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ABSTRACT 

A series of laboratory experiments was conducted to investigate relationships between 

electrical properties and hydrogeologic properties of unlithified geologic materials. Mixtures of 

sand, clay, air and water were used to systematically vary porosity (0.24 to 0.80), clay content 

(0.00 to 1.00), permeability (5.4xl0"12 to 4.4xl0"6 cm2) and water saturation (0.00 to 1.00). 

Different lithologies were simulated by varying the relative proportion of sand and clay in the 

mixtures. Compaction was simulated by packing different amounts of the same material into 

the sample holder. Water saturation was varied by imbibition and evaporative drying. For 

each mixture, measurements were made of effective electrical conductivity Ge/and dielectric 

constant K over the frequency range 100 kHz to 10 MHz. Conductivity values range from 

1.8xl0"7 S/m (dry quartz sand, 100 kHz) to l.OxlO"2 S/m (water-saturated kaolinite, 10 MHz), 

and dielectric constant values range from 1.9 (dry kaolinite, 10 MHz) to 200 (dry 

montmorillonite, 100 kHz). Crossplots and petrophysical modeling are used to investigate the 

relationships between the various electrical and hydrogeologic parameters. 

Results show that electrical properties depend upon volumetric, geometric and 

electrochemical factors, and that the relative importance of these factors changes with 

frequency. For instance, in suites of sand-clay mixtures at low confining pressure, 

conductivity increases dramatically as clay volume fraction increases from 0.00 to about 0.20; 

this is due to clay packets forming critical conductive paths through the sand framework. At 

higher clay contents, clay is the load-bearing material and conductivity shows little sensitivity 

to clay content. This behavior is characteristic of percolation and illustrates the importance of 

component microgeometry. When the samples are saturated with water, ionic conduction 

through the fluid replaces surface conduction along the clay as the dominant conduction 

mechanism. Saturation eliminates much of the frequency dependence observed in the 

conductivity response of dry sand-clay mixtures. 
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For a given mixture, conductivity values increase and dielectric constant values decrease 

with increasing frequency. This is due to the way in which in-phase and out-of-phase 

components of conduction and polarization currents combine to form the measured electrical 

parameters. High values of the out-of-phase conduction component are the primary reason 

why high dielectric constant values (i.e., K > 80) are observed at low frequencies; this 

component is also the one that is most sensitive to geometric and electrochemical factors. 

Volumetric factors (e.g., porosity and water saturation) dominate electrical properties at high 

frequencies, while geometric and electrochemical factors dominate electrical properties at low 

frequencies. 

The experimental data are compared to the predictions of three interrelated petrophysical 

models: (1) a microgeometrical model which describes the relationship between porosity and 

clay content in sand-clay mixtures, (2) a permeability model based on the Kozeny-Carmen 

equation, and (3) a dielectric model which incorporates geometric and electrochemical 

information through the use of wetted matrix parameters. Results show excellent agreement 

between predicted and measured data, even though relationships such as porosity-clay content, 

porosity-permeability and dielectric constant-permeability are nonlinear and multivalued. This 

suggests that, at least for these mixtures, accurate porosity, permeability and water saturation 

estimates may indeed be derived from dielectric measurements given appropriate constraints. 

The insights developed in this study provide a petrophysical basis for improved 

modeling, stratigraphic interpretation and inversion of very early time electromagnetic 

(VETEM) and ground penetrating radar (GPR) field data. Given appropriate constraints, these 

data may be inverted for hydrogeologic parameters such as porosity, permeability and water 

saturation. 
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Chapter 1 

Introduction 

The electrical properties of composite media are of interest to many research fields. In 

geophysics, electrical measurements are used to infer the physical and chemical properties of 

different geologic materials. Because geologic materials can have complicated inineralogies, 

pore structures, surface properties and microscopic fluid distributions, their electrical responses 

can also be very complex. Unravelling this complexity is one of the fundamental goals of 

petrophysics. 

In this thesis, I investigate the electrical properties of some simple unlithified geologic 

materials. The focus is on developing a better understanding of the links between a material's 

electrical properties (dielectric constant and electrical conductivity) and its hydrogeologic 

properties (e.g., porosity, permeability and water saturation) observed at the same scale. 

Petrophysical relationships between electrical and hydrogeologic parameters are needed before 

geophysical techniques such as ground penetrating radar (GPR) and very early time 

electromagnetics (VETEM) can realize their potential as hydrogeologic site characterization 

tools. The experimental results presented in this thesis should be of interest to those involved 

in modeling, inversion and hydrostratigraphic interpretation of GPR and VETEM data, as well 

as those with basic interests in the electrical properties of composite materials. 

1.1 SITE CHARACTERIZATION 

Numerical models are often used to simulate groundwater flow and contaminant transport 

in the subsurface. These models typically include parameters such as porosity, permeability 

and water saturation to represent the macroscopic hydraulic properties or states of porous 

media. Values of these parameters must be provided for each grid block and time step in a 

model. The statistical distribution and spatial connectivity of values are important factors that 



Chapter 1 — Introduction 2 

can significantly affect the output of flow and transport simulations (Smith and Schwartz, 

1981; Journel and Alabert, 1988). For instance, one small permeable sand channel in an 

otherwise impermeable clay layer can dominate the macroscopic flow and transport behavior of 

the entire system. This sensitivity of simulation output to simulation input has led many 

researchers to the conclusion that adequate site characterization is essential for reliable 

forecasting and cost-effective remediation of actual groundwater contamination problems. 

Traditional methods of site characterization rely heavily on direct hydraulic measurements 

and invasive sampling. Examples of such invasive methods include pump tests, tracer tests, 

slug tests, flowmeter measurements and core analysis. These measurement techniques provide 

useful information about hydrogeologic parameter values at specific locations and scales of 

observation, however these techniques are often plagued by aliasing and resolution problems 

that limit their cost-effectiveness (Beckie, 1996). For instance, pump tests can sample large 

volumes of aquifer material, but these tests cannot resolve small permeable or impermeable 

zones that may control transport behavior. By comparison, borehole flowmeters can resolve 

small-scale permeability variations along the length of a well, but these instruments have a 

small measurement volume; if wells in a flowmeter sampling network are too far apart, then 

flowmeter measurements will alias the permeability field and hence fail to provide information 

about the spatial connectivity of high and low permeability units. To be effective, site 

characterization methods must be capable of efficiently sampling a broad range of scales of 

heterogeneity. 

1.2 GEOPHYSICAL METHODS 

One approach to solving the characterization problem is to incorporate high resolution 

geophysical methods into site investigations. A wide variety of methods are available, 

including gravity, magnetic, radiometric, nuclear magnetic resonance, resistivity, 
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electromagnetic induction, seismic and radar techniques. Each of these methods has limitations 

which are imposed by site conditions and instrumentation. Olhoeft (1992) provides a good 

overview of how different geophysical techniques may be used to solve specific site 

investigation problems. Of particular interest in this thesis are two high-frequency 

electromagnetic techniques: ground penetrating radar (GPR) and very early time 

electromagnetics (VETEM). Following is a brief description of these techniques and an 

overview of the geophysical mapping process. 

1.2.1 Ground penetrating radar 

Ground penetrating radar is a relatively old geophysical technique, having been first 

developed in Germany in 1926 (Hulsenbeck, 1926). In North America, the method was 

commercialized more than two decades ago (Morey, 1974) and has since been successfully 

applied to many engineering and earth science problems. Fundamental principles and case 

histories can be found in Ulriksen (1982), Daniels et al. (1988) and Davis and Annan (1989). 

The basic idea of GPR is similar to reflection seismology. A voltage pulse is radiated 

into the ground by an antenna; this starts the propagation of an electromagnetic (EM) wave. 

Whenever the wave encounters a change in electrical properties, part of the energy is reflected 

or scattered. This backscattered energy may be detected by a receiving antenna on the surface, 

and then amplified, filtered, digitized and stored by the processing and recording components 

of the radar system. The result is a record of voltage (amplitude) as a function of time. By 

moving the antennas and repeating the sounding process, an image of the subsurface can be 

constructed. Since the process only takes a few seconds per station, thousands of stations can 

be occupied in a day. This makes GPR one of the fastest and least expensive measurement 

techniques available. 
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Most GPR systems use electric dipole antennas that have a bandwidth of about two 

octaves in the frequency range 1 MHz to 1 GHz. Because of the broad bandwidth and high 

frequencies employed, GPR has excellent resolving capability. For instance, a typical 100 

MHz antenna will transmit energy between about 50 MHz and 200 MHz in air (or about 40 

MHz and 160 MHz in the ground) and have a vertical resolution of approximately one meter. 

Even greater resolution is possible if higher frequency antennas are used (e.g., centimeter scale 

resolution with 1 GHz antennas), the tradeoff being less depth of penetration. Penetration 

depths can range from 0 to 60 meters (Smith and Jol, 1995) depending on instrumentation 

factors (e.g., antenna frequency, transmitter power and receiver sensitivity) and site conditions 

(Davis and Annan, 1989). The most important factor affecting depth of penetration is the 

electrical conductivity of the soil. If the conductivity is greater than about 0.050 S/m, even low 

frequency antennas (e.g., 12.5 MHz antennas) will image no deeper than a meter. GPR works 

best in resistive environments with conductivities less than 0.001 S/m (Olhoeft, 1984). 

As an example of the imaging capabilities of GPR, Figure 1.1 shows part of a three-

dimensional, 80 MHz, radar data set collected by the author in 1990 at the U.S. Geological 

Survey's Toxic Waste Hydrology Research Site on Cape Cod (Knoll et al., 1991). The image, 

which has had minimal processing, shows a portion of an unconfined sand and gravel aquifer 

that is contaminated by a sewage plume. The dimensions of the volume are 56 m (N-S) by 22 

m (E-W) by 15 m (vertical). The data were acquired by taking radar soundings every 10 cm 

along N-S lines spaced 1.5 meters apart, so that the image in Figure 1.1 shows about 10,000 

traces. This is roughly one tenth of the total data set which was acquired in one day by three 

people. The strong continuous horizontal reflector (blue-orange-blue event) about a third of the 

way from the top of the image is the water table at a depth of 6 meters; a multiple of this 

reflection is also apparent. The discontinuous dipping reflectors, some of which cross and 

appear to bend at the water table, are stratigraphic layers within the glacial outwash deposit, 



Chapter 1 -- Introduction 5 

Figure 1.1. Radar image of the subsurface at the U.S. Geological Survey Toxic Waste 
Hydrology Research Site, Cape Cod, Massachusetts. The N E , SE, SW and N W corners of 
the image volume correspond to meter positions (6.44, 129.85), (12.04, 185.81), (-9.80, 
188.00) and (-15.40, 132.04), respectively, on the local coordinate system established by 
LeBlanc et al. (1991, Fig. 8); the horizontal dimensions are 56 m by 22 m. The total vertical 
scale is -15 meters. The prominant reflector (blue-orange-blue event) about a third of the way 
from the top of the image is the water table (~6 meters depth). Reflections from southward-
dipping stratigraphic layers are also apparent. 
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resolved to a scale of about a meter. Other radar data from the site shows these dipping layers 

to be part of a large bowl-shaped structure, probably formed when a large block of ice melted 

out from within the outwash deposit (Knoll et al., 1991). Such structures could potentially 

affect contaminant migration if indeed there is a relationship between radar stratigraphy and 

hydrostratigraphy. 

The question of correspondence between radar stratigraphy and hydrostratigraphy has yet 

to be completely answered. Comparisons between GPR, well log and continuous core data 

suggest that some GPR reflections may be strongly correlated with changes in water saturation, 

porosity, and/or clay content (Greenhouse et al., 1987; Beres and Haeni, 1991; Huggenberger, 

1995). Before more specific and reliable GPR interpretations can be made, a better 

understanding is required of the interrelationships between these parameters and the electrical 

parameters that govern E M wave propagation. 

1.2.2 Very early time electromagnetics 

In contrast to ground penetrating radar, very early time electromagnetics is a relatively 

young geophysical technique. Research and development began in 1990 (Stewart et al., 1994) 

and the technology has yet to be commercialized (Pellerin et al., 1995). The technique is being 

developed by a team of leading researchers from academia, the U.S. Department of Energy and 

the U.S. Geological Survey (Pellerin et al., 1994). What brought these researchers together is 

the problem of characterizing the uppermost 10 meters of highly conductive sites, since this is 

where many contamination problems occur. Traditional E M induction methods (e.g., terrain 

conductivity meters operating in the frequency domain; Haeni, 1986) have poor sounding 

capabilities and hence poor vertical resolution. Conventional transient E M sounding methods 

(e.g., Fitterman, 1987) generally cannot detect anomalies shallower than 10 meters due to slow 

transmitter turn-off and late first-sample times; these techniques are also slow at profiling. 
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Ground penetrating radar, as discussed in the previous section, cannot penetrate more than a 

meter if conductivity is high (e.g., if wet clays are present). Because of these limitations, there 

is a serious gap in the detection capabilities of existing geophysical methods; the purpose of 

V E T E M is to fill this gap. 

The V E T E M method actually consists of two systems: a frequency domain system 

(Stewart et al., 1994) and a time domain system (Wright et al., 1995). The time domain 

system is better for rapid reconnaissance, while the frequency domain system is better for 

detailed mapping of electrical property variations. Both systems use magnetic loop antennas, 

instead of electric dipole antennas which become impractically long at low frequencies, to 

transmit and receive signals in the frequency range 10 kHz to 150 M H z (Wright et al., 1995). 

The V E T E M system also differs from GPR in that the driving function is a current pulse 

instead of a voltage pulse, and the data must be inverted differently to arrive at an interpretable 

result. 

Much of the V E T E M research effort has been directed towards solving the inverse 

problem which can be very difficult in the kilohertz and low megahertz frequency range. In 

this frequency range, one cannot make the usual assumptions to simplify the governing E M 

field equations because both diffusion and propagation are important. The output of V E T E M 

inversions is a map of electrical conductivity and dielectric permittivity values as a function of 

subsurface position (and sometimes frequency). Resolution of the images is comparable to that 

of low-frequency radar, i.e., meter scale. 

Analysis of published V E T E M images (e.g., Stewart et al., 1994) suggests that some 

imaged structures correlate well with known geology, while other structures do not correlate 

well. As a result, the same question arises as concerns radar: how should V E T E M images be 

interpreted in terms of hydrogeology? The laboratory experiments on well-characterized 
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materials described in this thesis provide the petrophysical foundation needed to address this 

question. 

1.2.3 Geophysical mapping process 

It must be remembered that geophysical parameter values, in and of themselves, are of 

little value to hydrogeologists and other end-users. For instance, hydrogeologists do not need 

voltage values measured in a radar survey to run their hydrogeological models. Only by 

transforming geophysical data to other forms is the data made valuable. 

In hydrogeologic applications, geophysics is used primarily to obtain structural 

information about the subsurface. This includes information about the location, scale and 

geometry of different units. A n implicit assumption is that the boundaries mapped by 

geophysics also correspond to hydrogeologic boundaries. This is often the case, but not 

always. At present, surface geophysical data are rarely used to estimate hydrogeologic 

parameter values of subsurface materials. Instead, other methods, such as well tests, are relied 

upon to attach hydrogeologic parameter values to the structural units mapped by geophysics. 

This is an effective approach when many direct hydraulic measurements are available or 

interpreters have significant experience in an area. 

However, there may be additional information about hydrogeologic properties that is 

currently untapped in E M geophysical data. This would not be surprising considering the 

evolution of the seismic industry (e.g., bright spots, amplitude versus incidence angle, 

multicomponent seismology, etc., as fluid and lithology indicators) over past several decades. 

If inversion and petrophysical transform techniques can be developed to access this 

information, then geophysical techniques will become even more valuable site characterization 

tools. 
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The geophysical mapping process that is envisioned is pictured in Figure 1.2. The first 

step in the process is acquisition of field data; Annan and Cosway (1991) provide a good 

description of this step. This is followed by processing to improve image quality (e.g., Fisher 

et al., 1992; Gerlitz et al., 1993; Annan, 1993). Processing can also yield estimates of EM 

wave parameters such as velocity, attenuation and reflectivity (Turner, 1994; Tillard and 

Dubois, 1995). These parameters can be inverted to produce a map of dielectric properties; 

Duke (1990) and Sena and Toksov (1990) demonstrate the mechanics of this step. Finally, 

given an understanding of petrophysical relationships (as well as other data such as well test 

data), the dielectric property map can be transformed to produce one or more hydrogeologic 

property maps; initial steps in this direction have been made by Sanders (1994). 

Although this mapping strategy has yet to be fully demonstrated using E M data, it has 

been demonstrated using seismic data. In particular, researchers from the University of 

California and Stanford University have demonstrated through synthetic modeling the potential 

benefits of incorporating seismic data into field identification of permeability values (Rubin et 

al., 1992; Copty et al., 1993; Hyndman et al., 1994; Copty and Rubin, 1995). 

In my opinion, the weakest link in the geophysical mapping process at the present time is 

the last step: the petrophysical transform step. In the next section, I review the current state-of-

practise in estimating material properties from EM data. 

1.3 PETROPHYSICAL TRANSFORMS 

Consider the problem of estimating permeability values from radar data, a common 

inverse problem in site investigations where there is a limited number of direct hydraulic 

measurements. The current state-of-practise involves the use of look-up tables such as Tables 

1.1 and 1.2 which rely on lithology as a bridge. Table 1.1 relates radar parameters to 

lithology, while Table 1.2 relates lithology to permeability. Suppose that a particular radar unit 
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Figure 1.2. Flow chart showing important steps in the geophysical mapping process. 
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Table 1.1. Typical values1 of dielectric constant (K), electrical conductivity (a), 
velocity (V) and attenuation (a) for different geologic materials at radar frequencies. 

Material K a (mS/m) V (m/ns) a (dB/m) 

Air 1 0 0.30 0 

Fresh water 80 0.5 0.033 0.1 

Dry sand 3-5 0.01 0.15 0.01 

Saturated sand 20-30 0.1 - 1.0 0.06 0.03 - 0.3 

Shales 5-15 1 -100 0.09 1-100 

Silts 5-30 1 -100 0.07 1 -100 

Clays 5-40 2-1000 0.06 1-300 

Granite 4-6 0.01 - 1 0.13 0.01 - 1 

Limestone 4-8 0.5 - 2 0.12 0.4- 1 

Dry salt 5-6 0.01 - 1 0.13 0.01 - 1 

Ice 3-4 0.01 0.16 0.01 

[Adapted from Davis and Annan, 1989, p. 535.] 

Users of this table are cautioned that some of the values listed are strongly dependent on frequency, pore fluid 
salinity, temperature and other parameters. 
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Table 1.2. Typical values of permeability k and hydraulic conductivity K 
for different geologic materials. 
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has a dielectric constant of 25 and a conductivity of 1 mS/m. Based on these measurements 

alone, it would be impossible to determine from Table 1.1 whether the structure is a saturated 

sand or silt layer. The range of permeability values given in Table 1.2 for sand and silt spans 

seven orders of magnitude (10 - 5 to 10" 1 2 cm 2); obviously, there is little value in such an 

uncertain estimate. In both tables, there is no guide as to the probability that a particular 

lithology wi l l have a particular dielectric constant, electrical conductivity or hydraulic 

permeability value. Since the ranges of electrical parameter values and permeability values 

overlap for different lithologies, lithology is not a good bridge between these parameters. 

Next consider a forward modeling problem. Suppose that we know from coring that a 

unit in the unsaturated zone has a permeability of 10" 1 0 cm 2 , a porosity of 0.20 and a water 

saturation of 0.40. What is the dielectric constant and conductivity of this unit? Could the unit 

be distinguished in a radar survey from another unit that has a permeability of 10"6 cm 2 , a 

porosity of 0.40 and a water saturation of 0.20? These sorts of questions cannot be answered 

by the information in Tables 1.1 and 1.2. 

There is also the question of how the electrical parameter values listed in Table 1.1 are 

affected by changes in frequency. Table 1.1 is applicable to radar data collected above about 

50 M H z . At present, there is no analogous look-up table for V E T E M operating at lower 

frequencies. Furthermore, there have been relatively few laboratory studies of electrical 

properties in the V E T E M frequency range. Most measurements have been made either below 

100 kHz or above 100 MHz. 

Results of previous laboratory studies (reviewed in Chapter 3) show that numerous 

parameters can affect the electrical properties of geologic materials, including porosity, clay 

content, clay mineralogy, permeability and water saturation. Electrical properties are also 

dependent on frequency, temperature and pressure, to various degrees. A l l this is complicated 
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by the fact that petrophysical parameters are often weakly correlated with one another; this 

makes modeling electrical properties very difficult. 

Previous attempts to establish petrophysical transform relationships have been frustrated 

by the lack of available experimental data on the electrical properties of well-characterized 

materials. Experimental data are needed that document the effects of varying individual 

component properties, volume fractions, microgeometries and surface properties. Providing 

such an extensive, well-characterized, data set is the primary goal of this research. 

1.4 R E S E A R C H O B J E C T I V E S 

For GPR and V E T E M to realize their full potential, a better understanding is needed of 

the relationships between electrical and hydrogeologic properties of geologic materials. To this 

end, I have undertaken a systematic laboratory study of the electrical properties of sand-clay-

air-water mixtures as a function of porosity, clay content, clay mineralogy and water 

saturation. A physical modeling approach is adopted to simulate the coupled parameter 

changes that occur during compaction, lithologic variation within a facies unit, imbibition and 

evaporative drying. Crossplots and petrophysical modeling are then used to explore and 

quantify the relationships between the various parameters. 

Specific questions which are addressed include the following: 

• How do the electrical properties of sediments vary with porosity, clay 

content, water saturation and permeability in the frequency range 100 

kHz to 10 MHz? 

• How do interrelationships between these hydrogeologic parameters 

affect electrical properties? 
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• Is it possible to model electrical properties in this frequency range using 

a simple volumetric mixing model that incorporates surface effects 

through the definition of the matrix parameters? 

• Can accurate estimates of hydrogeologic parameters be obtained from 

inversion and petrophysical transformation of electrical measurements? 

The physical modeling and systematic laboratory experiments on well-characterized sand-

clay mixtures are used to answer the first two questions, and the petrophysical modeling is 

used to address the last two questions. 

1.5 T H E S I S O V E R V I E W 

This thesis is comprised of seven chapters and four appendices. The next chapter 

(Chapter 2) presents an overview of electromagnetic theory. Its main purpose is to show how 

electromagnetic parameters measured in the laboratory (e.g., equivalent parallel conductance 

and capacitance) relate to those measured in the field (e.g., velocity, attenuation and 

reflectivity). It also provides the necessary background to understand the experimental portion 

of the thesis. 

Chapter 3 reviews some of the previous experimental and theoretical work on electrical 

properties of geologic materials. Emphasis is placed on identifying the physical parameters and 

state variables that predominantly influence the electrical response of geologic materials. 

Different approaches to modeling electrical properties are also summarized. Based on this 

review, it was concluded that additional laboratory experiments were required to resolve 

inconsistencies in the experimental data base. These experiments are described in Chapters 4 

through 6. To quantify petrophysical relationships, a simple volumetric mixing model was 

selected for comparison with the new experimental data. 
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Chapter 4 investigates the effects of compaction (changing porosity) and clay content 

(changing lithology) on the electrical properties of dry sand-clay mixtures. The apparatus that 

was built to measure the electrical properties of unconsolidated materials is described in this 

chapter, as is the technique (physical modeling approach) used to generate mixtures with 

systematically varying hydrogeologic properties. Results are compared to predictions of the 

simple volumetric mixing formula. The petrophysical insights developed in this chapter can be 

used to improve interpretations of electrical measurements made in the unsaturated zone. 

The effect of water saturation on the dielectric response of sand-clay mixtures is 

investigated in Chapter 5. Physical and petrophysical modeling are again used to demonstrate 

how interrelationships between porosity, clay content and water saturation are responsible for 

much of the apparent complexity (i.e., scatter) in electrical parameter-hydrogeologic parameter 

relationships. The volumetric mixing formula is found to fit the experimental data remarkably 

well when surface effects are incorporated through the definition of the matrix parameters. 

Results from this chapter also shed light on the relative importance of volumetric and surface 

effects in different frequency ranges for different materials, and point the way to a possible 

petrophysical relationship between permeability and dielectric constant. 

Chapter 6 investigates the relationship between permeability and dielectric constant of 

sand-clay mixtures. Results show that permeability and dielectric constant each depend on 

porosity and specific surface, among other parameters. By coupling models for permeability 

and dielectric constant that involve these parameters, it is possible to accurately predict the 

nonunique relationship between permeability and dielectric constant for sand-clay mixtures 

under low confining pressures. The model is then tested on a surface-to-borehole radar data 

set acquired at a well characterized field site (the USGS Cape Cod site) where permeability 

values have been measured with a borehole flowmeter. The field test provides insight into the 

applicability of the geophysical mapping strategy. 
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Conclusions of this work and suggestions for further study are summarized in Chapter 7. 

Appendices A and B describe the calibration, compensation and error analysis of the electrical 

measurement system. Details about the integrated petrophysical model used for the field test 

are included in Appendix C. Finally, Appendix D lists all the experimental data for the hundred 

or so sand-clay-air-water mixtures studied in Chapters 4 through 6. 

The insights developed in this study provide a petrophysical basis for improved 

modeling, stratigraphic interpretation and inversion of GPR and VETEM field data. Given 

appropriate constraints, these data may be inverted for hydrogeologic parameters such as 

porosity, permeability and water saturation. This provides strong encouragement for the 

further development of ground penetrating radar and very early time electromagnetics as 

hydrogeologic site characterization tools. 
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Chapter 2 

Electromagnetic fields, waves and parameters 

2.1 INTRODUCTION 

This chapter reviews electromagnetic (EM) theory as it applies to two problems: 

(1) laboratory measurement of dielectric properties using impedance analyzers, and (2) field 

mapping of dielectric properties using GPR and V E T E M . Although fundamental aspects of 

this theory were developed more than a century ago (Maxwell, 1891) and can be found in 

many textbooks (e.g., Stratton, 1941; Balanis, 1989) and standard publications (IEEE, 1990), 

there is still some confusion within the geophysical community concerning application of this 

theory. This confusion is due to differences in the constitutive relationships, E M parameter 

naming conventions, Fourier transform sign conventions, and domain of application (time or 

frequency) used by different investigators. 

For instance, some authors refer to conductivity and permittivity as being complex 

quantities (Ruffet et al., 1991), while other authors refer to these parameters as being real and 

"effective" quantities (Fuller and Ward, 1970). Note that both types of quantities have been 

used in dielectric mixing formulas and effective media theories (Shen et al., 1985; Knight and 

Endres, 1990). In some papers constitutive relationships are given in the time domain (Casper 

and Kung, 1993), while in other papers they are given in the frequency domain (Ward and 

Hohmann, 1988). In some texts the out-of-phase components of conductivity and permittivity 

carry the same sign (King and Smith, 1981), while in other texts they carry different signs 

(Ward and Hohmann, 1988). A l l this is complicated by the fact that physicists and electrical 

engineers tend to use different sign conventions for the Fourier transforms of time and space 

variables. 
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These observations lead to the following questions: What are the parameters that are 

measured by impedance analyzers in the laboratory? What are the parameters that are measured 

by GPR and V E T E M in the field? How do these parameters relate to each other and to 

Maxwell's equations? What parameters should be used in different dielectric mixing formulas 

and effective medium theories? The purpose of this chapter is to address these questions and 

hence bridge the gap between theory and practice, laboratory and field. This is accomplished 

by using a consistent terminology to develop the working time-domain and frequency-domain 

equations associated with the different E M measurement techniques. 

The theoretical development begins with the time-domain differential equations proposed 

by Maxwell. These equations are coupled via constitutive relationships involving frequency-

dependent complex parameters that represent the microscopic electromagnetic properties of 

idealized materials. The concept of effective parameters arises because the out-of-phase 

component of conduction currents combines with the in-phase component of displacement 

currents, and vice versa, obscuring microscopic mechanisms. A l l measured macroscopic 

quantities are therefore "effective" quantities. For instance, the parameters measured by 

impedance analyzers in the laboratory are the equivalent parallel conductance and capacitance of 

a material; under the assumption of quasi-static fields, these parameters are directly 

proportional to effective electrical conductivity and dielectric permittivity. 

Maxwell's equations and the constitutive relationships are then used to derive the E M 

wave equations. Transformation from the time domain to the frequency domain, and vice 

versa, is accomplished using the engineer's version of the Fourier transform. The electric field 

(E-field) wave equation is the one that applies to GPR, since GPR receivers record voltage 

(amplitude) as a function of time. The magnetic field (H-field) wave equation is the one that 

applies to V E T E M . The solution to these wave equations includes polarized plane waves that 

can propagate in any direction. Analysis of the wave equations and their solution leads to 
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expressions for phase velocity, attenuation, and other propagation parameters. Consideration 

of boundary conditions leads to expressions for plane wave reflection coefficients. 

Propagation parameters and reflection coefficients are important parameters that may be 

determined from GPR and V E T E M data. 

2.2 M A X W E L L ' S E Q U A T I O N S I N T H E T I M E D O M A I N 

In the late nineteenth century, Maxwell (1891) postulated the following system of 

equations to describe the macroscopic behavior of E M fields in terms of the sources of these 

fields: 

V- d = qv (Gauss's law for electric fields), (2.1) 

V- b = 0 (Nonexistence of isolated magnetic charge), (2.2) 

V x e = - V dt 
(Faraday's law), (2.3) 

and n , , 3d 
V x h = J + ¥ 

(extension of Ampere's law). (2.4) 

In these equations d is dielectric displacement (C/m 2), b is magnetic induction (Wb/m 2), e is 

electric field intensity (V/m), h is magnetic field intensity (A/m), j is electric current density 

(A/m 2), qv is volume charge density (C/m 3), t is time (s), and V is a vector partial-differential 

operator. In this thesis, bold characters are used for vector functions and normal characters are 

used for scalar functions. 

The fields d, b, e, h and j are real-valued vector functions of space and time; for 

example, e=e(x,y,z,t) in the rectangular coordinate system. At a given position and time, each 

of these fields can be represented mathematically as the sum of three orthogonal components. 

For example, the electric field at position (x,y,z) can be written e=exnx+eyny+eznz, where 

ex, ey and ez are the components of the field in the directions defined by the unit vectors n x , n y 

and n z . Later these functions will be transformed to the Fourier domain. To help distinguish 
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physical domain functions from Fourier (i.e., frequency and/or wavenumber) domain 

functions, lower case letters will be used for physical domain functions [e.g., e=e(x,y,z,t)] 

and upper case letters will be used for Fourier domain functions [e.g., E(x,y,z,(a) and 

Maxwell's equations recognize two sources of electromagnetic fields: (1) a distribution of 

electric charge, and (2) a distribution of current. Coulomb discovered in 1785 that electrostatic 

fields result from stationary charge distributions. The first equation (2.1) states that the total 

electric flux through any closed surface is equal to the total charge enclosed by that surface; 

equivalently, the density of charge in a region is equal to the divergence of electric flux density. 

The second equation (2.2) states that the divergence of magnetic flux density (i.e., the net 

magnetic flux through a closed surface) is always zero. This implies that there are no point 

sources or sinks of magnetic fields, i.e., no isolated magnetic "charges" analogous to the 

source of electrostatic fields. Consequently, all magnetic field lines form closed paths. 

The third equation (2.3) deals with currents caused by a changing magnetic field. This 

equation is based on experiments conducted in 1831 by Faraday and Henry. These scientists 

discovered independently that when a magnet is moved near a closed electric circuit, a current 

is induced in the circuit. Moreover, as indicated by equation (2.3), the induced electromagnetic 

force or voltage in the circuit is equal to the time-rate of change of the magnetic flux linkage 

with the circuit. Unlike the two previous equations, equation (2.3) shows the fundamental 

interdependence of electric and magnetic fields. 

The fourth equation (2.4) also links electric and magnetic field behavior. In 1820, 

Oersted discovered that a steady electric current produces a circulating magnetic field. Ampere 

then showed that, under static conditions, the intensity of the magnetic field varies with the 

electric current density. This led him to propose the equation V x h = j which has come to be 
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known as Ampere's "law". Maxwell noted an incompatibility between Ampere's law and the 

continuity equation, 

V - j = - ^ . (2.5) 
dt 

which expresses the principal of charge conservation. To resolve this incompatibility, Maxwell 

added the displacement current term (dd/dt) to Ampere's law so that it would remain valid 

under transient conditions. This seemingly simple addition has profound implications since it 

predicts the existence of electromagnetic waves and hence unifies the theories of 

electromagnetism, light and optics. 

The previous discussion highlights the fact that, in their most basic form, Maxwell's 

equations are time-domain equations based on experimental observations of electric and 

magnetic fields. Although the equations are empirical, no experiment has shown them to be 

invalid. For this reason, they are the logical starting point for any discussion of 

electromagnetic field behavior. In addition, it is important to note that Maxwell's equations say 

nothing about material parameters such as electrical conductivity a, dielectric permittivity e, 

and magnetic permeability (I. These parameters only take on meaning after certain constitutive 

relationships (e.g., Ohm's law J=o"E) between field vectors are assumed. Equations (2.1) 

through (2.4) are general in that the media can be nonlinear, heterogeneous and anisotropic; the 

only restrictions are that the media must be stationary with respect to the coordinate axes and 

that the dimensions are large compared to atomic scales. 

