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ABSTRACT 

The application of spectral induced polarization (SIP) 

to geohydrologic and geotechnical problems is considered. 

Some fundamental electrochemical characteristics of sulfides 

are reviewed. An alternate theory of the underlying cause of 

IP is presented. A modified field method is proposed. Two 

field sites are studied. 

Prevailing electrochemical thought is that most sul

fides, especially pyrite and chalcopyrite, have passivating 

surface coatings. with this thought in mind, existing geo

physically-oriented electrochemical measurements may be 

reinterpreted quite differently than has previously been 

done. Large impedances at low frequencies have traditionally 

been attributed by geophysicists to diffusional phenomena 

related to rapid reactions occurring at the sulfide surface. 

Large impedances at low frequencies with clays have tradi

tionally been attributed to restrained ionic diffusion 

between zones of clay particles. Although they appear to be 

due to quite different mechanisms, both of these low fre

quency dispersions may be explained by a single rate limit

ing mechanism. 

Using fractal geometry, the large low frequency disper

sions observed on sulfides may be explained by distributed 

high charge-transfer resistances on rough surfaces. with 

high surface resistances sulfides may behave like insulating 



16 

clay particles and allow charge separ· ,:ion to occur in 

surface conduction current flow. Although displacement 

currents may flow in sulfides they are considered to be 

minimal in comparison to the surface conduction currents. 

The ~oncept of a common polarization phenomenon allows 

the previous studies on rock samples containing clay parti

cles and/or sulfides to be equated en the basis of particle 

size. with clay-coated sand grains it may be possible to 

estimate intrinsic hydraulic conductivity based on the 

interpreted polarizable grain size. Aquifers, and partially 

water saturated zones, may be IP targets if they have small 

amounts of polarizable clay minerals. Aquifer detection and 

grain size estimation are demonstrated. 

Theoretical work and field studies show the advantages 

of using a modified dipole-dipole array and data presenta

tion methods. The large amounts of data gathered during 

broad-band SIP surveys are demonstrated to be very useful in 

layered-earth geohydrologic problems. The higher frequency 

data contain much earth-structure information, are easily 

gathered, and allow immediate qualitative structural inter

pretation. Lower frequency data contain information useful 

in aquifer characterization. 



CHAPTER 1 

INTRODUCTION AND BACKGROUND 
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This dissertation is about the geophysical method of 

induced polarization (IP). IP is the term applied to the 

electrical relaxation phenomena observed in earth materials 

at low frequencies or long transient times. The IP effect is 

present at both macroscopic and microscopic levels. It is 

observed in large scale geophysical surveys, rock sample~, 

and (ostensibly) at single mineral interfaces in electro

chemical laboratory studies. It is this unique, apparently 

scale-independent, property that has allowed IP to become a 

well established geophysical method, especially in sulfide 

minerals exploration. Major minerals exploration efforts 

using IP over the past four decades have resulted in the 

development of multiple generations of IP equipment, each 

using newer technology, most recently onboard microcomput

ers. The newer systems allow more data to be gathered in a 

shorter amount of time and have permitted the development of 

spectral techniques. The spectral techniques have allowed 

significant advances in the ability to separate sulfide, 

clay, and electromagnetic responses, and new developments 

are forthcoming. Spectral IP as used in this research means 

the collection of in-phase and out-of-phase electrical 

impedance data at frequencies spanning three to four orders 

of magnitude. 
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A typical problem in minerals exploration is the tend

ency for clay minerals to produce an IP response similar to 

that of the sought-after sulfides. Another important problem 

in field studies is the presence of electromagnetic response 

which may have an IP-like appearance. These problems have 

been investigated and partially solved in the simplest 

situations in minerals exploration. To extend the usage of 

spectral IP methods to other disciplines such as ground 

water exploration, aquifer evaluation, hydrocarbon explora

tion, and geotechnical problems, it would be beneficial to 

determine whether or not there is a fundamental difference 

between the IP mechanisms of clays and sulfides. 

The purpose of this dissertation is: 1. to present an 

evaluation of the physical bases of proposed electrochemi

cal models for sulfide and clay IP responses, 2. to propose 

an alternative electrochemical model based on revised inter

pretations of electrochemical studies, 3. to qualitatively 

describe the new model in terms of existing models, and 4. 

to apply the new model to geohydrologic problems. As a 

result of the electrochemical research, an alternative 

theory of IP is proposed. 

