface. This was indicated by the fact that even though the 

upper layer was relatively dry during this period, the upward flux of moisture mostly 

dominated the apparent flux patterns in the various sections. 

The present study demonstrates that integration of geophysical and 

hydropedological method is a potentially powerful approach for assessing kinematics 

and, ultimately, dynamics of soil moisture in Vertisols. The time-lapse geoelectrical 

analysis is a well researched geophysical method for characterizing soil moisture (Daily 

et al., 1995; Barker and Moore, 1988; Slater, 2000; Miller et al. 2007). Also, because of 

the difficulties of collecting field soil hydraulic data, the use of pedotransfer functions has 

become a relatively standard approach for quantifying soil hydraulic properties (Bouma, 
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1989; Schaap, 2001; Coquet et al., 2005; Šimůnek et al., 2003). An integrative approach 

involving the two methods is proposed in this study. Generally, the two methods are 

indirect techniques, however, from a practical point of view, if two different approaches 

yield similar results on the characterization of a physical system, the confidence on the 

interpretation of the physical system is enhanced (Huisman et al., 2001). There are no 

flux data from the site, which is an important limitation of this study. However, it is 

demonstrated that, provided good quality data are obtained from the field resistivity and 

laboratory measurements (Amidu and Dunbar, 2007a), such an integrative approach 

holds promise for visualizing spatial pattern of moisture variations in the soil. Additional 

studies are recommended in the study area and in other soil terrains using the present 

approach. Preferably, such studies should involve the used of three-dimensional ERT. 

Also, to obtain a more physically-meaningful apparent flux data, the field measurements 

should be made at closer time-intervals than the intervals employed for the collection of 

the data used in this study. 
 

 
Conclusions 

 
We integrated the results of the time-lapse analysis of the hydrogeophysical data 

of Amidu and Dunbar (2007a) with a van Genuchten water retention curve for clay soils 

to investigate possible moisture dynamics in a Texas Vertisol. During the wetting cycle, 

the resistivity changes in the soil indicated preferential saturation of the regions 

underneath microlows relative to the regions underneath microhighs. Also, the results 

indicated that the microhighs dry out faster than the microlows and that by-pass flow 

through cracks is an important process, driven by the amount and intensity of water 

added to the soil. Corroborative data were provided by the calculations of apparent 



74 

moisture fluxes. The vector plots of the estimated moisture flux data indicated, among 

others, water infiltration and flow through cracks due to addition of water to the soil by 

rainfall, during the wetting cycles. The drying cycle was characterized largely by upward 

fluxes of moisture due to presumable high surface evaporation rate. This study has 

important implications for characterizing contaminant transport, groundwater recharge 

and internal catchment processes in the study area. Detailed studies are planned to 

examine these implications in future research.  
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CHAPTER FOUR 
 

An Evaluation of the Electrical Resistivity Method for Water Reservoir Salinity Studies 
 
 

Abstract 
 

An important potential application of the electrical resistivity method occurs in 

salinity studies of lakes and water reservoirs. However, uncertainty exists because there is 

a problem of equivalence in resistivity data interpretation, and because the resistivity 

variation in the water layer in reservoirs is subtle (contrasts of a factor of 2) and changes 

over short intervals of time (typically in hours or days). To examine how accurately the 

resistivity within the water column in reservoirs can be determined using the electrical 

resistivity method, we carry out numerical modeling and inversion of synthetic data and 

field resistivity data from Lake Whitney, Texas, USA. Our objective is to advance the 

method as a tool in limnological research for mapping freshwater zones within impacted 

lakes and water reservoirs. The simulated freshwater target in the synthetic data is 

effectively realized from the inversion with root mean square (RMS) error less than 10%. 

However, the resolution of the inverted sections decreases with increasing noise. 

Inversions of the field apparent resistivity data from three profiles in the lake, computed 

using estimated optimization parameters from the synthetic study, reveal the possible 

pattern of salinity distributions in the reservoir. For unconstrained inversion schemes, 

comparisons of the inverted and independently measured in situ water electrical 

conductivity data yield an average RMS error of 10.8%. This error value is reduced to 

approximately 5% with inclusions of a priori information on water resistivity in the 
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inversion scheme. We observe an inverse relationship between error level and number of 

constraints on the water resistivity. In general, results show that the electrical resistivity 

method is a viable tool for mapping salinity variations in reservoirs. However, good data 

quality and inclusion of measured water conductivity as constraints in the inversion 

schemes are important to enhance accuracy of the inversion results.  
 

 
Introduction 

 
Water reservoirs and lakes are important sources of potable water in many 

parts of the world, as they are in central Texas, USA. However, these reservoirs are 

affected by high salinities caused by agricultural, industrial, urban and other human 

impacts (Allanson, 1973; Beklioglu et al., 2003). In some situations, the natural system 

itself results in water that is too saline to use. Examples are found in reservoirs that have 

contributing watersheds underlain by evaporitic bedrock, where the salinity of the water 

is controlled by the dissolution of salts from the subsurface (Cole, 1988; Barbieri et al., 

1999; Buraschi et al., 2005). The increasing demands for freshwater have created the 

need to better manage these lakes to reduce salinity levels or to add desalination facilities 

to the water treatment process (Klapper, 2003). For choosing between management 

strategies, assessment of the salinity distribution in the reservoirs is required (Klapper, 

2003). However, because conventional methods of reservoir salinity studies are point-

based, obtaining spatial data for improved characterization of salinity variations in lakes 

and water reservoirs remains a challenge. 