2.3 C O N S T I T U T I V E R E L A T I O N S H I P S 

Although d appears in equations (2.1) and (2.4), and b appears in equations (2.2) and 

(2.3), Maxwell's equations are not entirely coupled or determinate. Given the continuity 

equation (2.5), the two divergence equations (2.1 and 2.2) can be derived from the two curl 
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equations (2.3 and 2.4). The two curl equations represent six independent scalar equations 

with 15 unknowns, one unknown for each principal component of d , b , e, h and j . This 

means that Maxwell's equations cannot be solved without additional information. The way 

around this problem is to assume certain constitutive relationships between current density and 

electric field, dielectric displacement and electric field, and magnetic induction and magnetic 

field. 

In principle, these relationships can take any form (assuming causality and other basic 

principles also hold); only experimentation can determine their validity. One possible form, 

deducible from atomic considerations and consistent with most experimental observations, is 

the following set of steady-state, frequency-domain, equations: 

J = a(x,y,z,(d,E,T,P,...) E , (2.6) 

D = e*U,y,z,co,E,r,F,...) E , (2.7) 

and B = \i*(x,y,z,(x),H,T,P,...) H , (2.8) 

where the proportionality factors a*, e* and u * are complex tensor functions of position 

(x,y,z), angular frequency CD, field intensity E or H, temperature T, pressure P, and other less 

important parameters; these proportionality factors or constitutive parameters have been given 

the names electrical conductivity (S/m), dielectric permittivity (F/m) and magnetic permeability 

(H/m), respectively. 

The functional form of o*, e* and [i* is determined by the behavior of charges at the 

microscopic scale. As a result, these parameters can be thought of as characterizing the 

microscopic electromagnetic properties of a material. Specifically, electrical conductivity is a 

measure of the ability of a material to transport charge, dielectric permittivity is a measure of the 

ability of a material to polarize or store energy through bound charge separation, and magnetic 

permeability is a measure of the ability of a material to be magnetized in the presence of an 

external field. 



Chapter 2 -- Electromagnetic fields, waves and parameters 24 

In this thesis, I make five assumptions about the form of the constitutive parameters. 

Firstly, I assume that materials are homogeneous at the measurement scale. A homogeneous 

material is one in which parameter values do not vary with position. Here "position" refers 

specifically to points within the sample or measurement volume, not necessarily points outside 

this volume. Although geologic materials are clearly inhomogeneous at microscopic scales, the 

measurement process effectively filters or averages microscopic properties over some finite 

volume. As a result, the constitutive parameters actually represent the electromagnetic 

parameters of a homogeneous material that is electromagnetically equivalent to the measured 

material. With this understanding, the (x,y,z) dependence can be eliminated from equations 

(2.6), (2.7) and (2.8) for laboratory measurements of electromagnetic parameters. 

Secondly, I assume that all materials are isotropic with respect to electromagnetic 

properties. A n isotropic medium is one in which a*, e* and | i * do not vary with the direction 

of the field vectors; in such a medium, J is parallel to E, D is parallel to E, and B is parallel to 

H . Under this assumption, the constitutive parameters become scalar functions. 

Thirdly, I assume that the constitutive relationships are linear, i.e., that the relationships 

between J and E , D and E, and B and H are independent of the magnitudes of the fields. This 

assumption is supported by laboratory experiments on several electrical standard materials (see 

Appendix B) that show that electromagnetic parameters do not vary significantly with changes 

in applied voltage over the range of 0.1 to 1 volts. For comparison, voltages in GPR 

experiments typically range from 10~6 to 103 volts; these voltages are generally assumed to be 

within the range of linear behavior for most geologic materials, although there are times when 

this assumption is not valid (e.g., Olhoeft, 1979c). 

Fourthly, I assume that constitutive parameters are independent of time, temperature and 

pressure. Stationarity is assumed only over the small time scales associated with laboratory 

and field measurements. Over larger time scales, values of the constitutive parameters are 
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allowed to vary due to changes in other parameters such as the level of water saturation. 

Temperature and pressure effects at the laboratory and field conditions encountered in this 

research (i.e., temperatures between 10° and 30° C, pressures close to atmospheric) have been 

shown to be negligible by Topp et al. (1980), Garrouch and Sharma (1994), and many others. 

These assumptions allow T and P (and time) to be eliminated from the expressions for a * , e* 

and p.* in equations (2.6), (2.7) and (2.8). 

Finally, I assume that the magnetic permeability of all materials investigated in this thesis 

is frequency independent, purely real, and equivalent to the magnetic permeability of free 

space, i.e., p.o=1.257 x 10"6 H/m. This assumption is adequate for most geologic materials 

except those containing appreciable amounts of iron, nickel or cobalt (e.g., magnetite, 

ulvospinel, hematite, ilmenite, maghemite and pyrrhotite) (Strangway, 1972). In the 

experimental portion of this thesis, care was taken to ensure that no significant magnetic 

components were present by passing the material through a magnetic separator. Studies where 

non-free space magnetic properties have been shown to be important include Olhoeft and 

Strangway (1974) and Olhoeft and Capron (1994). 

Given these assumptions, the constitutive relationships in equations (2.6), (2.7) and 

(2.8) can be written: 

J = [o-'(co) + ja(co)] E , (2.9) 

D = [e'(co) - Ze"(co)] E , (2.10) 

and B = U o H , (2.11) 

where the real and imaginary parts of complex conductivity and complex permittivity are 

denoted by single (') and double (") primes, respectively, and the signs associated with these 

parts are chosen to satisfy the condition that parameter values, determined by experimentation, 

are strictly positive. Note that both real and imaginary parts are frequency dependent; this is a 

requirement of causal systems involving complex parameters (Fuller and Ward, 1970). 
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The sign convention adopted in equations (2.9) and (2.10) for the imaginary parts of 

complex conductivity and complex permittivity is the same as that adopted in Olhoeft (1979b), 

Ward and Hohmann (1988) and several other studies, although it is not the only sign 

convention that appears in the literature. For example, some authors such as Sherman (1988) 

switch the signs associated with c"(co) and e"(u)) and write o*(co) = c> (co) - /o"(co) and 

e*(a>) = e'(co) + /e"(co). Other authors assume that the imaginary part of each constitutive 

relationship is preceded by the same sign. For instance, King and Smith (1981), Ulriksen 

(1982) and Turner and Siggins (1994) write a*(co) = rfCo)) - i'o"(co) and 

e*(co) = e'(co) -/e"(co), while Fuller and Ward (1970) and Keller (1988) write 

o*(co) = C5,(o)) + za"(co) and e*(co) = ef(co) + /e"(co). This lack of concensus is a potential 

source of confusion since the sign convention will affect both parameter values and inferred 

microscopic mechanisms; the non-standardization also makes it difficult to compare results 

from different experimental studies. As stated above, I advocate the sign convention 

o*(co) = cf (co) + icf"(co) and e*(tu) = e^co) - z'e"(co) because this convention results in positive 

values for a'(co), a"(co), e'(co) and e"(co). 

One additional comment is required at this stage in the theoretical development Although 

the constitutive parameters a*, e* and \i* represent the electromagnetic properties of a material, 

these are not the parameters that are directly measured in experiments. The parameters 

measured in experiments are the real, effective, parameters which will be described in Section 

2.7. This fact is not recognized or clearly stated in many laboratory dielectric and field 

G P R / V E T E M studies. 

2.4 C O N D U C T I O N A N D P O L A R I Z A T I O N 

Electrical properties describe the ability of charge to move inside a material when an 

external electrical force is applied. There are two "types" of charge movement, depending 
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upon whether charges are effectively "free" or "bound". In idealized materials comprised only 

of free charges and bound charges, it is easy to relate characteristics of the electrical response to 

conduction and polarization mechanisms; for this reason, the following discussion begins with 

a description of charge movement in "idealized" materials. However, in real materials, it is 

much more difficult to relate electrical properties to specific conduction and polarization 

mechanisms. The difficulty springs from the inability to measure directly the complex 

parameters associated with the movement of so-called free and bound charges. 

Let us begin by considering a material that contains both free and bound charges. When 

an electric field E is applied, the free charges in the material move to produce a volume current 

density J. This current density (i.e., the current per unit volume Av of the material) is a 

function of the number n, charge q, and velocity v of charge carriers, i.e., 
n 

£ <ZiV; 
j =

 h m hi . (2.12) 
A v —» 0 Av 

These charge carriers may be electrons (electronic conduction) or ions (ionic conduction). 

Their velocity is affected by the number of collisions they have with other charges and so is a 

function of temperature, pressure and charge size. 

Similarly, charges of opposite polarity that are bound to each other will be displaced 

relative to their equilibrium positions when an E field is applied. The distorted charge 

distribution is equivalent, by the principle of superposition, to the original distribution plus a 

collection of dipoles. If there are n dipoles in the material, the total polarization will be the sum 

of the moments of these dipoles: <7idi + q2^2 + — + Qn^n, where d is the distance vector 

from -q to +q of each dipole. The polarizability P of the material is defined as the dipole 

moment per unit volume Av of the material, i.e., 
n 

X <7id« 

P =

 l i m hi . (2.13) 
A v - * 0 Av 
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For materials that exhibit electrically linear behavior, P will vary directly as the applied electric 

field 

P = D - e 0 E = ( e - e o ) E (2.14) 

where e is the dielectric permittivity of the material and £o is the dielectric permittivity of free 

space (eo = 8.854 x 10" 1 2 F/m). 

There are various ways in which dipoles can be established in materials. Polar molecules 

such as water possess built-in permanent dipoles and hence tend to have large dielectric 

permittivities (ew a ter ~ 7.083 x 10" 1 0 F/m). In the absence of an applied field, these dipoles, or 

the molecules themselves, are randomly oriented in the material. When an electric field is 

applied, the dipolar particles experience a torque which tends to align them with the field; this 

mechanism is the dipolar or orientational polarization mechanism. 

In non-polar materials, the applied E field actually creates the dipolar species. These 

species can take different forms, ranging from atoms and molecules with distorted electron 

clouds (atomic and molecular polarization mechanisms), to mineral grains with polarized 

surface charge (interfacial polarization or the Maxwell-Wagner effect), to the electrical double 

layer in adsorbed water films (electrochemical polarization), to regions of the pore space where 

charge screening occurs (membrane polarization). Note that when the E field is removed, the 

bound charges return to their equilibrium positions. Additional information about microscopic 

and larger-scale polarization mechanisms may be found in von Hippel (1954) and Hasted 

(1973). 

Given this basic understanding of microscopic conduction and polarization mechanisms, 

let us now relax the assumption that charges are perfectly free or bound at all frequencies. In 

most real materials, the simple correspondence of movement of free charges to conductivity 

and displacement of bound charges to permittivity does not hold up at many frequencies. At 

low frequencies, polarized species can respond instantly to the field so that the net dipole 
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vectors are aligned in the direction of the E field vector. At higher frequencies, however, 

frictional and inertial effects cause the species to begin to lag the E field. This causes P to have 

both an in-phase and an out-of-phase component. This can be represented in equation (2.14) 

by making e complex, i.e., e = e*(to) = e'(co) - /e"(co). The out-of-phase component 

represents charges whose motion follows the time-derivative of the E field. As will be shown, 

at the macroscopic scale, this out-of-phase (microscopic) polarization current is 

indistinguishable from a true conduction current; similarly, the out-of-phase (microscopic) 

conduction current is indistinguishable from a true polarization current. 

For pure materials such as water that have a single, well-defined, polarization mechanism 

with a corresponding relaxation time %r, the observed frequency dependence can be accurately 

modeled using the Debye (1929) model: 

e*(co) = £» + — (2.15) 

where e s and £«> are the static (zero-frequency) and infinite-frequency dielectric permittivities 

for the material, respectively, CO is angular frequency and xr is the relaxation time. 

In most real materials, there are several polarization mechanisms that contribute to the 

total polarization response in a given frequency range. Each mechanism may have its own 

characteristic relaxation time, or spectrum of times. Cole and Cole (1941) suggested the 

following expression to model such systems: 

e ( c o ) = E - + 7 ~ T — ^ <2-16) l + Oco^) 1^ 

where, in addition to the parameters defined previously, c is the Cole-Cole distribution 

parameter (0<c<l) which accounts for the distribution of relaxation times. Equation (2.16) is 

widely used in the literature to model the observed frequency dependence of dielectric 

permittivity. It can also be used to model the frequency dependence of electrical conductivity 

and magnetic permeability if the parameters are redefined (i.e., substitute a or p. for e). Over a 
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wide frequency range, electrical properties, particularly dielectric permittivity, can exhibit 

several distinct dispersion events (Hasted, 1973). To model multiple dispersion events, 

additional terms can be added to the right hand side of equation (2.16) and summed (e.g., 

Drury, 1978; Olhoeft, 1979b; Olhoeft, 1985). Most researchers work in a restricted frequency 

range where the phenomenological single-dispersion Cole-Cole model (equation 2.16) is quite 

applicable. 

2.5 F O U R I E R T R A N S F O R M C O N V E N T I O N 

Time domain functions can be transformed to the frequency domain by invoking the 

Fourier transform. Different conventions for the Fourier transform are used by physicists and 

engineers. In this work, I adopt the engineer's convention that harmonic time dependence is 

given by elCOf. This choice of harmonic time dependence corresponds to the Fourier transform 

pair: 
r+oo 

F(CD)= I fit) e-ia* dt (2.17) 

r+oo 

f(t) = ̂ -\ F(co) eiat da . (2.18) 
J-oo 

2.6 A M P E R E ' S E Q U A T I O N IN T H E F R E Q U E N C Y D O M A I N 

For harmonic fields with time-dependence eiti>t, equation (2.4) can be rewritten 

V x H = Jc + /coD=J t (2.19) 

where the time-derivative dldt has the Fourier transform pair ico, and angular and linear 

frequency are related by (A=2itf. J c is the component due to free charge transport, D is the 

component due to bound charge polarization, and Jt is total current density. Combining 
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equation (2.19) with Ohm's law (2.9) and the constitutive dielectric relation (2.10), yields the 

following equivalent expressions for Jt: 

Jt = [ a*(co) + icoe*(co) ] E = [ {o'(co)+/a"(co)} + ico{e'(co)-/e"(co)} ] E . (2.20) 

2.7 E F F E C T I V E P A R A M E T E R S 

The real and imaginary parts of complex conductivity and complex permittivity in 

equation (2.20) can be combined to form effective parameters. The equivalent expression is: 

Jt = [ ov/co) + /coee/(co) ] E (2.21) 

where the subscript "ef is used to indicate that the in-phase and out-of-phase components of 

the electrical response are now being observed at the macroscopic level; note that aef and eef 

are each real-valued quantities, things that one can actually measure. The units of o>/and eef 

are S/m and F/m, respectively. Equation (2.21) is the operational version of Ampere's law that 

applies to all experimental measurements. 

Measured values of arrange over 29 orders of magnitude, the second largest variation 

of any physical property (viscosity varies over 40 orders of magnitude) (Olhoeft, 1979b). 

Typical oef values for common geologic materials are listed in Table 1.1 of the previous 

chapter and span about five orders of magnitude (0.00001 S/m < oef < 1 S/m). Measured 

values of eef span a slightly smaller range, about four orders of magnitude, from 8.854 x 10~12 

F/m (the permittivity value for free space) to ~1 x 10"7 F/m (the permittivity value for wet 

montmorillonite clay at low frequencies) (Scott et al., 1967); there is still some controversy 

concerning the maximum possible value for ecy. For simple materials like pure gases, liquids 

and solids (crystals), values of eey(co) are approximately equal to the static value [ee/((o=0)] for 

all co up to the gigahertz range, and the values for different materials cluster between 8.854 x 

10 ' 1 2 F/m and 7.083 x 10" 1 0 F/m (the permittivity value for water). As a result, to simplify 

reporting, most people normalize zef values by the permittivity of free space, and define: 
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K^MM , (2.22) 
eo 

so that K values for simple materials range from 1 (free space) to 80 (water). The real-valued 

dimensionless parameter K is called the "real effective relative dielectric permittivity", or simply 

"dielectric constant" for short. Some people do not like the term dielectric constant because K 

can vary with frequency as equation (2.22) clearly indicates; nevertheless, this is the term that 

is used in most of the literature and in this thesis. 

Equating equations (2.20) and (2.21), the relationships between effective and complex 

parameters become apparent, i.e., 

aeji(a) = a'(co) + COE'XCO) , (2.23) 

and ee/Ceo) = e'(co) + . (2.24) 

1 CO 

Similarly, one can expand equation (2.22) to explicitly show the contributions of e'(co), o"(co) 

and co to the dielectric constant: 
K = ^ l + * M . (2.25) 

eo coeo 

Equations (2.23), (2.24) and (2.25) are important because they show that the real parameters 

oef, eef and K measured in the laboratory or in the field will each include contributions from 

both free and bound charge carriers, and depend upon angular frequency CO. These 

macroscopic parameters combine all effects from both free and bound charges into a single 

complex quantity [oey(co) + /COK(CO)EO], while the microscopic parameters a'(co), a"(co), 

E'(CO) and £"(co) describe in-phase and out-of-phase effects from idealized "types" of charges. 

In terms of microscopic mechanisms, o' represents energy transfer by charge migration 

(ohmic conduction), E ' is energy transfer by displacement currents, a" is energy loss due to 

faradaic diffusion, and E " is energy loss due to polarization lag. Except at high frequencies, 

the real parts should be greater than the imaginary parts of a* and £* for most materials, 
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though one should think twice about dropping a" and e" from equations (2.23) or (2.24) at 

any frequency because these components are scaled by angular frequency. In this thesis, I 

make no assumptions about the relative size or importance of a ' , a " , e' and e", but instead 

just show the measured effective parameters a^f and K. 

Given causality, it should be possible to invert measurements of oey(co) and £e/(co) to 

obtain estimates of a'((a), CJ"(CO), e'(co) and e"(co) (Fuller and Ward, 1970; Sherman, 1988). 

There are four equations and four unknowns. Two of the equations are the non-linear 

equations (2.23) and (2.24). The other two equations result from the causality condition. This 

condition requires that a'(co) and a"(co), and e'(co) and e"(co), satisfy the Kramers-Kronig 

dispersion relationship and be Hilbert transform pairs. For example, for conductivity, the 

equations are: 

c W - i - p f (2.26) - l p f < ™ 2 
7t I CO - CO 

and c"((o) = ±p\ ^ ^ - r f c o , (2.27) 
- 1 co - CO 

or, equivalently, tf"(co) = a'(co) * ^ (2.28) 

where * indicates convolution, and p indicates exclusion of the singular point (co'=co) or 

definition of the integral as the Cauchy principle value (Fuller and Ward, 1970; Sherman, 

1988). However, in practice, the system of equations is difficult to solve and requires accurate 

(four-electrode) measurements over a broad frequency range. To my knowledge, only Olhoeft 

(1979c, 1985) and Sherman (1988) have performed such an inversion and obtained estimates 

of a'(co), o"(co), e'(co) and e"(co). A l l other studies that I am aware of report either effective 

parameters o e /and Eef or some other concoction such as "complex" parameters inferred from 
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fits to the Cole-Cole model. Further discussion of the distinction between complex and 

effective parameters may be found in Fuller and Ward (1970). 

Unless otherwise stated, all parameters reported in this thesis are real effective 

parameters. For notational convenience, sometimes the subscript efis dropped. In addition, 

all effective parameters are frequency dependent, whether explicitly stated or not. 

2.8 C O M P L E X A D M I T T A N C E 

There are many ways to measure effective conductivity a e y and permittivity e^. Olhoeft 

(1979b) provides an overview of the most important laboratory measurement techniques. The 

technique that I use in this thesis (Chapters 4 through 6) is based on simple inversion of 

frequency-domain complex admittance measurements of samples in a two-electrode parallel-

disk sample holder. The inversion formulas are based on quasi-static theory (Shen et al., 

1987). The measurements are made with a Hewlett Packard 4192A low-frequency impedance 

analyzer over the frequency range of 100 kHz to 10 MHz. 

The Hewlett Packard 4192A impedance analyzer is an auto-balancing bridge that 

effectively allows one to determine the series or parallel resistor-capacitor (RC) circuit that is 

equivalent to a sample. When the admittance of geologic materials is measured, a parallel RC 

circuit is generally assumed. The relationship between admittance and the circuit elements is: 

Y = Gp + iwCp (2.29) 

where Gp is parallel conductance [S] and Cp is parallel capacitance [F]. 

The problem now is to relate the measured parameters, Cp and Gp, to the parameters of 

interest, eef and cef. The usual approach is to solve the electromagnetic boundary value 

problem for e e/ and aef given the sample holder geometry and assuming quasi-static 

electromagnetic field theory (Shen et al., 1987). In this theory, magnetic effects are neglected 
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entirely, as are higher-order terms of the electric field; the quasi-static field is the zeroith-order 

electric field. The solutions are: 

o y = ^ - (2.30) 

and Zef=^A~ ( 2 , 3 1 ) 

where A is the area and d the separation of the two electrode surfaces. 

Shen et al. (1987) compare equations (2.30) and (2.31), derived from quasi-static theory, 

to the expression for admittance derived from more rigorous dynamic electromagnetic field 

theory, i.e., 

y . C , + taC,-A(<v+taM^ (2 .32) 

where Jo and Jj are Bessel functions of orders 0 and 1, respectively, r is the radius of the 

electrode surface, and k is the wavenumber (see Section 2.9 for definition). Their analysis 

shows that equations (2.30) and (2.31) are only accurate if the term containing the Bessel 

functions in equation (2.32) is close to unity; this only occurs if frequency is less than 20 M H z 

and aefis less than 0.3 S/m. As shown in subsequent chapters, both these conditions are met 

in my work, hence I used the simpler equations (2.30) and (2.31) for my inversions. Equation 

(2.32) shows the rigorous link between the parameters measured in the laboratory (Y = Gp + 

/coCp) and the parameters measured in the field (k and other propagation parameters). 

2.9 W A V E E Q U A T I O N S 

Taking the curl of both sides of Faraday's law (2.3), substituting the magnetic 

constitutive relation (2.11), then substituting (2.4) and (2.21) yields, after some vector algebra, 

the frequency-domain representation of the electric-field wave equation: 

V 2 E = - (a2Pef£ef ' ' w P~ef ®ef) E . (2.33) 

The corresponding magnetic-field wave equation is: 
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V 2 H = - (CO 2 plef£ef - i CO pef oef) H . (2.34) 

Both these equations (2.33 and 2.34) are also known as the Helmholz equation. The quantity 

in parentheses on the right hand side of equations (2.33) and (2.34) is the square of the 

complex wavenumber k, i.e., 

k2 = CO2 PefCef - i <*> p-ef <V (2.35) 

This quantity groups the three fundamental electromagnetic parameters and frequency together, 

and hence fully characterizes the interaction of the E M field with the medium. Physically, the 

wavenumber k gives the magnitude of the wave vector in the direction of propagation. 

Before developing expressions for propagation parameters, it is worthwhile to consider 

the wavenumber definition in equation (2.35). Some authors define it differently and hence 

there is potential for confusion. For instance, some authors (e.g., Ulaby et al., 1981; Duke, 

1990) write the E-field wave equation (2.33) as: 

V 2 E = - (co2 p.ef&p) E (2.36) 

where k2 = co2/zey e£, and e£ is a new parameter called the complex total permittivity. In this 

case, as discussed by Powers et al. (1992), e£ must be defined as % = (£' - ie") - i(a'/co + 

i'a"/co). In other cases (e.g., Olhoeft, 1976; Olhoeft, 1981), the same equation is written in 

diffusion equation form, i.e., 

V 2 E = ipe/COGf E (2.37) 

where k2 = ipef(H(5j, and oy, the complex total conductivity, must be defined as oy = (a' + 

ic") + /co(e' - ie"). For equations (2.33), (2.36) and (2.37) to be equivalent, GT must be 

related to e£ by the relationship cT = i(aeT (Powers et al., 1992). 

To complicate matters further, some authors write the E-field wave equation (2.33) as: 

V 2 E = T 2 E (2.38) 
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where Y = ik is called the propagation constant. Like the wavenumber, the propagation 

constant is a complex quantity. The confusion lies in the terms used to describe the real and 

imaginary parts of the propagation constant and the wavenumber. Some authors (e.g., 

Ulriksen, 1982; Duke, 1990) write Y = cc + I'P and refer to a as the attenuation constant and P 

as the phase constant; this is consistent with the IEEE standard definition (IEEE, 1990) that 

phase is the real part of the wavenumber and attenuation is the imaginary part (i.e., k = (5 - ice). 

However, other authors (e.g., Stratton, 1941; Ward and Hohmann, 1988) write k = a - zf5 and 

refer to a as the phase constant and P as the attenuation constant, hence reversing the names of 

a and P (Powers et al., 1992). In this thesis, I follow the IEEE standard definition. 

2.10 PROPAGATION PARAMETERS 

Solutions to the Helmholz equations include polarized plane waves that may propagate in 

any direction. For example, a time-harmonic wave propagating in the positive z-direction with 

electric field parallel to the x-direction is described by: 

E(z,r) = E o c ' ^ - ^ n x (2.39) 

where Eo is the magnitude at timezero of the electric field at the origin [V/m], and n x is the unit 

vector in the x-direction. 

In this thesis, I define the propagation constant Y and the wavenumber k as: 

Y = a + /p and k = $-ia (2.40) 

where a is the attenuation constant and P is the phase constant. Taking the square root of 

equation (2.35) and solving for real and imaginary parts leads to the following expressions for 

a and P: 

(2.41) 
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(2.42) 

The ratio aejf(aeef is very important because it governs the overall behavior of propagation. 

This ratio is called the loss tangent, i.e., 

Equation (2.41) shows that for constant permittivity and frequency, attenuation increases as 

conductivity increases. For constant permittivity and conductivity, attenuation increases as 

frequency increases. 

Re-expressing the solution to the wave equation (2.39) in terms of the attenuation and 

phase constants yields: 

The first exponential term in equation (2.44) governs the intrinsic attenuation of the wave, 

while the second exponential term governs propagation. 

From the first exponential term in equation (2.44) it is apparent that the magnitude of the 

electric field normalized by Eo will decay to lie at a distance z = 1/a. This distance is called the 

skin depth A, i.e., 

The attenuation factor (or skin depth) can be used in conjunction with system performance 

factors and target information to estimate the penetration depth or range of GPR in different 

field situations (Davis and Annan, 1989). 

The second exponential term in equation (2.44) determines the phase velocity v and 

wavelength X of a plane wave, i.e., 

E(z,r) = EQ e-°* et™ - PZ) n x (2.44) 

(2.45) 

(2.46) 

and 
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_ 271 _ V 

" p " f ' 
(2.47) 

Keeping other parameters constant, phase velocity decreases with increasing permittivity, 

increasing frequency, and decreasing conductivity. In low loss materials (tan 8 « 1), 

equation (2.46) reduces to the following commonly used approximation: 

where Co is the speed of light in a vacuum (co=2.998 x 108 m/s), and K is the measured 

dielectric constant Because variation in K is less than variation in c j g f for most earth materials, 

phase velocity is usually less variable than attenuation. 

2.11 R E F L E C T I O N C O E F F I C I E N T S 

Electrical impedance Z is defined as the ratio of the amplitude of the orthogonal electric 

and magnetic field pairs, i.e., 

Impedance is the reciprocal of admittance (see Section 2.9). When a propagating E M wave 

impinges upon a boundary between two layers, 1 and 2, some of the energy will be reflected 

and some of the energy will be transmitted. The partitioning of energy depends on the angle of 

incidence of the wave and the contrast in impedance across the layers. 

Most GPR surveys are conducted with transmitter and receiver antennas separated only a 

short distance ( 1 - 2 meters). Except for very shallow reflectors, most incidence angles in 

GPR surveys are close to 90 degrees. The normal incidence reflection coefficient RC is 

defined as: 

Co (2.48) 

(2.49) 

RC = 
Z2-Z1 
Z2 + Zi 

(2.50) 
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where Z\ and Z2 are the intrinsic impedances of layers 1 and 2, respectively. The transmission 

coefficient is defined as 1 - RC. Propagation parameters and reflection coefficients are 

important parameters that may be determined from inversion of GPR and VETEM field data. 

2.12 SUMMARY 

This chapter presents a review of electromagnetic theory as it applies to laboratory and 

field measurement of electrical properties. The review is unique in that it draws connections 

between the different types of parameters used by theorists, instrument designers, laboratory 

experimentalists and field geophysicists. It is hoped that this will help reduce some of the 

confusion that exists in the literature and in general practice. The development also provides 

the necessary theoretical background to interpret the laboratory measurements described in 

Chapters 4 through 6. 
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Chapter 3 

Experimental data base and dielectric mixing formulas 

3.1 INTRODUCTION 

To extract hydrogeologic information such as porosity, clay content and water saturation 

values from ground penetrating radar and very early time electromagnetic data, the relationships 

between dielectric parameters and hydrogeologic parameters of geologic materials must be 

known. This chapter reviews previous experimental and theoretical work to establish these 

relationships. 

Section 3.2 presents a survey of the experimental data base. Emphasis is placed on 

identifying the physical parameters and state variables that influence the dielectric response of 

geologic materials. Apparent inconsistencies between studies are considered in terms of the 

experimental differences between the studies such as differences in sample composition, 

sample preparation and measurement procedure. This review sheds light on the complexity of 

dielectric-hydrogeologic parameter relationships and is motivation for the laboratory 

experiments described in Chapters 4, 5 and 6. 

In Section 3.3,1 review some of the mixing formulas that have been proposed to the 

model dielectric properties of geologic materials. Five "types" of models are considered: 

empirical models, phenomenological models, volumetric models, effective medium theories 

and semiempirical models. This classification scheme is used to highlight differences in the 

approach and assumptions of the different models. 

Figure 3.1 illustrates the forward modeling problem. Given only a pore-scale description 

of a material, the problem is to compute the dielectric constant of the bulk material. While it is 

clear that the bulk dielectric constant will be a product of (1) the individual dielectric constants 

of the components, (2) the volume fractions of the components, (3) the geometries of the 
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Figure 3.1. Effective dielectric properties of an idealized geologic material. K i , K2 and K3 are 
the dielectric constants of the solid, liquid and gas components, respectively, while K is the 
macroscopic dielectric constant of the bulk material. The function / (K1 ,K2 ,K3) represents the 
effective medium theory. 
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components, and (4) the electrochemical interactions between the components, it is unclear 

how to incorporate these elements into mathematical models; this is why so many different 

mixing formulas and effective medium theories have been proposed over the years. The work 

in this chapter provides a framework and suggestions for selecting a model, and hence should 

be of interest to petrophysicists and G P R / V E T E M researchers alike. 

3.2 E X P E R I M E N T A L D A T A 

The electrical properties of geologic materials have been measured by many researchers 

over the years. Table 3.1 lists pertinent details about some of these studies, including the 

materials, frequency range and physical properties of interest. 

Although it may appear from Table 3.1 that many types of materials have been studied 

over a broad frequency range, this is generally not true; the data base is far from complete. 

From an experimental point of view, the important variables that may affect the dielectric 

constant are measurement frequency, soil texture (i.e., grain size distribution, etc.), porosity, 

water saturation and water salinity. If we consider these variables as axes of a hypercube, the 

experimental measurements would cluster in a very small portion of the volume. The vast 

majority of measurements have been on natural soils and rocks where water saturation was the 

control variable. Because water saturation is being varied, and to avoid complications of 

changing salinity, most workers have used distilled water in their measurements. Furthermore, 

most dielectric measurements have been performed at relatively high frequencies (>10 MHz). 

In addition, there are apparent inconsistencies in the database. For instance, the data 

reported by Hoekstra and Delaney (1974) support the conclusion that soil textural composition 

has a very minor influence on the dielectric constant of moist soil, while the data of Lundien 

(1971) and Wang and Schmugge (1980) show significant differences in the magnitude of the 

dielectric constant for different soil textures at the same volumetric water content Experimental 
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differences in sample composition, sample preparation, and measurement procedure make it 

difficult to reconcile these inconsistencies in the data. Theoretical modeling is further frustrated 

by a relative lack of concern by experimenters for characterization of the soil material under 

study; this is due in large part to the applied nature of most of the research. 

In spite of these limitations, the data base supports the following five conclusions 

concerning the dielectric properties of geologic materials: 

(1) The dielectric constant of geologic materials is a function of both the material's 

textural composition and its volumetric water content over the entire kHz-MHz^frequency range 

(Lundien, 1971; Poley et al., 1979; Wang and Schmugge, 1980; Lange, 1983; Kenyon, 1984; 

Knight and Nur, 1987). 

(2) For extremely dry soils, the dielectric constant is essentially independent of soil 

texture and frequency and depends only on porosity (or dry bulk density). Figure 3.2 shows 

the relationship between dielectric constant and porosity for three soils: a sand, a silt and a clay. 

These data, collected by Okrasinski et al. (1979), suggest that the relationship between 

dielectric constant and porosity is almost linear. Measured K values fall between 1 (high 

porosities) and 4 (low porosities) regardless of lithology. Olhoeft (1979a) has compiled data 

on the density-reduced (zero-porosity) dielectric constant values for many minerals; values for 

some common minerals are listed in Table 3.2. For the most part, the values range from 4 to 9 

(Olhoeft, 1979a). The large dielectric constants of clay minerals, particularly montmorillonite, 

are thought to be due to the presence of adsorbed surface water at the time of the electrical 

measurements. 