This research also presents an analytical evaluation of 

the depth of investigation of the dipole-dipole array. A 

modified field procedure is presented and applied to the 

field studies. The vertical resolution and "rule of thumb" 
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of optimal depth of exploration are quantified. The improved 

resolution based on modified field procedures suggests 

logarithmic pseudosections are more desirable for data 

presentation. 

This research also demonstrates the usefulness of the 

electromagnetic (EM) response observed in spectral IP data. 

Examples of structural interpretation from the EM response 

gathered during the two spectral surveys are presented. The 

surveys were performed during ground water studies at two 

intensively studied areas in typical southwestern alluvial 

basins in Arizona. 

The field applications illustrate methods of improving 

accuracy in interpretation. The net result of the research 

significantly enhances the applicability of IP to geohydro

logic and geotechnical problems. 

1.1 Electrochemical Overview 

A number of previous treatments of the electrochemical 

aspects of IP have presented a two-model basis for the IP 

effects of sulfides and clays. This dissertation attempts to 

demonstrate how the two-model approach may be replaced with 

a simpler, single-model theory that appears to be more con

sistent with existing electrochemical observations. 

The two-model theory stems from research performed 

during the 1950's concluding that sulfide IP response was 
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caused by rate-limiting ionic diffusion occurring as a re

sult of rapid reactions taking place at the sulfide-solution 

interface during the IP measurement. A necessary requirement 

for this theory is that the electrical resistance of the 

reactions taking place must be quite small to allow them to 

proceed rapidly enough to be rate limited by diffusion of 

ions to and from the interface. Subsequent laboratory exper

imental evidence shows the opposite to be true, that is, the 

resistance to charge transfer (reaction resistance) is very 

high. A high charge transfer resistance precludes solution 

diffusion of ions as the first-order rate limiting mecha

nism. Indeed, a high charge transfer resistance at the 

sulfide-solution interface has been observed by electromet

allurgists during leaching studies, by geochemists studying 

the natural oxidation and reduction of sulfides, and by 

electrochemists interested in other characteristics of 

naturally occurring sulfides. These research efforts have 

been virtually neglected by geophysicists performing IP 

research on sulfides. 

Electrochemists rarely initiate solid electrode studies 

with impedance methods. Instead, they adhere to classical 

static and dynamic voltammetric methods until the reaction 

kinetics are sufficiently understood to proceed to impedance 

methods for improved resolution of kinetic parameters. On 

the other hand, geophysicists have assumed certain reaction 
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kinetics and have started with impedance measurements. The 

assumption of ionic diffusion as the rate-limiting mechanism 

is soundly based electrodynamically, but the proposed cause 

of the diffusion is not sUbstantiated electrochemically for 

linear IP. In particular, for pyrite at rest potential, 

solution diffusion is demonstrably absent. The assumed rapid 

reactions and associated kinetics are characteristic of 

nonlinear IP. 

The presence of a resistive, or insulating, layer on 

the surface of sulfide particles changes the physical basis 

for models currently used to explain the IP effect. If a 

reaction cannot proceed rapidly enough to permit rate

limiting solution diffusion, it also precludes rate-limiting 

surface diffusion. If reaction-dependent diffusion is elimi

nated as a possible rate-limiting mechanism, what rate

limiting mechanism is present? 

There are two aspects to this question: 1. the presence 

of anomalous, diffusion-like, linear impedance spectra must 

be explained, and 2. an electrodynamically sound mechanism 

responsible for charge separation must be justified. 

1.2 Fractal Geometry 

The first concern is discussed in Chapter 3 titled "The 

Fractal Geometry of Induced Polarization". Fractal geometry 

is currently very popular in statistical physics and elec-
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trochemistry. Through the use of the Cole-Cole distribution 

function, fractal electrochemical applications are extended 

to the present problem. It is shown through fractal analysis 

that a rough surface on a solid electrode may produce non

Oebye type impedance spectra without diffusion terms and the 

proposition of high charge transfer resistances is support

ed. It is emphasized here that the fractal analysis is 

confined to solid electrode studies and it is not extended 

to mixed media such as rock samples. For solid electrode 

studies, fractal analysis provides a means to explain charge 

storage through high charge tran~f.er resistance and double 

layer capacitance where there is no parallel dc path. 

The second concercern must deal with the typical case of 

sulfide or clay particles in rocks where parallel conduction 

paths do exist and surface roughness ~ay be inconsequential. 

The mechanism proposed for charge separation in these cases 

is confined to the electrical double layer present on the 

surfaces of sulfides and clays. With adequate charge density 

in the diffuse layer, charge separation may occur (within 

the diffuse layer) as a result of surface conduction. It is 

proposed that diffusion of the ions during charge separation 

and recombination produces the observed polarization. 