The electrical resistivity method is a potential solution to this problem. The 

method allows measurements to be carried out in two- and three dimensions (2D and 3D) 

(Zhou et al., 2001; Binley et al., 2002; Amidu and Olayinka, 2006).  In addition, because 
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Global Positioning System (GPS) measurements can now be incorporated into the 

resistivity surveys, resistivity imaging in water-covered environments is possible with 

continuous resistivity profiling (CRP) techniques. CRP involves resistivity surveys with 

mobile electrodes. This method has been applied in mapping zones of submarine 

groundwater discharge into the ocean coastal environment and studying groundwater-

surface water interaction (Loke and Lane, 2004; Manheim et al., 2004; Krantz et al., 

2004; Breier et al., 2005; Day-Lewis et al., 2006; Mansoor and Slater, 2007). For the 

electrical resistivity method to gain acceptance as a tool in reservoir water quality 

assessment, it is important that the in situ water resistivity be determined with higher 

accuracy than is normally the case for most traditional electrical resistivity applications 

(Klapper, 2003).  

Traditionally, the electrical resistivity method is used for locating anomalous 

regions of resistivity that contrast sharply with the background values. Examples include 

the location of anomalously conductive bodies in mineral and geothermal explorations 

(Zohdy et al., 1973; Peric, 1981; Draskovits and Simon, 1992) and the detection of 

subsurface voids in geotechnical investigations (Lowry and Shive, 1990; Ward, 1990). 

Such applications require knowledge of subsurface resistivity only in a relative sense. 

Since the desired targets of interest are characterized by resistivity values which vary by 

factors of 100 or more relative to the surrounding resistivity, the response of the desired 

targets is easily discernible from the resulting inverted resistivity sections. 

Conversely, there are other applications, commonly found in hydrologic and 

environmental investigations, in which resistivity is used to quantitatively infer 

subsurface parameters such as water content, saturation, salinity and temperature (Zhou 
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et al., 2001; Singha and Gorelick, 2006; Amidu and Dunbar, 2007a). In this type of 

problem, mapping resistivity is not an end in itself, but a means of quantifying subsurface 

distributions of these parameters. These applications require careful survey design and 

data inversion, so that the subtle subsurface resistivity variations are accurately 

characterized (Stummer et al., 2004; Singha and Gorelick, 2006; Amidu and Dunbar, 

2007a). Reservoir salinity mapping with the electrical resistivity method falls into this 

second type of application. However, additional challenges exist because the resistivity 

variations in water reservoirs are relatively smooth and change rapidly in time compared 

to situations, which are commonly encountered in the aforementioned applications.  

In this study, we explore the potential application of the electrical resistivity 

method for water reservoir salinity studies. Specifically, we examine how accurately the 

resistivity variation within the water layer can be determined. We carry out numerical 

modeling and inversion of synthetic data and field resistivity data from Lake Whitney, 

Texas, USA. We use preliminary measurements in the lake to generate a synthetic 

resistivity model. The synthetic data are then used to estimate inversion parameters that 

yield optimal models of salinity distributions in the reservoir. The field data consist of 

georeferenced CRP data augmented by in situ measurements through the water column of 

conductivity and temperature along three profiles in the lake. We invert the resistivity 

data using the parameters estimated from the synthetic study. The measured water 

conductivity data are used in two ways: (1) as a priori data in the inversion scheme to 

constrain the resistivity of the water column; and (2) as true water-conductivity data to 

evaluate the inversion results. It is demonstrated that resistivity values characteristic of 
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the salinity variations in the water layer in reservoirs can be obtained using the electrical 

resistivity method. This study has informed a decision to include CRP within the scope of  

an ongoing research at Lake Whitney aimed at assessing the potential of developing the  

reservoir for drinkable water-supply. 
 
 

Study Site 
 

The study site, Lake Whitney, is a reservoir on the Brazos River in central Texas 

(Fig. 4.1). The lake was impounded in 1951 (U. S. Army Corps of Engineers, 1999) to 

provide flood control, water conservation, and hydroelectric power for the adjoining 

municipalities. As is common to most water bodies on the Brazos River, the lake is 

affected by high salinity levels, harmful algal blooms and associated fish kills (Farquhar 

and Gutreuter, 1989; Webb and Ott, 1991). When filled to the conservation pool 

elevation, the reservoir covers 9,534 hectares and has maximum depth of 33 m (Webb 

and Ott, 1991). The underlying geology consists of fractured limestone interbedded with 

calcareous marl. Real time monitoring of water quality in the lake has been carried out 

since October 17, 2005 by the Texas Commission on Environmental Quality 

(http://www.tceq.state.tx.us). These data, along with our preliminary conductivity and 

multi-frequency acoustic measurements in the lake, were used to generate models for the 

synthetic study. The measurements were made on the distal end of the reservoir, near the 

main dam (Fig. 4.1b). An example of resistivity variations in the lake based on the data 

colleted on December 12, 2006 is shown in Figure 4.1c. It can be inferred that in the 

southern end of the profile, a relatively freshwater layer with a resistivity of about 7 Ωm 

is embedded in an otherwise saline water column of about 3 Ωm. The freshwater layer is  
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about 3 to 7 m thick. An example of a multifrequency acoustic profile from the lake is 

presented by Amidu and Dunbar (2007b).  
 
 

3565000

3560000

3555000

3550000

3545000

3540000

3535000

3530000

3525000
640000 645000 650000 655000 660000

0 10 km5 km

PL 1

(b)(a)

TEXAS

N

0 6

2.0 3.6 6.3 11.2 20.02.7 4.7 8.4 15.0
Resistivity (ohm-m)

1082 4
0

10

20

30

S NDistance (km)
1 3 5 7 9

(c)

 
 
Fig. 4.1. Study location. (a) Map showing the location of Lake Whitney within the Brazos 
River Basin in Texas. (b) Spatial extent of Lake Whitney showing the survey area. (c) 
Representative profile of resistivity distribution in the lake based on preliminary data 
collected on December 12, 2007 (along profile PL1 in Figure 1b). The geographic 
coordinates in (b) and (c) are UTM Easting and Northing (in meters) relative to the North 
America Datum (NAD 83). 
 