(3) The dielectric constant of dry soil is always less than the dielectric constant of the 

same soil with water added (Topp et al., 1980; Wang and Schmugge, 1980). This is due to the 

difference between the dielectric constants of air (1) and water (80). The dielectric constants of 

some other important fluids are listed in Table 3.3 for comparison purposes. Note that many 
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Figure 3.2. Measured relationship between dielectric constant (390 M H z - 1.5 GHz) and 
porosity for three types of soil under dry conditions. Data from Okrasinski et al. (1979). 
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Table 3.2. Dielectric properties of common minerals. 

Mineral Dielectric Constant (1 MHz") 

Albite 7.0 
Calcite 6.4 
Halite 5.9 
Ice 3.4 
Kaolinite 11.8 
Montmorillonite 210.0 
Olivine 7.2 
Orthoclase 5.6 
Pyroxene 8.5 
Quartz 4.5 

[From Olhoeft, 1979a] 

Table 3.3. Dielectric properties of some important fluids. 

Fluid Dielectric Constant CI MHz) 

Acetone 20.9 
Air 1.0 
Benzene 2.3 
Carbon Tetrachloride 2.2 
Chloroform 4.8 
Cyclohexane 2.0 
Ethylene Glycol 38.7 
Methanol 33.6 
Tetrachloroethene 2.3 
Trichloroethene 3.4 
Toluene 2.4 
Water 80 

[From Lucius et al., 1989] 
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organic contaminants have dielectric constant values (2 - 4) that are significantly lower than that 

of water; it may be possible to use this difference as the basis for direct detection of 

contaminants in the saturated zone (Kutrubes, 1986). 

(4) For all soils (i.e., given a specific textural composition), the dielectric constant 

increases slowly at first with increasing water content, and then more rapidly once a critical 

water content value is reached. As shown in Figure 3.3, this critical value in water content is 

found to vary with soil type or texture, being smaller for sandy soils (e.g., Yuma sand) than 

for clay-rich soils (e.g., Miller clay). For a given volumetric water content, the dielectric 

constant in the microwave frequency range decreases with increasing clay content (Wang and 

Schmugge, 1980; Hallikainen et a l , 1985). 

(5) Everything else being equal, the dielectric constant of a soil decreases, or remains the 

same, with increasing frequency or decreasing temperature below 0° C. Upon freezing, the 

dielectric constant of water drops from near 80 to about 3 (Hoekstra and Delaney, 1974). 

3.3 M A T H E M A T I C A L M O D E L S 

A number of different approaches have been taken to model the dielectric properties of 

geologic materials. These approaches include empirical models, phenomenological models, 

volumetric mixing formulas, effective medium theories and semiempirical models. Table 3.4 

lists examples of each approach that are commonly cited in the soil and rock properties 

literature. These models are described in the following sections. Several of these models were 

compared by Wang and Schmugge (1980) to the experimental data collected by Lundien (1971) 

and Newton (1977); the comparison illustrates several important points about the dielectric 

properties of geologic materials so I have reproduced several of Wang and Schmugge's plots 

in this section. Further background on dielectric mixing formulas may be found in van Beek 
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Figure 3.3. Measured relationship between dielectric constant (1.4 - 5.0 GHz) and volumetric 
moisture content for three soils. The data for Yuma sand and Vernon loam are from Lundien 
(1971), and the data for Miller clay are from Newton (1977). These data were also included in 
the study by Wang and Schmugge (1980). 
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Table 3.4. Mathematical models of dielectric properties. 

Name and reference 

1. Empirical models 

A. Polynomial rule (Topp et al, 1980) 

B. Logarithmic rule (Olhoeft and Strangway, 1975) 

2. Phenomenological models 

A. Debye and Cole-Cole models (Wang, 1980) 

3. Volumetric mixing formulas 

A. Harmonic average (Roth et al., 1990) 

B. Arithmetic average (Brown, 1956; Lange, 1983) 

C. Complex Refractive Index and Time Propagation models 
(Birchak et al., 1974; Wharton et al., 1980; Alharthi and Lange, 1987) 

4. Effective medium theories 

A. Bruggeman-Hanai-Sen model (Sen et al., 1981) 

5. Semiempirical models 

A. Wang and Schmugge (1980) 

B. Dobsonetal. (1985) 
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(1967), Dukhin (1971), Tinga et al. (1973), Landauer (1978), Nielsen (1978) and Benyman 

(1995). 

3.3.1 Empir ica l models 

Perhaps the simplest approach to modeling dielectric properties is to select functional 

relationships between the dielectric constant K and other measurable material properties. Two 

such empirical relationships are presently in common usage. The first is the third-order 

polynomial relationship between K and volumetric water content 6 V found by Topp et al. 

(1980), 

K = 3.03 + 9.30 ( e v ) + 146.00 ( e v ) 2 - 7 6 . 7 0 ( e v ) 3 . (3.1) 

This equation was determined from regression analysis on data from four mineral soils ranging 

in clay content from 9 to 66 percent by weight. In addition, the curve was constrained to pass 

through (81.5, 1) the data point assumed for pure water at 20° C. The authors provide an error 

estimate by stating that 93 percent of the measured data falls within the band formed by shifting 

the above curve by ± 0.025 in 9 V . 

Equation (3.1) can also be inverted to yield an expression for 0 V in terms of K: 

9V = - 5.3xl0- 2 + 2.92X10-2 (K) - 5.5X10"4 (K) 2 + 4.3xl0" 6 (K) 3 . (3.2) 

Equation (3.2) is commonly used by practitioners of time domain reflectometry to yield 

estimates of soil water content (e.g., Dasberg and Dalton, 1985). The main advantage of this 

equation is that it does not require determination of any soil parameters except the dielectric 

constant. Disadvantages include (1) the fact that there is no physical justification for the 

equation and (2) that its validity has not been demonstrated for the whole range of possible 

water contents, clay contents and porosities (Roth et al., 1990). 
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The second commonly used empirical relationship is the logarithmic rule: 

K = ( K M ) P * (3.3) 

proposed by Olhoeft and Strangway (1975) to describe the relationship between K and dry bulk 

density Pb of dry geologic materials. In this equation, K M is the zero-porosity dielectric 

constant of the rock, determined from regression to be approximately 1.92 for most rocks. 

This equation is sometimes used to extract bulk density and porosity information from radar 

measurements. As stated by Olhoeft (1986), the formula only works for dry rocks and can 

give very misleading results for wet rocks. 

3.3.2 Phenomenological models 

Another approach to modeling dielectric properties is to relate frequency dependent 

behavior to a distribution of characteristic relaxation times. This is a phenomenological 

approach in which the data are modeled without regard to component properties or geometrical 

relationships. Commonly used models include the Debye and Cole-Cole models discussed in 

Chapter 2. Papers in the soil literature that take this approach include those by Hoekstra and 

Delaney (1974) and Wang (1980). Wang's model is particularly interesting, and so will be 

discussed in this section, because it makes a connection between a material's specific surface 

area and its dielectric properties. 

Wang (1980) used the Debye model (equation 2.15) to predict the dielectric behavior of 

soil-water systems over the frequency range 300 M H z to 1.4 GHz. Given appropriate 

estimates of the static-frequency and infinite-frequency dielectric constants, K S and K,,,,, Wang 

found that he could model the experimental data by adjusting just two parameters, (1) the width 

of the activation energy of the soil solution, and (2) the mean relaxation frequency of the soil-

water mixture. Both of these parameters are functions of the relaxation time (i.e., the activation 
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energy is proportional to the logarithm of the relaxation time, and the relaxation frequency is 

the relaxation time divided by 2it) and are defined for each measurement (i.e., different 

frequency, soil type or water content). In comparing the wet sand results with the wet clay 

results, Wang found that both the effective net activation energy and the mean relaxation 

frequency increase with soil water content and that these values are soil specific such that the 

range of mean relaxation frequencies required to fit the data is lower for clayey soils (1.8 - 9.6 

GHz) than for sandy soils (5.5 - 23.7 GHz). Additionally, Wang found that the activation 

energy is relatively constant for sands as a function of water content, whereas it increases 

markedly for clays. 

Although his model is phenomenological, Wang attempted to provide physical 

justification for his choice of different mean relaxation frequencies and activation energies for 

different soils. This justification is based largely on the work of Hasted (1973) who showed 

that the activation energy of water molecules around soil particles is highest for the first layer 

and decreases monotonically for subsequent layers. The result is that the relaxation frequency 

is lowest for the first layer and increases with each successive layer of water molecules. Since 

sandy soils have a small specific surface area, not much water is needed to reach the state 

where the activation energy is equal to that for bulk water. As a result, sands tend to have high 

mean relaxation frequencies. On the other hand, clay-rich soils have high specific surface 

areas, and a high proportion of their water is held in the bound state. This leads to a low mean 

relaxation frequency and high activation energy. In this way, Wang is able to explain the 

apparent dependence of a material's dielectric response on its specific surface area. 

Although this approach has been found to adequately describe the experimental data over 

the frequency range 300 M H z to 1.4 GHz, its usefulness is limited by its dependence upon 

adjustable frequency-specific parameters. In addition, there is no explicit incorporation of 
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geometrical factors which have been shown to have an effect on the dielectric constant of 

composite mixtures (Kenyon, 1984). 

3.3.3 Volumetric mixing formulas 

A third approach to modeling dielectric properties is to relate the bulk dielectric constant 

of a multiphase mixture to the dielectric constants and volume fractions of its constituents, 

based on assumptions about the apparent geometrical arrangement of the constituents. In its 

most general form, this is known as the Lichtenecker-Rother (1937) equation, 

N 

K 0 = S v i K f (3-4) 
i=l 

where Vj and Kj are the volume fractions and dielectric constants of the i t n component, 

respectively, and a is a 'geometrical' factor that relates the direction of effective layering of the 

components to the direction of the applied electric field. The parameter a may range from -1 

(harmonic average or series arrangement of dielectric components) to +1 (arithmetic average or 

parallel arrangement of dielectric components); these values represent the extreme cases for a 

dielectric composed of more than one material. 

For a two-phase mixture, the harmonic average formula (a = -1) is: 

l = + Y2 . ( 3 . 5 ) 

K Ki K 2 

A plot of K versus component volume fraction has a very low slope until near saturation of the 

high dielectric constant component. Generally, this equation does not fit experimental data well 

so it is rarely used except to show the limiting case (e.g., Roth et al., 1990). 

The arithmetic average formula (a = +1) for a two-phase mixture is 

K = V i K i + V 2 K 2 (3.6) 
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This is the mixing formula used by Brown (1956) and Lange (1983). Although it is clearly 

inappropriate to apply this two-phase model to three-phase soil-water-air mixtures, equation 

(3.6) is one of the mixing laws that was used in the comparative study by Wang and Schmugge 

(1980). 

Figure 3.4 shows three of the models considered by Wang and Schmugge (1980) and 

discussed in this chapter. The arithmetic model (equation 3.6) has a steep slope over the entire 

water content range; note that the air and grains are considered to be one component, and water 

the other component, in this 'two-phase' model. The slope of the curve, with, some constant 

offset, matches the overall trend of the high water content data, but fails to reproduce the 

curvature associated with the low water content data. 

Setting a = 0.5 in equation (3.4) results in the basic equation of both the Complex 

Refractive Index (CRIM) and Time Propagation (TP) models, i.e., 

N 

Vic =X V i / i q . (3.7) 
i=l 

Equation (3.7) is called CRIM if the dielectric parameters are complex quantities (e.g., e*), and 

TP if the parameters are real (e.g., K or ee/). The TP equation can be derived from traveltime 

calculations for electromagnetic waves through an isotropic material, since the square root of 

the dielectric constant is proportional to propagation time (e.g., equation 2.48 in the previous 

chapter). In this sense, the TP equation is analogous to Wyllie's time average equation for 

acoustics (Wyllie et al., 1956). 

In the soil literature, the two-phase version of equation (3.7) was used by Birchak et al. 

(1974) and the three-phase version was used by Alharthi and Lange (1987). As shown in 

Figure 3.4, the CRIM/TP model is the two-phase model that falls closest to the majority of 

Lundien (1971) and Newton's (1977) experimental data. 



Chapter 3 -- Experimental data base and dielectric mixing formulas 56 

Figure 3.4. Comparison of three dielectric mixing models with the experimental data from 
Figure 3.3. The Arithmetic, CRIM/TP and BHS models are given by equations (3.6), (3.7) 
and (3.8), respectively, in the text. These models were also analyzed by Wang and Schmugge 
(1980). 
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A l l of the models described in this section depend upon the properties of the components 

and their volume fractions. In addition, an assumption must be made about the value of the 

factor a . A n obvious limitation of these models is that they do not explicidy take into account 

the microgeometry of the components or the electrochemical interactions that may occur 

between components. 

3.3.4 Effective medium theories 

Various effective medium theories have also been applied to modeling the dielectric 

properties of geologic materials. These theories are potentially very useful because they can 

incorporate certain geometrical factors into their formalism. The basic idea is to compute a 

material property by successive substitutions. The process begins by assuming a 

homogeneous background material (component 1). A small amount of this material is then 

replaced by another material (component 2) and an analytical expression (e.g., Wagner's 

(1914) equation) used to compute the effective properties of the mixture. The solution is then 

used as the background for the next substitution step. The process continues until the desired 

volume fraction of each component is reached. 

When implementing these theories, choices must be made about the number of 

components, the initial background material, the order of embedding, the shape and form of the 

inclusions, and the analytical expression used to compute the effective properties. These 

variables determine the form of the final mixing equation. Landauer (1978), Tinga et al. 

(1973) and van Beek (1967) discuss details of these theories. 

The most common form of effective medium theory used to model dielectric properties of 

geologic materials is the Bruggeman-Hanai-Sen (BHS) equation (Bruggeman, 1935; Hanai, 

1961; Sen et al., 1981), i.e., 
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Ki - K \ I K2 | 

K i - K 2 ' v K / 

d 
1 - V i = (3.8) 

Typically when this equation is used, V i is the grain volume fraction, Ki is the grain dielectric 

constant, K 2 is the pore fluid dielectric constant, and K is the bulk dielectric constant to be 

determined. The exponent d is the depolarization factor which can vary from 0 to 1 depending 

upon the geometrical distribution of the matrix material and the saturating fluid in the pore 

system. When d=l/3 the inclusion geometry is spherical. This formula has been shown (Sen 

et al., 1981) to yield accurate approximations to the dielectric constant of water-saturated 

materials with non-interacting components. While it is possible to run this model multiple 

times to simulate a multiphase saturated system, this approach is cumbersome and is rarely 

used in practice. 

3.3.5 Semiempirical models 

None of the models shown in Figure 3.4 can fit each of the lithologies (Yuma sand, 

Vernon loam and Miller clay) equally well over the entire water content range. This could be 

due to the fact that the models in Figure 3.4 are only two-component models, whereas the soil-

water-air system is comprised of three components, or it could be because the models do not 

explictly account for the electrochemical interactions that occur when water is present in the 

system. Two semiempirical models have been proposed by Wang and Schmugge (1980) and 

Dobson et al. (1985) to address these issues. These models are categorized as 'semiempirical' 

rather than 'empirical' to emphasize the volumetric and geometrical foundations of the models; 

nevertheless, the models are still dependent upon adjustable soil parameters. 

In Wang and Schmugge's (1980) model, the dielectric constant is estimated using a 

volumetric mixing formula that considers the contributions of the soil, air and water. Water in 

the soil is considered to be made up of two parts divided at a transition moisture content (0 t). 
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Based on the shape of the experimental data (Figure 3.4), Wang and Schmugge hypothesized 

that at gravimetric moisture contents 0m below 9t, the water is tightly bound to the soil surface 

and hence has a K value smaller than the K value for free water (but greater than the K value for 

ice). The parameter 0t, and the dielectric properties of the bound water, are related to soil 

texture through a second parameter WP, the estimated wilting point of the soil, which is 

expressed in terms of measured sand and clay weight fractions. The following expressions are 

given for the dielectric constant K of a soil-water-air mixture over these two moisture regions: 

(i) e m < e t : K = e M K B W + (<i>-e M )K A + (1 -<t>)icg (3 .9 ) 

8 
With K b w = Ki + ( K w - K i ) - ^ - (3 1 0 ) 

e t 

(H) e m > e t : K = e t K b w + ( e m - e t ) K w + ( ( ) ) - e m ) K a + ( I - < t > ) K g o . i i ) 

With K b w = Kj + ( K w - K i ) (3 .12) Here (]> is the porosity of the dry soil. K a , K W , K g and Kj are the dielectric constants of air, 

water, grain and ice, respectively. K b w is the inferred dielectric constant of the bound water 

fraction. Y is a parameter whose value is chosen to fit equations (3.10) and (3.12) to the 

experimental data. Applying linear regression analysis, Wang and Schmugge (1980) show 

how Y and 9t are related to soil texture via the estimated wilting point (WP) of each soil, 

Y = -0.57 WP + 0.481 (3.13) 

6t = 0.49 WP + 0.165 (3.14) 

WP is estimated by: 
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WP = 0.06774 - 0.00064 (Ws) + 0.00478 (Wci) (3.15) 

where Ws and Wci are the percent dry weight sand and percent dry weight clay of the soil, 

respectively. 

Figure 3.5 shows a comparison between the calculated dielectric constants from Wang 

and Schmugge's (1980) model and the measured values at 1.4 GHz for the three soils. As can 

be seen, their model matches the data better than the previously considered mixing formulas. 

In particular, the model is able to account for the different trends presented by the various soil 

textures. The model shows that the bound water is positively correlated with clay content. 

Wang and Schmugge attribute the success of their model to the fact that it takes into account the 

anomalous properties of the initially adsorbed water molecules. A good feature of this model is 

that the required input parameters are readily available in most cases. The principle drawback 

is that the model is still basically empirical, relying as it does on two adjustable soil-specific 

parameters. 

Dobson et al. (1985) also developed a semiempirical model that provides a good match to 

laboratory data and utilizes readily available input parameters. They began by writing the 

Lichtenecker-Rother equation for four phases: 

where the subscripts g, a, w and bw refer to grains, air, free water and bound water, 

respectively. They then made a series of approximations to estimate Vw and Vbw, and KW and 

Kbw; as part of these approximations, they introduced an empirical parameter which they later 

relate to the weight percentages of sand and clay in the soil. They determined the value of the 

geometric factor a by regression from data for different frequencies (1.4 - 18 GHz) and soil 

types (ranging from sandy loam to silty clay); the a value that produced the best fit to their 

experimental data is a = 0.65. Using this model, Dobson et al. (1985) were able to obtain 

K a = V„K«+ V a K ° (3.16) 
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Figure 3.5. Comparison of Wang and Schmugge's (1980) dielectric model with the 
experimental data from Figure 3.3. The model is given by equations (3.9) - (3.15) in the text. 
Yuma sand is comprised of 100 percent sand and has a wilting point of 0.004 cm 3 /cm 3 ; its 
model parameters are 6t=0.17, 7=0.5 and cc=0.0. Vernon loam is comprised of 72 percent 
sand/silt and 28 percent clay, and has a wilting point of 0.192 cm 3 /cm 3 ; its model parameters 
are 8t=0.28, Y=0.45 and a=0.26. Miller clay is comprised of 38 percent sand/silt and 62 
percent clay, and has a wilting point of 0.361 cm 3 /cm 3 ; its model parameters are Gt=0.33, 
y=0.3 and a=0.20. 
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good agreement with their measured data at frequencies greater than 4 GHz, however at 

frequencies less than 4 GHz, the model's performance deteriorated, presumably because of the 

effects of the bound water. 

3.4 S U M M A R Y 

A n overview has been presented of some of the mixing formulas commonly used to 

model the dielectric properties of multiphase-saturated geologic materials. Five types of 

models were considered: empirical models, phenomenological models, volumetric mixing 

formulas, effective medium theories and semiempirical models. The review highlights basic 

differences in the approach and assumptions of the different models. 

The experimental data show that the dielectric properties of a soil-water mixture depend 

on both the texture of the soil and its water content. In addition, it appears that the water 

molecules initially adsorbed to grain surfaces behave differently from the water molecules in 

the center of pores. Since the amount of bound water depends upon the surface area of the 

pore space, the amount of clay in a mixture is important. The two semiempirical models that 

explicitly consider the bound water phase do a much better job of fitting the experimental data 

than do the models that neglect this phase. However, these models are only applicable over a 

limited frequency range (GHz frequencies). Further work is necessary to develop models that 

can explain the dielectric properties of geologic materials over the entire kHz-MHz frequency 

range covered by V E T E M and radar. There is also a clear need for additional laboratory 

experiments to resolve inconsistencies in the existing experimental data base. Systematic 

studies of the influence of porosity, clay content, clay mineralogy and water saturation on the 

dielectric properties of geologic materials would be very useful. These topics are taken up in 

the next three chapters. 
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Chapter 4 

Effects of compaction and clay content on the 

dielectric properties of dry sand-clay mixtures 

4.1 I N T R O D U C T I O N 

A window exists in the electromagnetic (EM) spectrum between roughly 100 kHz and 10 

GHz where E M energy may propagate with relatively little attenuation through earth materials. 

A number of geophysical techniques have been developed to operate within this frequency 

range and exploit the propagation characteristics of E M waves. These techniques include 

ground penetrating radar (GPR), borehole radar, time domain reflectometry, dielectric well 

logging and very early time electromagnetics (VETEM). 

The basic material properties that affect E M wave propagation are magnetic permeability 

p., dielectric permittivity e, and electrical conductivity o\ The magnetic permeability of most 

geologic materials is so close to the magnetic permeability of free space (|io = 1.257 x 10 - 6 

H/m) that it may be considered constant for most practical purposes. Dielectric permittivity and 

electrical conductivity, in contrast, vary greatly for different materials at a given frequency and 

for a given material across the E M spectrum. For a given frequency, E and o" determine both 

the phase velocity and the intrinsic attenuation of E M waves in a material. In addition, e and a 

determine the electrical impedance of a material, affecting how E M energy is partitioned at 

interfaces. 

By inverting E M wave velocity, attenuation, and reflectivity information obtained from 

geophysical experiments, it is possible to estimate e and a of subsurface materials. Duke 

(1990) and Sena and Toksov (1991) demonstrate how maps of e and c may be reconstructed 

from GPR and crosshole radar data, respectively. These dielectric property maps may then be 

transformed to hydrogeologic property maps given appropriate relationships between dielectric 
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and hydrogeologic properties. A n important question then is how are dielectric and 

hydrogeologic properties related? 

A number of experimental investigations have been conducted to address this question 

(e.g., see Table 3.1 in the previous chapter). The most important parameters affecting the 

dielectric response of geologic materials are generally thought to be porosity (0), clay content, 

water saturation (Sw) and measurement frequency, though there is little agreement as to the 

specific form of dielectric property-hydrogeologic property relationships due to scatter in the 

experimental data and apparent inconsistencies between studies regarding the relative 

importance of these parameters. These inconsistencies are difficult to reconcile due to 

experimental differences in sample composition, sample preparation and measurement 

procedures, as discussed in Chapter 3. 

In order to develop a better understanding of dielectric property-hydrogeologic property 

relationships, there is a clear need for experimental investigations in which dielectric and 

hydrogeologic parameters are varied systematically. As demonstrated in the next three 

chapters, sand-clay mixtures can be used for this purpose. In this chapter, I investigate the 

dielectric properties of room-dry sand-clay mixtures as a function of porosity and clay content. 

In the next chapter, I study the dielectric response when water is added to the mixtures. 

Finally, in Chapter 6, I pull various results together to consider the relationship between 

dielectric constant and permeability. 

The sand-clay mixtures studied in this chapter are representative of sediments from the 

unsaturated zone, while those in the next chapter are representative of sediments from the 

saturated zone. A novel "physical modeling" method is used to systematically control the 

porosity, clay content and effective degree of compaction of the mixtures (Yin, 1993). The 

method is based on a microgeometrical model for sand-clay mixtures proposed by Marion et al. 
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(1992); this method is described in the next section. Using this method, three suites of 

mixtures (28 samples) were generated for study in this chapter: 

(1) a suite of pure silica sand mixtures with different porosities; 

(2) a suite of pure montmorillonite clay mixtures with different porosities; 

and 

(3) a suite of silica sand-montmorillonite clay mixtures with different 

porosities and clay contents but the same degree of compaction. 

For each sample, measurements were made of the effective dielectric constant K and 

electrical conductivity Gef of the material over the frequency range 100 kHz to 10 M H z . The 

electrical measurement system constructed for this study is described in the next section. The 

experimental results are presented in two ways: (1) plots of electrical parameters versus 

frequency, and (2) plots of electrical parameters versus porosity and clay content. The first set 

of plots is useful for investigating the linkage between conduction and polarization phenomena 

that affect measured effective electrical parameters. The second set of plots is useful for 

characterizing the relationships between electrical and hydrogeologic parameters that may exist 

in different geological settings. 

The different suites of mixtures show how electrical properties vary when porosity is 

reduced by two mechanisms: compaction and pore-filling (i.e., changing lithology). As will be 

shown, the form of the K-0 relationship is determined by the mechanism responsible for the 

porosity variation, so that there is not in general a one-to-one relationship between K and <p. 

This has important consequences for the inversion and hydrostratigraphic interpretation of 

GPR, V E T E M and other high-frequency electromagnetic data. 

Because the volume fraction of each component is known for each mixture, the data set 

presented in this chapter may also be used to test the applicability of different dielectric mixing 

formulas. As a first test, I attempt to model the experimental data using the Time Propagation 
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(TP) equation, one of the volumetric mixing formulas described in the previous chapter 

(Section 3.3.3). Results show that this model is capable of accurately predicting dielectric 

property-hydrogeologic property relationships throughout the frequency range of 100 kHz to 

10 M H z , provided that component dielectric properties are appropriately defined as effective 

parameters. This provides insight into the relative importance of volumetric, geometric and 

surface effects for different materials, as well as an explanation for some of the scatter reported 

in previous investigations. 

4.2 E X P E R I M E N T A L M E T H O D 

The objective of this study is to characterize the relationships between electrical properties 

and hydrogeological properties of sand-clay mixtures over the frequency range 100 kHz to 10 

M H z . Following are descriptions of the sample holder, the sand and clay components, the 

mixing procedure, and the hydrogeological and electrical property measurement systems used 

in this research. 

4.2.1 Sample holder 

A cylindrical sample holder was constructed to hold the unlithified materials for both 

hydrogeologic and electrical property measurements; this eliminates problems associated with 

changing the packing of particles between the different measurements. A schematic of the 

sample holder is shown in Figure 4.1. The central cylinder that holds the sample is made of 

acrylic and has an internal diameter of 4.205 cm. The electrodes are gold-coated copper plugs 

that fit into tapers which were machined into the ends of the cylinder, in this way the electrodes 

are held parallel with a known separation of 0.432 cm. The distance between the electrodes 

was kept small relative to electrode area to limit the effects of fringing and stray capacitance on 

the electrical measurements. The gold coat on the copper protects against oxidation and other 
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5.009 cm 

1.848 cm Sample 

4.205 cm 

| 0.432 cm 

^ \ Acrylic 
Cylinder 

Figure 4.1. Cross-sectional view of cylindrical sample holder. 
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electrochemical reactions; sputtering was used to ensure smooth and even coating of the gold 

on the electrode surfaces. The total internal volume Vt of the sample holder is 5.999 cm3. 

4.2.2 Component properties 

The mixtures that were prepared in this study consisted of various proportions of two 

solid components: a clean silica sand and a standard montmorillonite clay. The sand is from 

Lane Mountain, Washington, and the clay (SWy-1) is from the Clay Mineral Society at the 

University of Missouri. These materials were selected for their high degree of purity and ready 

commercial availability. 

Table 4.1 lists relevant physical properties of the two solid components. The mineralogy 

of the two components (quartz and Na-montmorillonite) was determined from chemical 

analyses provided by the manufacturers. Prior to use, the sand was sieved to reduce grain size 

variation, washed in dilute hydrochloric acid to remove minor iron staining, passed through a 

magnetic separator to remove grains containing magnetic components, and rinsed repeatedly in 

distilled water to remove any salts that may have been present in the source supply. Grain 

densities and bulk sample porosities were determined using a Helium pycnometer. The grain 

density listed in Table 4.1 for montmorillonite (pc/ = 2.383 g/cm3) is somewhat lower than 

published values for montmorillonite (e.g., pc/ = 2.608 g/cm3, Olhoeft, 1979a) because the 

montmorillonite used in this study contains a significant amount of adsorbed surface water at 

room dry conditions. An indication of the amount of adsorbed surface water is given by the 

ratio of the mass of water expelled by thermo-vacuum drying and the total mass of the room-

dry montmorillonite; this ratio is approximately 0.10 g/g. Repeated pycnometry tests on 

different samples showed that the reported grain densities for both sand and clay components 

are reproducible to within 0.9 per cent. The grain diameter of the sand was determined from 

sieve analysis (number 20-25 mesh), and the particle diameter of the clay was taken from the 
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Table 4.1. Component properties. 

Grain Grain Specific Cation 
Material Mineralogy Density Diameter Surface Exchange 

[g/cm3] [cm] [cm2/g] [meq/lOOg] 

Sand Quartz 2.645 7xl0-2 - 8x10-2 3.9x102 not measured 

Clay Na-montmorillonite 2.383 < 1x10-5 6.5x105 76.4 
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literature (Hillel, 1980, p. 76). The shape of the sand grains is characterized as sub-angular 

based on optical and scanning electron microscopy. The montmorillonite particles are disk-

shaped and form microporous honeycomb structures that coat whatever they contact (Lockhart, 

1980a). The surface area of the sand was determined from nitrogen adsorption isotherms 

using the BET equation (Brunauer et al., 1938), and the surface area of the clay was 

determined using the EGME adsorption technique (Carter et al., 1965). The cation exchange 

capacity of the clay was taken from the literature (van Olphen and Fripiat, 1979). Prior to use, 

both the sand and the clay were dried in an oven for 24 hours at 105 degrees Celsius and then 

allowed to equilibrate with room humidity conditions. 

4.2.3 Sample preparation and mixing procedure 

Prior to mixing, calculations were made to determine the mass sand Ms and mass clay 

Mci needed to produce mixtures with specific porosities and clay contents. In this way, the 

effects of compaction and lithologic variation on dielectric properties could be investigated 

systematically. Three suites of mixtures were generated: (1) a suite of pure sand mixtures with 

different porosities, (2) a suite of pure clay mixtures with different porosities, and (3) a suite of 

sand-clay mixtures with different porosities and clay contents but the same degree of 

compaction. These suites of mixtures are shown schematically in Figure 4.2. The pure sand 

and pure clay mixtures are represented by the boxes in the left and right columns, respectively, 

while the sand-clay mixtures are represented by the boxes along the top of the figure. 

The pure sand and pure clay samples were produced by putting material directly into the 

sample holder with its top electrode removed. Grain densities pg were used to compute the 

mass M needed to obtain samples with specific porosity values according to the relation, 

M = (\-<t>)pgVt . (4.1) 
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Figure 4.2. Conceptual diagram of the packing geometries for pure sand, pure clay, and sand-
clay mixtures in terms of the experimental parameters: porosity (or the degree of compaction) 
and clay content. Clp is clay content and <ps is the porosity of pure sand as defined in the text. 
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The top electrode was then replaced so that the electrical measurements could be performed. 

After the electrical measurements, the actual porosity of the samples was determined by placing 

the holder with undisturbed sample in the pycnometer. Using this procedure, I was able to 

create mixtures with measured porosities within 0.5 percent of the porosity predicted by 

equation (4.1); this confirms the uniformity of the sand and clay grain densities. At the end of 

the experiment, each sample was transferred to a beaker and dried in a vacuum oven for 24 

hours at 105 degrees Celsius. The water saturation at the time of electrical measurement was 

then determined by weighing the dried sample. 

A similar procedure was followed to produce the sand-clay mixtures. In this case, 

however, the mixtures were blended in a beaker, stirred until the sand and clay appeared 

uniformly distributed, and then transferred to the sample holder. A simple microgeometrical 

model for sand-clay mixtures proposed by Marion et al. (1992) was used as the basis for 

deriving mass equations analogous to equation (4.1) for both the sand and the clay in the sand-

clay mixtures. Use of this model provided a means of obtaining sand-clay mixtures that filled, 

but were not compacted in, the sample holder. In this way I was able to eliminate compaction 

as a variable in these experiments. 