Multiple-shell models are the best candidates for anal

ytical studies, as long as boundary conditions conform to 

the observed electrochemistry. The presence of an insulating 
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layer on the surface of a sulfide particle may allow a sur

face conduction polarization mechanism in addition to any 

non-Faradaic currents that might flow. This may permit a 

single surface-conduction-polarization-model to apply to 

both sulfide and clay particles. The single difference is 

the possible presence of displacement currents through sul

fide particles. Displacement currents would not occur in 

solid insulators. Surface-conduct ion-dependent charge sepa

ration loosens the constraints on what kinds of particles 

may support polarization, that is, the particles need not be 

semi-conductors or semi-metals. The only requirement is that 

they must have a satisfactory double-layer in which surface 

conduction and charge separation can take place. 

The well established dependence of spectral parameters 

on particle size has geohydrologic implications. If, by 

means of spectral IP measurements, an estimate of the median 

particle size (Mdso > can be made in water-saturated granular 

media, then hydraulic conductivities may be estimated. with 

hydraulic conductivity estimated from the IP data and the 

layer thickness interpreted from EM data, the hydraulic 

transmissivity of the polarizable horizon may be estimated. 

This offers great promise for the application of a spectral 

IP interpretation to geohydrologic problems. 
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1.3 Field Applications 

Two attempts were made to test this hypothesis. Spec

tral IP data were collected in two alluvial basins in Arizo

na; 1. a proposed site for a hazardous-waste-processing 

facility in central Arizona, and 2. a site along the Central 

Arizona Project canal in Avra valley. Results of the surveys 

show that the high-frequency (or EM) portion of the broad

band spectral IP data permit higher resolution of the lay

ered-earth properties at both sites than can be obtained 

with typical dc techniques. In addition, the lower-frequency 

SIP data show some changes in spectral parameters that 

appear to be related to observed particle size distributions 

in the Avra Valley aquifer. 

From these results, it is inferred that SIP may be 

utilized effectively in ground water exploration and aquifer 

evaluation programs in alluvial basins in the desert south

west. Although IP has been proposed and used for ground 

water problems (Vacquier et al, 1957; Bodmer et al, 1968), 

the new technological developments may allow a more quanti

tative investigation of aquifers prior to drilling. 



CHAPTER 2 

THE ELECTROCHEMISTRY 01' IP 

2.1 Introduction 

2S 

The primary interest and functional framework for IP 

are geophysical, but the fundamental phenomena are electro

chemical. The understanding of IP as a macroscopic manifes

tation of microscopic electrochemical phenomena is based on 

the laboratory investigations of Bleil (1948; 1953) and 

Marshall and Madden (1959). In his U. S. Naval Ordnance 

Laboratory measurements, Bleil was first to claim that 

reaction-related solution diffusion gives rise to the IP 

effect in natural sulfides. 

In a series of four reports on IP research performed 

for the U. S. Atomic Energy Commission in the 1950's (Mar

shall et aI, 1957; Madden and Marshall, 1958; 1959a; 1959b), 

Marshall and Madden concluded that Bleil's qualitative 

observations regarding reaction-related solution diffusion 

were correct. By performing interfacial impedance measure

ments on metals and sulfides, Marshall and Madden (1959) 

carried the electrochemical research considerably further 

than Bleil, and they proposed electrochemical models and 

generalized rate-limiting mechanisms. 

Marshall and Madden's work became the foundation for 

future researchers in the area of electrochemical phenomena 

as related to IP. Although their work was comprehensive, 
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many electrochemical and chemical properties of the sulfide

solution interfaces were beyond the scope of the original 

research. Some of these properties were later studied by 

Madden (1961), Angoran (1975), and Morgan (1981). Morgan 

stated "A major problem in past studies of this nature 

(Madden, 1961, and Angoran, 1975) was that the impedance 

spectra were virtually invariant for many different environ

mental conditions." Morgan researched this same relation

ship, and reported the same invariance. 

Other geophysically-oriented research efforts in the 

area of sulfide impedance studies (Klein and Pelton, 1976: 

Klein and Shuey, 1978a,b: Fink, 1980b: Klein et al, 1984: 

Olhoeft, 1984) have also been predicated on the results of 

Marshall and Madden. While these research efforts did in

clude comprehensive sulfide-solution studies using geophysi

cally oriented impedance measurements, few incorporated the 

electrochemical measurements necessary to confirm the 

presence of the predicted rate-limiting mechanisms. Although 

the researchers reported confirmation of the initial conclu

sions of Marshall and Madden, only Fink (1980b) and Klein et 

al (1984) directly tested the solution diffusion mechanism. 