 

Synthetic Study 
 

Figure 4.2 shows a representative model generated from the preliminary data on 

apparent salinity variations in Lake Whitney. In Figure 4.2, the upper layer simulates a 

saline water column with resistivity value of 3 Ωm, in which a freshwater region with 

resistivity of 7 Ωm (equivalent to the salinity limits of 1000 mg/L drinking water) is 
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embedded. The top of the freshwater region is 2.5 m below the surface and the region has 

a thickness of 7.4 m and width of 200 m. The simulated water layer, which extends to a 

depth of 23 m, is underlain by saturated post-impoundment sediment fill (clayey 

mud), and pre-impoundment clay soil, and alluvium. This layer, with resistivity of 10 Ωm 

and thickness of 1 m, is underlain by the carbonate substratum with resistivity of 20 Ωm. 

The synthetic apparent resistivity pseudosection for this model was calculated assuming 

data collection by CRP (Day-Lewis et al., 2006) over a linear distance of 1 km using a 

dipole-dipole array with a unit electrode spacing of 5 m. We used the EarthImager 2D 

program (Advanced Geosciences Inc., AGI, 2006) for the model generation, forward 

calculations, and subsequent inversion of the calculated apparent resistivity data. For 

generating the model (Fig. 4.2), the survey planner option in the program was used in 

combination with Microsoft Excel. The survey planner allows the user to generate 

command codes to simulate field surveys (Yang and Lagmanson, 2003; Nyquist et al., 

2007). However, the option does not simulate mobile measurements. Hence, the short 

command codes generated were input into Microsoft Excel to produce the required long 

sequence for our virtual mobile surveys. The forward calculation was carried out with the 

finite element method, using four nodes per electrode spacing to increase the accuracy of 

the calculation (Fig. 4.2). These calculations were done to generate noise-free synthetic 

data, and data with 1- and 2% Gaussian distributed random noise to simulate field 

conditions.   
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Fig. 4.2. Synthetic model generated from preliminary data, showing a simulated 
freshwater region (7 Ωm) embedded in a relatively saline water layer (3 Ωm) The water 
layer is underlain by saturated sediment and substratum layers with resistivity values of 
10 Ωm  and 20 Ωm, respectively  
 
 

Next, inversions of the calculated apparent resistivity data were carried out using 

the smoothness-constrained, least-squares optimization method in the program. The  

program automatically discretizes the subsurface into a number of rectangular blocks and 

by an iterative forward modeling and correction scheme, calculates apparent resistivity 

values that agree with the actual measurements within a specified tolerance. The 

objective function minimized by the inversion is based on DeGroot-Hedlin and Constable 

(1990). For the inversion of the relatively long apparent resistivity pseudosections, we 

activated the CRP option in the program. With this option, a long apparent resistivity 

pseudosection is divided into a number of subsections. A subsection often has around 200 

electrode locations in length. Each electrode location is placed on a mesh node and the  

subsections are processed in a batch mode. A complete section is assembled after the 

entire pseudosection is processed, ensuring that interpolation errors are negligible (AGI, 
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2006). The inversion technique is as described by Loke and Lane (2004) and is analogous 

to the “sliding model window” method of Christiansen and Auken (2004).  

As a first step in our inversion process, we estimated the values of the damping 

factor in the program, for which the resistivity variations in the synthetic reservoir were 

expected to be optimally resolved. Our experience with the program shows that, whereas 

the default settings are useful in many cases, in some situations the inverted models are 

not optimal. Trial runs were made using the calculated noise-free apparent resistivity 

data. The inversions were carried out to 20 iterations and for each iteration step, the data 

misfit (Dmisfit) and model misfit (Mmisfit) values were calculated. The starting model in 

each case was the average resistivity value for the respective data set. The Dmisfit is a 

measure of the fit between the input apparent resistivity data and the resistivity values 

generated by the model in the inversion scheme expressed as a RMS error (Olayinka and 

Yaramanci, 2000a; AGI, 2006): 
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where N is the number of the calculated data, ρinp is the input apparent resistivity value 

and ρcalc is the calculated (inverted) resistivity value.  

Similarly, the Mmisfit is a measure of the fit between the original 2D model and the 

inverse model section, expressed as:  
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ρ(mod) is the resistivity values of the original model (which in this case are 3, 7, 10 and 20 

Ωm) and ρ(calc) is the inverted resistivity value. Whereas the Dmisfit values were 

automatically calculated by the program, Mmisfit were computed after the iterations using 

the inversion results saved in XYZ format. In addition to these, we calculated a measure 

of how well the simulated freshwater target in Figure 4.2 was reproduced in the inversion 

by substituting the value of 7 Ωm of the freshwater region for ρ(mod) in equation (4.2), 

with ρ(calc) being the resistivity values over the inferred extent of the target in the inverted 

sections. We designate this as MFmisfit. Then, following Simms and Morgan (1991) and 

Olayinka and Yaramanci (2000a), we chose the best parameter set so that Dmisfit and 

Mmisfit were minimized simultaneously. Finally, the selected parameters were used to 

calculate the optimized inverse resistivity sections for the noise-free and noisy apparent 

resistivity data (Fig. 4.2).  
 