The boxes along the top of Figure 4.2 show the microgeornetry of sand and clay that is 

assumed in the mixtures. At low clay contents, it is assumed that clay particles fit within the 

pore space of the sand pack. This sort of geometry is naturally favored when the volume 

fraction of porous clay Clp is less than the inherent porosity of the sand pack <ps. Clp is 

defined as the ratio of the volume of room-dry clay packets (i.e., clay particles with associated 

bound water and intraparticle porosity (pci) to the volume of sand plus clay packets. As clay 

fills the pore space of the sand pack, total porosity decreases according to the relation: 

<P = <Ps - Clp (1 - <(>ci) for Clp < <ps . (4.2) 
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At high clay contents, where Clp is greater than <ps, a different geometrical arrangement 

of sand and clay particles is assumed. Here, the clay is the framework or matrix material and 

the sand grains are disconnected. As Clp increases, total porosity also increases, this time 

according to the relation: 

4> = Clpipcl forClpXps , (4.3) 

because microporous packets of clay are effectively replacing zero-porosity sand grains. Clay 

weight fraction Wci and clay volume fraction Vci (without microporosity) can also be defined 

in terms of the mass and grain density of sand and clay, and the microgeometrical model 

parameters: Clp, <ps and <pc[. The clay weight fraction is given by the expressions: 

W d = Clp(l-<ki)pci for ^ ^ ( 4 4 ) 

cip\i-<ki)pci + (J-fcK 

and Wcl = Clp(l-<ki)pci for c l p > ^ ^ ( 4 5 ) 

Clp\l-<ki)pci + [1-Clp)ps 

and clay volume fraction is given by the expression: 

Met 

Ps Pel 

where the mass sand Ms and mass clay M c / are: 

Ms = (l-<Ps)PsVt and Mci = Clp(l-<pci)pciVt ioxClp<(ps (4.7) 

Ms = (1 - Clp)psVt and Md = Clp(l - <pci)pclVt for Clp > <j>s. (4.8) 
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4.2.4 Electrical measurements 

The effective electrical conductivity c<»f and dielectric permittivity e e/of each sample was 

determined by measuring the equivalent parallel conductance Gp and capacitance Cp of the 

sample in the test apparatus and applying the following inversion formulas: 

°ef=%f (4.9) 

and eef = ^ p - (4.10) 

where A is the area and d the separation of the two electrode surfaces. The dielectric constant K 

was calculated from K = Eefl En. The measurements were made with a Hewlett Packard 4192a 

low frequency impedance analyzer at 31 frequencies spaced logarithmically between 10 Hz and 

10 M H z . Cp and Gp are related to electrical impedance Z through: 

where co is angular frequency (co=27t/). The peak-to-peak oscillation level of the input signal 

was set at 1 volt. Additional information about determining and £ef values from complex 

impedance measurements is contained in Section 2.8 of this thesis. 

The sample holder containing the sand-clay mixtures was connected to the impedance 

analyzer using a four-terminal pair configuration, as shown in Figure 4.3. A n aluminum box, 

grounded through the impedance analyzer, was used to shield the sample from external 

electrical fields. An open/short compensation and a sample holder compensation (based on air 

as a standard) were performed to reduce the effect of impedance contributions due to the 

sample holder, test cables and measurement circuit. Appendix A contains details about these 

compensations. 
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Hewlett Packard 4192A 

a l u m i n u m b o x 

S i g n a l g e n e r a t o r , 
v e c t o r v o l t m e t e r 

a n d 
v e c t o r a m m e t e r 

w i t h i n i m p e d a n c e 
a n a l y z e r . 

t I 

t I 

s a m p l e h o l d e r 

Figure 4.3. (a) Schematic diagram and (b) circuit diagram of the electrical measurement 
system. 
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To test the accuracy of the electrical measurement system over the range of K values 

expected, measurements were made of the electrical properties of several standards. Details 

about these measurements are contained in Appendix B. The tests show that the measurement 

system is capable of measuring dielectric constant values to within 2 percent of accepted 

values. 

A potential problem in two-electrode impedance measurements is electrode polarization at 

low frequencies. If not detected, this polarization can lead to interpretation problems. Knight 

(1983) shows how the effects of electrode polarization can be recognized in complex plane 

plots of electrical impedance. I used complex plane analysis to ensure that the values reported 

for K and aef of sand-clay mixtures are not corrupted by electrode polarization effects. A n 

example of a complex plane plot is shown in Figure 4.4 for the sand-clay mixture with Wci = 

0.152. The figure shows the imaginary part of Z plotted against the real part of Z . Two 

features are evident in the plot: an inclined line and a depressed semicircle. The frequency of 

the measurements increases down the line and counterclockwise across the semicircle. The 

cusp separating these two regions is labelled/o and corresponds to the impedance measurement 

made for this sample at 159 Hz; the peak of the semicircle corresponds to the measurement 

made at 25.1 kHz. Knight (1983) identified the low frequency linear portion of such complex 

plane plots as the response of the sample-electrode interface, while the higher frequency 

semicircular portion corresponds to the bulk sample response. This implies that for the sand-

clay mixture shown in Figure 4.4, only the data above 159 Hz can be reliably interpreted as 

being representative of the sample's true electrical properties. 

Comparison of complex plane plots for all the sand-clay mixtures shows that values of fo 

increase with increasing clay content. For samples with Wci < 0.107, only the leftmost portion 

of the semicircle is observed which indicates that/o is less than 10 Hz. For high clay content 

samples, cusps are observed in all the complex impedance plots. As Wc[ increases from 0.107 
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Sand-Montmorillonite Mixture 
(Wcl=0.152; Porosity=0.282; Dry) 
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Figure 4.4. Complex impedance plot for the dry sand-montmorillonite mixture with clay 
weight fraction Wci = 0.152 and porosity <p = 0.282. 
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to 1.000, the length of the inclined line increases and the whole plot shifts to lower impedance 

values. The maximum value of/o that was observed is 251 Hz; this value is characteristic of 

all mixtures with Wci > 0.193. By analyzing the data in this way, it is possible to distinguish 

between electrode effects and the bulk response of the samples. Since our interest is in the 

bulk sample response, most of the results in this thesis are confined to the frequency range 100 

kHz to 10 MHz, well above the range of indicated electrode effects. 

4.3 EXPERIMENTAL RESULTS 

To aid interpretation, the measurements of the electrical and hydrogeological properties of 

the pure sand, pure clay and sand-clay mixtures will be presented in two ways. First, I show 

dielectric constant and conductivity values plotted against porosity and/or clay content for each 

of the three suites of mixtures. In these plots, three frequencies are shown: 100 kHz (square 

symbols), 1 MHz (circles) and 10 MHz (triangles). In some cases, there is significant 

dispersion (i.e., frequency dependence) in the dielectric response. To better illustrate this 

dispersion and show the linkage between K and aef values, I also show K and aef plotted 

against frequency. In this second set of plots, measurements are shown for all eleven 

frequencies investigated between 100 kHz and 10 MHz, but for a limited number of samples. 

Together, these two ways of presenting the data are useful for exploring the interrelationships 

between electrical and hydrogeologic parameters. 

Overall, the results are organized under the headings "Effects of compaction" and 

"Effects of changing lithology" to indicate which geologic process, compaction or changing 

lithology, is being simulated by the suite of mixtures. 
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4.3.1 Effects of compaction 

In this section, I present the data for the pure silica sand mixtures and the pure 

montmorillonite clay mixtures. The geologic process that is simulated in the two suites of 

mixtures is compaction. The hydrogeologic parameter of interest is porosity, since lithology 

remains constant within the two suites of mixtures. 

Figure 4.5 shows the relationship between K and porosity, and oef and porosity, for five 

dry sand mixtures ranging in porosity from 0.357 to 0.477. The K and oe/data are presented 

for three frequencies: 100 kHz, 1 MHz and 10 MHz. For a given frequency, K shows a minor 

but steady increase with decreasing porosity; the slope is approximately 0.05 K units per 

porosity unit. There is little scatter about the K-<p curve, suggesting strong correlation between 

K and porosity. If the data are extrapolated to zero porosity, matrix parameters close to 4 are 

obtained; this is in general agreement with published values for quartz at 1 MHz (e.g., Kquam = 

4.10-4.34, Handbook of Physics and Chemistry (1986); Kquartz = 4.5, Olhoeft, 1979a). There 

is also very little observed frequency dependence in the dielectric response of the sand. As 

shown in Figure 4.6a, where now the data are plotted as a function of frequency, K values vary 

only 0.2 dielectric units over the frequency range 100 kHz to 10 MHz. 

The conductivity response for pure sand is shown in Figures 4.5b and 4.6b. <5ef is 

found to be less than 10"4 S/m for all samples at all frequencies between 100 kHz and 10 MHz. 

Porosity reduction causes an increase in cef. In contrast to the K results, oef of pure sand is 

strongly frequency dependent with increasing with increasing frequency. 

Figure 4.7 shows K versus porosity, and oef versus porosity, for thirteen 

montmorillonite clay samples. The porosity of these samples ranges from 0.243 to 0.800. As 

with the sand samples, K and o>f of the clay increase with decreasing porosity, but the increase 

is much more dramatic in the clay data set. At 1 MHz, K increases from 4 to 95 as porosity is 
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Figure 4.5. (a) Dielectric constant versus porosity, and (b) conductivity versus porosity, for 
six pure silica sand samples at room-dry conditions. Measurement frequencies are 100 kHz, 1 
M H z and 10 M H z . 
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Figure 4.6. (a) Dielectric constant versus frequency, and (b) conductivity versus frequency, 
for three silica sand samples with different porosities at room-dry conditions. 
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Figure 4.7. (a) Dielectric constant versus porosity, and (b) conductivity versus porosity, for 
13 pure montmorillonite clay samples at room-dry conditions. Measurement frequencies are 
100 kHz, 1 M H z and 10 MHz. 
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reduced from 0.80 to 0.24. At 10 M H z , K increases from 3.4 to 44 over the same porosity 

range. Figure 4.8 shows the frequency response of the samples with porosity values equal to 

0.800, 0.599, 0.394 and 0.243. As is clearly shown in this figure, the enhancement in K with 

compaction is strongly correlated with conductivity; the higher the conductivity, the greater the 

dispersion in K . For instance, the sample with a porosity of 0.800 has relatively low 

conductivity values (e.g., 5xl0" 5 S/m at 1 MHz) and the difference in K values for this sample 

between 100 kHz and 10 M H z is just 2 dielectric units. By comparison, the difference in K 

values for the sample with a porosity of 0.24 and much higher conductivity values (e.g., 5x10" 

3 S/m at 1 MHz) is 159 dielectric units—a much greater range. This behavior is significantly 

different from that of the sand; there are clearly different polarization mechanisms operating in 

the clay samples than in the sand samples. 

Another interesting characteristic of the electrical behavior of montmorillonite that can be 

seen in Figure 4.7 is the break in slope in both the K-0 and Oef-Q relationships near a porosity 

of 0.60. This break in slope is related to the microgeometry of the conductive clay particles. 

As porosity is reduced from 0.80 to 0.60, conductivity increases dramatically because the clay 

particles are effectively forming critical conductive connections between the two electrodes. 

The conductivity response levels out at lower porosities because the conductive network is 

essentially fully established at tp = 0.60. Further evidence that there is a fundamental change in 

the microgeometry of the clay-air system results from the fact that as compaction proceeds the 

mixture with 0=0.60 is the first clay mixture that required pressure to seat the electrodes in the 

a 
sample holder. As will be argued later in this chapter, the break in slope of the dielectric 

response is a direct consequence of the change in the <5ef response that occurs around 0=0.60. 
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4.3.2 Effects of changing lithology 

In this section, I present the data for the silica sand-montmorillonite clay mixtures. The 

geologic process that is simulated in this suite of mixtures is changing lithology (e.g., 

lithofacies variations along the length of a depositional system). Although porosity varies in 

the mixtures along with clay content, the confining pressure and hence the effective degree of 

compaction remain essentially constant. The hydrogeologic parameters of interest are porosity 

and clay content, so each of these parameters will be plotted against the two electrical 

parameters K and cef. 

Eleven sand-clay mixtures were prepared for this part of the study. The microgeometrical 

model performed well as a guide to controlling clay content, porosity and the effective degree 

of compaction of the mixtures. This can be seen in Figure 4.9 where predicted and observed 

porosity values are plotted versus clay weight fraction. The good match between the predicted 

and observed data means that the conceptual microgeometrical model and the relationships 

given in Section 4.2.3 should be directly applicable to the interpretation of the dielectric results. 

Figure 4.10 shows K versus porosity, and Gef versus porosity, for all the sand-

montmorillonite mixtures. These mixtures are assumed to be under zero-confining pressure so 

that each sample is essentially uncompacted in the sample holder. In contrast to the K-0 and 

Gef-<p relationships for pure sand and pure clay, the K-<p and <5ef-<p relationships for sand-clay 

mixtures are not well-defined one-to-one relationships; rather, these relationships are 

multivalued or scattered. For instance, the data in Figure 4.10 show that different sand-clay 

mixtures can have the same porosity but different dielectric constants at a given frequency. 

This is clearly due to the fact that clay content is varying along with porosity in this suite of 

mixtures. 
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Figure 4.9. Predicted and observed relationships between porosity and clay weight fraction for 
11 sand-montmorillonite mixtures at low confining pressures and room-dry conditions. 
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Figure 4.10. (a) Dielectric constant versus porosity, and (b) conductivity versus porosity, for 
11 sand-montmorillonite mixtures at room-dry conditions. Measurement frequencies are 
100 kHz, 1 M H z and 10 M H z . The arrow is meant to direct the eye along the path of 
increasing clay content for the 1 M H z data. 
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Note however that the "scatter" in the K-<p and oe/-<p relationships for these sand-clay 

mixtures is not random or chaotic; rather, it is very regular and predictable. There is a single 

discontinuity in the K-0 and aef-(p curves defined for each frequency that occurs at the point 

corresponding to the minimum porosity in the series. Referring to Figure 4.2, it is apparent 

that this point of minimum porosity is also the point in the sand-clay series where the matrix 

material changes. Moving across this point from low clay content to high clay content, 

samples change from being sand-supported to being clay-supported. 

Figure 4.11 shows the relationships between electrical parameters and clay content. As 

with the porosity plots, three frequencies are shown: 100 kHz, 1 M H z and 10 M H z . For a 

given frequency, K increases continuously as clay weight fraction increases. There are no 

multivalued regions in the K-WCI and <s^-WC\ relationships like there are in the K -0 and cef-<p 

relationships. Note however that there is a change in slope of the conductivity response, and 

an associated enhancement in the K response, in the vicinity of Wc/=0.193 (the sample 

corresponding to the porosity minimum). As observed for the pure montmorillonite samples, 

there is a strong correlation between conductivity and the magnitude of dispersion in K. Highly 

conductive (high clay content) mixtures depend much more strongly on frequency than do less 

conductive (low clay content) mixtures. At Wc/=0.0 (pure sand), the K values at all 

frequencies are about 3, while at WC[=1.0 (pure clay), K ranges from 10 at 10 M H z to 32 at 

100 kHz. This correlation between conductivity and dispersion in K is also clearly indicated in 

Figure 4.12 which shows the detailed frequency response of six of the sand-montmorillonite 

mixtures. 

The data in Figure 4.12 also show a correlation between the magnitude of K and the 

frequency dependence in aef. Samples with low K values show greater conductivity dispersion 

than do samples with high K (and aef) values. This is further evidence of the linkage between 

dielectric and conductivity responses. 
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Figure 4.11. (a) Dielectric constant versus clay weight fraction, and (b) conductivity versus 
clay weight fraction, for 11 sand-montmorillonite mixtures at room-dry conditions. 
Measurement frequencies are 100 kHz, 1 MHz and 10 MHz. 
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Inferring hydrogeologic information from dielectric measurements can be a difficult task 

due to the complexity of most geologic materials. Not only are soils and rocks comprised of 

many different components, but these components may be arranged in complicated geometries 

and interact electrochemically with each other. By experimentally limiting the number and 

microgeometry of components, one can begin to unravel the fundamental relationships between 

dielectric and hydrogeologic parameters. 

The results of this laboratory study show how the dielectric properties of dry sand-clay 

mixtures vary with porosity (Figures 4.5, 4.7 and 4.10) and clay content (Figure 4.11) as 

other parameters are held constant or are systematically varied (Figure 4.9). In addition, the 

data show how K and cref depend upon each other and upon frequency (Figures 4.6, 4.8 and 

4.12). This is most evident when the two parameters, K and o~e/, measured at various 

frequencies, are juxtaposed on the same figure. To successfully model or invert dielectric data, 

the interrelationships of all these parameters must be considered. 

In the following sections, I discuss various aspects of the problem of modeling dielectric 

properties of geologic materials in the kilohertz and low megahertz frequency range. First, I 

consider the cause of the frequency dependence in K since this wil l affect any modeling or 

inversion effort. Then I attempt to model the two-component and three-component 

experimental data using a volumetric mixing formula that accounts for surface and geometric 

effects (Sen, 1981), or the enhancement in K caused by conduction phenomena, through the 

use of appropriately defined "effective" matrix parameters. I conclude by considering some of 

the consequences of this study for inversion and stratigraphic interpretation of GPR and 

V E T E M field data. 
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4.4.1 Frequency dependence of electrical parameters 

As numerous researchers (e.g., Scott et al., 1967; Sen, 1981) have noted, one of the 

most outstanding features of the dielectric response of geologic materials is the extraordinarily 

high values of dielectric constant that are observed at low frequencies; values as high as 10 6 

have been observed in the kilohertz frequency range for conductive geologic materials. In the 

present study, K values greater than 80 were measured for samples containing appreciable 

amounts of clay (e.g., see the data for the low-porosity montmorillonite samples in Figure 

4.8). These values are remarkable because the highest dielectric constant of any isolated 

component in a geologic material is ~80 — the value for water. Somehow, when components 

are combined, the measured dielectric constant of the bulk material can become greater than the 

measured dielectric constant of any of the pure components. 

Numerous explanations have been proposed for this anomalous behavior. Many 

researchers believe that such high dielectric constants are due to interfacial and electrochemical 

polarization mechanisms that can only operate in multicomponent systems (Sen, 1981; Sen et 

al., 1981; Chew and Sen, 1982; Endres and Knight, 1993). While I do not dispute the 

importance of these mechanisms, I believe that there is a simpler phenomenological explanation 

for the high dielectric constants that is supported by the experimental data presented in this 

chapter. 

The explanation is simply that out-of-phase conduction currents are contributing to the 

measured effective dielectric constant. In Section 2.7, the following expressions were 

developed for effective electrical conductivity o~ey and dielectric constant K: 

oey(a)) = o'(u)) + u)£"(co) , (4.12) 

and K(CO) = — — + — — 
eo toeo 

(4.13) 
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It is clear that if o"(co) is larger than toeo, then K(CO) will increase as co decreases (presuming 

that e'(co) does not also decrease to counteract the effect). Since a"(co) is related to CJ'(CO) by 

the Hilbert transform (i.e., equation 2.28), a"(co) will increase directly with a'(co). This 

explains the observed correlation between cef and the magnitude of the dispersion in K for 

sand-clay mixtures. Dispersion in K is high for both the conductive (low porosity) 

montmorillonite samples and the conductive (high clay content) sand-montmorillonite samples, 

while it is low for the resistive sand samples. 

One way to test the hypothesis that K(CO) and oe/(co) are linked by equations (4.12) and 

(4.13) is to assume that o'(co), a"(co), e'(co) and e"(co) are constant. This is a reasonable 

assumption if frequency is confined to a small range. Given this condition, equations (4.12) 

and (4.13) become linear functions of co and co-1, respectively, and can be solved directly 

using standard regression techniques. 

Figures 4.13 and 4.14 show linear least-squares fits to the ee/versus co-1 and oe/versus 

co experimental data for pure sand (0 = 0.397) and pure montmorillonite (0 = 0.605) over the 

frequency range 251 kHz to 4 MHz. The equations of the best-fit lines are shown on the plots. 

The values of the slope and intercept of the two lines represent estimates of a', a", e1 and e". 

As indicated by the computed correlation coefficients which are also listed in the figures, the 

least-squares fits are very good. 

The next step is to investigate the relationships between cr* and a", and e' and e", since 

these relationships will be indicative of the linkage between effective electrical parameters. 

Plots of these relationships for all 28 of the pure sand, pure montmorillonite, and sand-

montmorillonite mixtures are shown in Figure 4.15. As can be seen, o~' and a", and e' and 

e", are strongly correlated. This suggests that, to first order, the frequency dependence of 

electrical parameters can be accurately described by the explicit frequency terms in equations 

(4.12) and (4.13). 
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4.4.2 Modeling with the Time Propagation equation 

To determine the extent to which volumetric factors alone determine the dielectric 

response of pure sand, pure clay and sand-clay mixtures, an attempt was made to model the 

experimental data using a simple volumetric mixing formula. The mixing formula used was the 

Time Propagation (TP) equation which, for dry sand-clay mixtures, can be written: 

= 0Vic7+(l-t*)Ve/ViQ7 +(1-^)(1-V C / )VKT (4.14) 

where 0 is porosity (i.e., the volume fraction of air), Vci is the volume fraction of clay, and KQ, 

Kd and Ky are the dielectric constants of air, clay and sand components, respectively. This is 

the same mixing formula as discussed in Section 3.3.3 of the previous chapter. Note that by 

setting Vci equal to 0 or 1, equation (4.14) can be used to model the two-component pure sand 

or pure clay mixtures as well. Because <p and Vci are volumetric parameters, the agreement 

between the modeled data (assuming constant values for K ^ , KC/ and KS) and the experimental 

data is a measure of the extent to which volumetric factors determine the dielectric response of 

sand-clay mixtures. 

Equation (4.14) was fit to the dielectric data measured at 100 kHz, 1 M H z and 10 M H z 

for the pure sand mixtures, given the measured porosities of the mixtures and the dielectric 

constant of air (i.e., Ka=1.0006). The fits were constrained to pass through the data point for 

air. The result is shown in Figure 4.16. The model fits the experimental data well, suggesting 

that the dielectric response of dry sand is dominated by volumetric factors. The implied 

dielectric constants for silica (Ky = 3.9 - 4.2) determined from projections of the best-fit curves 

to (j) = 1.0 are in the range of generally accepted values for quartz at 1 M H z (Handbook of 

Physics and Chemistry, 1986; Olhoeft, 1979a). 

The dielectric response of the pure montmorillonite mixtures is more complicated than 

that of the pure sand mixtures. Figure 4.17 shows a TP model fit to the dry montmorillonite 
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Figure 4.16. The square root of the dielectric constant versus porosity for five silica sand 
samples at room-dry conditions, (a) 100 kFlz data, (b) 1 M H z data, (c) 10 M H z data. The 
best-fit lines are used to estimate the matrix parameter of silica Ks (i.e., the zero-porosity 
dielectric constant) at each frequency, assuming the TP model. The misfit is the mean of the 
absolute normalized deviations between the predicted and observed dielectric data. 
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data at the three frequencies. The model fits the data relatively well at high frequencies (10 

MHz) but poorly at low frequencies (100 kHz). I suggest that this is because the CJ"(G>) 

component of the clay matrix parameter Kc/ is varying as the mixtures are compacted, yet Kc/ is 

assumed to be constant in the TP modeling. Another explanation is that the magnitude of the 

surface effects change when the clay is compacted. At high clay contents, the clay particles are 

distributed loosely in the sample holder and do not interact strongly with each other. The 

dielectric constant of the mixtures is low (K < 10) because air occupies a large percentage of the 

mixtures. As the amount of clay in the mixtures increases, the dielectric constant increases 

slowly at first, much like the sand, and then much more rapidly once porosity values less than 

0.60 are reached. In contrast, the conductivity of the mixtures (recall Figure 4.7) increases 

dramatically as porosity is reduced from 0.80 to 0.60, and then much more gradually as 

porosity is further reduced below 0.60. The dramatic increase in conductivity with compaction 

is due to the establishment of critical conductive pathways through the samples. These 

pathways are fully established (i.e., percolate) once porosity reaches 0.60, so that further 

compaction has little effect on conductivity. Note that the montmorillonite mixture with (f> = 

0.599 is the first mixture that required pressure to seat the electrodes in the sample holder, 

hence this mixture was chosen as the uncompacted clay end-member in the sand-

montmorillonite suite (i.e., 0C/=O.6O in the microgeometrical model). 

Having modeled the pure sand data and the pure clay data, it is interesting to consider 

whether the dielectric response of the three-component sand-clay-air mixtures can also be 

modeled using the same volumetric mixing formula. In the sand-montmorillonite suite, both 

porosity and clay content are variable. However, the mixtures in this suite were generated in 

such a way as to minimize variation in the degree of compaction. This suggests that the 

compaction-dependent clay matrix value associated with the pure clay end-member (i.e., the 
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clay sample with 0=0.599) may in fact be the appropriate Kd value to use for all the samples in 

the sand-clay suite. This constitutes a testable hypothesis. 

The result of applying the TP model (equation 4.14) in a forward modeling sense to 

predict the dielectric response at 1 M H z of the room-dry, three-component, sand-

montmorillonite mixtures is shown in Figure 4.18. The modeling procedure involved 

computing K values given the measured 0 and V c ; values for each sample, and assuming Ka = 

1.0006, Ky = 4.111 and Kc/= 72.202. Axes for both porosity and clay volume fraction are 

plotted in Figure 4.18 to show how the data snake through the multi-dimensional parameter 

space. The experimental measurements are plotted as "o" symbols and the TP model data are 

plotted as "x" symbols. Note the excellent agreement between the predicted and observed data. 

The two- and three-component modeling procedure described above was also repeated 

for the sand-clay data acquired at 100 kHz and 10 MHz. Similar results were obtained to those 

shown in Figure 4.18. For both the pure sand mixtures and the sand-montmorillonite 

mixtures, the agreement between the predicted and observed data is excellent. This is 

remarkable, particularly considering the complexity of the dielectric response of the sand-

montmorillonite mixtures in the frequency range 100 kHz to 10 M H z . To my knowledge, no 

study has matched this success in modeling the dielectric properties of such a wide range of 

materials in the kilohertz and low megahertz frequency range. 

Although the dielectric response of the dry sand-montmorillonite mixtures is complex, the 

dielectric mixing model that can accurately predict this response is extraordinarily simple. 

There is no need for detailed modeling and superposition of interfacial and electrochemical 

polarization mechanisms. A l l that is required in the model is information about the volume 

fractions of components and their "effective" dielectric constant values (i.e., Ka, Ky and K C / ). 

The key to the success of the model is accounting for the contribution of a"(co) to the dielectric 
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Figure 4.18. Comparison of TP model predictions (x) with observed data (o) for room-dry 
sand-montmorillonite mixtures. Frequency is 1 MHz. TP model parameters are: K5=4.1 11, 
Kc/=72.20 and 1.0006. 
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properties of each component, since a"(co) is the parameter that determines the dispersive 

behavior of the dielectric constant 

4.4.3 Implications for mapping porosity and lithology using GPR and V E T E M 

Porosity variations in the subsurface may occur because of compaction or because of 

changes in lithology. These two mechanisms of porosity variation were simulated in the 

different suites of mixtures generated in this study. Electrical property measurements for each 

suite of mixtures show that the two mechanisms of porosity variation may affect electrical 

properties in different ways. Porosity reduction by compaction results in an increase in 

dielectric constant for dry materials because the volume fraction of high-K material increases in 

the material. Porosity reduction by pore-filling (i.e., changing lithology) can result in either an 

increase or a decrease in dielectric constant depending upon the volume fractions, 

microgeometries and surface properties of the components. As a result, the relationship 

between porosity and dielectric constant for dry materials can be multivalued or characterized 

by a high degree of scatter if lithology is variable. 

The fact that different mechanisms of porosity reduction can lead to different dielectric 

responses has important implications for inversion and stratigraphic interpretation of ground 

penetrating radar and very early time electromagnetic geophysical data from the unsaturated 

zone. In areas where lithology is constant and known, it should be possible to invert 

electromagnetic data to obtain accurate estimates of porosity values. Similarly, in areas where 

"compaction" is constant, it should be possible to invert electromagnetic data to obtain accurate 

estimates of lithology types. However, in areas where both lithology and compaction are 

variable, the inverse problem becomes ill-posed due to non-uniqueness in the relationships 

between hydrogeologic and dielectric parameters. To solve this problem, additional constraints 

such as direct porosity or lithology measurements must be provided. The most important 
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problem and fundamental challenge will be to determine matrix parameter values for conductive 

components such as clays. 

4.5 SUMMARY 

A series of laboratory experiments was conducted to investigate the electrical properties 

of room-dry sand-clay mixtures as a function of porosity and clay content; the sand-clay 

mixtures are representative of sediments from the unsaturated zone. A microgeometrical model 

was used to systematically control the porosity, clay content and effective degree of compaction 

of the mixtures. 

The different suites of mixtures show how electrical properties vary when porosity is 

reduced by two mechanisms: compaction and pore-filling (i.e., changing lithology). The form 

of the K-<p relationship is determined by the mechanism responsible for the porosity variation, 

so that there is not in general a one-to-one relationship between dielectric constant and porosity. 

Because the volume fraction of each component is known for each mixture, the data set 

acquired in this research is useful for testing the applicability of different dielectric mixing 

formulas. As a first test, I show how the data can be modeled using the Time Propagation 

(TP) model, a simple volumetric mixing formula. Results show that this model is capable of 

accurately predicting the relationships between dielectric constant and porosity, and dielectric 

constant and clay volume fraction, throughout the frequency range of 100 kHz to 10 M H z . 

The key to the success of the modeling is incorporation of the effect of conductivity on 

dielectric dispersion through the appropriate selection of component dielectric constant values. 

This provides insight into the relative importance of volumetric, geometric and surface effects 

for different materials, as well as a possible explanation for some of the scatter reported in 

previous investigations. The results of this study also have important implications for the 

inversion and stratigraphic interpretation of electromagnetic field data. 
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Chapter 5 

Effects of water saturation on the 

dielectric properties of sand-clay mixtures 

5.1 I N T R O D U C T I O N 

The presence of even a small amount of water in geologic materials can have a significant 

effect on bulk dielectric properties. This is due in part to the large differences that exist 

between the dielectric constants of water ( K w - 8 0 ) , air ( K ^ - I ) and most other fluids ( K y < 5 as 

shown in Table 3.3 of this thesis), and in part to polarization phenomena that arise when water 

adsorbs to grain surfaces (Chew and Sen, 1982; Olhoeft, 1987). In Chapter 4 , 1 investigated 

how textural parameters such as porosity and clay content affect the dielectric properties of 

sand-clay mixtures measured under room-dry conditions. In this chapter, I investigate what 

happens to the dielectric response of sand-clay mixtures when water is added to the mixtures. 

Four suites of sand-clay mixtures and saturation conditions are investigated: 

(1) a suite of pure silica sand mixtures with different porosities, 

under dry and fully saturated conditions; 

(2) a suite of pure kaolinite clay mixtures with different porosities, 

under dry and fully saturated conditions; 

(3) a suite of sand-kaolinite mixtures with different porosities and 

clay contents but the same degree of compaction, under dry and 

fully saturated conditions; and 

(4) a pair of sand-kaolinite mixtures with the same porosity but 

different clay contents, as water saturation is reduced from fully 

saturated to room-dry conditions through evaporative drying. 
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For each mixture and saturation condition, the dielectric constant K and effective electrical 

conductivity were measured over the frequency range 100 kHz to 10 MHz. The four suites 

of samples and the various saturation conditions represent a total of 87 multi-component 

mixtures. As such, this is one of the largest well-characterized dielectric data sets ever 

collected. The data complement other extensive studies such as Kutrubes (1986), who 

measured the dielectric properties of 22 soils saturated with air and water, and 2 soils saturated 

with benzene and methanol, over the frequency range 500 kHz to 1.3 GHz; Topp et al. (1980), 

who measured the dielectric properties of 4 soils and 2 glass bead packs at numerous saturation 

levels and two salinity levels using time-domain reflectometry (megahertz frequency range); 

Taherian et al. (1990), who measured the dielectric properties of 271 brine-saturated rocks over 

the frequency range 10 M H z - 1.3 GHz; and Knight and Nur (1987) who measured the 

dielectric properties of 8 rocks at approximately 10 levels of water saturation over the 

frequency range 60 kHz to 4 MHz. 

The first three suites of mixtures are analogous to those investigated in the previous 

chapter except that kaolinite, rather than montmorillonite, is used as the clay component and 

both water and air are used as the fluid component. I chose to use kaolinite, as opposed to 

montmorillonite, in these experiments because kaolinite does not swell as much when saturated 

and hence is much easier to work with; in addition, the use of another clay component with 

different specific surface and cation exchange values allows investigation of the effect of 

changing surface properties on the dielectric response of pure clay and sand-clay mixtures. 

The use of two different pore fluids (air and water) in the first three experiments allows 

investigation of the effect of fluid substitution on the dielectric properties of sand-clay 

mixtures. The use of two samples with identical porosities but different lithologies in the 

fourth experiment allows investigation of the effect of texture on the relationship between 

dielectric constant and volumetric moisture content. 
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Because much is known about the component electrical properties, microgeometries, 

weight fractions and volume fractions, the data acquired in this study can be used to test 

dielectric mixing formulas and effective medium theories. Towards this end, I investigate the 

ability of a simple volumetric mixing formula (the Time Propagation model) to model the 

dielectric constant versus water saturation data from experiment four. The goal is to develop 

some insight into the relative importance of volumetric effects and surface effects in 

determining the dielectric response of different geologic materials. 

5.2 S A M P L E D E S C R I P T I O N A N D E X P E R I M E N T A L P R O C E D U R E 

The samples generated in this study were comprised of two solid components: a silica 

sand and a kaolinite clay. The sand is the same as that used in the experiments described in 

Chapter 4 (i.e., pure silica sand from Lane Mountain, Washington), but the clay is different. 

Instead of Na-montmorillonite, I chose to use kaolinite as the clay component. The kaolinite is 

KGa-1 from the Clay Mineral Repository at the University of Missouri. 