All reports of confirmation have come from interpretation of 

spectral impedance measurements using the same basic assump

tions and methods that were used in the 1950's. 

In a linear system, spectral impedance methods can be 
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used to parametrically characterize an interface. However, 

without specific knowledge of interfacial electrochemical 

kinetics, a parametric characterization is insufficient to 

electrochemically characterize an interface. Therefore a 

variety of non-impedance methods are considered by electro

chemists to be necessary for interfacial studies. 

Non-impedance measurements performed in the last two 

decades in solid-electrode electrochemistry and especially 

in the electrometallurgy of sulfides have demonstrated the 

presence of other rate-limiting mechanisms that have imped

ance characteristics similar to those of solution diffusion. 

By combining these results with the earlier geophysically 

oriented research, alternative interpretations of the funda

mental rate-limiting mechanisms are seen to be consistent 

with existing data. On this basis, an alternative, general

ized hypothesis is proposed for the IP effect. 

This alternative hypothesis allows different rate

limiting mechanisms to be involved which satisfy the neces

sary electrochemical and geological criteria. Although 

sulfide and clay polarization phenomena have long been 

considered to be caused by two fundamentally different 

mechanisms, it is argued herein that the predominant IP 

effect observed may be a result of a single polarization 

mechanism common to both sulfides and clays, and different 

from either of those proposed in earlier research. 
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2.2 Electrode and Membrane Polarization 

As a consequence of their research, Marshall and Madden 

(1959) concluded that two basic, electrochemical mechanisms 

were responsible for the IP effect. Those mechanisms were 

called "electrode polarization" and "membrane polarization". 

Electrode polarization referred to the blocking action of 

conductive sulfide particles within a rock matrix, forcing a 

charge transfer reaction to take place at the sulfide-solu

tion interface when subjected to an externally-applied-elec

trical current. Membrane polarization referred to the redis

tribution of loosely bound charges in a clay matrix between 

zones of ion exchange when subjected to an externally ap

plied electrical current. In both situations it was conclud

ed through electrodynamic analogy that ionic diffusion was 

the rate limiting mechanism but that the underlying electro

chemical mechanisms controlling the diffusion were substan

tially different. 

Much of the electrochemically-oriented geophysical 

research has focused on attempting to confirm the presence 

of solution diffusion, especially on sulfide electrodes, and 

the majority of the research has been limited to impedance 

measurements. Only two researchers (Fink, 1980b; Klein, et 

aI, 1984) have directly tested solution diffusion on sulfide 

electrodes with non-impedance methods. within the limita

tions of the experimental apparatus for Klein, et aI's and 
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Fink's research efforts, neither pyrite nor chalcopyrite 

showed solution diffusion effects at rest potentials. These 

conclusions differed significantly from those of Madden 

(1961), Angoran (1975), and Morgan (1981), even though the 

latter researchers had apparently confirmed the presence of 

large diffusion effects on these same sulfides under similar 

laboratory conditions. Fink and Klein, et al agreed that 

solution diffusion can be present under the right conditions 

for chalcocite electrodes, although they disagreed on the 

amplitude of the charge transfer resistance for pyrite and 

chalcopyrite. The question of whether the charge-transfer 

resistance is large or small is fundamental to determining 

interfacial reaction kinetics. If the interface has a low 

charge-transfer resistance, then the assumption of diffusion 

limitation is reasonable. If the interface has a high 

charge-transfer resistance, then the likelihood of diffusion 

limitation is quite low and some other rate-limiting mecha

nism is probably responsible for the observed polarization 

effects. It is important to emphasize that the electrochemi

cal measurements (impedance or otherwise) have been focused 

on a single, sulfide-electrolyte interface and not on rock 

matrices, or any other arrangement that allows a parallel 

(unblocked) dc path. 

One of the purposes of the studies by Angoran (1975) 

and Morgan (1981), and to a lesser extent Klein, et al 
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(ibid), was to demonstrate the effects on interfacial imped

ances of varying the solution chemistry and thus isolating 

the relevant electrochemical reactions. However, they ob

served a virtual insensitivity to the chemical environment, 

with the exception of chalcocite. Non-impedance electrochem

ical studies show that this insensitivity to solution chem

istry is a demonstrable c~aracteristic of many sulfides 

(including chalcocite) due to passivating sulfur and oxide

hydroxide surface coatings. 