 

Field Study 
 
 
Data Acquisition 
 

The field data were collected in the distal end of the reservoir, on December 14, 

2006. The CRP survey was conducted with the AGI Marine SuperSting R8-IP resistivity 

system. This system consists of a resistivity meter, a streamer with 28 addressable 

electrodes made of graphite to withstand corrosion, and a GPS. The instrument is an 

eight-channel system that makes eight simultaneous readings using a dipole-dipole array, 

in which each current injection lasts 800 ms. Four injections with alternating polarity are 

made for each recording over a period of 6 s (AGI, 2006; Day-Lewis et al., 2006). The 

injected current during the survey varied from 1348 to 1365 mA with an associated 
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maximum voltage of 56.1 mV. For each current injection, the system used 11 electrodes, 

with the first two being current electrodes and the other nine, potential electrodes. The 

potential electrodes can be selected in any combination from the remaining 26 electrodes 

depending on the desired resolution and investigation depth. We set the command code 

for our data collection (AGI, 2006) such that the electrode separation increased with 

offset.  The shallow part of the water column was imaged with an electrode spacing of 5 

m and the investigation depth extended to the base of the water layer in the reservoir. The 

length of the entire array was 135 m. Figure 4.3 shows the instrumentation (Fig. 4.3a) and 

the measurement sequence for the field survey (modified after Day-Lewis et al. (2006)) 

(Fig. 4.3b). The suspension of the streamer was achieved using buoys inflated to about 

0.5 m diameter.  Before the readings were taken on each profile measurement, the 

streamer was towed a sufficient distance to be as straight as possible (Fig. 4.3b). To 

achieve a good compromise between data quality and quantity, we maintained the boat at 

a speed of 2 km/hr and set the resistivity instrument for two repeat-measurements per 

reading with a maximum accepted error of 2%. With this setting, each measurement was 

an average of the beginning and ending data over an approximately 1.6 m distance in the 

water. The comparison of repeated measurements was used as the measure of data 

quality, because more rigorous error estimates, based on reciprocal measurements, are not 

possible with mobile electrodes (Day-Lewis et al., 2006). During the survey, the GPS 

was used to track the boat movement, while a sonar unit (attached to the GPS) with a 

transducer operating at an acoustic frequency of 200 kHz automatically measured the  
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Fig. 4.3. Field setup for the CRP surveys. (a) Instrumentation and survey technique. In 
the insets are (1) graphite electrodes and survey sequence showing the straightening of 
the streamer behind the boat (left) and (2) the AGI Marine Supersting resistivity box 
(right). The balls are buoys used for suspension of the streamer. (b) Schematic diagram 
showing the measurement sequence used for the field CRP survey with the 28-electrode 
streamer. Each electrode is 5 m from the next. Electrodes 1 and 2 served as current 
electrodes at 5-m separation. The indicated potential electrodes were selected from the 
remaining 26 electrodes, with separations ranging from 5 to 35 m. (c) Enlarged map of 
the surveyed section of the lake in Figure 1 showing orientations of the measured 
profiles. 
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water depth. Three resistivity profiles with lengths ranging from 1.15 to 1.3 km were 

collected in the reservoir (Fig. 4.3c).  

In addition to the CRP measurements, vertical variations of water temperature and 

conductivity (reported as its reciprocal resistivity in Ωm) were measured at selected 

points along the profile, using the Solinst TLC meter with reading accuracy of 2% 

(Solinst Canada Ltd.). The data were collected at a vertical interval of 1.5 m. Due to the 

time constraints, the spacing between vertical profiles ranged from 100 m to 200 m along 

the horizontal profiles. Generally, the conductivity measurements lagged the CRP 

surveys by an average of about 3 hours. The entire survey lasted about 10 hours. 
 
 
Field Data Processing and Interpretation 
 

The methodology adopted for the field data processing and interpretation 

consisted of: (1) manual editing to remove outlier values and data formatting; (2) 2D 

inversion of the apparent resistivity data; (3) correction of the calculated resistivity values 

for temperature and estimation of salinity from the temperature-corrected resistivity 

values; and (4) comparisons of the calculated (inverted) resistivity values and the 

measured water-conductivity values to evaluate accuracy of the inversion results. The 

manual editing was applied to remove data, with repeat error less that 2%, but which 

were clearly outlier values (possibly due to poor electrode contact) from the measured 

apparent resistivity data (LaBrecque and Yang, 2001). These outlier values were easily 

identified as localized anomalous apparent resistivity spots from the pseudosection plots 

and were less than 3% in the entire data sets. Then, the program Marine Log Manager® 

(AGI, 2006) was used to match the apparent resistivity data to corresponding GPS 

values;prepare depth files from sonar data; extract straight line segments from each 
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profile data set; and format the data in the form required for input into the EarthImager2D 

program. 

Following data formatting, the inversions of the apparent resistivity data were 

carried out for unconstrained and constrained schemes using the inversion parameters 

established from the synthetic study. As was done for the synthetic data, the starting 

model in each case was the average resistivity values for the respective data set. The 

program was allowed to automatically determine a 2D resistivity model for the input 

CRP data for the unconstrained inversion scheme. For the constrained inversion process, 

the measured conductivity values were used to fix the water resistivity values at selected 

locations along the pseudosections, using the measured water conductivity data. Firstly, 

the conductivity data were corrected for the possible calibration effects (after Amidu and 

Dunbar, 2007a) following the re-calibration of the conductivity meter used in the field 

measurements. Then, six conductivity data sets were selected for each CRP profile, with 

the number of sampling points distributed equally on either side along the profile. The 

coordinates of the locations of the vertical conductivity profiles along the pseudosections 

are shown in Table 1. In applying the constraints, an a priori mesh (AGI, 2006) was 

generated in the program and the measured conductivity values were assigned to the 

resistivity of the cells containing the coordinates of the measurement points in the 

reservoir (Amidu and Dunbar, 2007b). To determine the effects of varying the number of 

constraints on the accuracy of the inversion results, the constraints were applied in three 

stages (C1, C2 and C3). Firstly, the constraints were applied at the extreme ends of the 

profiles (at points A and F in Table 4.1) and the inversion was completed (C1). Then, two 

(points B and E – Table 4.1) and three (points C and D-Table 4.1) additional locations 
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were added and in each case the inversion was completed (C2 and C3, respectively). In 

all the sections, the depths to the water bottom were delineated using the sonar-depth 

data. The various inversion results were saved in XYZ format. 