Table 5.1 lists relevant physical properties of the sand and clay components. Grain 

densities and bulk sample porosities were determined using a Helium pycnometer. The grain 

diameter of the sand was determined from sieve analysis and the particle diameter of the clay 

was taken from the literature (Hillel, 1980, p. 76). The surface area of the sand was 

determined from nitrogen adsorption isotherms using the BET equation (Brunauer et al., 

1938), and the surface area of the kaolinite was determined from an adsorption experiment 

using ethylene glycol monoethyl ether as described by Carter et al. (1965). The cation 

exchange capacity (CEC) of the sand was not measured but is probably very small; the C E C 

value listed for kaolinite was taken from van Olphen and Fripiat (1980) who compiled 

extensive data on the properties of KGa-1 kaolinite and other standard clays. 
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Table 5.1. Component properties. 

Grain Grain Specific Cation 
Material Mineralogy Density Diameter Surface Exchange 

[g/cm3] [cm] [cm2/g] [meq/lOOg] 

Sand Quartz 2.645 7xl0-2- 8xl0-2 3.9xl02 not measured 

Clay Kaolinite 2.613 1x10-5-4x10^ 2.5x105 2.0 
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A two-electrode cylindrical sample holder similar to the one described in the previous 

chapter (Section 4.2.1) was used for all electrical and hydrogeological property measurements. 

To provide a means of saturating the samples, two small holes were drilled through the acrylic 

cylinder. 

The pure sand and pure clay mixtures were prepared by putting material directly into the 

sample holder. The sand-clay mixtures were prepared by blending sand and clay in a beaker, 

and then transferring the material to the sample holder. The mass sand and mass clay needed to 

produce each mixture was determined ahead of time using the mass-material property 

relationships derived in the previous chapter (Section 4.2.3) and based on the microgeometrical 

model for sand-clay mixtures proposed by Marion et al. (1992). These mass-material property 

relationships made it possible to produce samples with predetermined porosity, clay content 

and degree of compaction, given the total volume of the sample holder. 

Figure 5.1 shows the microgeometrical arrangement of components assumed in the 

different mixtures. The boxes along the top of the figure represent the sand-clay mixtures, 

while those in the left and right columns represent the pure sand and pure kaolinite mixtures, 

respectively. Figure 5.2 shows the predicted and observed relationships between porosity and 

clay weight fraction for the seven sand-kaolinite mixtures generated for experiments 3 and 4; all 

reported weight fractions are for the dry mixtures. The porosity value for pure sand is 0.399 

and the porosity value for pure kaolinite is 0.599; these end-member porosity values 

correspond to samples that fil l but are uncompacted in the sample holder (i.e., low confining 

pressures). The two sand-kaolinite samples with porosity values around 0.36 are the ones 

used in the drying experiment; as Figure 5.2 shows, these samples fall on opposite sides of the 

minimum porosity or critical point which occurs at a clay weight fraction of 0.209 in this suite 

of mixtures. The close agreement between the experimental data and the microgeometrical 

model data is evidence that "ideal packings" have been generated with systematically varying 

hydrogeologic properties. 
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Figure 5.1. Conceptual diagram of the packing geometries for pure sand, pure clay, and sand-
clay mixtures in terms of the experimental parameters: porosity (or the degree of compaction) 
and clay content. Clp is clay content and <ps is the porosity of pure sand as defined in the text. 
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sand-kaolinite mixtures at low confining pressures. Predicted values based on 
microgeometrical model for sand-clay mixtures proposed by Marion et al. (1992). 
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The component mass data for each mixture are listed in Appendix D along with the 

measured electrical properties. The electrical measurements were first made under room-dry 

conditions and then under saturated conditions. To saturate the samples, distilled water with a 

conductivity of ~2xl (H S/m (10 Hz -10 MHz) was injected through one of the access holes in 

the base of the sample holder. Using this procedure, I was able to obtain saturation levels 

greater than 0.80 for all the samples. The reported saturation values were determined 

gravimetrically and have been corrected for the water held in the access hole and the water 

coating the cylinder-electrode interface. The uncertainty in the Sw values is ± 0.005. The 

drying experiment (suite 4) was conducted by allowing the two saturated sand-kaolinite 

samples with porosity values of 0.36 to dry on the bench top with one electrode removed. 

Effective electrical conductivity Gef and dielectric permittivity e^f values were calculated 

from measurements of the equivalent parallel conductance Gp and capacitance Cp of the 

samples using the inversion formulas (Section 2.8): 

GD d Cnd 
<7ef= and £ef= (5.1) 

where A is the area and d the separation of the two electrode surfaces. Dielectric constants 

were computed from K = eefl e0 (where e0 = 8.854xl0"12 F/m). Cp and Gp were measured 

at 31 frequencies spaced logarithmically between 10 Hz and 10 M H z using a Hewlett Packard 

4192a impedance analyzer, although for clarity only the data acquired at 100 kHz, 1 M H z and 

10 M H z will be shown; the rest of the data can be found in Appendix D. Cp and Gp are 

related to electrical impedance Z through: 

Z = - — k — r r (5.2) Gp + icoCp 

where co is angular frequency (co =2itf). The data were also compensated for cable and 

sample holder residuals as described in Appendix A . Reported dielectric constant values are 

accurate to within two percent (Appendix B). 



Chapter 5 -- Effects of water saturation 113 

Note that the parameters reported in this study are real-valued effective parameters, not 

the complex parameters that appear in some electromagnetic theories. The relationships 

between effective parameters and complex parameters are given by: 

a e/co) = q'(co) + coe"(co) , (5.3) 

and K ( C O ) = - ^ ^ + - ^ - ^ - , (5.4) 

where a*(co) = c>(co) + /o"(co) and e*(co) = e'(co) - i'e"(co). For further background on this 

subject, see Sections 2.3 and 2.7 in this thesis. 

5.3 EXPERIMENTAL RESULTS 

The electrical measurements are presented in two ways: (1) as plots of K and Oef versus 

hydrogeologic parameters (porosity, clay weight fraction and/or water saturation) for the 

different suites of mixtures; and (2) as plots of K and a^f versus frequency for selected samples 

from the four suites. In the hydrogeologic plots, the data are shown for three frequencies: 100 

kHz (square symbols), 1 M H z (circles) and 10 M H z (triangles). Measurements made under 

dry conditions are described first, then measurements made under saturated conditions. Unless 

otherwise indicated, open symbols represent dry samples while solid symbols represent 

saturated samples. Following are the results for the four suites of mixtures and saturation 

conditions. 

5.3.1 Pure silica sand 

Figure 5.3 shows measurements of K and aef, at two levels of water saturation, for five 

silica sand samples with porosity values between 0.357 and 0.477. The measured water 

saturation values exceed 0.96 for all the saturated samples. 
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Figure 5.3. (a) Dielectric constant versus porosity, and (b) conductivity versus porosity, for 
silica sand samples at different levels of water saturation. Open symbols show electrical 
properties measured under room-dry conditions; solid symbols show electrical properties 
measured after the samples have been saturated with distilled water (alv = 4x l0 " 4 S/m). 
Measurement frequencies are 100 kHz, 1 M H z and 10 MHz. 
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For a given frequency, the dielectric constant of the dry samples increases slightly with 

decreasing porosity. There is little scatter about the K-<p curve, suggesting strong correlation 

between K and porosity. There is also little observed frequency dependence in the dielectric 

response of the dry sand. Conductivity values are low (a e /< l (H S/m) but strongly frequency 

dependent, increasing approximately two orders of magnitude when frequency is scaled by a 

similar amount 

By comparison, the dielectric constant of the saturated samples decreases significantly 

with compaction over the porosity range shown in Figure 5.3. There is also much more 

dispersion in K for the saturated samples. The conductivity of the saturated samples is higher 

than that of the dry samples and depends less on frequency, registering approximately 10'3 S/m 

for each of the three frequencies shown; it is interesting to note that the frequency dependence 

in conductivity disappears when the samples are saturated with distilled water, while the 

frequency dependence in dielectric constant increases significantly as a result of this process. 

This is clearly shown in Figure 5.4, which shows the detailed frequency response of the 

uncompacted sand sample with a porosity of 0.397. 

5.3.2 Pure kaolinite clay 

Dielectric data for the pure kaolinite samples are shown in Figures 5.5 (porosity plot) and 

5.6 (detailed frequency plot for the sample with (j) = 0.605). Twelve samples were measured 

at room-dry conditions, and three samples were measured under saturated conditions. The 

level of water saturation for the saturated samples ranges from 0.804 (for the sample with <j> = 

0.462) to 0.941 (for the sample with <p = 0.713). Due to problems of entrapped air and 

colloidal material leaking out of the sample holder during the fluid injection process, only three 

samples could be measured under saturated conditions. 
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Figure 5.4. (a) Dielectric constant versus frequency, and (b) conductivity versus frequency, 
for a silica sand sample at two levels of water saturation. .Open symbols show electrical 
properties measured under room-dry conditions (5^=0.00); solid symbols show electrical 
properties measured after the sample has been saturated (Sw=0.99) with distilled water 
(ow « 4X10"4 S/m). The porosity of the sand is 0.397. 
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Figure 5.5. (a) Dielectric constant versus porosity, and (b) conductivity versus porosity, for 
kaolinite clay samples at different levels of water saturation. Open symbols show electrical 
properties measured under room-dry conditions; solid symbols show electrical properties 
measured after samples have been saturated with distilled water (ow ~ 4 x l 0 " 4 S/m). 
Measurement frequencies are 100 kHz, 1 M H z and 10 MHz. Dielectric constants measured at 
100 kHz for the saturated samples are greater than 80 (i.e., outside plotting range). 
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Figure 5.6. (a) Dielectric constant versus frequency, and (b) conductivity versus frequency, 
for a kaolinite clay sample at two levels of water saturation. Open symbols show electrical 
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properties measured after the sample has been saturated (Sw=0.84) with distilled water 
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For the most part, the dielectric response of the pure kaolinite mixtures is similar to the 

dielectric response of die pure sand mixtures, except that K of the saturated kaolinite mixtures is 

more dispersive than K of the corresponding sand mixtures. As shown in Figure 5.5, K of the 

dry kaolinite samples increases with compaction for each frequency studied. For the saturated 

samples, K values measured at 1 M H z and at 10 M H z decrease with compaction, while the 

values measured at 100 kHz show the opposite trend (see Appendix D for values). There is 

little dispersion in K for the dry kaolinite samples, but significant dispersion in K for the 

saturated samples. 

The conductivity measurements show that kaolinite is approximately ten times more 

conductive than sand at the same porosity and level of water saturation. As was observed for 

quartz sand, the measured conductivity of kaolinite increases slowly with compaction for both 

the dry mixtures and the saturated mixtures. For the dry samples, oef scales with frequency, 

while for the saturated samples, is almost independent of frequency. There is also a slight 

break in the slope of the log aef -porosity relationship for dry kaolinite mixtures; this break in 

slope occurs at a porosity of approximately 0.60 and marks the point in the series where the 

mixtures begin to be compacted. Similar behavior was observed for the pure montmorillonite 

mixtures investigated in Chapter 4. 

5.3.3 Sand-kaolinite mixtures 

Seven sand-kaolinite mixtures were prepared to investigate the coupled effects of 

changing lithology and changing fluid saturation on dielectric properties. The mixtures are 

equivalent to the sand-montmorillonite mixtures described in Chapter 4 except that kaolinite, 

instead of montmorillonite, is used as the clay component. Four of the seven mixtures (i.e., 

those with clay weight fractions Wc[ equal to 0.000, 0.062, 0.129 and 0.209) are sand packs 

with interstitial clay, while the other three mixtures (i.e., those with Wci equal to 0.372, 0.613 

and 1.000) are shale-like with grains of sand suspended in a clay matrix. The mixture with 
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Wci =0.209 marks the transition from clayey sand to sandy clay. Measured porosity values 

for the different mixtures are shown in Figure 5.2 which was presented previously as a test of 

the mixing procedure. The magnitude and form of the porosity-clay content relationship is as 

predicted by the microgeometrical model (Marion et al., 1992). Specifically, porosity 

decreases with increasing clay content to the critical point Wc{ =0.209, and then increases to its 

maximum value at Wci = 1.000. The measured porosity at the critical point is 0.238. Note too 

that the samples with Wci =0.062 and Wci =0.372 have the same porosity (0 = 0.36); these 

are the samples that are used in the drying experiment described in the next section. 

Figures 5.7 and 5.8 show the electrical properties of the seven sand-kaolinite mixtures 

plotted versus porosity and clay volume fraction, respectively, at dry and water-saturated 

conditions. Although the data are sparse, they suggest the following trends. First, K of the 

dry samples (Figure 5.8a) increases slightly (1.4 - 2.0 dielectric units, depending on 

frequency) with increasing clay content from Wci = 0.000 to Wci = 0.209. At higher clay 

contents, K does not change much and has a value between 3.9 and 4.7 depending on 

frequency. Petrophysical modeling with the TP equation shows that this behavior can be 

explained in terms of the variation in volume fractions of air, sand and clay, and hence is quite 

similar to the dry sand-montmorillonite results discussed in Chapter 4. 

As shown in Figures 5.8b and 5.9b, the conductivity of dry sand-kaolinite mixtures 

increases with increasing clay content over the range Wc\ =0.000 to 0.209. At clay contents 

greater than Wci =0.209, conductivity is essentially constant. While the overall trends of the 

sand-kaolinite and sand-montmorillonite conductivity data are similar, the maximum 

conductivity observed for the sand-kaolinite mixtures is approximately an order of magnitude 

less than the maximum conductivity observed for the sand-montmorillonite mixtures (compare 

Figure 5.9b in this chapter with Figure 4.12b in the previous chapter). Dispersion in O"e/for 

the sand-kaolinite mixtures is somewhat greater than the dispersion in oef for the sand-

montmorillonite mixtures. Furthermore, there is a subtle but direct relationship between the 
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Figure 5.7. (a) Dielectric constant versus porosity, and (b) conductivity versus porosity, for 
seven sand-kaolinite mixtures at different levels of water saturation. Open symbols show 
electrical properties measured under room-dry conditions; solid symbols show electrical 
properties measured after samples have been saturated with distilled water (o w ~ 4X10-4 S/m). 
Measurement frequencies are 100 kHz, 1 M H z and 10 M H z . The arrows are meant to direct 
the eye along the path of increasing clay content for the 1 M H z data. 



© 

Chapter 5 — Effects of water saturation 122 

(a) 

c 
CO *•> 
CO 
c 
o 

o 
o 
o 

CD 
Q 

140 

120 

100: 

80: 

60: 

40 : 

20 

0 

Sand-KaoMnite Mixtures 
• 1 1 1 1 1 1 1 1 * • • • • * • • • • * • • * * * • • • • * • • • 

• Sat. 100 kHz 
• Sat. 1 MHz 
A Sat. 10 MHz 
• Dry 100 kHz 
O Dry 1 MHz 
A Dry 10 MHz 

at to 
at oo 
d o 

CO CO 

at 
CO 

o 
© 

at 

CO 

o at 

5 
CO 

oo 

P 
CO 

t t 

I ' ' 1 ' I 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

Clay Weight Fraction 

A Sat. 10 MHz • Sat. 1 MHz 
• Sat. 100 kHz 
A Dry 10 MHz 
O Dry 1 MHz 
• Dry 100 kHz 

a 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

Clay Weight Fraction 

Figure 5.8. (a) Dielectric constant versus clay weight fraction, and (b) conductivity versus clay 
weight fraction, for seven sand-kaolinite mixtures at low confining pressures and different 
levels of water saturation. Open symbols show electrical properties measured under room-dry 
conditions; solid symbols show electrical properties measured after samples have been 
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for seven sand-kaolinite mixtures at low confining pressures and room-dry conditions. The 
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observed dispersion in K and the measured conductivity of the sand-kaolinite samples, so that 

the samples with high clay contents and high conductivities are also the ones that show the 

greatest dispersion in K. 

The results of saturating the sand-kaolinite mixtures with distilled water are also shown in 

Figures 5.7 and 5.8, and in Figure 5.10 (detailed frequency plot). Water saturation levels are 

listed in the caption on Figure 5.10; all saturation levels exceed 0.84. The data show that when 

water replaces air as the pore fluid, both K and cef increase dramatically. The amount of 

enhancement in K depends strongly on clay content, conductivity and frequency; the 

enhancement is greater for conductive clay-rich mixtures and at lower frequencies. At 10 

M H z , the highest frequency considered in this investigation, a distinct minimum is observed in 

the K-Wd relationship (Figure 5.8a) at Wci =0.209, the point corresponding to the sample 

with the lowest porosity and hence lowest moisture content. Similar, but less pronounced, 

minima are also observed at 1 M H z and 100 kHz, though the position of this minima shifts to 

lower clay contents (and correspondingly higher porosities and moisture contents) as frequency 

is decreased. At 100 kHz, K values greater than 80 are observed for mixtures comprised of 

more than 50 per cent kaolinite. 

Figures 5.7b and 5.8b show that aef of sand-kaolinite mixtures increases two to four 

orders of magnitude, depending on frequency, when samples are saturated with distilled water. 

cef values between 10"2 and 10"^ S/m were observed for all seven saturated samples; In 

addition, the observed dispersion in Ggf for the saturated samples (Figure 5.10b) is much less 

than that observed for the dry samples (Figure 5.9b). A slight increase in Oef is observed with 

increasing clay content (Figure 5.8b), at least to the point Wci =0.372; beyond this point, aef 

does not change very much except to become slightly more dispersive. 
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Figure 5.10. (a) Dielectric constant versus frequency, and (b) conductivity versus frequency, 
for seven water-saturated sand-kaolinite mixtures at low confining pressures. The legend in 
the upper plot shows the clay weight fraction, porosity and water saturation of each mixture. 
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5.3.4 Drying experiments 

The results of the two drying experiments are shown in Figures 5-11 and 5.12. Figure 

5.11 shows plots of K and oef versus Sw for the sample with Wci =0.062, while Figure 5.12 

shows the equivalent data for the sample with Wci =0.373; both samples have a porosity of 

0.36. Although the two samples have the same porosity, they do not exhibit the same dielectric 

response as water saturation is varied. Consider first the dielectric response of the sample with 

low clay content (Figure 5.11). For this sample, most of the increase in K , particularly at low 

frequencies, occurs at low water saturations. This is also the region where most of the 

dispersion in K is observed. The maximum K value measured is about 30; this corresponds to 

the data point acquired at 100 kHz at the highest water saturation. 

The measured conductivity of this sample also changed dramatically at low water 

saturations. For instance, as Sw increases from 0.00 to 0.20, o e / at 100 kHz increases by a 

factor of 1000. The rate of change in <sef decreases steadily with increasing saturation, so that 

beyond saturation levels of 0.60 there is little change in 0"e/at any frequency. The magnitude 

of the enhancement observed at low water saturations decreases with increasing frequency, but 

is still significant even at 10 MHz. Dispersion in Oefalso decreases with increasing saturation; 

at saturation levels greater than 0.60, there is very little frequency dependence in Ggf. 

The dielectric and conductivity response of the high clay content sample is quite different. 

As shown in Figure 5.12, there is little change in K except at water saturation levels above 

0.60. Dispersion in K is small at low water saturations, but large at high water saturations; this 

is essentially the reverse of the findings for the low clay content sample. A direct consequence 

is that at full saturation the two samples have essentially the same dielectric constant at 10 M H z 

(K=20), but very different K at 100 kHz (K>30 for the low clay content sample whereas K«85 

for the high clay content sample). 
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Figure 5.11. (a) Dielectric constant versus water saturation, and (b) conductivity versus water 
saturation, for a clayey sand mixture (Wc/=0.062) with porosity=0.36. Measurement 
frequencies are 100 kHz, 1 M H z and 10 M H z . 
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Figure 5.12. (a) Dielectric constant versus water saturation, and (b) conductivity versus water 
saturation, for a sandy clay mixture (Wci=0.373) with porosity=0.36. Measurement 
frequencies are 100 kHz, 1 M H z and 10 MHz. 
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Figure 5.12b shows the conductivity response of the high clay content sample. For a 

given frequency, cef remains essentially constant at low water saturations (Sw <0.40) and at 

high water saturations (Sw >0.80), but increases dramatically with increasing saturation in the 

mid-saturation range (0.40 <SW< 0.80). The magnitude of the enhancement in aef decreases 

with increasing frequency; at 100 kHz the enhancement is about 3 orders of magnitude, while 

at 10 M H z the enhancement is approximately 1 order of magnitude. At low water saturations, 

aef scales with frequency, while at high saturations, oef is essentially independent of 

frequency; this result is similar to the dispersion characteristics of the low clay content sample. 

5.4 DISCUSSION 

A tremendous amount of information is contained in Figures 5.2 through 5.12. These 

figures show how dielectric properties vary with porosity (Figures 5.3, 5.5, and 5.7), clay 

content (Figures 5.8) and water saturation (Figures 5.11 and 5.12) as other parameters are held 

constant or are systematically varied (Figure 5.2). In addition, the data show how K and aef 

depend upon each other and upon frequency. This is most evident when the two parameters, K 

and oef, measured at various frequencies, are juxtaposed on the same figure. To successfully 

model dielectric properties, the interrelationships of all these parameters must be considered. 

5.4.1 Volumetric, geometric and surface effects 

It is generally believed that four factors combine to determine the bulk dielectric constant 

of a material: (1) the individual dielectric constants of the components, (2) the volume fractions 

of the components, (3) the geometries of the components, and (4) the electrochemical 

interactions between the components. For years, researchers have been trying to determine 

how best to mathematically incorporate these various factors into dielectric mixing models and 

effective medium theories. The experimental data acquired in this study provide some insight 

into this problem, as well as a means of testing different modeling approaches. 
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The effect of changing individual component properties can be seen by comparing the 

dielectric data for pure sand (Figure 5.3a), pure kaolinite (Figure 5.5a) and pure 

montmorillonite (Figure 4.7a) at a given porosity value and level of water saturation; for 

instance, at 0=0.40 and 5^=0.0 (referenced to room-dry conditions), the measured dielectric 

constant values at 1 M H z for these three materials are 2.6, 5.7 and 72.3, respectively. 

Likewise, changing the pore fluid from air to water, as was done in the saturation experiments 

in this chapter, can also have a large effect on electrical properties. For instance, compare the 

dielectric data for the two saturation states (open symbols versus solid symbols) for any one of 

the pure sand samples shown in Figure 5.3a. Changing the pore fluid from air to water results 

in an increase in the measured dielectric constant of the bulk material because of the difference 

that exists between the dielectric constants of air (1) and water (-80). 

The effect of changing the volume fractions of components can be seen in many of the 

dielectric constant versus hydrogeologic parameter plots, since porosity, clay content and water 

saturation are all volumetric parameters. Consider, for example, the compaction experiment for 

pure sand (i.e., Figure 5.3a). For any given measurement frequency, the dielectric constant 

increases with compaction if the samples are dry, and decreases with compaction if the samples 

are water saturated; this is due to the differences in the proportions of high-K and 1OW-K 

material in the mixtures. 

Geometric and surface effects are also apparent in some of the data, particularly for clay-

rich samples at low frequencies. A n example from the previous chapter is the anomalous 

enhancement in the dielectric constant of pure montmorillonite as it undergoes compaction 

(Figure 4.7). This enhancement is interpreted as being due to the establishment of critical 

conductive pathways through the sample by percolating clay booklets, and scaling of the o" 

term in the expression for the effective dielectric constant. Changing the surface properties or 

microgeometry of the clay will affect this component, and hence the frequency dependence of 
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K , as can be seen by comparing the montmorillonite data in Chapter 4 with the kaolinite data in 

the present chapter. 

5.4.2 Applicabil i ty of the Time Propagation model 

Since the volume fraction of components comprising each mixture is known, the data 

acquired in this study can be used to test the applicability of different mixing formulas and 

effective medium theories. A complete analysis of mixing formulas is beyond the scope of this 

study. However, as a first test, I attempt to model the 1 M H z dielectric data from the drying 

experiment using the Time Propagation equation. The purpose is to explore the applicability of 

the modeling approach under circumstances when the surface properties of the matrix are likely 

to be changing. 

The data that I attempt to model are the dielectric constant versus water saturation data 

collected at 1 M H z for the two sand-kaolinite mixtures that were dried on the bench top in 

experiment (4); these data are shown by the circles in Figures 5.11 and 5.12. The two samples 

have the same porosity (0=0.36), but different clay contents, hence the dielectric constant 

versus water saturation data can be used to investigate the influence of texture on the 

relationship between K and volumetric moisture content 0V ) where 0V =(pSw. 

For a four-phase mixture of sand, clay, air and water, the Time Propagation (TP) 

equation can be written: 

where 0 is porosity, Clv is clay volume fraction, Sw is water saturation, K is dielectric 

constant, and the subscripts identify the components. Additional information about this 

volumetric mixing model may be found in Section 3.3.3 of this thesis. 

In this forward modeling exercise, values of 0, C / v , and Sw are known since these 

parameters were directly measured in the experiment. In addition, the K values for air 

Vic = (J)(l - Sw) V K T + <J)SW VKW" + (l - <f) Cl v VIQT + (l - <b)(l - Clv) VKT (5.5) 
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(Kfl=1.0006) and water (^=79.46) are assumed to be known. This leaves the matrix 

parameters Ks and K^/ as the only parameters that must be specified before bulk K values can be 

computed. Values for these parameters were determined directly from the dielectric 

measurements made for the pure water-saturated sand sample with porosity equal to 0.399, and 

the pure water-saturated kaolinite sample with porosity equal to 0.599. These samples are the 

end-members at zero-confining pressure that were mixed in various proportions to produce the 

two sand-clay samples used in the drying experiment. Since the porosity and water saturation 

values of the end-member samples are known (i.e., measured), the TP equation can be solved 

directly for the matrix parameter values. The effective matrix parameter values determined in 

this way are: Ky=7.346 and Kc/=50.834 at 1 MHz. Given values for all the parameters on the 

right hand side of equation (5.5), the relationship between dielectric constant and water 

saturation can now be predicted for each of the two sand-clay mixtures involved in the drying 

experiment. 

The results are shown in Figure 5.13. The upper plot is for the low clay content sample 

with Wcp=0.062, while the lower plot is for the high clay content sample with WC[=0.372. The 

agreement between the TP model predictions and the experimental data is quite good for the 

low clay content sample over the entire water saturation range. This suggests that the 

relationship between dielectric constant and water saturation for this sample is predominantly 

controlled by volumetric factors, and that surface effects do not vary significantly with water 

saturation. Stated another way, the definition of the matrix parameter in this model is sufficient 

to explain the polarization occurring at the solid/fluid interface. 

The results for the high clay content sample (Figure 5.13b) are not so promising. In this 

case, the agreement between the TP model and the experimental data is poor, except at the 

highest water saturation. The model predictions are consistently too high. This suggests that 

the matrix parameter value used in this model has overestimated the surface effects that occur at 

low water saturations. If the matrix parameter is arbitrarily decreased some amount, the TP 
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Figure 5.13. Dielectric constant (1 MHz) versus water saturation for two sand-kaolinite 
mixtures with the same porosity but different clay contents, (a) Sample with clay weight 
fraction equal to 0.062. (b) Sample with clay weight fraction equal to 0.372. Also shown are 
the TP model predictions assuming Ky=7.346 and 1(^=50.834. 
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model curve shifts down and the fit is improved somewhat. However, regardless of what 

matrix value is used, the TP model cannot reproduce the curvature of the measured data shown 

in Figure 5.13b. This suggests that the nature of the solid/fluid interface is changing as water 

saturation changes for this sample. 

This simple modeling exercise demonstrates how surface and volumetric effects may be 

recognized in dielectric data. There is a clear need for development of better mathematical 

models of dielectric properties. Experimental data such as acquired in this study can help in the 

development and testing of dielectric models. 

5.5 S U M M A R Y 

Measurements have been made of the dielectric properties of sand-clay mixtures with 

known porosity, clay content and degree of compaction, as water saturation is also varied. 

Results show the effects of varying individual component properties, volume fractions, 

microgeometries, and surface properties. At high frequencies (around 10 MHz), volumetric 

effects tend to dominate the dielectric response, though texture also plays a role. At low 

frequencies, surface effects become important. The data set is useful for testing hypotheses 

about petrophysical transform relationships, and for assessing the applicability of different 

mixing formulas. As such, it represents an important step towards development of more 

generally applicable effective medium theories of dielectric properties that can explain both the 

dielectric response and the conductivity response of a variety of geologic materials over a wide 

range of frequencies. 
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Chapter 6 

Estimating hydraulic permeability from dielectric measurements 

6.1 I N T R O D U C T I O N 

Hydraulic permeability1 is a measure of a material's ability to transmit fluids; for many 

applications, this is the most important property of porous media. Permeability values for 

geologic materials span many orders of magnitude (recall Table 1.2). Clays and silts, for 

instance, have permeabilities ranging from 10 - 1 5 to 10"8 cm 2 , clean sands from 10'8 to 10"5 

cm 2 , and gravels from 10"6 to 10~3 cm 2 (Freeze and Cherry, 1979). Even within individual 

stratigraphic units (e.g., at the bed scale of 1-10 m), measured permeability values may vary 

over orders of magnitude (Hartkamp-Bakker, 1993). 

The statistical distribution and spatial structure of permeability values determines, to a 

large extent, the nature of fluid flow and contaminant transport in the subsurface (Scheibe, 

1993). Of particular importance in contamination problems is the spatial connectivity of high 

and low permeability zones, since these zones tend to condition flow paths and influence early 

and late breakthrough times (Smith and Schwartz, 1981; Journel and Alabert, 1988). The 

challenge in site characterization is to obtain enough permeability measurements of sufficient 

resolution to identify the critical pathways and barriers to flow. 

Conventional methods of characterizing in situ permeability distributions, such as pump 

tests, slug tests and borehole flowmeter measurements, typically suffer from aliasing and/or 

resolution problems (Beckie, 1996). Pump tests, for instance, are generally incapable of 

resolving bed-scale permeability variations which can strongly influence transport behavior, 

1 In this chapter, the term "permeability" means hydraulic permeability, not magnetic permeability as discussed 
in earlier chapters. Furthermore, in adherence with hydrogeological conventions (e.g., Freeze and Cherry, 
1979), the symbol fi is used for dynamic viscosity, not magnetic permeability, in this chapter. Magnetic 
permeability values are assumed to be constant and equal to the value for free space, as discussed in Section 
2.3. 



Chapter 6 — Estimating permeability from dielectric measurements 136 

although these tests are very useful for sampling large volumes of aquifer material and 

determining large-scale aquifer properties. Borehole flowmeters, on the other hand, can 

resolve bed-scale permeability variations along the length of a well, but these instruments have 

a small measurement volume; if wells in a flowmeter sampling network are spaced too far 

apart, then critical features of the permeability field between the wells will be aliased. Slug 

tests suffer from the same problem. Increasing the density of wells helps to reduce the 

uncertainty and errors caused by aliasing, however installing and testing new wells can be very 

expensive. 

Unlike direct hydraulic measurements, ground penetrating radar (GPR) and very early 

time electromagnetics (VETEM) can both efficiently sample the subsurface on large, dense, 

grids and resolve small-scale heterogeneities. As a result, these electromagnetic geophysical 

techniques may offer a practical solution to the problem of closure of measurement and 

network sampling scales (Beckie, 1996). What is not known is whether the heterogeneities 

imaged by GPR and VETEM are in any way related to permeability variations; if they are 

related, this would imply a relationship between dielectric properties and permeability. To my 

knowledge, no such relationship has ever been demonstrated. The purpose of this chapter is to 

investigate possible correlations between dielectric properties and permeability. 

Although no hydraulic stress is imposed when making a dielectric measurement, there is 

reason to believe that permeability information may be extractable from dielectric data in some 

cases. As shown in the previous two chapters (4 and 5), dielectric properties depend upon 

porosity, clay content and clay mineralogy, among other factors. Clay content and clay 

mineralogy are related to grain size distribution and specific surface. Porosity, grain size 

distribution and specific surface are factors that affect permeability (as reviewed in the next 

section). Therefore, it is not unreasonable to expect that these parameters (i.e., porosity, grain 
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size distribution and specific surface) may be used as a bridge to relate dielectric constant and 

hydraulic permeability. 

To test this idea, permeability measurements were made on some of the silica sand-

kaolinite clay mixtures investigated in the previous chapter (5). The relationships between 

permeability, dielectric constant and other petrophysical parameters are then explored using a 

variety of crossplots. The measured data are also compared to the predictions of three 

interrelated petrophysical models; these models are described in the section following the 

permeability review. Results show that the modeled dielectric and permeability data are in 

good agreement with the measured data for sand-clay mixtures. This supports the hypothesis 

that dielectric properties and permeability are related through their common dependence on 

porosity, grain size distribution and specific surface. 

The dielectric and permeability models can also be used to predict the dielectric constant-

permeability relationships for materials other than binary sand-clay mixtures. These more 

general relationships can be used as the basis for joint geophysical-hydrogeological inverse 

procedures such as considered by Rubin et al. (1992), Copty et al. (1993), Hyndman et al. 

(1994) and McKenna and Poeter (1995). The chapter concludes with a simple surface-to-

borehole radar field test to demonstrate the applicability of the dielectric constant-permeability 

transform and to highlight present limitations. 