By acknowledging the presence of passivating surface 

coatings and incorporating the results of the studies on 

sulfide surfaces, a foundation has been laid for what is 

hoped to be a better understanding of IP phenomena. The 

passivating surface coatings may act as potential barriers 

to charge transfer thereby diminishing the probability of 

diffusion control due to rapid reaction. This requires an 

alternative explanation for the charge separation that must 

occur in order to cause the IP effect. A possible method of 

charge separation may be due to limited transverse ionic 

mobility in the diffuse portion of the double layer sur

rounding charged particles. This model has already been 

applied to insulating clay particles but could also apply to 

oxide-coated conducting sulfides. It is essential that the 

fundamental electrochemical phenomena occurring at the 

sulfide-solution interface be explained before applying such 
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a model or extrapolating the results to heterogeneous mix

tures such as rocks. This chapter discusses how the basic 

assumptions of the early research have since been tested and 

how these tests, along with new developments in electrochem

istry, affect these assumptions. 

2.3 Terminology 

Activation polarization 

The potential beyond rest-potential conditions neces

sary to induce a charge-transfer reaction. It involves 

either the conversion of an electrochemically inert bulk 

species into an active form or a change of state of an 

active form. It is sometimes considered to be the sum of the 

charge transfer polarization and crystallization polariza

tion. 

Charge transfer 

In interfacial electrochemistry, the mechanism by which 

electrons are exchanged between an electrode and ions or 

molecules in solution. Charge transfer implies a chemical 

transformation. 

Concentration polarization 

The potential beyond rest-potential conditions, caused 

by diffusion being the rate limiting mechanism. It is also 

known as diffusion polarization and it is inversely propor

tional to concentration. 
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Diffuse layer 

The layer of weakly bound ions between the tightly 

bound ions at an electrode surface and the randomly distrib

uted ions in bulk solution. The thickness is determined by 

the charge on the electrode surface and the ionic strength 

of the solution. Analogous to the Debye reciprocal length. 

The potential drop across the diffuse layer is known as the 

zeta potential. 

Diffusion 

The movement of ions or molecules, either in solution 

or along the surface of an electrode, in response to a 

chemical concentration gradient. Such ionic movement creates 

a diffusion current. 

Double layer capacitance (Cdl ) 

The concept that represents a capacitance at a charged 

interface due to a potential drop across a layer or layers 

of adsorbed ions on the interfacial surface. Represented by 

Cdl in equivalent circuits. It has dimensions of microfar

ads/cm2 
• 

Equilibrium 

In interfacial electrochemistry, a state at which for

ward and back reactions across an interface proceed at an 

equal rate resulting in no net electrical current flowing 

across the interface. 
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Equivalent circuit 

An electrical analog used to describe physical and 

chemical processes by idealized circuit elements. Linearity 

and voltage independence are assumed even though electro

chemical systems are inherently nonlinear. Equivalent cir

cuits are also typically constrained to represent only the 

frequency dependent phenomena occurring within the range of 

frequencies measured. 

Faradaic reaction 

That reaction which allows electrical current to flow, 

by virtue of the process of electron (charge) transfer, from 

an electrode to an ion across the double layer. Represented 

by the charge transfer resistance (Rct) in equivalent cir

cuits. Also called reaction polarization where the reaction 

is rate limiting. Rct is inversely proportional to the ex

change current and has dimensions of n·cm2 (Bard and Faulk

ner, 1980). 

Gibbs surface excess (r) 

The excess, or deficiency, of charge in the immediate 

vicinity of an interface due to the charge intrinsic to the 

electrode surface. Also known as the surface coverage. It 

has dimensions of moles/cm2 
• 

Impedance spectroscopy (IS) 

An electrochemical technique that uses spectral-elec

trical-impedance measurements to investigate and character-
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ize electrically conducting media and the interfaces between 

them. IS is also known as immitance spectroscopy. 

Interface 

The boundary between two media. In electrochemistry, 

the surface of an electrode against which the electrolyte 

rests and across which charge must be transferred for a 

faradaic reaction to take place. 

Irreversible reaction 

An electrode reaction in which the forward and back 

reaction rates are extremely slow as compared to the rate at 

which the external conditions are changed. 

Mechanism 

In electrochemistry, any process taking place at the 

molecular or ionic level, such as a chemical reaction, ad

sorption, or diffusion. 

Migration 

The movement of ions in solution due to an externally 

applied EMF. 