An important factor that affects resistivity is temperature (Rein et al., 2004; 

Amidu and Dunbar, 2007a; Mansoor and Slater, 2007). In view of the small range of 

resistivity variations and possible high temperature gradient in water reservoirs (Cole, 

1988), the temperature effects must be corrected for in the resistivity data. Thus, we used 

equation (4.3) from Keller and Frishknecht (1966) to transform to transform the inverted 

resistivity values into comparable values at 20°C:                                   

                                       )]20(1[
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where ρ
T 

is the resistivity at the ambient temperature T (ranging from 12 to 21.3oC as 

measured in the field), ρ
20  

is the resistivity at 20 °C and α is the temperature coefficient 

of resistivity, which has a value of about 0.025 per °C. The temperature values were 

spatially interpolated so that the inverted resistivity values could be matched to 

approximate temperature values. Also, we used the temperature data at the bottom of the 

water layer in each data set to correct the inverted resistivity values corresponding to the 

sediment and substratum layers in the reservoir. This was done to remove any 

temperature-induced resistivity gradient at the base of the water layer.  

Next, to relate resistivity to salinity, following Manheim et al. (2004), we used the 

relation:  

                                       0233.1042.7 −×= ρS                                                      (4.4) 

where S is salinity in part per thousand (‰) and ρ is the water resistivity in Ωm. This 

equation is an empirical relationship between resistivity and salinity for sea water at 
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20oC. Hence, the calculated salinity values are hereafter referred to as apparent salinity 

values.  

Finally, we evaluated the accuracy of the field survey results. Because in situ 

salinity data were not available from our field measurement and since the measured water 

resistivity values are estimates of water salinity (equation 4), we used direct comparisons 

of the inverted and measured water resistivity values for the data evaluation. We 

compared vertical variations in the measured (note that these are a separate data set from 

those used as constraints) and inverted resistivity values at 1.5 m interval underneath a 

location around the center in each profile. The coordinates of these locations are also 

stated in Table 4.1. The inverted resistivity values were extracted directly from the 

temperature-corrected resistivity values as contained in the XYZ data files. These data 

evaluations involved visual analysis of the resistivity variations and computation of the 

RMS error values using equation (4.2). 
 
 

Results 
 
 

Synthetic Results 
 

Figure 4.4 shows examples of Dmisfit, Mmisfit and MFmisfit calculated for each 

iteration for different damping factors in the inversion of the synthetic data. As expected 

Dmisfit decreases with iteration number (Fig. 4.4a). Starting with a Dmisfit of 28%, the 

largest drops occur for the first iterations. However, significant decrease in all the misfit 

measures continues until the fifth iteration, where values of 2.01%, 1.42%, 1.0%, 0.98 

and 0.8% are obtained for the damping factor values of 0.1, 5, 10, 20 and 100,  
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Table 4.1. Coordinates of locations, relative to the origin, underneath which constraints 
on water resistivity were applied in inversion schemes.  Also indicated are locations 
underneath which inversion results were evaluated for the respective profiles.  
 

Distance (m) 
Constraint points 

Profile 1 Profile 2 Profile 3 

A  63.25 48.76            65.80 

B          241.06          314.57          251.26 

C          430.13          452.21          471.68 

D          735.14          692.99          691.38 

E          868.73          925.06          843.99 

F        1009.96        1081.77        1029.91 

Evaluation points          610.27          579.01          536.98 

 
respectively. The variations of Mmisfit with iteration number are shown in Figure 4b. For 

the damping factor of 0.1, the values tend to oscillate initially up to six iterations. 
 
However, the oscillations diminish at higher iterations. For damping factor of 0.5, the 

Mmisfit decreases initially only to increase with further iterations greater than 5. At 

damping factors greater or equal to 1, the misfit decreases monotonically with iteration 

number. The exception is, however, at damping factor of 10 where the value increases 

initially before it starts to decrease after 7 iterations. The variations in the calculated 

MFmisfit with iterations are shown in Figure 4.4c. The values decrease with iteration 

number, with the largest changes occurring within the first four iterations. However, at 

each iteration step, higher values of MFmisfit are obtained at low damping factors, whereas  

these simulations that the iteration converges earlier and with lower data and model 

misfits for higher damping factor (greater than 1), whereas for lower damping factor 
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Fig. 4.4. Examples of calculated (a) data misfit (Dmisfit), (b) model misfit (Mmisfit), and 
(c) measures of how well the freshwater target in the synthetic model was reproduced 
by the inversion scheme (MFmisfit). 
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values, the iteration converges slowly and with higher final RMS errors. These results are 

corroborated by the fact that, at damping factor less than 0.5, the inversions yield 

solutions that oscillate about the model resistivity values. At damping factors greater than 

20, however, the resistivity variations in the inverted sections are too smooth, especially 

at higher iteration numbers, such that the freshwater target is less easily delineated. Based 

on these results, we choose a damping factor of 20 for the inversion of the synthetic and 

field resistivity data presented in this study. In addition, the horizontal to vertical 

roughness ratio was kept constant at 1 as no preferential structural orientation is 

envisaged in the water column.  

Figure 4.5 shows the resistivity sections obtained from the inversion of the noise-

free and noise-contaminated apparent resistivity data for the synthetic model (Fig. 4.1). 