6.2 PERMEABILITY REVIEW 

6.2.1 Definition and units 

Permeability is defined empirically as the constant of proportionality k in Darcy's law, 

i.e., (6.1) 
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where V is the specific discharge, dh/dl is the hydraulic gradient, p is the density of the fluid, g 

is the gravitational constant (980.7 cm/s2), and p is the dynamic viscosity of the fluid. If the 

fluid is water, the expression in brackets (kpg/p) is the hydraulic conductivity K. Permeability 

is a function of the porous media alone while hydraulic conductivity is a function of both the 

porous media and the fluid. 

Dimensional analysis shows that permeability has units of area, while hydraulic 

conductivity has units of velocity. The units used in this thesis are cm 2 for permeabihty and 

cm/s for hydraulic conductivity. The density and viscosity of fresh water are functions of 

temperature and pressure. At 20° C and atmospheric pressure (i.e., typical laboratory 

conditions), p = 0.9982 g/cm3 and p = 1.002 x 10"2 g/cm-s (Hillel, 1980, p. 49); under these 

conditions, permeability in cm 2 may be computed from hydraulic conductivity measurements in 

cm/s by dividing K by 9.770xl04 (1/cm-s). At 10° C and the same pressure (i.e., typical 

groundwater field conditions), the K/k ratio is 7.501xl04 (1/cm-s). To transform permeabihty 

values in cm 2 to their darcy equivalent (i.e., the unit generally used in the petroleum industry), 

multiply k values in cm 2 by the conversion factor 1.013xl08 (darcies/cm2). 

6.2.2 Factors that affect permeability 

Intuitively, it is clear that permeability depends upon both volumetric and geometric 

characteristics of the pore space. Important characteristics include the volume fraction, size, 

shape, orientation, tortuosity and connectivity of pores. Because some of these pore space 

parameters are difficult to measure, permeability is also commonly related to various grain 

space parameters including grain size distribution, grain shape distribution and mode of 

packing (Bear, 1972; Scheidegger, 1974). The following discussion describes how these pore 

and grain space parameters are related to permeability. 
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Effective porosity is the most obvious factor that affects permeability. It is defined as the 

ratio of accessible pore volume to total sample volume, and can be easily measured by 

gravimetric and gas expansion methods. For consolidated materials, porosity reflects primarily 

compaction and cementation (i.e., diagenesis factors); for unconsolidated materials, porosity 

reflects the packing of grains and their size and shape distributions (i.e., depositional factors). 

If other parameters are held constant, then porosity and permeability are positively correlated. 

This trend holds so long as porosity is above some minimum value called the porosity 

percolation threshold (j)p (Mavko and Nur, 1993); if porosity drops below (pp, then pores 

becomes disconnected and permeability drops to zero. Values of (pp depend upon pore 

geometry, so different geologic materials tend to exhibit different (j)p values. Sedimentary 

rocks typically have (pp values (in terms of fractional porosity) between 0.02 and 0.05, as 

predicted by consolidation and cementation models (Schwartz and Kimminau, 1987). For 

unconsolidated materials, (j)p ceases to be important because bulk porosity values are generally 

far above the percolation threshold. 

Permeability is also strongly influenced by pore size and pore shape. Unfortunately, 

these parameters are only well-defined if the pores have simple geometries like capillary tubes 

or parallel plates. For general pore geometries, one must resort to operational definitions that 

depend upon both the experimental method and the pore structure model used (Dullien, 1979). 

For example, Scheidegger (1974) defines pore size at a point as the diameter of the largest 

sphere which contains the point and remains wholly within the pore space. The only way to 

measure this diameter directly is via three-dimensional image analysis. Another method for 

determining pore size distributions involves inversion of capillary pressure data from mercury 

injection experiments (e.g., Katz and Thompson, 1986). Although the pore size distributions 

determined from image analysis and capillary pressure measurements are generally not 

identical, both methods predict the same type of relationship between pore size and 
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permeability, i.e., permeability decreases with decreasing pore size. Permeability also tends to 

decrease as the surface area of pores increases; the ratio of surface area to pore volume is a 

commonly used measure of pore shape. 

Another factor that affects permeability is pore orientation. Pore orientation is related to 

permeability anisotropy. If pores are preferrentially aligned in some direction, then the 

permeability measured in this direction will be greater than that measured in another direction. 

In general, permeability is a second order tensor, though in this study it is assumed to be a 

scalar quantity (i.e., isotropic at the laboratory scale). Further discussion about pore 

orientation is contained in Section 6.3.2. 

Tortuosity T is a measure of both the sinuousness of flow paths and the variation in pore 

size along these paths. It is defined as the ratio of the effective average path length Le of a fluid 

particle and the corresponding straight distance L measured along the macroscopic flow 

direction, i.e., T=(Le/L) (Suman and Ruth, 1993). [Note that some authors (e.g., Rose and 

Bruce, 1949) define tortuosity as the square of this ratio (i.e., T=(Le/L)2), though the 

equations these authors use to relate tortuosity to permeability take into account the proper 

power of this ratio; further discussion of this issue may be found in Bear (1972) and Dullien 

(1979).] Values of T are difficult to measure directly, except in idealized network models. 

Most published T values were determined by inverting some permeability equation given all 

other parameters. Using the Kozeny-Carmen equation and the LJL definition, Wyllie and 

Spangler (1952) obtained T values ranging from 1.5 - 2.5 for a variety of different geologic 

and artifical porous materials. A l l other things being equal, permeability decreases as tortuosity 

increases. 

Connectivity is a measure of the number and type of pore connections. If all pores are 

the same size, then it is the average number of pores per junction (Fatt, 1956). If all junctions 

join the same number of pores, then it is the average effective pore size at these junctions. Like 
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tortuosity, connectivity is difficult to measure directly. For this reason, it is usually lumped 

into fitting parameters such as the constant c in the Kozeny and Kozeny-Carmen equations (see 

Section 6.3.2). As connectivity increases, so too does permeability. 

As stated at the beginning of this section, it is often easier to characterize the geometrical 

properties of porous materials using grain-based parameters than it is using pore-based 

parameters. For example, it has long been recognized that permeability is related in some way 

to grain size. As with pore size, grain size cannot be uniquely defined by a single linear 

dimension except for grains with simple shapes; in general, it can only be defined in terms of 

some method of measurement. The most common measurement techniques are sieve analysis 

and hydrometer analysis, although other techniques such as image analysis are gaining 

popularity (Morgan et al., 1991). In sieve analysis, the size of a grain (assumed to be a 

sphere) is defined as the side dimension of a square hole on a screen. Since natural grains are 

not perfect spheres, the best we can say is that we have measured some dimension of a grain 

that allows it to pass through a square hole. Nevertheless, this is significantly easier than 

trying to derive some measure of pore size. 

Empirical studies have shown that permeability depends both on some representative 

grain size and on some measure of the spread of the overall grain size distribution. Hazen 

(1892) showed that permeability is related to the square of the dio size fraction, i.e., the 

diameter at which 10 percent (by weight) of the grains are finer as determined by sieve 

analysis. In general, permeability is influenced more by. the volume fraction of small-diameter 

grains than by the volume fraction of large-diameter grains. For materials comprised of one 

grain size, permeability decreases with decreasing grain size. As the grain size distribution 

broadens (i.e., decreased sorting), permeability also decreases. Krumbein and Monk (1943), 

Beard and Weyl (1973), Shepherd (1989) and Alyamani and Zekai (1993) describe various 

methods of relating permeability to characteristics of grain size distribution curves. 
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To relate grain size distributions to pore size distributions, information about grain shapes 

and mode of packing is required. Grain shapes affect specific surface. Materials comprised of 

spherical grains have low specific surface, while materials comprised of platey grains have 

high specific surface. The mode of packing affects both the porosity and the geometry of the 

pores. The effect of packing on permeability was first systematically investigated by Graton 

and Fraser (1935). These authors showed that for materials comprised of uniform spheres, the 

least compact arrangement is that of simple cubic packing; this mode of packing results in a 

porosity of 0.4764. The most compact arrangement is that of pyramidal or tetrahedral packing 

where each sphere is touching twelve neighboring spheres; in this case, porosity is 0.2595. 

Intermediate arrays of uniform spheres have porosities falling between these two extremes; a 

typical porosity value for a dense random sphere pack is 0.36 (Bourbie et al., 1987). In 

uniform packings of spheres, porosity is independent of sphere size while permeability varies 

with sphere size; this is evidence that there is not a one-to-one relationship between porosity 

and permeability. In order to accurately predict permeability values, several geometrical or 

textural parameters must be correctly specified. 

6.3 P E T R O P H Y S I C A L M O D E L S 

In this section, I describe three interrelated petrophysical models for sand-clay mixtures: 

(1) a microgeometrical model, (2) a permeability model, and (3) a dielectric model. The latter 

two models depend upon porosity and clay volume fraction, parameters that can be estimated 

using the microgeometrical model. An important feature of these models is that most of the 

parameters can be directly measured, hence the models can be tested by experiment. 
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6.3.1 Microgeometrical model 

Marion et al. (1992) proposed a microgeometrical model to explain the relationships 

between porosity, clay content, confining pressure and seismic P-wave velocity in sand-clay 

mixtures. The model assumes that mixtures of sand and clay form "ideal" packings as shown 

in Figure 6.1. At low clay contents, clay particles fit within the pore space of the sand pack. 

This sort of geometry is naturally favored when the volume fraction of porous clay Clp is less 

than the inherent porosity of the sand pack Qs at a given confining pressure Pc . As clay 

packets fill the pore space of the sand, total porosity decreases according to the relation 

<p= <j)s - Clp(l-<pcl), where 0C/ is the inherent porosity of the clay component at the specified 

confining pressure. At high clay contents, where Clp is greater than <ps, a different geometrical 

arrangement of sand and clay particles occurs. In this domain, clay particles form the matrix 

and sand grains are disconnected. As Clp increases, total porosity also increases, this time 

according to the relation 0 = Clp <pci . because microporous packets of clay are effectively 

replacing zero-porosity sand grains. 

The microgeometrical model parameter Clp is related to clay weight fraction Wci and clay 

volume fraction Vci (no microporosity) through the grain densities of the sand and clay 

components. Transform equations are given in Chapter 4 of this thesis. These equations are 

based on the assumption that there is no swelling of the clay component when water is added to 

the mixtures. This assumption is valid for kaolinite (Lockhart, 1980b), the clay mineral used 

in this and the previous chapter (i.e., for all the saturation experiments). To keep things 

simple, I work with clay volume fractions throughout the remainder of this chapter. 
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Figure 6.1. Microgeometry of sand-clay mixtures at a given confining pressure. At low clay 
contents, the mixtures are grain supported. At high clay contents, the mixtures are matrix 
supported. Clp is the volume fraction of porous clay and <ps is the porosity of the sand 
component as defined in the text 
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6.3.2 Permeability model 

Numerous attempts have been made over the years to relate permeability to other material 

parameters. Excellent summaries of this work may be found in Bear (1972) and Scheidegger 

(1974). A widely used permeability model is the Kozeny-Carmen equation (Kozeny, 1927; 

Carmen, 1956). Yin (1993) derived a form of this equation for sand-clay mixtures; this is the 

model that I employ to predict permeability values for sand-clay mixtures. Following is a brief 

development of the Kozeny-Carmen-Yin theory. 

A theoretical expression for permeability in terms of volumetric and geometric pore 

parameters can be obtained by modeling a porous medium as a bundle of capillary tubes with 

prescribed cross-section and length (Kozeny, 1927). The flow through each tube is given by 

Hagen-Poisseuille's law which results from solving the Navier-Stokes equations. Equating the 

total flow through the tubes with Darcy's law (6.1), Kozeny obtained the following expression 

for permeability: 

(6.2) 
cSt

l 

where 0 is porosity, St is specific surface (i.e., surface area per total volume), and c is a 

dimensionless constant that depends on the shape and orientation of the tubes. Assuming the 

tubes are all oriented along the direction of flow, it can be shown that. c = 2 for circular 

capillaries and c = 1.5 for flat cracks. If the tubes are randomly oriented, then some of these 

tubes will not support flow since they will be perpendicular to the hydraulic gradient. In the 

extreme case, one third of the tubes will be oriented in each orthogonal direction resulting in c 

values that are three times as large (i.e., c = 6 for circular capillaries and c = 4.5 for flat 

cracks). In natural samples, c is also affected by changes in tortuosity and pore connectivity 
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though the range in experimentally determined values (3< c <6) is small for most geologic 

materials (Wyllie and Spangler, 1952). A good value for general use is c = 5 (Carmen, 1956). 

The specific surface parameter St in Kozeny's equation (6.2) contains information about 

both pore size and pore volume. In order to separate these two factors, Carmen (1956) 

substituted the identity 

into Kozeny's equation. The parameter Ss (also called specific surface) is defined as the 

surface area per solid volume. The resulting expression for permeability: 

is known as the Kozeny-Carmen equation. 

Although the Kozeny-Carmen equation can be derived from consideration of capillary 

tubes, it is really a statistical characterization based on the concept of hydraulic radius (Carmen, 

1956). The hydraulic radius Rh is defined as the ratio of the average cross-sectional area to the 

average circumference of pore channels. In bulk terms, this is equivalent to the ratio of pore 

volume to surface area, or, normalizing by total volume, Rh = (p/St • Dimensional analysis 

shows that Rh has units of length. It is apparent that Rh is a characteristic length parameter that 

links the pore geometric properties of a real porous material with the hypothetical channels 

which are envisioned theoretically. In other words, Rh represents the effective hydraulic radius 

of the complicated pore network (Hillel, 1980). 

For granular materials, the parameter Ss can be computed directly if grain size and shape 

information are available. For instance, a sphere pack comprised of m size fractions, each size 

fraction comprised of N; spheres of radius r ; , has: 

(6.3) 

k = (6.4) 
5(\-<t>fss

2 
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m _ 
2 Anrp-Nt 
• 1 my. _x 

j=l 

where Vi is the volume fraction of the ith component (EV,- = l) (Bear, 1972). 

Yin (1993) substituted equation (6.5) into the Kozeny-Carmen equation (6.4) and 

evaluated the result for two components, sand (s) and clay (cl): 

k ^ . (6.6) 

This is the equation that I use to predict the permeability of sand-clay mixtures (Figures 6.3, 

6.4 and 6.7). The only parameters required are the effective radii of the sand and clay 

components, and the volume fractions of void, sand and clay. To compare with dielectric 

behavior, it is useful to separate these parameters into those concerned with quantifying volume 

fractions (<f>7 Vs and Vc/) and those concerned with quantifying geometric or specific surface 

properties (rs and rci). 

6.3.3 Dielectric model 

There are various ways to incorporate volumetric and surface information into dielectric 

mixing models. One approach involves explicidy modeling and then superposing interfacial 

and electrochemical polarization mechanisms (e.g., Lima and Sharma, 1992; Endres and 

Knight, 1993; Lesmes, 1993). The problem with this approach is that many of the required 

input parameters are difficult if not impossible to measure. A simpler, more empirical, 

approach involves the use of "wetted" or "effective" matrix parameters and volumetric mixing 

formulas (Knight and Endres, 1990). In this approach, all non-volumetric effects (such as 

surface and conductivity effects) are implicitly incorporated through the definition of the matrix 
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components. In Chapters 4 and 5,1 show how this approach can be used to accurately predict 

the dielectric properties of both sand-montmorillonite mixtures and sand-kaolinite mixtures. 

The dielectric mixing model that I use in this chapter is the same as that used in Chapter 

5. The model is a four-component version of the Time Propagation equation, i.e., 

VK = (l-(j>) Vs YK7 + (l-<*) Vd f&i + <t>(l-Sw) fi^ + <pSwfi^ (6.7) 

where, in addition to the parameters already defined in this chapter, K is dielectric constant and 

Sw is water saturation. The subscripts s, cl, a and w correspond to sand, clay, air and water 

components, respectively. 

The form of equation (6.7) suggests that the bulk dielectric constant of a sand-clay 

mixture is a function only of the volume fractions and dielectric constants of the components. 

However, as stated above, surface information is also included via the definition of the matrix 

parameters. This is critical for establishing a link with permeability. In order to incorporate 

surface information, Ks and K c ; are defined to be wetted or effective parameters, not dry 

parameters. This definition follows from the observation that K of a vacuum-dry material 

increases dramatically with the adsorption of several monolayers of water to the internal surface 

of the material (Knight and Endres, 1990). The enhancement in K is related to the specific 

surface of the material; materials with high specific surface (i.e., high clay content) exhibit high 

K, particularly at low frequencies where surface effects are predominant. Once several 

monolayers of water have been adsorbed, K increases gradually and predictably with increasing 

Sw. This suggests that surface information can be included in dielectric models simply by 

redefining the matrix parameters to include the K component due to the wetting of the surface. 

Accepting this, we have in equation (6.7) a model for the dielectric constant of a sand-clay 

mixture that is analogous to the permeability model (equation 6.6) in that both volumetric and 

surface information are included. 
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6.3.4 Modeling procedure and parameters 

The model data shown in Figures 6.2 through 6.7 were generated as follows. First, the 

microgeometrical model was used to predict the relationship between porosity and clay volume 

fraction for a complete suite of sand-clay mixtures (Clp = 0.00 to 1.00, step 0.01). The 

porosity of the sand and clay components are taken to be <ps = 0.40 and <j)ci = 0.60, 

respectively; these parameter values are close to the measured values for pure uncompacted 

silica sand and pure uncompacted kaolinite clay. 

The set of (Vch<p) values was then input to the permeability model (equation 6.6) together 

with the effective radii of the sand and clay components. The radius of the sand grains (rs = 

3.75xl0 - 2 cm) is taken to be half the mean grain diameter determined from sieve analysis 

(Table 6.1), and the radius of the clay particles (rc/ = 2.25xl0" 5 cm) is taken to be that which 

best fits the measured permeability value for the pure kaolinite clay sample (given the porosity 

of the sample). Although the choice of rci is empirical, it is reasonable given the range of 

particle diameters (i.e., l x l O - 5 - 4xl0" 4 cm) reported for kaolinite by other investigators 

(Ffillel, 1980, p. 76). 

The set of (Vci,<j)) values was also input to the dielectric model (equation 6.7). 

Predictions were made at two. saturation levels, Sw = 0.00 and Sw = 1.00. The dielectric 

constant values used for the air and water components are: KQ = 1.0006 and K w = 79.4595 

(laboratory conditions of 22° C, atmospheric pressure, 50% relative humidity) (ASTM, 1987; 

Marsh, 1986). The wetted or effective matrix parameters (K$ and K c / ) were determined from 

inversion of the measured dielectric data for the pure sand and pure clay end-members, given 

the measured porosity and water saturation values for these mixtures. Since the magnitude of 

surface effects is expected to vary with water saturation, different matrix parameter values were 

used for the two saturation states. For the dry mixtures, the matrix values at 1 MHz are KS = 

4.111 and Kc/ = 12.599. These values are close to those reported in Olhoeft (1979a) (KS = 4.5 
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and Kc/ = 11.8) and the Handbook of Physics and Chemistry (1986) (Ky = 4.10-4.34) for 

quartz and kaolinite at 1 M H z . For the water-saturated mixtures, the matrix values at 1 MHz 

are Ky = 7.346 and Kc/ = 50.834. These values are higher than published values because 

surface effects have purposely been lumped into the matrix parameter. 

Using this modeling process, I generated 202 data points that span the parameter space 

(Vcl,<l>,k,Sw,K). The locus of these points form the dotted curves shown in Figures 6.2 

through 6.7. 

6.4 E X P E R I M E N T A L P R O C E D U R E 

6.4.1 Sample preparation 

The artificial samples studied in this research were created by mixing two solid 

components: a silica sand and a standard kaolinite clay. The sand is from Lane Mountain, 

Washington, and the clay (KGa-1) is from the Clay Mineral Repository at the University of 

Missouri. Table 6.1 lists relevant physical properties of these materials. The grain densities, 

and bulk sample porosities discussed later, were measured using a Helium pycnometer. The 

grain diameter of the sand was determined from sieve analysis (20-25 mesh). The particle 

diameter of the clay was taken from the literature (Hillel, 1980, p. 76). The surface area of the 

sand was determined from nitrogen adsorption isotherms using the BET equation (Brunauer et 

al., 1938), and the surface area of the clay was determined using the E G M E adsorption 

technique (Carter et al., 1965). The cation exchange capacity (CEC) of the sand was not 

measured but is probably very small; the CEC value listed for kaolinite was taken from the 

literature (van Olphen and Fripiat, 1979). 

The mixtures were first blended in a beaker under room-dry conditions and then 

transferred to either the dielectric sample holder or the permeability measurement cell. The 

mass sand and mass clay needed to produce each sample were determined ahead of time using 
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Table 6.1. Component properties. 

Grain Grain Specific Cation 
Material Mineralogy Density Diameter Surface Exchange 

[g/cm3] [cm] [cm2/g] [meq/lOOg] 

Sand Quartz 2.645 7xl0"2 - 8xl0"2 3.9xl02 not measured 

Clay Kaolinite 2.613 lxlO"5 - 4x10-* 2.5xl05 2.0 
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the mass-material property relationships developed in Chapter 4. These mass-material property 

relationships made it possible to produce samples with predetermined porosity, clay content 

and confining pressure, given the total volume of the two sample holders (approximately 6 cm 3 

and 76 cm 3 , respectively). 

The samples were saturated by injecting water into the holders from the bottom Minor 

differences in the method used to saturate the dielectric samples and the permeabihty samples 

are described in the next two sections. The level of water saturation was determined 

gravimetrically. 

6.4.2 Permeability measurements 

Hydraulic permeabihty values for the sand-clay mixtures were determined from constant 

and falling-head permeameter tests. Basic principles of these tests can be found in most 

applied hydrogeology and soil physics texts (e.g., Freeze and Cherry, 1979; Klute and 

Dirksen, 1986). Most of the tests were performed by Elizabeth Brown as part of her B.Sc. 

thesis research (Brown, 1995). 

The falling-head permeameter used in this research can measure permeability values 

between l x l O - 1 4 and l x l O - 6 cm 2 (Elizabeth Brown, personal communication). This 

measurement range rums out to be adequate for all the sand-clay mixtures except the pure sand 

mixture which has a permeability greater than lxlO" 6 cm 2 . For the pure sand samples, the 

constant-head permeameter was used instead of the falling-head permeameter. After 

emplacement in the appropriate measurement cell, the samples were compacted to a volume of 

-76 cm 3 using a plunger, partially evacuated of air, saturated from the bottom with distilled 

degassed water, and allowed to equilibrate for two to twenty-four hours. 

For the constant-head tests, permeability values were calculated using Darcy's law. For 

the falling-head tests, permeability values were determined using the equation: 
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(6.8) 

where a is the area of the standpipe, d is the thickness of the sample, A is the area of the 

sample, and t is the time for the water level to drop from head ho to head hj in the standpipe. 

Temperatures in the laboratory ranged from 20 to 24° C. Viscosity and density corrections 

were made to report all data at 22° C. Three or more trials were averaged to determine the k 

value for each sample. 

6.4.3 Dielectric measurements 

The electrical properties of each sand-clay mixture were measured first under room-dry 

conditions and then under water-saturated conditions. To saturate the samples, distilled water 

with a conductivity of ~2xl0 - 4 S/m (10 Hz - 10 MHz) was injected through a small hole in the 

base of the dielectric sample holder. Using this procedure, I was able to obtain saturation 

levels greater than 0.80 for all the mixtures. Further details about the saturation technique may 

be found in Section 5.2. 

Effective electrical conductivity oef and dielectric permittivity eef values were calculated 

from two-electrode measurements of the equivalent parallel conductance Gp and capacitance 

Cp of the samples using the inversion formulas: 

cv= and eef = (6.9) 

where A and d are the area and thickness of the samples, respectively. Dielectric constants 

were computed from K = eef/e0 (where eQ = 8.854xl0"1 2 F/m). Cp and Gp were measured 

at 31 frequencies spaced logarithmically between 10 Hz and 10 MHz using a Hewlett Packard 

4192A impedance analyzer, although for clarity only the data acquired at 1 M H z are discussed 

in this chapter; data acquired at other frequencies are shown in Chapter 5 and also tabulated in 

Appendix D. Measured Cp and Gp values were compensated for cable and sample holder 
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residuals as described in Appendix A. An error analysis is included in Appendix B. Reported 

dielectric constant values are accurate to within two percent. Further details about the electrical 

measurement system may be found in Section 4.2.4. 

6.5 E X P E R I M E N T A L R E S U L T S 

Seven artificial sand-clay mixtures were investigated. The measured properties of these 

mixtures are summarized in Table 6.2. Clay content is expressed both as weight fraction and 

volume fraction (dry material) to facilitate comparison with other experimental and theoretical 

studies. Because kaolinite does not swell when saturated (Lockhart, 1980b), these clay content 

values are also characteristic of the saturated samples. The numbers in parentheses to the right 

of the saturated dielectric constant values are the measured Sw values for the saturated dielectric 

samples. The samples used for the permeability measurements are assumed to be 100% water-

saturated. 

Although the data are sparse, they span the entire lithologic range from pure sand to pure 

clay. Porosity values range from 0.599 (pure clay) to 0.238 (clayey sand), permeability values 

range from 4.4xl0" 6 cm 2 (pure sand) to 5.4xl0" 1 2 cm 2 (clayey sand), and dielectric constant 

values range from 2.62 (dry sand) to 58.5 (saturated clay). Correlations between these 

parameters are investigated in the next section using various crossplots. The crossplots also 

show the predictions generated by the microgeometrical, permeability and dielectric models. 

6.6 D I S C U S S I O N 

6.6.1 Relationship between porosity and clay volume fraction 

Figure 6.2 shows the predicted and observed relationships between porosity and clay 

volume fraction for sand-clay mixtures at zero confining pressure. The porosity of the pure 

sand sample is 0.399 and the porosity of the pure clay sample is 0.599; these porosity values 
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Table 6.2. Summary of measured data. 

Clay weight 
fraction 

Clay volume 
fraction 

Porosity 
Permeability 

[cm2] 
Dielectric Constant @ 1MHz 

Dry Saturated (Sw) 

0.000 0.000 0.399 4.4 xl0~6 2.62 26.5 (0.99) 

0.062 0.063 0.359 7.5 xlO"9 3.00 20.4 (0.80) 

0.129 0.130 0.308 1.6xl0-10 3.51 21.3 (0.82) 

0.209 0.211 0.238 5.4xl0'1 2 4.34 21.5 (0.85) 

0.372 0.375 0.359 7.1 xlO" 1 2 4.27 33.9 (0.90) 

0.613 0.615 0.480 6.4xl0"12 4.27 44.7 (0.85) 

1.000 1.000 0.599 1.5xl0"n 4.08 58.5 (0.88) 
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Sand-Kaolinite Mixtures 
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Figure 6.2. Predicted and observed relationships between porosity and clay volume fraction 
for silica sand-kaolinite clay mixtures at zero confining pressure. The predicted values are 
based on the microgeometrical model for sand-clay mixtures that was proposed by Marion et 
al. (1992). 
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correspond to samples that fill but are uncompacted in the measurement cells. As Vci increases 

from 0.000 to 0.211, 0 decreases from 0.399 to 0.238 because clay is filling the pore space of 

the sand pack. As Vci increases from 0.211 to 1.000, (j) increases from 0.238 to 0.599 because 

microporous packets of clay are effectively replacing zero-porosity sand grains. At Vci equal 

0.211, a critical point or percolation threshold is observed in the (Vc/»^) relationship. This 

point of minimum porosity marks the transition from grain-supported microgeometry to matrix-

supported microgeometry, as depicted in Figure 6.1. At this point, the volume fraction of 

porous clay is equal to the inherent porosity of the sand pack (i.e., Clp = (j)s). The close 

agreement between the experimental data and the microgeometrical model data is evidence that I 

have succeeded in synthesizing "ideal packings" of sand and clay with systematically varying 

hydrogeologic properties using the "physical modeling" sample preparation technique. 

6.6.2 Permeability response 

Figure 6.3 shows the relationship between porosity and permeability for the sand-clay 

mixtures. There is good agreement between the theoretical predictions and the measured 

parameter values; for the most part, measured permeability values are within an order of 

magnitude of the predicted values. These data also show that there is not a one-to-one 

relationship between porosity and permeability. The pure clay and sandy clay samples with the 

highest and lowest porosity ((j) = 0.599 and 0.238, respectively) have about the same, relatively 

low, permeability (k ~ 10"11 cm 2), while the sand sample with intermediate porosity (0 = 

0.399) has the highest permeability (k = 4.4 x 10"6 cm 2). This is undoubtedly due to the effect 

of clay on the permeability of the mixtures. 

The relationship between permeability and clay volume fraction is shown in Figure 6.4. 

Again, there is good agreement between the predicted and the observed data. Results show 

that permeability decreases five orders of magnitude from 4.4 x 10'7 cm 2 to 5.4 x 10"12 cm 2 as 
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Figure 6.3. Permeability versus porosity for sand-kaolinite mixtures. 
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Figure 6.4. Permeability versus clay volume fraction for sand-kaolinite mixtures. 
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Vci increases from 0.000 to 0.211 in the mixtures. Adding a small amount of clay to the sand 

pack has a small effect on porosity but a tremendous effect on permeabihty; this is a geometric 

effect. Physically, the pore-filling clay shifts the pore-size distribution to smaller values, and 

this, in turn, significantly decreases permeability (Neesham, 1977; Almon, 1979). Beyond the 

percolation threshold (Vci > 0.211), permeabihty is relatively insensitive to clay volume 

fraction. The slight increase in permeabihty for samples with high Vci is due to the greater 

porosity of these samples. 

6.6.3 Dielectric response 

Figure 6.5 shows the predicted and observed relationships between porosity and 

dielectric constant for sand-clay mixtures under dry and water-saturated conditions. The open 

circles correspond to the dry samples, and the closed circles correspond to the saturated 

samples. The predicted and observed relationships agree well with each other for both levels 

of water saturation. The slight overprediction of dielectric constant values for the saturated 

samples is due to the difference between the Sw values used in the modeling and the values 

achieved in the laboratory; that is, the experimental data were not 100% saturated in all cases. 

If the actual measured Sw values are used in the dielectric modeling (instead of Sw = 1 for all 

samples), then the mean absolute deviation (MAD) between the predicted and the observed K: 

values (normalized with respect to the observed K values) for the seven saturated samples is 

1.6 percent. The same prediction error for the dry samples is 2.6 percent. These average 

deviations are approximately equal to the measurement uncertainty. 

As predicted by the dielectric model, K of the dry samples increases with decreasing 

porosity, while K of the saturated samples decreases with decreasing porosity. This is because 

the dielectric constant of water (-80) is much greater than that of air (~1). However, the 

relationship between K and porosity is not one-to-one for either the dry or the saturated 
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samples; instead, there is a critical point in the 0-K relationship for both dry and saturated 

samples. For instance, there are two water-saturated samples with a porosity of 0.36 that have 

significantly different dielectric constants. Likewise, there are pairs of samples with the same 

dielectric constant that have different porosity values. This invalidates the notion that <p and K 

are uniquely related in materials containing one pore fluid, at least at low frequencies (<10 

MHz). 

Figure 6.6 shows the relationship between clay volume fraction and dielectric constant of 

sand-clay mixtures. Again, there is good agreement between the predicted and observed data; 

the same M A D values as given above apply. The fact that both limbs of the V c / - K relationship 

(i.e., one limb corresponding to clayey sand samples and the other limb corresponding to 

sandy clay samples) are accurately predicted for both dry and saturated states is evidence that 

the dominant volumetric and surface factors that affect dielectric properties have been accounted 

for in the modeling (see section 6.3.3). Note that the critical point (Vci = 0.211) is much better 

defined for the saturated data than the dry data; this is due to the greater slope of the two limbs 

of the VC/-K relationship for the saturated data. 

The data in Figure 6.6 also show which lithologies or clay volume fractions are likely to 

have the same dielectric properties, assuming zero confining pressure and the (Vci,$) 

relationship defined by the microgeometrical model. This information can be used to address 

questions of non-uniqueness and sensitivity in the interpretation of V E T E M and GPR field 

data. For instance, considering the dielectric response of the dry sand-clay mixtures, it is clear 

that it would be very difficult to estimate accurate clay content values from V E T E M 

measurements of very dry (e.g., desert) materials, since a few unit change in dielectric constant 

accounts for the entire clay content range. [Note, however, that because clayey materials tend 

to possess greater residual moisture contents than sandy materials, the range in dielectric 

constant values of unsaturated materials is often greater than that shown in Figure 6.6]. 
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Figure 6.5. Dielectric constant (1 MHz) versus porosity for dry and water-saturated sand-
kaolinite mixtures. The Sw values associated with the measured saturated samples are listed in 
Table 6.2. The Sw values used in the modeling are: 5^=0 and Sw= 1. 
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Figure 6.6. Dielectric constant (1 MHz) versus clay volume fraction for dry and water-
saturated sand-kaolinite mixtures. The Sw values associated with the measured saturated 
samples are listed in Table 6.2. The Sw values used in the modeling are: Sw=0 and Sw= 1. 
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Similarly, for the saturated sand-clay mixtures, it would be difficult to differentiate lithologies 

in the low clay content range (Vci = 0.3) due to the shallow slope and multivalued nature of the 

V C / - K relationship in this range. Despite these practical limitations on the information content 

of dielectric data, the good agreement between the predicted and observed data in Figures 6.2 

through 6.6 bodes well for our goal of establishing a relationship between dielectric properties 

and permeability. 