Non-faradaic path 

An alternating-current path across the double-layer due 

to the charging and discharging of the double layer. The 

source of displacement curren~s that flow in conductive 

materials. 

Ohmic polarization 

The dc resistance of an electrochemical cell due to the 
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sum of the solution and contact resistances. Generally 

attributed to the IR drop in the solution only, since the 

contact resistances are usually negligible. Also known as 

solution resistance. 

Randles equivalent circuit 

An equivalent circuit using four parameters to repre

sent a single-step, uncomplicated, reaction occurring at an 

interface. The parameters used are solution resistance, 

charge-transfer resistance, double-layer capacitance, and 

solution diffusion impedance. 

Rate limiting mechanism 

The one step in a mUlti-step process that proceeds at 

the slowest rate thus determining the observable character

istics of the overall process. 

Rest potential 

The potential across an interface at which the interfa

cial phenomena are in a steady state, but are not necessari

ly in equilibrium. 

Reversible reaction 

An electrode reaction in which the forward and back 

reaction rates are rapid compared to the rate at which con

ditions are changed in a given experiment. 

Surface conduction 

Tha electrical current flowing tangentially near the 

surface of an interface due to the presence of excess sur-
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face charge, in the double layer, near the interface. 

Solution resistance (Rs) 

The electrical resistance of the electrolyte in which 

an electrode is immersed. It is represented by Rs in equiva

lent circuits and has dimensions of ohms. 

Resonant frequency 

The frequency at which the system response is at a 

maximum. Generally a maximum phase in geophysics or a maxi

mum in reactance for electrochemistry. Also called the 

critical frequency. 

Time constant (1) 

The time required in an exponentially varying circuit 

for the voltage to change to lIe (37%) of its original 

value. The relaxation time. 

Warburg impedance (-W-) 

A particular impedance characteristic associated with 

ion diffusion. A rate limiting mechanism. Originally identi

fied by Warburg (1899) but introduced by Grahame (1952) as 

one of four effects on measured impedances due to changes in 

concentration as a result of the alternating component of 

the faradaic current. When it is the predominant rate

limiting mechanism, it is characterized by an equal change 

in the real and imaginary components of the impedance as a 

function of frequency. A less unique and more commonly en

countered relationship is that it varies inversely with the 
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square root of frequency. The units are n·cm2 
• 

2.4 Electrochemical Cells 

Electrochemical cells generally consist of metallic 

electrodes immersed in a conducting electrolyte and exter

nally connected so that the electrical manifestations of 

chemical processes related to the cell can be observed. For 

most solid-electrode electrochemical studies, three-elec

trode cells are used. The three electrodes consist of a 

count~r electrode (commonly platinum), a working electrode 

(the material under study), and a reference electrode placed 

close to the working electrode. The three-electrode arrange

ment is standard throughout electrochemical studies. 

Two fundamental modes of electrochemical experiments 

performed on three-electrode cells are potentiostatic and 

galvanostatic. Potentiostatic control implies holding or 

controlling the potential between the working and reference 

electrodes while monitoring changes in the current flowing 

between the working and counter electrodes. Galvanostatic 

control implies holding or controlling the current flowing 

between the working and counter electrodes while monitoring 

changes in t'he potential between the working and reference 

electrodes. In either mode, time may be a third and inde

pendent variable. Current conduction in the electrolyte is 

ionic by virtue of the supporting electrolyte, but the elec-



38 

troactive ions account for faradaic current conduction 

across the interface through charge-transfer processes re

sulting in oxidation or reduction of the electroactive 

species. Consequently, the reference electrode is usually 

placed close to the working electrode surface to minimize 

the IR drop through the supporting electrolyte due to the 

solution resistance (Rs ). This allows better control of the 

gross electrical characteristics of the working electrode 

and focuses interest on the interfacial phenomena taking 

place at, or in the vicinity of, the electrode surface. 

2.5 . Electrochemical Techniques 

Knowledge of the kinetics of an electrochemical reac

tion are essential for characterizing and understanding that 

reaction. Typical pararueters that are of interest are: 

electroactive species, activities, reaction potentials, 

reaction rates, diffusional effects, rate-determining steps, 

adsorbed species, and surface-charge density. No single 

experiment supplies all necessary or desired information. A 

variety of electrochemical techniques have been developed 

that allow various parameters to be studied. To satisfacto

rily characterize a reaction, a number of different tech

niques are generally used. These techniques can be performed 

with several solid-electrode designs to enhance the outcome 

of the experiments. To further sUbstantiate the results of 
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electrochemical investigations, both solution analysis and 

spectroscopic methods for surface analysis of the solid

electrodes can be applied. These methods have narrowed the 

possibilities for reactive species on particular sulfides 

but the general problem of the electrochemistry of sulfides 

remains complex. 