The pseudosections consist of 1384 synthetic apparent resistivity values. The inversion 

process in each case involves subdivision of the pseudosection into four subsections. The 

starting model is a homogenous halfspace with a resistivity of 3.65 Ωm and average 

starting Dmisfit of 28%. The final Dmisfit values are indicated in the sections. For the noise-

free data (Fig. 4.5a), the freshwater target is indicated by resistivity values ranging from 

6.5 Ωm to 7.3 Ωm. The overestimations occur at the center of the target whereas 

underestimations occur at the contacts with the surrounding relatively conductive water 

column. The calculated MFmisfit is 9.24%.  The conductive water column has average  

resistivity value of 3.1 Ωm (2.9 Ωm to 3.5 Ωm) compared with the true background 

resistivity value of 3 Ωm in the synthetic model (Fig. 4.1). Generally, the largest misfits  

occur at the interfaces between the various resistivity contrasts in the model (Olayinka 

and Yaramanci, 2000a). The sections obtained from the inversion of calculated apparent 
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Fig. 4.5. Inverted resistivity sections for the simulated model shown in Figure 1 for (a) 
noise-free data and data with (b) 1% and (c) 2% Gaussian random noise. Data misfits are 
indicated in the respective sections. The inferred extent of the freshwater target also is 
indicated in each section (the dashed white rectangle) 
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resistivity data with 1- and 2% Gaussian random noise are shown in Figure 4.5b and 4.5c, 

respectively. The patterns of resistivity variations correlate to that shown in Figure 4.5a. 

However, the resolutions are relatively degraded. There are artificial oscillations near the 

surface above the freshwater target and at the boundaries between the layers (Loke and 

Lane, 2004). These effects are more pronounced at greater depths in the sections; at the 

boundaries between the water and sediment layers, and between sediment layers and the 

underlying bedrock. The calculated MFmisfit values are 9.5% and 10.1% associated with 

the inclusion of 1 and 2% random noise, respectively. 
 
 

Field Results 
 

The models obtained from the unconstrained inversion of the measured apparent 

resistivity pseudosections are shown in Figure 4.6. The calculated apparent salinity 

values for the resistivity values corresponding to the water layer are also indicated. The 

pseudosections consist of 1616, 1600 and 1592 apparent resistivity values for profiles 1, 

2 and 3, respectively, with the overall average repeat-measurement error of 1.07%. 

During the inversion, each pseudosection is divided into seven subsections, which in 

comparison with the synthetic data (which involved four subdivisions) is due to higher 

data density. In Figure 4.6a, the upper 10 m in the water column is characterized by 

resistivity values mostly less than 3.1 Ωm (apparent salinity of  2.2 ‰), whereas the  

lower layer from 10- to about 20 m in the inverted section is characterized by resistivity 

values ranging from about 3.1 Ωm  to about 4.1 Ωm (apparent salinity of 1.66 ‰). The 

exception is in the southwestern end of the profile, from about 60 m to 200 m distance, 

where low resistivity region of about 3 Ωm (2.3 ‰ apparent salinity) is localized between 

10 m to about 20 m depth. Comparable variations in resistivity are observed in Figure 
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Fig. 4.6. Inverse model sections obtained from unconstrained inversions of measured 
apparent-resistivity data for (a) profile 1, (b) profile 2, and (c) profile 3. Calculated 
apparent salinity values over the range of resistivity values corresponding to the water 
layer also are shown in the scale. Arrows indicate the points where vertical resistivity 
data were extracted to evaluate the inversion results. In addition, white lines indicate 
depths to the water bottom as measured by sonar sounder. 
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4.6b and 4.6c, as there are nearly parallel arrangements of the layers with values 

increasing with depth. However, except for the relatively low resistivity (or high apparent 

salinity) values in the upper 5 m, the resistivity values in these profiles are higher in 

corresponding portions of the sections in Figure 4.6a, whilst the thickness of the water 

layer is smaller.  

For the constrained inversion results, Figure 4.7 shows the results of the stage 3 of 

the inversion scheme for the profiles. The locations underneath which the constraints 

were applied (points A to F in Table 1) are indicated in the sections. Also indicated by the 

arrows (as in Figure 4.6) are the locations underneath which quantitative comparisons of 

the inverted and measured water resistivity data were made.  In Figure 4.7, the patterns of 

resistivity variations are similar to the patterns in the unconstrained inversion (Fig. 4.6). 

However, there is improvement in the inversion results for the constrained inversion. For 

example, the resistivity variation in the upper layer in Figure 4.7a is relatively smooth 

compared to the variations in Figure 4.6a. For the comparisons of the unconstrained and 

constrained inversion results for profiles 1 and 2 (comparing Fig. 4.6b to Fig. 4.7b, and 

Fig. 4.6c to Fig. 4.7c, respectively), the effects of the additional constraints are less 

noticeable. However, the resistivity values are lower and relatively smoother in the upper 

5 m in Figure 4.7c than in the observable variations at the corresponding locations in 

Figure 4.6c.  

Figure 4.8 shows the results of the comparisons of the inverted water resistivity 

and the measured resistivity values at the designated points on the sections. In Figure 

4.8a, the inverted resistivity values are generally lower than the measured resistivity 

values in the upper 6 m depths, whereas the inverted values are higher than the measured 
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Fig. 4.7. Results of stage 3 of the constrained inversion of field apparent-resistivity data 
for (a) profile 1, (b) Profile 2, and (c) Profile 3. Points underneath which the constraints 
on water resistivity were applied are designated as A through F. In addition, arrow 
indicates points underneath which resistivity data were extracted to evaluate inversion 
results. White lines indicate depths to the base of the water layer.  
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values at depth, especially at depths greater than 9 m. Similar trends are observed for the 

data evaluations for the inverted sections for profiles 2 and 3 (Figs. 4.8b and 4.8c). 

Generally, the inverted resistivity values are within 0.6 Ωm from the measured values. 

Also, in all cases, the stage three inversion (C3) matches the measurements most closely, 

whereas the unconstrained inversion (U) differs the most from the measurements. The 

associated RMS error values are summarized in Table 2. The highest error values, 

ranging from 9.3 to 11.8%, are obtained, in most cases, for the data from the 

unconstrained inversion results. For the constrained inversion, with the exception of C1 

case for profile 2, the values are generally less than 10%. The lowest values are for the 

C3 case, for which an RMS error of 4.8% occurs for profile 2. 
 