6.6.4 Relationship between dielectric constant and permeability 

The primary objective of this chapter is to determine whether there is a relationship 

between dielectric constant and permeabihty for sand-clay mixtures. Figure 6.7 shows a 

crossplot of these two parameters. As can be seen, there is good agreement between the 

predicted and observed data for both dry and saturated samples. This is further illustrated in 

Figure 6.8 where the measured permeability and dielectric data are compared, individually, to 

the model predictions for these parameters. The good agreement between the predicted and 

observed data suggests that there is indeed a relationship between dielectric constant and 

permeability for sand-clay mixtures. 

The form of the relationship between dielectric constant and permeability depends on the 

level of water saturation of the sand-clay mixtures. For the dry samples, the k-K relationship 

appears almost linear on a semi-log plot (logarithmic permeability). The slope of the curve is 

low and there is no apparent critical point. Measured dielectric constants range from 2.62 to 

4.34-a small range. In contrast, permeability values range from 4.4xl0 - 6 to 7 .1xl0 ' 1 2 cm2—a 

difference of six orders of magnitude. The low sensitivity of K to changes in permeability for 

dry materials implies that it would be difficult to use dielectric information from the unsaturated 

zone to estimate permeability values. 
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Figure 6.7. Crossplot of dielectric constant (1 MHz) and hydraulic permeability for dry and 
water-saturated sand-kaolinite mixtures at low confining pressures. The porosity, clay content 
and Sw values associated with the measured samples are listed in Table 6.2. The equations and 
parameters used to produce the model curves are given in Section 6.3 of the thesis. 
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Figure 6.8. Comparison between predicted and measured permeability data (plot a) and 
dielectric data (plot b) for sand-kaolinite mixtures at low confining pressures. Dielectric data 
are shown for both dry (open circles) and water-saturated (solid circles) conditions. 1:1 lines 
are plotted to aid comparison. 
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When the samples are saturated with water, however, two things change in the 

relationship between dielectric constant and permeabihty. Firstly, the range in K values 

increases as shown by the spread of the data (solid circles) in Figure 6.8b; this increases the 

sensitivity of K-based permeabihty estimates. Secondly, a critical point develops similar to that 

observed in the relationship between porosity and clay volume fraction. This critical point 

causes the relationship between dielectric constant and permeabihty to be multivalued over a 

limited range of each parameter. For instance, saturated samples with K values between 20 

and 27 may be associated with two permeability values—one value around 10"11 cm 2 and 

another value as high as 10 - 5 cm 2 depending upon sand content. Although the relationship 

between dielectric constant and permeabihty for saturated samples is multivalued, there is still 

useful information in the dielectric response. For instance, K values greater than 30 are 

indicative of materials with low permeabihty (i.e., k < 2 x l 0 " u cm 2). This suggests that 

geophysical attributes may be defined to help identify different hydrostratigraphic units. 

6 .6 .5 Implications for mapping permeability in the field 

The results of this laboratory study can be used in several ways in field studies. For 

instance, let us assume for the moment that we are investigating a field site where we know that 

geology consists only of sand and clayey sand, and that the k-K relationship depicted in Figure 

6.7 is valid. The limited range of lithologies means that we need only consider one limb (i.e., 

the limb corresponding to sandy materials) of the k-K relationship. Sensitivity issues not 

withstanding, we could then use the three integrated petrophysical models to invert dielectric 

data uniquely for permeability. Theoretically, this could be done for every reflector observed 

in every trace of a GPR or VETEM survey to produce a detailed map of permeability 

(continuously variable) at the site. 
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What happens if geology is not so cooperative and lithologies from both limbs of the k-K 

relationship are present at a site? In this case, some values of K will uniquely determine 

permeability, while other values of K will only limit permeability to two possible values. The 

most probable of these values could be determined from analysis of spatial trends. If the risk' 

associated with uncertain permeabihty values is high, then additional field measurements such 

as well tests could be considered to resolve the ambiguity. In this way, the geophysical data 

could help determine future drilling and sampling locations and hence be incorporated into the 

hydrogeological decision making process. 

Up to this point in the discussion, it has been tacitly assumed that the goal of a 

geophysical survey is to map the permeabihty field completely and continuously over a broad 

range of scales. Of course this goal will be difficult to achieve in most cases due to poor 

sensitivity of the dielectric constant-permeability relationship, non-uniqueness of inversions, 

etc. Fortunately, such an optimistic goal is not necessary to solve many hydrogeological 

problems. For instance, in contaminant transport problems, it may be sufficient simply to 

characterize the connectivity of high and low permeability units (Smith and Schwartz, 1981; 

Journel and Alabert, 1988). The petrophysical relationships between dielectric properties and 

permeability developed in this chapter can also be used for this purpose. 

For example, suppose that k = 10"9 cm 2 is an appropriate threshold value separating 

permeable from impermeable sediments at a site. Using this threshold value, one can separate 

Figure 6.7 into two fields. For a given level of water saturation, some dielectric constant 

values will be associated with permeable sediments, while other dielectric constant values will 

be associated with impermeable sediments. Similar associations can be made for other types of 

geophysical data such as the electrical conductivity data presented in Chapter 5, and the P-wave 

velocity data for sand-kaolinite mixtures published by Rubin et al. (1992) and Yin (1993). In 

this way, a set of hydrogeophysical attributes can be defined, as shown in Table 6.3. These 
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Table 6.3. Hydrogeophysical attributes for a hypothetical aquifer comprised 
of mixtures of silica sand and kaolinite clay at zero confining pressure. 

Unit Permeability Saturation Dielectric Conductivity[ll P-wave Velocity[2] 

[cm2] Constant [S/m] [m/s] 

Permeable > io- 9 0.00 (dry) 2.6 - 2.8 1X10- 6 -5X10" 6 200-1100 

1.00 (sat) 26.5 - 27.0 lx lO" 3 - 2xl0- 3 1600 - 1700 

Impermeable < io- 9 0.00 (dry) 2.9 - 4.1 5 x l 0 - 6 - 3 x l 0 " 5 300 -1400 

1.00 (sat) 24.1 - 67.2 2xl0" 3 - 4xl0" 3 1550- 1950 

[l] From Chapter 5 of this thesis (1 M H z values) 

[2] From Rubin et al. (1992) and Yin (1993) (1 M H z values). 
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hydrogeophysical attributes can be used in an indicator sense to interpret geophysical field data. 

For instance, referring to Table 6.3, zones of an aquifer-aquitard system that are characterized 

by measured dielectric constant values that are greater than 30 can be designated as 

impermeable zones. The connectivity of these zones can then be analyzed and incorporated 

into hydrogeological models using indicator geostatistical methods (Journel and Alabert, 

1988). 

Although some values of geophysical parameters uniquely determine whether a zone is 

permeable or impermeable, it is clear from Table 6.3 that no single geophysical tool can 

unambiguously distinguish permeable from impermeable zones in all situations. However, 

combinations of different measurements can often identify the gross permeabihty of different 

units. For instance, the ambiguity associated with a dielectric constant measurement of 26.5 

for a particular zone is resolvable if electrical conductivity data for the zone are also available. 

If the conductivity is less than 2x10'3 S/m, then the zone is permeable; otherwise, the zone is 

impermeable. 

The petrophysical models described in Section 6.3 can also be used to predict the 

relationships between dielectric constant and permeability (or hydraulic conductivity) for other 

types of materials besides sand-clay mixtures. For example, Figure 6.9 shows the predicted 

relationship between dielectric constant at 10 M H z , and hydraulic conductivity at 10° C, for a 

series of sediment samples with different water saturations, porosities and effective grain sizes. 

The equations used to generate this figure are described in Appendix C. The data which plot in 

the upper part of the dielectric constant field (i.e., K>15) and look something like a tobaggan 

are the predictions for samples under fully water-saturated conditions, while the data which 

plot in the lower part of the dielectric constant field (i.e., K<5) and look something like a ski 

are the predictions for samples under room-dry conditions. The slightly curved rows of "+" 

and "+" symbols are the predictions at a given porosity for samples with different effective grain 
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Figure 6.9. Predicted relationship between dielectric constant (10 MHz) and hydraulic 
conductivity (10° C) for samples with different porosities, effective grain sizes and levels of 
water saturation. The slightly curved rows of "+" and "•" symbols are the predictions at a 
given porosity for samples with different effective grain sizes. The diagonal columns of "o" 
and "•" symbols are the predictions at a given effective grain size for samples with different 
porosities. 
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sizes. The diagonal columns of "o" and "•" symbols are the predictions at a given effective 

grain size for samples with different porosities. Given appropriate constraints, this crossplot 

can be used to estimate hydraulic conductivity values from dielectric measurements made at 10 

M H z . 

It would be interesting to compare the crossplot predictions in Figure 6.9 to dielectric 

constant (i.e., 10 MHz VETEM) and hydraulic conductivity measurements made at a well-

characterized field site. At the time of this writing, however, no such coincident V E T E M and 

well test measurements have been published, so a true 10 MHz field comparison with the 

crossplot is not possible. If electrical properties do not vary significantly with frequency above 

10 M H z , then the crossplot in Figure 6.9 may also be applicable to the interpretation of low-

frequency radar data. Although the validity of this conjecture is questionable and needs to be 

demonstrated with additional laboratory measurements above 10 M H z , the conjecture is a 

useful one to make, if only for illustrative purposes. 

In the summer of 1995, a vertical radar profile (VRP) was collected in a well at the U . S . 

Geological Survey's Toxic Waste Hydrology Research Site on Cape Cod, Massachusetts 

(John Lane, written communication). This VRP provides a good opportunity to test the 

applicability of the dielectric constant-hydraulic conductivity crossplot because detailed 

hydraulic conductivity measurements are also available for the well. The hydraulic 

conductivity measurements were made using a borehole flowmeter; these measurements are 

described by Hess et al. (1992). 

The VRP and flowmeter measurements were made in a well (FSW-452-61) that 

penetrates the uppermost 18 meters of an unconfined, sand and gravel, aquifer. The well was 

installed by a drive-and-wash technique to minimize aquifer disturbance around the screen and 

casing (Morin et al., 1988). The lower 12 meters of the well are screened, and the upper 6 
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meters are cased, with 5-cm internal-diameter PVC. When the VRP and flowmeter 

measurements were made, the water table was located about 7 meters below land surface. 

The VRP was conducted by recording the time it took for a radar wave to travel from a 

transmitting antenna located on the surface to a receiving antenna located in the well. The 

transmitting antenna was oriented perpendicular and radial to the well and not moved during the 

course of the experiment; its center was located 0.7 m from the well axis. The receiving 

antenna was lowered down the well in 0.5 m increments. At each offset, 32 traces were 

recorded and stacked. The recording time is 340.3 ns and the sampling interval is 0.3323 

ns/sample. An A B E M R A Y M A C borehole radar system with 60 M H z antennas was used for 

the tests; a description of this system can be found in Olsson et al. (1992). 

The traveltimes of the first arrivals were picked and plotted against the corresponding 

antenna separations. These data are shown in Figure 6.10. The data essentially fall along two 

straight lines. The intersection of the two lines occurs at a transmitter-receiver separation of 

about seven meters and marks the point where the center of the receiving antenna enters the 

saturated zone. The inverse slope of the line through the open circles is a measure of the 

average radar-wave velocity of the unsaturated sediments, and the inverse slope of the line 

through the closed circles is a measure of the average radar-wave velocity of the saturated 

sediments. Since the loss tangent of the aquifer material is very small (tan 8 « 1 ) , dielectric 

constant values can be computed from: K = (CQ/V)2, where co is the speed of light in a vacuum 

(0.2998 m/ns) and V is the measured propagation velocity. The K values determined in this 

way for the unsaturated and saturated zones are 4.53 and 27.97, respectively. 

What do these dielectric constant values suggest about the hydrogeologic properties of the 

Cape Cod sediments? Referring to Figure 6.9, the K value for the saturated sediments (27.97) 

suggests a porosity around 0.45, unless the effective grain size is less than 0.001 cm. Since 

the aquifer is comprised largely of sand and gravel, it is safe to rule out the possibility that 
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Figure 6.10. Time-distance plot for vertical radar profile conducted in well FSW-452-61. 
Open circles correspond to data from unsaturated zone. Closed circles correspond to data from 
saturated zone. Velocity and dielectric constant values are also listed for the two layers. 
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effective grain size is less than 0.001 cm for the sediments. The radar-derived porosity 

estimate of 0.45 is somewhat higher than porosity estimates determined by other methods. For 

instance, Garabedian et al. (1991) reported an effective porosity value of 0.39 based on spatial 

moments analysis of a large-scale natural-gradient tracer test conducted at the site. 

The measured K value for the unsaturated zone (4.53) is slightly greater than the predicted 

K values shown in Figure 6.9 for dry sediments with porosities around 0.45. This suggests 

that the average water saturation of the unsaturated zone may be greater than the water 

saturation associated with room-dry laboratory conditions. This would not be surprising. 

However, to derive quantitative estimates of the water saturation of the unsaturated zone, or the 

permeability of the sediments, additional information about the matrix parameter or the effective 

grain size of the sediments is required. 

The matrix parameter can be computed given the effective grain size of the sediments. 

Let us assume that the median grain size by weight is an appropriate measure of effective grain 

size. The median grain size of the surficial sediments at the Cape Cod site is 0.05 cm (Barber, 

1992). This defines a diagonal column in Figure 6.9. The intersection of this column with the 

porosity value 0.45 (determined by the K data from the saturated zone) defines a hydraulic 

conductivity value of 0.3 cm/s. This radar-derived estimate of hydraulic conductivity is in 

good agreement with hydraulic conductivity estimates derived by other methods. For instance, 

the geometric mean of all the flowmeter measurements in well FSW-452-61 is 0.11 cm/s (Hess 

et al., 1991), and the average hydraulic conductivity value estimated from the large-scale tracer 

test is 0.13 cm/s (LeBlanc et al., 1991). 

Given effective grain size and the measured K values for the saturated and unsaturated 

zones, and assuming porosity is constant, the water saturation of the unsaturated zone can also 

be estimated from the dielectric model. Graphically, this amounts to moving along a vertical 

line in Figure 6.9. The average Sw value of the unsaturated zone estimated from the VRP data 



Chapter 6 — Estimating permeability from dielectric measurements 176 

is 0.14. This corresponds to a volumetric moisture content of 0.061. Rudolph et al. (1996) 

conducted extensive TDR measurements at the Cape Cod site. The mean residual volumetric 

moisture content calculated by these investigators is 0.081. Again, there is good agreement 

between the radar-derived hydrogeologic parameter estimates and the estimates derived from 

other methods. 

These examples show how the dielectric constant-hydraulic conductivity crossplot may 

be applied to field studies. Although accurate estimates of hydrogeologic parameters can be 

obtained in some cases, these estimates are dependent upon reliable supporting information 

such as effective grain size. 

Additional factors that should be considered in applying the results of this study to actual 

permeability mapping problems include the following. As shown in Chapter 5, partial water 

saturation can produce dielectric constant values between the extremes listed in Tables 6.2 and 

6.3; this makes interpretation of data from the unsaturated zone more complicated. Electrical 

conductivity is affected by water saturation and salinity; the conductivity values listed in Table 

6.3 are only valid for sand-kaolinite mixtures that are room-dry or fully-saturated with distilled 

water. As shown in Chapters 4 and 5, both dielectric constant and conductivity are functions 

of frequency (and of each other) so different petrophysical relationships or parameter values 

should be used in different frequency ranges. For instance, at the higher frequencies used by 

most GPR practitioners (e.g., 100 MHz), I would expect the dielectric constant values in Table 

6.3 to decrease somewhat (more so for clays than sands). In addition, differences in confining 

pressure will affect the porosity-clay content relationship, and hence other parameter 

relationships, in sand-clay mixtures; specifically, increased confining pressure causes the 

porosity minimum to shift to lower porosities and lower clay contents (Marion et al., 1992; 

Yin , 1993) though this effect is minor for depths less than 100 m (lithostatic pressures less 

than 2.26 MPa). Other factors that need investigation are the effect of grain size, clay 
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mineralogy, clay morphology and surface properties (e.g., wettability) on the dielectric 

constant-permeability relationship. 

6.7 SUMMARY 

Laboratory measurements have been made of the porosity, clay content, permeabihty and 

dielectric constant of a suite of sand-clay (i.e., silica sand-kaolinite clay) mixtures under both dry 

and water-saturated conditions. The measured data are compared to the predictions of three 

petrophysical models: a microgeometrical model, a permeability model and a dielectric model. 

Results show good agreement between predicted and observed data, suggesting that permeability 

estimates accurate to within an order of magnitude may indeed be derived from dielectric 

measurements. In order to obtain such accuracy, both volumetric and geometric information must 

be incorporated into petrophysical models. Such petrophysical relationship can be used in ground 

penetrating radar and very early time electromagnetic surveys to estimate permeability values and 

connectivity functions in the field. 
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Chapter 7 

Conclusions 

Over the past decade, significant technological advancements have been made in the 

capabilities of electromagnetic geophysical techniques for imaging the near surface of soil and 

groundwater contamination sites. High performance digital radar systems are now available 

that can penetrate the subsurface to depths of tens of meters at resistive sites, and a new 

technique—very early time electromagnetics—is under development that can image the top ten 

meters of conductive sites. Each of these techniques is capable of sampling the subsurface 

over a broad range of scales for a fraction of the cost of other characterization methods. 

Advancements in digital instrumentation and computer technology have also stimulated 

significant improvements in geophysical signal processing capabilities. GPR and V E T E M data 

can now be filtered, deconvolved, migrated and displayed in three dimensions using desktop 

computers, the result being even more reliable structural and stratigraphic images of the 

subsurface. 

Although GPR and V E T E M images provide valuable information about the location, size 

and shape of subsurface heterogeneities, hydrogeologists fundamentally require information 

about hydrogeologic parameter values associated with these heterogeneities. The most 

significant problem in environmental geophysics today is the problem of transforming 

geophysical data into other, more useful, forms of information such as hydrogeologic 

parameter estimates. The purpose of this thesis research has been to develop a better 

understanding of the relationships between electrical properties and hydrogeologic properties of 

geologic materials observed at the same scale, since these relationships are the key to 

quantitative integration of geophysical and hydrogeological information. This is accomplished 

through systematic laboratory experiments, analysis of electromagnetic theory, and 

petrophysical modeling. 
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A review of the literature (Chapter 3) revealed numerous laboratory studies of the 

electrical properties of geologic materials. These studies indicate that electrical properties 

depend on porosity, clay content, water saturation and measurement frequency, among other 

variables. However, there is little agreement on the specific form of electrical property-

hydrogeological property relationships due to scatter in the experimental data and apparent 

inconsistencies between studies regarding the relative importance of different hydrogeologic 

parameters in determining the electrical response of a material. These inconsistencies are 

difficult to reconcile due to experimental differences in sample composition, sample 

preparation, measurement techniques and reported parameters. 

The problem of non-standardization of electrical measurement techniques and parameter 

naming conventions is addressed in Chapter 2. This chapter presents an analysis of 

electromagnetic theory as it applies to laboratory and field measurements of electrical 

properties. A consistent terminology is used to develop the working time-domain and 

frequency-domain equations associated with different measurement techniques; the 

development shows how the electrical parameters measured in laboratory experiments relate to 

both the electrical parameters measured in GPR and V E T E M field experiments and to the 

electrical parameters appearing in Maxwell's equations. The analysis is unique in that it draws 

connections between the different types of parameters used by instrument designers, 

experimentalists, theorists and field geophysicists. 

An important conclusion of the theoretical development in Chapter 2 is that all measured 

parameters are real "effective" parameters, not components of complex parameters that appear 

in most electromagnetic theories. Transformations between effective parameters and complex 

parameters are necessary before microscopic electromagnetic theories can be applied to the 

interpretation of measured macroscopic electrical properties. Measured parameters such as 

effective electrical conductivity and dielectric constant include contributions from both free and 
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bound charge carriers, and depend upon frequency. The relationships between effective 

conductivity and frequency, and dielectric constant and frequency, are nonlinear due to the way 

that in-phase and out-of-phase conduction and polarization currents combine; however, to first 

order, effective conductivity scales directly with angular frequency, while dielectric constant 

scales with the reciprocal of angular frequency. 

To resolve apparent inconsistencies in the experimental data base and test various 

hypotheses about relationships between electrical parameters and hydrogeologic parameters, a 

series of laboratory experiments was conducted on well-characterized mixtures of sand, clay, 

air and water. A novel method was used to systematically control the porosity, clay content 

and effective degree of compaction of the mixtures. The method is based on a simple model of 

the packing geometry of sand and clay components in binary sand-clay mixtures. Using this 

method, suites of mixtures were prepared to vary hydrogeologic parameters individually and to 

simulate geologic processes such as compaction, forced imbibition, evaporative drying, and 

lithologic variation along the length of a depositional system. In total, the electrical and 

hydrogeologic properties of more than 100 mixtures were measured, making this one of the 

largest experimental investigations of electrical properties ever reported. 

The measurements of effective electrical conductivity and dielectric constant were made 

over the frequency range of 100 kHz to 10 MHz. The experimental results are presented as 

crossplots of electrical parameters versus frequency, and as crossplots of electrical parameters 

versus various hydrogeologic parameters. The first set of crossplots is useful for investigating 

the linkage between conduction and polarization phenomena that affect measured effective 

electrical parameters. The second set of crossplots is useful for characterizing the relationships 

between electrical and hydrogeological parameters that may exist under different 

hydrogeological field conditions. It is argued that all electrical measurements should be 
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displayed in this way, if possible, to show the interdependencies of electrical and 

hydrogeological parameters. 

The results of this study support the idea that the bulk dielectric constant of a composite 

material depends on the individual dielectric constants of the components, the volume fractions 

of components, the geometries of the components, and the electrochemical interactions between 

the components. For instance, the effect of changing individual component properties can be 

seen by comparing the measured dielectric constants of pure sand, pure kaolinite and pure 

montmorillonite samples with identical porosity and water saturation values. 

The effect of changing the volume fractions of components is illustrated in the plots of 

electrical parameters versus porosity, electrical parameters versus clay volume fraction, and 

electrical parameters versus water saturation, since porosity, clay volume fraction and water 

saturation are all volumetric parameters. For instance, in the compaction experiments, it is 

observed that the dielectric constant increases with compaction if the samples are dry, and 

decreases with compaction if the samples are water-saturated, due to differences in the 

proportions of high-K and low-K material in the mixtures. 

Geometric and surface effects are apparent in some of the pure clay and sand-clay 

mixtures. For instance, anomalously high dielectric constant values are observed when room-

dry montmorillonite is compacted beyond a certain point. This is due to the establishment of 

critical conductive pathways through the sample by percolating booklets of clay particles, and 

scaling of the out-of-phase component of conductivity in the expression for dielectric constant. 

The experimental data are also useful for testing the applicability of dielectric mixing 

formulas. It is shown that a simple volumetric mixing formula, the Time Propagation 

equation, can accurately predict the dielectric response of geologic materials provided that 

conductivity effects are incorporated through correct specification of matrix parameters. More 
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work is needed, however, to determine how to estimate matrix parameters for use in field 

mapping problems. 

Results also show that the dielectric constant of sand-clay mixtures depends on the 

porosity and specific surface of the mixtures. Since porosity and specific surface are 

parameters that also affect permeability, there may be a functional relationship between 

dielectric constant and permeability that involves these parameters. To test this hypothesis, 

measurements of dielectric constant and permeability for a suite of sand-clay mixtures are 

compared to the predictions of three interrelated petrophysical models: (1) a microgeometrical 

model which describes the relationship between porosity and clay content in sand-clay 

mixtures, (2) a permeability model based on the Kozeny-Carmen equation, and (3) a dielectric 

model which incorporates geometric information through the use of effective matrix 

parameters. Results show excellent agreement between predicted and observed data. This 

suggests that, at least for these mixtures, permeability estimates accurate to within an order of 

magnitude may indeed by derived from dielectric measurements given appropriate constraints. 

This is a significant finding because dielectric information can be readily obtained from 

inversion of ground penetrating radar and very early time electromagnetic field surveys. 

Although it is unlikely that the specific petrophysical relationships developed in this study will 

be applicable to many natural aquifers, a similar methodology could be employed in field 

studies to establish locally valid relationships between dielectric parameters and permeability 

and other hydrogeologic parameters. Such relationships could then be used as the basis for 

joint geophysical-hydrogeological inverse procedures to improve characterization of 

heterogeneous aquifers. 
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Appendix A 

Compensation for Cable and Sample Holder Residuals 

Impedance measurements always contain some systematic error. Typical sources of this 

error include: (1) improper calibration of the impedance analyzer, (2) residuals due to the cables 

(e.g., residual impedance and stray admittance), and (3) residuals due to the sample holder 

assembly (e.g., current leakage through the sample holder, edge capacitance and electrode 

polarization) (General Radio, 1977; Olhoeft, 1986; Honda, 1989). If the systematic error can 

be quantified and traced to a particular source, then the effective accuracy of the impedance 

measurements can be improved by applying one or more data corrections. Commonly used 

compensation techniques are described in Standard D-150 published by the American Society 

for Testing and Materials (ASTM, 1987) and in the application notes distributed by Hewlett-

Packard Company (e.g., Hewlett-Packard, 1987; Honda, 1989). 

To characterize the systematic error in my impedance measurements, I measured the 

electrical properties of some standard reference materials (air, Teflon, aqueous KC1 solutions, 

etc.) and precision electrical components (capacitors and resistors). By connecting the 

electrical components to the measurement circuit at different locations, the effects of the cables 

could be distinguished from basic instrument inaccuracies. The results of these tests, 

discussed in Appendix B, suggest that the main source of error in my impedance measurements 

is due to the sample holder assembly. To compensate for this error, a correction was made 

based on the measurement of air as a standard. In addition, an open/short correction was used 

to compensate for the residuals of the cables. No adjustment was made to the manufacturer's 

internal calibration of the impedance analyzer. The purpose of this appendix is to provide 

further details about the cable and sample holder compensations. 
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A l C A B L E C O M P E N S A T I O N 

The first correction that was applied is the open/short compensation (Honda, 1989). This 

compensation assumes that the cable residuals can be represented by the circuit shown in 

Figure A l . With the sample holder in place (top diagram), the impedance analyzer measures 

Zm at a given frequency. However, the desired quantity at this stage in the analysis is the 

impedance of the device under test Z^ut (i-e., the impedance of the sample holder assembly). 

Zffi includes the residual impedance (Zs = RS + ia)Ls) and stray admittance (YQ = G0 + i(tiC0) 

of the cables. Z^ui can be determined from Zm by applying the following compensation 

equation: 

Zdut=l-Yo{zlS-Zs) ( A 1 ) 

where Y0 and Zs are determined from open and short measurements, respectively. The open 

measurement (middle diagram) is performed without the sample holder in place but with the 

cables in the normal measurement position. The short measurement (bottom diagram) is 

performed by directly connecting the two aligator clips that terminate the cables. 

In practice, it is convenient to rewrite equation (Al) so that it contains only impedance or 

admittance terms; then, only one type of vector must be measured by the impedance analyzer. I 

chose to work in the admittance plane where the equivalent open/short compensation equation 

is: 

Ydut = ̂ f-- Y0 . (Al) 
* s ' •« m 

This equation was used to implement the open/short compensation at each measurement 

frequency. By taking the real and imaginary parts of Ydut (and dividing the imaginary part by 

angular frequency), the open/short-corrected Gp and Cp values needed for the sample holder 

compensation were obtained. 
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Figure A l . (a) Circuit model for cable residuals, (b) Open measurement circuit, (c) Short 
measurement circuit. Zm is the measured impedance including all cable residuals. Z^ut is the 
impedance of the device under test. Rs and Ls are the equivalent series resistance and 
inductance of the cables, respectively. G0 and C0 are the equivalent parallel conductance and 
capacitance of the cables, respectively. The open/short compensation formula based on this 
circuit is given in the text. 
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Table A l lists the Cp and Gp values (between 1 kHz and 10 MHz) that were used to 

construct the Y0 and Ys vectors. Ten sets of measurements were averaged to determine these 

values; the variance at each frequency is negligible. The effect of the open compensation is to 

reduce the measured Cp value at each frequency by about 2x10" 1 3 F. For comparison, the 

measured Cp values for the dry sand samples, among the least capacitative samples studied (see 

Appendix D), are around l x l O * 1 1 F. The non-zero Gp values (±2xl0" 8 S or less) in the open 

measurement data are a measure of the basic inaccuracy of the impedance analyzer since the 

true conductance of air in the wire gap is outside the measurement range of the impedance 

analyzer (admittance range: lx lO" 9 S< iyklx l0 1 S). The effect of the short compensation is to 

change measured Cp and Gp values a very small amount; typical deviations are within 0.1 

percent of the measured value. 

A2 S A M P L E H O L D E R C O M P E N S A T I O N 

The second and more important correction that was applied is the sample holder 

compensation. This correction reduces the systematic error due to both current leakage through 

the acrylic sample holder and edge capacitance through the air. It does not, however, correct 

for electrode polarization which occurs primarily at low frequencies (<10 kHz) for conductive 

samples. 

The need for a sample holder correction is most apparent in the measured impedance data 

for air, the reference material with the highest impedance. Given a sample holder with an 

internal diameter of 4.207 cm and an internal thickness of 0.436 cm, the expected frequency-

independent Cp and Gp values for air are 2.8246xl0~1 2 F and O.OxlO"8 S, respectively. 

However the values that I measured for air in this geometry are much higher. Table A2 lists 

the open/short compensated Cp and Gp values determined by averaging ten separate 

measurements, as well as the deviations from the expected Cp and Gp values. The variance of 
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Table A l . Cp and Gp values used for the open/short compensation. 

198 

Open Measurement Short Measurement 

Frequency [Hz] Cp [F] Gp [S] Cp [F] Gp [S] 

1.000E407 
6.310E+06 
3.981E+06 
2.512E+06 
1.585E+06 
1.000E+06 
6.309E+05 
3.981E+05 
2.512E+05 
1.585E+05 
1.000E+05 
6.310E+04 
3.981E+04 
2.512E+04 
1.585E+04 
1.000E+04 
6.309E+03 
3.981E+03 
2.512E+03 
1.585E+03 
1.000E+03 

2.173E-13 
2.080E-13 
2.040E-13 
2.030E-13 
2.024E-13 
2.024E-13 
2.020E-13 
2.030E-13 
2.030E-13 
2.030E-13 
2.030E-13 
2.000E-13 
2.000E-13 
2.000E-13 
2.000E-13 
2.000E-13 
2.000E-13 
2.000E-13 
2.000E-13 
2.000E-13 
2.000E-13 

-2.000E-08 
0.000E+00 
0.000E+00 
0.000E+OO 
3.000E-09 
2.000E-09 
2.000E-09 
1.000E-09 
1.000E-09 
1.000E-09 
0.000E+O0 
0.000E+00 
0.000E+00 
0.000E+00 
0.000E+00 
0.000E+00 
0.000E+OO 
0.000E+O0 
0.000E+00 
0.000E+00 
0.000E+00 

-8.250E-09 
-2.100E-08 
-5.320E-08 
-1.336E-07 
-3.400E-07 
-8.400E-07 
-2.100E-06 
-5.200E-06 
-1.310E-05 
-2.000E-05 
-8.200E-05 
-2.000E-04 
-2.000E-04 
-2.000E-04 
-2.000E-04 
-2.000E-03 
-2.000E-03 
-2.000E-03 
-2.000E-03 
-2.000E-03 
-2.000E-03 

5.000E-03 
7.000E-03 
1.200E-02 
2.6G0E-02 
1.000E-01 
1.000E-01 
2.000E-01 
4.000E-01 
9.500E-01 
2.150E+00 
5.600E+00 
1.265E+01 
2.000E+01 
2.000E+01 
2.000E+01 
2.000E+01 
2.000E+01 
2.000E+01 
2.000E+01 
2.000E+01 
2.000E+-01 
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Table A2. Cp and Gp values used for the example sample holder compensation. 

Air Measurement Deviation from expected value 

Cp\F] Gp[S] C P [ F ] Gp[S] Frequency [Hz] 

1.000E+07 
6.310E+06 
3.981E406 
2.512E+06 
1.585E+06 
l.OOOE+06 
6.309E-K)5 
3.981E+05 
2.512E+05 
1.585E405 
1.000E+05 
6.310E+04 
3.981E+04 
2.512E+04 
1.585E+04 
1.000E+04 
6.309E+O3 
3.981E+03 
2.512E+03 
1.585E+03 
1.000E+03 

5.076E-12 
5.161E-12 
5.195E-12 
5.227E-12 
5.243E-12 
5.256E-12 
5.268E-12 
5.277E-12 
5.296E-12 
5.311E-12 
5.326E-12 
5.340E-12 
5.360E-12 
5.380E-12 
5.390E-12 
5.410E-12 
5.400E-12 
5.400E-12 
5.500E-12 
5.500E-12 
5.500E-12 

9.169E-07 
9.991E-07 
7.997E-07 
5.699E-07 
3.670E-07 
2.480E-07 
1.680E-07 
1.090E-07 
6.900E-08 
4.600E-08 
2.900E-08 
1.900E-08 
1.400E-08 
8.000E-09 
6.000E-09 
4.000E-09 
3.000E-09 
2.000E-09 
1.000E-09 
1.000E-09 
1.000E-09 

2.252E-12 
2.336E-12 
2.37 IE-12 
2.402E-12 
2.418E-12 
2.431E-12 
2.443E-12 
2.452E-12 
2.47 IE-12 
2.486E-12 
2.501E-12 
2.515E-12 
2.535E-12 
2.555E-12 
2.565E-12 
2.585E-12 
2.575E-12 
2.575E-12 
2.675E-12 
2.675E-12 
2.675E-12 

9.169E-07 
9.991E-07 
7.997E-07 
5.699E-07 
3.670E-07 
2.480E-07 
1.680E-07 
1.090E-07 
6.900E-08 
4.600E-08 
2.900E-08 
1.900E-08 
1.400E-08 
8.000E-09 
6.000E-09 
4.000E-09 
3.000E-09 
2.000E-09 
1.000E-09 
1.000E-09 
1.000E-09 
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the measurements is negligible at all frequencies. At 1 MHz, the relative error in both the 

measured Cp value and the determined dielectric constant for air is +85 percent. 