Some of the more common techniques used on solid elec

trodes are: static current-voltage measurements, linear

sweep voltammetry (LSV), cyclic voltammetry (CV), chronoamp

erometry, chronopotentiometry, and impedance spectroscopy 

(IS). All these techniques may be used on both static and 

dynamic electrodes. Dynamic electrode techniques, such as 

the rotating disk electrode (ROE), are used to determine the 

presence and influence of solution diffusion. Actually, any 

agitation of the electrolyte may be used to determine the 

presence of solution diffusion, but only the ROE techniques 

supply quantitative information for determining reaction 

kinetics. 

Static current-voltage measurements are made in either 

the galvanostatic or potentiostatic modes. Similar current

voltage information may be obtained using LSV, a technique 

that consists of gradually increasing the potential across 

the interface while monitoring the resulting current. At low 

sweep rates, the resulting current-voltage curves mayor may 

not have subtle differences compared to static current-
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voltage curves. At higher sweep rates, significant differ

ences are expected. The advantages of LSV are that a large 

range of potential can be Gcanned and the sweep may be made 

in a relatively short amount of time. The method is most 

easily interpreted in the single sweep mode although the 

return sweep often reveals useful reaction information. LSV 

measurements can be made with either static or dynamic elec

trodes to evaluate diffusion. By scanning a large potential 

range, LSV curves allow a qualitative determination of the 

most likely rate-limiting mechanisms at various potentials 

along the curves. By electrochemical definition, the poten

tial regions where the current variation is not linearly 

related to the potential (i.e. the interface behaves non

ohmically) are considered non-linear. 

When reactions of interest are highlighted using LSV 

then the potential-scan limits can be reduced to bracket the 

potential range of interest and multiple sweeps can be 

performed using a triangular waveform. This is known as 

cyclic-voltammetry. 

Chronoamperometry consists of subjecting the interface 

to a step-change in potential and then holding the potential 

at the new value while monitoring the current response. The 

current response is indicative of reaction kinetics. At long 

times this also allows a visual indication that the inter

face has reached a new equilibrium. The equilibrium currents 
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at each new potential step can be used to form the static 

current-potential curves. 

Impedance spectroscopy (IS) has been used for several 

years in electrochemistry but is relatively young compared 

to some of the previously mentioned techniques. Both CV and 

IS may be applied with large or small voltages and currents. 

The large voltage and curre,nt IS and CV methods are used to 

study non-linear electrochemical phenomena. For the purposes 

of understanding linear-electrical-induced polarization, 

extremely low-amplitude voltages and currents must be used. 

This may be called linear-impedance spectroscopy (LIS) or 

small-amplitude cyclic-voltammetry (SACV). LIS may be per

formed by recording and analyzing transient waveforms after 

the application of a potentiostatic or galvanostatic step 

function, by applying an ac signal consisting of white 

noise, or by discrete frequency waveforms. The third method 

is most commonly used. Typically, for geophysical purpo,ses, 

LIS is performed at rest potentials. However, to better 

understand the derived kinetic parameters, LIS should also 

be performed at potentials both anodic and cathodic to the 

rest potentials. Peak amplitudes of the driving waveforms 

are usually in the range of 1 to 10 mV. LIS is independent 

of the shape of the applied waveform. This is not true for 

nonlinear-impedance spectroscopy (NLIS). 

Most geophysically-oriented sulfide impedance studies 
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used LIS although checks were seldom reported that confirm 

linearity. Any harmonic distortion, such as reported by 

Olhoeft (1984), indicates a deviation from linearity and the 

related responses should be regarded accordingly. Some 

concern stems from the fact that any indication of nonlin

earity demonstrates a departure from electrochemical equi

librium and a probable deviation from the original cell 

chemistry. To avoid this problem very small amplitude driv-

ing signals must be used for LIS. 

The results of LIS experiments may be presented in a 

variety of formats, but the most common in the electrochemi

cal literature is the complex plane. Impedance data are 

typically plotted with the real component versus the imagi

nary component with frequency an independent variable. This 

is equivalent to making a phasor plot of the impedance vec-

tor. 