 

Table 4.2. The error computed from comparisons of the inverted and measured values 
underneath designated points in the reservoir for unconstrained inversions (U) and for 
stages 1, 2, and 3 (C1, C2, and C3) of the constrained inversion scheme.  
 

rms error (%) Resistivity profiles 

U C1 C2 C3 

1 11.43 7.91 6.45 5.80 

2  9.29 8.78 8.34 4.82 

3 11.79         10.57 8.86 5.38 

 
 

Discussion 
 

The synthetic and field evaluations of the electrical resistivity method in this 

study show that the method can be useful in water reservoir salinity studies. Based on the 

synthetic results, the accuracy achievable with the method is influenced by the 

parameters used in the data inversions and the level of noise within the data. For the 



100 

inversion program used in this study, at damping factor less than 1, the inversion 

produced poor results (anti-ideal behavior) (Olayinka and Yaramanci, 2000a), whereas 

damping factors near 20 yield more accurate results. Generally, the results agree with 

those of Simms and Morgan (1991) and Olayinka and Yaramanci (2000a), that inversions 

that produce the minimum data misfit may not produce the lowest model misfit.  

The synthetic results show that the resistivity variations in the reservoir can be 

determined using the electrical resistivity method. The subtle resistivity variations in the 

water layer can be determined with RMS error less than 10% (Fig. 4.3). In many cases 

this may be an acceptable level of error, considering the additional advantage of 

obtaining spatial data and higher surveying speeds over the conventional point-based 

methods. In all the inverted synthetic sections, the overall pattern of resistivity variations 

is similar to that in the original model, though the boundaries between the layers are 

smoothed by the least-squares inversion technique (Olayinka and Yaramanci, 2000b; 

Loke et al., 2003). However, the resolution of the inversions is degraded by the presence 

of noise (LaBrecque et al., 1996). The greatest effects of the noise, are localized at the 

boundaries between zones of contrasting resistivity (Olayinka and Yaramanci, 2000a), 

and at depths such as between the water layer and the underlying substratum. 

Consequently, the highest contributions to the disparity between the Mmisfit and MFmisfit 

are the resistivity values of the simulated sediment and bedrock layers. As shown in 

previous studies (Loke and Lane, 2004; Day-Lewis et al., 2006; Amidu and Dunbar, 

2007b), at depths in excess of the unit electrode spacings, the image of the freshwater 

layer is less accurate, because much of the current flows through the surrounding less 

resistive water. 
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The results of the field test reveal the practical implications of the synthetic 

results. The difference between the results of the preliminary measurements (Fig. 4.1c) 

and the observed nearly uniform resistivity in the CRP data collected two days later 

(Figs. 4.6 and 4.7) further illustrate the rapid temporal changes in apparent salinity in the 

reservoir. It can be inferred that the water was relatively well mixed at the time of the 

field study. Nevertheless, the low data misfit of less than 1% obtained in the inversions 

indicates that optimized models are obtained using the estimated parameters from the 

synthetic study. It is well known that inclusion of a priori information in the inversion 

helps to improve the interpretation. However, quantitative evaluations of this effect are 

rarely carried out. 

According to Wisén et al. (2005), the a priori information is especially important 

as it helps to resolve ambiguity in the data interpretations. This is partly illustrated by our 

constrained inversion results. Although the constraints on water resistivity are applied at 

widely-spaced points, constraints produce better-determined resistivities, especially in the 

upper layer. In addition, the quantitative evaluations of the inversion results suggest a 

proportional relationship between the number of constraints used in the inversion, and the 

accuracy of the inversion.  

Moreover, in line with the synthetic results, the data evaluation illustrates the 

limitation of the decrease in the sensitivity of the electrical resistivity method with depth 

(Loke et al. 2003) as the highest misfits occurred at the base of the reservoir (Fig. 4.8). 

This is attributable to the response from the more resistive underlying sediment and 

substratum layers (Olayinka and Yaramanci, 2000a). Although this effect decreases with 

increasing numbers of constraints, the disparities are still noticeable in the constrained 
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Fig. 4.8. Comparisons of the unconstrained and constrained inverted water-resistivity 
values to the measured values at designated points for (a) profile 1, (b) profile 2, and (c) 
profile 3. 
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inversion results. It may be that some additional form of constraint or a different weight 

of information versus depth could counter this general tendency for the inversion to 

underestimate the water resistivity near the surface and overestimate it at depth. With 

regard to the latter, however, better resolution of the sharp resistivity contrasts between 

the water layer and the substratum could be achieved with robust inversion scheme (Loke 

et al., 2003). This is a potential topic for future research. Nevertheless, it may be inferred, 

based on the correlations between the inverted resistivity and the measured values as well 

as the calculated RMS error values, that the inverted resistivity values are characteristics 

of the resistivity variations in the reservoir.  

These results demonstrate that the electrical resistivity method is a potentially 

viable technique for water reservoir salinity studies. The method is by no means a 

substitute for water and sediment sampling. However, it is shown that the method can be 

useful in efficiently obtaining spatially distributed data to identify zones of anomalous 

salinity values in reservoirs. Such identified zones may then be extensively sampled to 

obtain inventory of chemical and biochemical parameters. In comparisons with land-

based surveys, we identify three factors that make the electrical resistivity method a 

favorable tool for reservoir water quality assessment: 

1) In water reservoirs, the resistivity of the water layer is mostly a function of 

salinity and temperature. In land-based surveys, however, the measured electrical 

resistivity is a function of porosity, salinity, lithology, moisture content or 

saturation, and other factors which are difficult, if at all possible, to separate 

uniquely. Hence, the range of interpretations for water-based resistivity data is 

much narrower.  
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2) The marine CRP method offers the possibility of collecting better quality data 

than in land-based surveys. The electrical contact with the medium is more easily 

made in marine CRP, because the electrodes are mostly immersed in the water. 