Tests on other reference materials including cyclohexane, methanol, water, Teflon, 

Plexiglas and Stycast, show that the absolute deviations between the open/short compensated 

Cp and Gp values, and the expected Cp and Gp values, are nearly constant. This indicates that 

the systematic sample holder error can be largely reduced simply be subtracting the deviations 

from the expected values. 

Another way to think of this compensation is via the equivalent circuit model shown in 

Figure A2. The admittance of the sample holder, T/j = G/, + JtoC/,, is in parallel with the 

admittance of the sample, Ysampie = Gsampie + i(aCsampie, because the acrylic cylinder and the 

sample each bridge the gap between the electrodes. The admittance of the sample is given by: 

Ysampie = Ydut " Yh = [Gdut " Gh) + i(£{Cdut " Ch) = Gsampie + /CflCsample , (A3) 

where the terms with subscript dut represent the open/short compensated values and the terms 

with subscript h represent the deviations or residuals due to the sample holder. The desired 

parameters are Gsample ar>d C'sample which can be directly converted to dielectric constant and 

conductivity values given the geometry of the sample. 

The specific G/; and C/j values used for this compensation were determined independently 

for each sample holder and measurement geometry using repeated measurements of air as a 

reference standard. The frequency-independent values assumed for the dielectric constant and 

conductivity of air are 1.0006 and 0, respectively; these values are representative of air at 23° 

C, standard pressure (101.3 kPa) and 50 percent relative humidity (Ford, 1949; ASTM, 1987). 

Appendix B contains an analysis of the error that remains after the open/short and sample 

holder compensations have been applied. A complete listing of all the measured and 

compensated admittance data for each sample is included in Appendix D. 
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o 

Ydut 

Figure A2. Circuit model for the sample holder assembly. The terminals correspond to the 
point in the measurement circuit where the sample holder is connected. Ydut is the admittance 
of the device under test which, at this point, includes both the sample holder and the sample. 
The individual admittances of these components are assumed to be connected in parallel since 
both the acrylic cylinder and the sample span the space between the electrodes. The equivalent 
parallel conductance and capacitance of the holder is indicated by Gh andC/j, respectively. The 
admittance of the sample is indicated by Ysampie- The sample holder compensation formula 
based on this circuit is given in the text 
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Appendix B 

Error Analysis 

A reported parameter value is worthless if it is not accompanied by a reliable estimate of 

its uncertainty. The uncertainty of a measured parameter value is due to the imprecision and 

inaccuracy of the measurement instrument (assuming the measurement has been performed 

correctly). Uncertainty in a derived parameter value is due to the propagation of measurement 

error through conversion formulas. Imprecision can be quantified by statistical analysis of 

duplicate measurements. Inaccuracy, on the other hand, is much more difficult to quantify, 

since it depends on the availability and measurement of reliable reference standards. 

It is generally believed that systematic errors constitute the main source of uncertainty in 

petrophysical parameter values. Standard methods of data analysis (e.g., Bevington, 1969) 

generally ignore the problem of systematic errors. The emphasis in the present study is on the 

detection, reduction and quantification of systematic errors in the electrical data; statistical 

analysis of uncertainty in other parameters, and rigorous testing of petrophysical models, is 

postponed for later research. The purpose of this appendix is to describe the efforts made to 

identify sources of systematic error in the electrical measurements, and to provide rough 

estimates of the uncertainties of the electrical parameter values reported in Chapters 4 through 

6. 

To assess the precision of the impedance data and the repeatability of the measurement 

procedure, duplicate measurements were made on a number of precision electrical components 

and solid disk-shaped samples of various reference materials (Teflon, Plexiglas and Stycast Hi-

K). Ten to twenty measurements for each sample were used to estimate the standard deviations 

of Cp and Gp across the frequency range 10 Hz to 10 MHz. The mean Cp and Gp values for 

the standards span the range of values measured for the sand-clay mixtures. Although the 
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standard deviations vary with frequency and admittance, they are all less than 0.1 percent of the 

measured value. This indicates that the measured Cp and Gp values are very precise and highly 

repeatable. Imprecision is not a major component of the uncertainty in the data. 

The basic accuracy level stated in the operating manual of the HP 4192a impedance 

analyzer is 0.1 percent. This value assumes that all cable and sample holder residuals are 

negligible. To test the accuracy of the measurement system and the effectiveness of the 

open/short compensation, the measured Cp and Gp values for the electrical components were 

compared to the expected values for these components. Figure B l shows the results for five 

precision capacitors. The manufacturing tolerance and nominal value of each capacitor is 

shown on the plot. A l l the measured values are within the tolerance range. This is evidence 

that the impedance analyzer is well calibrated, that the open-short compensation is effective, 

and that the measurements are accurate to within the tolerance level of the components 

(generally two percent). 

A similar analysis was performed for a series of one percent resistors with expected low-

frequency resistance values ranging from 1 to 10000 ohms. Again, all the measured values are 

within the tolerance of the resistor manufacturing process. The mean values for the resistors, 

determined by averaging the resistance data for all frequencies less than 100 kHz, fall on both 

sides of the expected values and show no obvious systematic trends. This is evidence that the 

impedance analyzer is also well calibrated to measure resistance values, and that the open/short 

compensation is sufficient to reduce cable residuals to less than one percent of measured 

values. 

To investigate the effectiveness of the sample holder compensation, I made two sets of 

measurements on a disk-shaped Plexiglas sample. In the first set of measurements, the sample 

was situated inside the sample holder, while in the second set of measurements, the sample 

was measured without the surrounding Plexiglass cylinder. If the sample holder compensation 
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Figure B l . Measured equivalent parallel capacitance values for a set of precision capacitors. 
The expected value and tolerance of the capacitors is listed to the right of the measured data. 
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is perfect, then the two sets of measurements should be identical except for random error and a 

small residual due to edge capacitance. Figure B2 shows a comparison of the two sets of 

measurements after application of the sample holder compensation. The Cp measurements 

differ by less than 2 percent, and the Gp measurements differ by less than 14 percent (with 

most of the deviation occuring at lower frequencies). Without the sample holder correction, the 

differences are 29 percent and 38 percent, respectively. This is evidence that the sample holder 

compensation effectively reduces most of the systematic error caused by the sample holder. 

Conversion of measured Cp and Gp values to dielectric constant and conductivity values 

introduces additional error due to the uncertainty of the sample dimensions. Error in the ratio 

of sample thickness to area is estimated to be ±0.5 percent. Depending upon the specific Cp or 

Gp value of the sample, and the Cp or Gp standard deviation, the resultant error in dielectric 

constant or conductivity can range from 0.5 to 5 percent. Tests on standard dielectric materials 

including Teflon, Plexiglass, Stycast Hi -K , cyclohexane, methanol and distilled water suggest 

that the uncertainty in the dielectric constant values reported in Chapters 4 through 6 is: ±2 

percent of the measured value ±0.1 dielectric units. Tests on four acqueous KC1 solutions 

ranging from 0.0001 M to 0.1 M concentration suggest that the uncertainty in conductivity 

values is +8 percent of the measured value ±lxl0~ 7 S/m. 



Appendix B — Error analysis 206 
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Figure B2. Two measurements of the conductance and capacitance of a Plexiglas sample. The 
data collected without the sample holder are shown by open circles. The data collected with the 
sample holder, and including the sample holder compensation, are shown by the solid circles. 
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Appendix C 

Dielectric constant-hydraulic conductivity crossplot 

The dielectric constant-hydraulic conductivity crossplot shown in Figure 6.8 was 

generated by plotting the predictions of two petrophysical models against each other. The two 

petrophysical models are a dielectric model and a hydraulic conductivity model. 

The dielectric model is a three-component version of the Time Propagation equation, i.e., 

where the subscripts, a, w and m, signify air, water and matrix components, respectively. A l l 

the parameter values on the right hand side of equation (CI) are assumed to be known for the 

modeling. The dielectric constant of air is assumed to be 1.0006, the value for humid air at 

ambient temperature and pressure conditions (Ford, 1949; A S T M , 1987). The dielectric 

constant of water is assumed to be 83.95, the value for distilled water at 10 degrees C 

(Handbook of Physics and Chemistry, 1986); this value is also assumed to be representative of 

groundwater conditions (low salinity, temperatures close to 10 degrees C) at the Cape Cod site 

(Barlow, 1985). 

The dielectric constant of the matrix K M at 10 M H z was calculated from the following 

equation: 

K m = 4.6000 + (2.4696x10-5)5^ + (1.2226xl0- 1 0 )^ 2 - (3.6567xl0" 1 7)5 5
3 (C2) 

which was determined by fitting a third-order polynomial to the (Ss,Km) data for all the dry and 

water-saturated sand-clay mixtures (including both sand-kaolinite and sand-montmorillonite 

mixtures). These data and the polynomial fit are shown in Figure C I . The Km values for each 

sand-clay mixture were determined from direct application of the Time Propagation equation as 

described in Chapters 4 and 5. At 10 MHz, Km shows little variation with porosity and water 

(CI) 
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Figure C I . Relationship between the dielectric constant of the matrix (10 MHz) and the 
specific surface of a material. Samples include dry sand, dry kaolinite, dry montmorillonite, 
dry sand-montmorillonite, dry sand-kaolinite, saturated sand, saturated kaolinite and and 
saturated sand-kaolinite. 
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saturation, but significant variation with specific surface; at lower frequencies, Km shows 

significant variation with each of these parameters for the various sand-clay mixtures. 

Specific surface is related to effective grain diameter by the identity: 

Ss=6/deff . (C3) 

The dielectric constant estimates in Figure 6.8 result from systematically varying the porosity, 

water saturation and devalues in equations (CI) through (C3). 

The model that was used to produce the hydraulic conductivity K data in Figure 6.8 is the 

Kozeny-Carmen equation: 

deff^fp3 

i v • ( C 4 ) 

8 0 ( l - C 

This equation follows directly from substitution of equation (C3) into equation (6.4), and then 

scaling by (pg/p). At 10 degrees C, p=0.9997 and ^=1.307xl0" 2 g/cm-s. Further 

information about this hydraulic conductivity model can be found in Bear (1972). 
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Experimental Data 

Following is a tabulation of the experimental data analyzed in Chapters 4 through 6 . 

Each page represents a different sand-clay-air-water mixture. In the leftmost box is listed the 

mineralogy, mass of each component, clay weight fraction, porosity, permeability and water 

saturation of the mixture. The dimensions of the sample are also listed at the bottom of this 

box. The columns to the right show the electrical data as a function of frequency. The first 

two columns are the raw Cp and Gp data. The next two pairs of columns show the data after 

open/short and sample holder compensations, respectively. These are followed by columns of 

data showing impedance magnitude, phase and loss tangent. Finally, in the last two columns, 

the computed dielectric constant and electrical conductivity data are listed. 
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î I l l ' I U J U J LLJ LLJ l i ' l U J i|j U J ijj IM l i J U J 111 III i7i 
U ^ L O N m c T ) W T t N N C O m r o r o r o i o o £

| 0 c o N e q q 0 ( v J V N - - " » n N « > N K 

. - • - ^ - — . - O O O O O O O O O O i 

f o m r o r o T r - < f - c f - f r - < i - - t j - ^ T j - T } - - c j - T r - < r 
9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 
u l L U l l J L U L i J u j L U U J L U 
m ^ C f i i o o | ! . m c n i - c D m © r - N i n i ; 
^ N r n ^ c o ^ i n N f N j N ^ o co L O ro ;L:| 
pj ^ cri ^ s w w in ^ ui ^ ^ 

— — - - O O O O O O O O O O 

I J J I J J U J L U L L J U J 

C O < - W C O O m ^ N r O U ) P . C O C O C O m L . 
* w - - s t m W O O O i n i n i n i n c o i : 
^ o o q i n Q W i n c o N ^ i n s i D ^ in 

r o m r o r o ^ ^ ^ T T ^ r r T t - T j - ^ j - T j - T j - T j -

9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 
u j u J u j u J U J u j U J u j u j u J u j 
^ _ ^ - m i D O c D O t r s . o o — ^ ^ 0 0 
^ N f n r - c o ^ i n N N N i J j o e o i n f n ^ 
^ ^ ' <J> co r̂ ' u5 cb LO ^ 



Appendix D - Experimental Data 

9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 
„CM N m » n u > K T r M c o i c r . o ^ C ) ( v j t n 

' ^ t f l i T i m N ^ f o c o ^ N ^ c o c o o r o ^ 
^ CO ID T f m ^ (\j r-' ^ CT)' CO d N 

c n m c j o c o o { N J < P c n ^ K ^ r \ i ^ ^ t \ j 
t O " » f M O N Q « » N » r C O ( n O V ( D 
f n r - e o c O f o ^ W N N ( O N O » - N N 

^ ^ ^ « - r \ j r \ J r o | j ^ 

2 2 2 2 9 2 2 2 
ro 0 ID 

HI (O 
m 

5 ro 
m iv cn 

HI (O 
m CO IV m IT) 

co' id id to |v 
CO IV CO oS 

888888 
+ + + + + + 

U J UJ L U L U U J U J O) N O ID O O 
O (<j m N o N J,j 

^ r - o ^ t o c o i o r v J c n « - . - f \ i o , ) C O a > « - * 

t - K l s ' i D C D u S ^ ' r ^ c ^ u i r N i m r o c ^ t D W ' m 

N W f A i W N N i N J m m m n m m m r n f n 
o o o p o o o o o o o o o o o o 
+ + + * + + + + + + + + + + + + 

U J L U U J U J U J U J U J U J U J U J U J U J U J L U U J | 7 | 
£ ^ O O C O m U 3 C O Q C O o f O ( D l D ( D u i 
^ c n < D i v > u ) ^ N q ^ N ^ ^ q ^ c o ^ 
^ • ^ c \ i r o t ^ ^ c d ^ ^ ^ ^ ( \ j r o r o r o 

9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 
U J U J U J U J U J U J U J U J U J U J I U L U U J U J U J U J 
* ^ ^ O O m > - O r r ) f O ^ N O C O N c O 
0 c o c n o i i \ i K N e n ^ « K 1 i n * N i n 5 ; 

ro 

« - o o o o o o o o o o o o o c n c n 
7 7 7 7 7 7 7 7 7 7 , " 7 7 7 9 9 

U J U J U J L I J U J U J U J U J L U U J U J U J U J U J U J U J 

( « c v j t , f O c o ( r 1 ' f ^ < ; 0 * ^ f N J r v ' i ; ) i n 

^ ^ ^ ^ f - ^ ^ f x J N w a i ^ i T i v O c d ^ ^ 
c o r o r o c o f O ^ ' ^ - ^ t ^ - ^ - T j - ^ j - T j - ^ - ^ -
9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 
I J J I J J I J J U J U J U J U J U J I J J U J U J U J U J U J U J I I J 

— 0 0 0 0 0 0 0 o o*> cn 
7 9 9 

U J U J U J L U u j U J U J U J U J l U L U L U L U L U u J 

i n o o m i o m c o c n r \ j r o o c o c o c o c O c o 

^ ^ ^ " ^ ^ f \ j f \ j r o r o ^ i n « ) c d - - * ^ j 

9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 
U j U J U J U J U J u j U J U J U J U J u j U J U J U J U J u J 1 

f ^ c o r - i o f s i ^ ^ c n c n ^ K ^ c o i ^ 
• r\j r\i •-' 

cn ro ro CM (M (M CM 

« - o o o o o o o o o o o o o c n o 
• " 7 7 7 T ' " 7 7 7 7 ' - 7 7 7 9 9 
U J U J U J U J U J U J U J U J U J U J U J U J U J U J U J U J 

« ) i - N ( \ I N i n O ' - ^ l / > r > j O O O C O c O 
c o ( v j ^ r o c O c o r o r o c T ) r O a » c o c T > O r v | ^ 
^ r - r o i n r v g ^ c o c v j c o rMfMroro-r ioc jDCOr-

s i D i D i D i D i D i n m i n i n m ' j ' t ' j - ^ ^ -
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
+ + + + + + + + + + + + + + + + 

U I U J U J U J U J I J J U J U J U J U I I J U J U J U U J U J 
X * - C O < - C O o > - C ) 0 < - 0 0 0 * - C D < — co o 

— ro cn in 10 — *** ^ <rt — IN — 
ro cn in in , ro cn m LO , 

r . , i O f O N ' - p ; < D m N . - p . ' t D ( n N i - r ; 

8 z 

is" s 8 2 8 8 5 <J T s s 2 g 5 o ' 
co d *— o 

o 
o 
0 •<r 0 

E •c 
8. 
•2 

a E m i5 £ B S $3 

P <u •—• _ P E 

l i z l i l l l 
O c o 
•> JS IE IS S 1= 



Appendix D — Experimental Data 232 
,— N W r o m m f o m r n r o m r o r o m m r o m 

E 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 
N ^ u j L U U J U J U J u j L U L ^ 

o ^ " ^ 

O O C O O Q O ' - N W ^ m m W N O 
N m ^ e q c o c o o i T r c o o W ^ w 
i n ' c o r O N ^ c o ^ ^ c d ^ i r i ^ r g 

o 2 o 
cn 
rs." 
cn 

C 0 9 9 9 9 0 9 0 0 0 0 0 0 0 0 

0 | © w r * f s . r s . ^ c n ^ ^ ^ ^ ^ f ^ p j P L j 

t o w « > m ( O N e r t N r o , t N N O - - o 

^ N - - O i O O O i ( O ^ Q N O N » - N O j C O t n 

^ u S ^ ^ ^ ^ c n ^ ^ ^ ^ e o ^ ^ O ^ c d 

N N N r A i N N N N c n m r n r o c o f n c n i 
OOOOOOOOOOOOOOO 

_ + + + + + + + + + + + + + + + 
~ i i l U i X l l J j | j J i i j l j J U i U 

9 9 9 9 9 9 9 9 9 9 9 9 9 9-9 1 

L i j U J L U L i J U J m U ^ 
fflCjONr-rxJfvjr-CO^'tlrtCOr-UOOl 
p j O N N n l _ c o r A i o O ( \ | C O t r n e o 
|pinu>q(flnOr-ciJo}oN(rta)uiJ 
^ r o c N j ' r v i ^ ^ ^ c r i r ^ r ^ y j i n 

o o o o o o o o o o o o o c n 
t 1 1 1 1 1 1 1 T T 

I J J L U U J U J U J U J 
m C O S i D ^ m r n N c o » - K ( v j r A j i n u i 
• X . c o « ~ r ^ r ^ ^ ^ r s . ( \ j ( N j ^ ^ c O ' ^ - c o 
o w i n N O ^ - c 0 N C 0 i n ! J ! N i f ) i - i n ! 

9 9 9 9 9 9 9 9 9 9 9 9 9 9 " 

LjJUJtllUJujUJ 
l U J u j i i J L J i i J L L J m L U i i J i i J m h j 
N R i r - c n i n i ^ i n e O r - i n Q N 
n ^ e o N O O N O O t r n n M 

«-" ^ *-* cri is.' in in -«r ^: 

„ o o o o o o o o o o o o o c n c n o > 
H 7 T 7 7 V 7 V 7 7 7 7 T 7 9 9 9 
^UjUJrL iJu juJ iuuJ 
o ^ r n i n c o o ^ c o r \ j c o i n ^ r s . u > ^ i n j ^ 
c i ^ ^ ^ ^ ^ r v i ^ m ^ ^ i n " ^ c d ^ - - ' r J (J 

=19 9 9 9 9 9 9 9 9 9 9 9 9 9 9 1 

^ U J U J U J U J U J u j U J U ^ 
i f l r r o N V n ' - o i n i n i n c O ' - i n o i 

p ^ i n c n N r o ^ c o n o O f y e O ' r m c O i 

o o o o o o o o o o o o o c n c n e n 
77̂  T T 

111 U J U J U J U J | i l U J U J U J U J i i l U J U J U J L U i 
P ^ ^ ^ Q o S - ' 3 : c n i n - q - ( D ^ - - - * f e O | 
l^minco^^eoNeowi^Nuir-Lo] 

X 

a o »_ u . 

f S . ( j 3 i c t u 3 U 3 u > i n r n L n u ^ i n ^ ^ ^ ^ ' L ] v 

OOOOOOOOOOOOOOOO 
+ + + + + + + + + + + + + + + + 

^ L U U J U J L U L I J U J U J U J W 

X r - c o ^ - c o o ^ e o ^ c o o — e o — roo QrocntLnuigcncn in ingrnmu^ing 

8 z 

in OJ 
O m OJ T 

d 

Z ?OJ .. B 
E • 5 5 S 2 
•£ i C o S S S " , Eg 



Appendix D - Experimental Data 233 

? 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 
l j j U J _ d _ U l _ u _ U J L U _ 

i / i m m O ' - ^ c n c o n N o m o c n c f ) - . 

^ r-' CQ Cfl '̂ ^ f(i (\j ̂  ̂  ̂  r-' r -

m o r j < J i O N i n c o - - 0 ( n - - t ( n f O i f i l 

O i V ) ^ f - N N C O ^ C O i V > f A j W f O - - l C i -

2 9 9 2 i_! cn m 
CO CO ro 

_ u> u> is.* 

8 8 8 8 8 8 8 8 
, + + + + + + + + U J U J I J u j U J I i J U J U J 

cd 0 1 ^ ._: oJ <\* CM r o ^ | 

N i n ^ O ^ C ^ C O i n N N O ^ O l N l D r -
• ^ r s . i n r \ J r o c o f M ^ t - r \ j ( \ i ^ ^ c O L O o 
« - m r u f M C O * - r s . o r A J r s . r n ^ r o ( X > c o « ~ 
i - q ^ ^ U N C O V l O C O ^ N O C O r O t o 

^ rs." co tn co ^* rs! ro cd ro (ri 

O O O O O O O O O O O O O O O O 
+ + + + + + + + + + + + + + + + 
en^nNNM^con^incoucoNK 

j ; ^ w N m ^ co* cd ^* ^ ^ r-* r-* ^ rO Ĵ J 
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N i f i c o i D i f i t o m i n i n m i n ^ - t t - t ^ 
O O O O O O O O O O O O O O O O + + + + + + + + + + + + + + + + 
u J U J U J L U U J l j y U J L U L U 

o o < - N m o O ^ N I 5 o O ' - w " 3 o 
Q — CO — C O Q - C O - C O Q — CO — C O Q 

- m o i i n i n o r t ^ i n i n o w c n i n i n -
U i. o . o u ! o ^ ( D c n N t - ^ l O m N i - ^ l D M P J f - ^ 

8 ? A 
u 1- f t -2. 1. — fM •-

a> . - < 
- ro ro £ t 

•t ^ 0 0 0 

E 

s. 
L2 

• — ^ ̂  i? 2* " 
c o ) ^ 2 p E 

« J o> w 

» s & 
E m C 
o e= u 
» .*2 !c 
O Q H 

file:///jlCr-r-fAJmlCtinOr-NQNO


Appendix D - Experimental Data 294 

E 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 
> . L U U J u J U J L U u L U L U L U U ^ 

( O i n m t - c o i f l m i o i n ^ e o o W r o u i T r m 

y j ^ r d f v i r - ^ ; in m" <vi ̂  ^ — cri cd K 

i - c n u c O t - N r o r o e o ^ f f l r o i o i n f O S 

i / ) u S ( d r s * r ^ a j ® < r i c r i 

9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 i 
U j L U L U U J U J | j j L y 
0 m ^ ^ N Q O ) C O ( O o J t ' - O N N | > : 
{ ^ c \ i r \ J r \ J c \ J ^ . ^ ^ ^ ™ r j 

N ^ ( N J l f ) N < 0 N O i n < n ( N I C 0 O « ) O 
O N , f ( M f M i n < - f O ( O e O ( O O N C O O _ 
( \ j m o a > N - t j ; T f < - c o c n i o - f l r o ( \ i r - i 3 ) 

O cn rq ; CM *-; q CO CM , - U3 CD (NJ CD CO 
<ri r̂ -' u> u5 i< m cri cri m 

O O O O O O O O O O O O O O O O 
+ + + + + + + + + + + + + + + + 

U j U J U J U J l U u j U J U J L U I i J i i j U J U J U J l J i j j 

«— ro co LO ' 
,_ (o rn -t o In <- _ 

1̂ — ( N J c d u S | ^ « ^ « ^ r \ j m " w *0> — — CNI 

< t ^ i n i n i n i n i n i n i o i o u > i o i D i £ U ) U ) 

9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 

U J U J U J U J U J U J L U U J U J U J U J L - L J U J U J U J U J J 
- N m w t K m c o N T r 0 o c o i i O N p j 

N c r j r - c o 0 u ) ' t r o N i 1 t N - - i o t D l _ 

U U J L U I j J L U u j l J j U J U J | i J u j U J L J U J U J | i j 
m c n o i ^ ^ o r ^ - o o o o i n N c n u c O i v 
A O n O r o l v C O C O N t D ^ - t S I C O r n 
ro ^ ^ ^ °! o T C M c o ^ ^ q r s . c n r M ^ 

9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 
U j L U L U L U u J r j j L U 
Q C O O W ^ m N t o c n ^ K O i f O S W * 
g r o q q ^ ^ w q q ^ S w c o ^ ^ j J I 

— «- cb ^ «-: «-* rs.* LO ^ cd CNI" CM CM . J 

y j U J U J U J U J L U 

m cn co o N n _ . _ 
J/J|rs-qq^J^->^LO(ors . w cno (Ni^"t.| 
^ — — ( M C \ i ^ c M r A J c \ i c \ i ^ C M m 

* ^ ^ ^ L O L o i n L o i n u ? ( o c o ( o c o i o c o t o 

9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 
U J U J U J U J U J U J U U J U J L U U J U J U J U J U J U J -•d-COrs.OOo-'^OOOoOCM^CO-m ^ C O O N O J f n N l O O N K O I W N t o Z . 
c o r o o q ^ l ^ t D O — — c n N W ^ ^ e n 
^ ^ ^ L O - ^ ^ — — i ^ u n ^ r o r i r s J r \ i ^ 

^ U J U J U J U J u j U J U J U J U J i / j U J U J U J U J u j ^ r - - s f r - N f t C O O « - i n ^ O C O N ^ K 
* m r> rx i J i f t <n i v ̂  ^ o N in « 

N cn O (M t 

- — ' ^ CN. 
LO CO 

rJ CM rj rvi CM co co co . 

lo OOOOOOOOOOOOOOO + + + + + + + + + + + + + + + 

L J J L U U J U J U J U J L U L U U J L U L U L U I J J U J L I J „ — co — cog — co — 0 0 5 — CO — C O o 
i o l ^ q u ^ l f ! o ' r ! c n i r ! i n o m c ^ i r l i n o 

o a 

^ o O ^ C \ ) f s . ( N J C N J C J D 
™ c a r s - L O i n ^ c n — cn 

O i«C rs. -if -<j- rs. LO ' CO 
^ — ( N J O j C O C O J r c O 

E 

8. 
•2 

•> — •— —1 i? 
I I « i J i i « 

. . I I 
« s 1 
E cu *--
o t o 
« .59 J C 
<J Q t— 



Appendix D — Experimental Data 

9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 
L j U J U J U J I X l l i J U J I ^ 

^ ^ c r i c M — ^ i n c r i r J — ^ c o r ^ c o i n 

C O N ^ m O N ' f r - N C D C O l O l f l f O N 

in « ) to is." ^ co co cri cn" en* o* d d 

9 9 9 9 
LU LU LU LU 
f cn cn r~ 
CO <J- CO 
c\i rsj CM CM 

CM O Q 
co LO LO 00 
Q CM o 00 
CO O o CO 
co' CS CO CO 
r-- r~ f- r~ 

m CO CO CO 
O o O p 
+ + + LU LU LU LU 

cn cn •cf CM 
cn CO 

09 CO 
CM CO LO 

9 9, 9 9 9 9 9 9 9 9 9 9 9 9 9 ? 
c i cn 
r- cn O) ro O O LO s 

N m in | 

1 co m co cn cn »— 
i to in co co co m to 
> to m o in r-*. CM en 

& & & & & & Q & <6 & ™ <5 

r i n c i ni f ) D ""f •«}• i t i j ; t}; lO m 1/1 i/) 
o o o o o o o o o o o o o o o o 
+ + + + * + + + + + + + + + + + 

l u j U J U J l i J I J J i j U U J U J I J j 
w- c n m i - u i N N o m m i o i n i n o i h | 

* * A c o r ^ K : f s : , ~ : f n t o . ° . M 

• ^ ^ i n i n i n i n i n c o c o t o t o t o c o t o t o t o 

9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 
I j j U J l J j U J l J J u m i i J t J U J l n l J J U J U J U J •-• 

c f l C 0 f n m t N ( n o f M ' r o O O « D N 

j s ^ c n t o w m J p t o t n c o c M o ^ o r ^ i n ^ . 
, j — <ri co ^ — cri to ^ CM CM — — 

u l LU LU U J I 
c n cn CM CM 
rvi CM in cn 
m "1 "-P 

L I J U J I U I U I J J | J J I U U J L U U J I I J 1 
i O L n c o o u > C M i n » - c n - 1 

o o O ' - O c n y j M - c M C M r o 
•r- (M co co . in to f— co 

^ J C M t M C M C M ^ C M C M C M C M , ^ 

- ^ ^ i n i n i n i n i n t n c o t o t o t o t o c o c o c o 

9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 
| J J U J U J U J I J U | J J U J U J U J I U 
L o N r o c o t j i n C i j t P f f i c n o O ^ i n c O c o 
* f f i f n o » f u t O N c n X i M i - i f t N f 
^ — CT) tO ^ jvj «-* «-* <0 (o* CM CM «-' 

| M U J U J U J l J j | y J l i J U J l U 
i n O ) ( D C O C O t - N N « - i n N 0 ' l - ( V J ( \ J o j 
c o ^ o ^ c n ^ t o N - r s - t n — t— cncn — in 

^ — i - - — * r M ^ C M C M ( M C \ i ^ r > J N 

< ^ ^ L n i n i n i n i n i n u ? t o c j > t o c o t o t o c o 

9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 
U J L L I L L J L U U J | ^ L L J L L I I J J I X J | M 
c \ j O ) o o o o c n « ) o o o O ' < * , t o c o c o 
S c o ^ t - N K t o c o o i i N ' - i n N J t 
- ^ f O N N f O ^ « ) O c n t n r . t O M r t 4 

o|^ — c n i O ' i - ( N j . - « - i o CM C\J «— •— 

| j j l i J L U U J l U i i i l i J I L l L U L U i j L U l U U 

o i O N i D f - t o C O c n c n S i A C O r . r - m N JoVcocnf-lyrnTrintjj^coffjqr-jLg 

N W i o i c c j j i o i o i O L n i n i n ^ - ' t ^ ^ - t f 
o o o o o o o o o o o o o o o o 
+ + + + + + + + + + + + + + + + 

L i J l U L i J U J U J u j U J U J U J U J 

o O ' - C M i n o O ' - C M i n o O ' - C M i n o 

X r - C O r - C O S — O 0 r - C 0 5 T - C 0 r - C 0 5 
O m c n . ^ ' ^ o ^ ^ ^ ^ 0 ^ 0 * : ' / * ! ' / v ! 0 
^ to co CM «-* ̂ i d r o t M - r - " ^ ui ro (\i * - ' ^ 

8 
o y N cn 

N - - -
•55& 

CO CO ^ _ CO 

t b d o N i d 

a. a . to O Q J -



Appendix D -- Experimental Data 

0 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 
uj i j m L U i j J u j u J i j u u J i J i j j u J i j g u j u j i j j 

O «- c n r o o w ^ r s - ^ t O L n c M C M C M i n - t o 1 

T - i n c n i n r - t f l i - i f l m w i f l c O i - ^ N f -

9 9 9 9 9 9 9 9 9 9 9 9 9 9 
LU LU LU LU UJ LU LU LU UJ UJ UJ UJ UJ UJ 
LO CD CO cn O CD CO 0 CO m 
CO CO cn CD in LO in rs. 0 in CO 
f\j CM (NJ r\j c\i ,— * " r- T_ 

<~ CM CM cd 

CO CO CO ai m CO CD CO LO LO CO CO 
0 CO CM in IB rs. cn CM LO O CM CO Ĵ-
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Appendix D -- Experimental Data 
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