An important concern, however, are the possible systematic errors due to system 

breakdown, cable leakage and other practical problems in CRP surveys as 

discussed by Day-Lewis et al. (2006). Nevertheless, our experience shows that 

with the current instrumentation, a number of these problems can be identified 

through diagnostic tests before and during the survey (AGI, 2006). In addition, 

the data-collection command codes can easily be configured to avoid bad 

channels during the data collection. 

3) The required corroborative data such as temperature, conductivity and bathymetry 

data can be collected with equipment that can be readily mounted onboard small 

survey vessels and whose mode of operations are compatible with CRP technique. 

Thus, the method can easily be integrated into the existing reservoir salinity and 

even sedimentation survey procedures (Amidu and Dunbar, 2007b).  

These factors are evident in the various RMS error values computed from the 

synthetic and field data, which are lower than those normally obtainable in land-based 

surveys (Olayinka and Yaramanci, 2000a,b; Loke et al., 2003; Amidu and Dunbar, 

2007a). Nevertheless, additional studies are required to determine the potential of using 

the electrical resistivity method for water reservoir salinity studies. In particular, salinity 

distribution in lakes is a function of morphometric (lake area, altitude and depths), 

anthropogenic, climatic and geologic factors (Buraschi et al., 2005). Hence, more 

rigorous simulations and improved survey designs may be required in other situations. 
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Finally, to quantitatively relate resistivity variations to salinity values, there is need for 

research into the development of relations between salinity and resistivity for freshwater. 

Application of the relationships developed for sea water to the relatively fresh reservoir 

water would not yield optimal results in most situations. 
 

 
Conclusions 

 
We present synthetic model and field evaluations of the electrical resistivity 

method for water reservoir salinity studies, based on data collection with the CRP 

technique and an inversion scheme using the smoothness-constrained least-squares 

optimization method. The model studies show that choosing the correct damping factor is 

critical and that damping factors near 20 work best with the program tested. It is possible 

to obtain resistivity values in the reservoir to a reasonable degree of accuracy. However, 

good data quality is required to optimally reproduce the subtle resistivity changes in the 

water layer in the reservoir. The results from synthetic models are corroborated by the 

field measurements, which show that subtle salinity changes (in the range of 2- to 4 Ωm) 

in the water column can be effectively characterized using the electrical resistivity 

method. The inversion results from the field data, even for the unconstrained scheme, 

show resistivity variations compatible with possible pattern of salinity distribution in the 

reservoir. However, constraining the inversion using measured conductivity values is 

important to resolve inherent equivalence in data interpretations and increase the 

accuracy of the inversion results. Although the constraints on water resistivity values 

were applied at relatively widely-spaced points, the global misfit values were 

significantly lowered.   
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This study shows that the electrical resistivity technique can be an effective 

mapping tool for use in reservoir water quality assessment. The results have informed a 

decision to include the CRP within the scope of an ongoing study at Lake Whitney aimed 

at assessing the potential of developing the reservoir for drinkable water-supply. We plan 

to collect and analyze spatial and temporal data to understand salinity distribution in the 

lake as well as its response to storm and climate changes. The resistivity results will 

compliment other measurements such as hydrologic and limnological measurements, to 

guide restoration efforts for the lake.   
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CHAPTER FIVE 
 

Conclusions 
 
 

 This research project explores the effectiveness of the electrical resistivity method 

for effective hydrogeophysical studies in a spatially heterogenous and temporally 

dynamic hydrologic setting. Results of geoelectrical studies of seasonal wetting and 

drying of a Texas Vertisol and salinity dynamics in Lake Whitney, Texas, are presented. 

The laboratory calibration using soil samples from the Texas Vertisol yielded resistivity-

soil moisture relationships that are characteristics of clay soils. However, resistivity 

values vary by position within the microrelief topography. For the same water content, 

higher resistivity values are obtained for the soil sample from the microhigh and lower 

values for the microlow soil sample. The field and laboratory data interpretations show 

that there are three distinct soil-moisture regimes in the upper 1.4 m of the Vertisol, 

where a relatively saturated middle layer (about 0.5 to 1 m depth) appears to be underlain 

and overlain by relatively less saturated layers. The saturation of the middle layer is 

enhanced by preferential flow through cracks in the soil. 

 The time-lapse analyses results show that maximum negative resistivity changes 

occur in this middle layer and in the regions underneath the microlows, indicating 

preferential saturation of the soil in these regions. In addition, by-pass flows are inferred 

from the preferential negative resistivity changes at the regions underneath the cracks in 

the soil. The incorporation of the van Genuchten water retention function into the 

analysis enables further characterizations of the possible soil moisture dynamics in the 
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Vertisol. The apparent moisture flow plots indicate water infiltration and flow through 

cracks due to addition of water to the soil by rainfall, during the wetting cycles. The 

drying cycle is characterized largely by upward fluxes of moisture due to presumable 

high surface evaporation rate. Generally, the apparent moisture flux patterns agree with 

the prevailing atmospheric water demand and supply during the study period. This study 

shows that the electrical resistivity method can be effective in characterizing seasonal 

hydrodynamics of Vertisols. With integration of pedotransfer functions, the method is a 

potentially powerful tool for visualizing spatial pattern of moisture fluxes in soils. Such 

an integrative approach can help bridge the gap between classical hydropedology and 

geophysics. 

The water layer in lakes represents a relatively more challenging hydrologic 

system for hydrogeophysical studies. Because the resistivity variation is smooth, subtle 

and changes rapidly in time, careful survey design and data inversion are required so that 

the resistivity variations in the medium are characterized accurately. Nevertheless, it is 

demonstrated that resistivity values characteristic of the salinity variations in the water 

layer in reservoirs can be obtained using the electrical-resistivity method. The method 

can be useful in limnological study to efficiently obtain spatially distributed data to 

identify zones of anomalous salinity values in reservoirs. Such identified zones may then 

be extensively sampled to obtain inventory of chemical and biochemical parameters. 
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