2.6 Theoretical Background 

2.6.1 The Nernst Equation 

For a simple redox reaction 

Ox + ne ~~~ Red 
b 

in which k f and kb are the formal rate constants of the 

forward and back reactions, the forward and back reaction 

rates may be represented by 
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rf = kf[Ox] and rb = kb[Red] 

where [Ox] and [Red] are equilibrium concentrations. Ignor

ing time-dependent, near-surface effects such as double

layer charging and diffusion, the electrical currents flow

ing into and out of a plane parallel to the electrode sur

face may be described by their respective current densities, 

If and I b , 

and 

where 

F = Faraday's constant, 96,484.6 Coulombs/mole 

and n = number of electrons/atom of reactant. 

Under conditions of equilibrium, the currents in both 

directions should be equal, i.e. IIfl = I-Ibl. 

From basic thermodynamics, the free energy of the 

reaction is given by 

G = GO + RTolnKr 

where G = -nFE, GO = -nFEo, and Kr is the reaction rate 

constant defined as 

Kr = rf/rb = {kf[Ox]/kb[Red]}. 

E is the cell potential under equilibrium conditions 

and EO is the standard emf of the cell reaction. By substi

tution, 

-nFE = -nFEO + RTolnKr _ 
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Dividing by -nF and standardizing to unit hydrogen ion 

activity gives the Nernst equation 

E = EO + (RT/nF) "lnKr • 

Since the reaction rate is dimensionless, the coeffi

cient (RT/nF) must have dimensions of volts, as do E and EO. 

Even though the net current is zero at equilibrium, a bal

anced reaction can be expressed in terms of the exchange 

current, Io' which is equal in magnitude to either component 

current, If or lb. Dividing (RT/nF) by the exchange current, 

Io' defines the charge-transfer resistance related to the 

reaction as Rct = RT/nFlo (Bard and Faulkner, 1980). 

The Nernst equation is satisfactory for describing 

reaction phenomena under equilibrium conditions but the 

dynamics of an electrolytic cell require an analytical ex

pression of the changes in concentration of the active 

species as a function of applied potential. This relation

ship is called the Butler-Volmer equation and is a fundamen

tal equation of electrochemistry (Bockris and Reddy, 1973; 

Bard and Faulkner,1980). 

2.6.2 The Butler-Volmer Equation 

Bockris and Reddy (1973) give the current-overpotential 

relationship in exponential form as 
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* I = If{[OX(O,t)]/[OX ]·exp(-annF/RT)} 

- Ib{[Red(O,t)]/[Red*]'exp«1-a)nnF/RT} 

where 

I = net current, 

[~(x,t)] = concentration of species ~ at distance x 

from the electrode surface at time t, 

[~*] = bulk concentration of species ~, 

a = dimensionless transfer coefficient, and 

n = overpotential (E .• EO). 

For very long times (t»O), the ratio of the time de

pendent concentrations to the bulk concentrations approach 

one at the interface, i.e. 

[OX(X,t)]/[ox*]lx=olt»o ~ 1 

and 

[Red(x,t)]/[Red*]lx=olt»o ~ 1 

As previously stated, at equilibrium IIfl = I-Ibl. 

This allows the current-overpotential equation to be ex

pressed more simply as 

I = Io{exp(-anFn/RT) - exp«1-a)nFn/RT)} 

which is known as the Butler-Volmer equation. 

For small current conditions the Butler-Volmer equation 

can be linearized by using the approximation exp(x) = 1 + x. 

This results in 

I = Io{[l + (-anFn/RT)] - [1 + «l-a)nFn/RT)]} 

or 
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1 = -lo{nFO/RT). 

By rearranging terms, 

-oIl = RT/nFlo • 

The right-hand side of this relationship is identical to the 

previously derived definition of charge-transfer resistance. 

This demonstrates that the identical expression for the 

charge-transfer resistance may be derived by using either 

the thermodynamically-based Nernst equation or the electro

dynamically-based Butler-Volmer equation. The charge trans

fer resistance is the most important kinetic parameter in 

determining the observable characteristics of an electro

chemical reaction. Anderson (1961) mentioned that the over

potential divided by current density is also called the 

specific surface resistance. This term is not used in elec

trochemical literature but the equivalence of specific 

surface resistance and charge-transfer resistance is ac

knowledged. 

The variation in charge-transfer characteristics can be 

demonstrated analytically with the Butler-Volmer equation. 

Fig. 2.1 shows the theoretically derived current-potential 

relationships for a reaction with a symmetric transfer 

coefficient, a = 0.5, and three different exchange-current 

densities of 0.001, 0.1, and 10 #amps/cmz • The current

potential curves differ quite markedly for the various 

exchange-current densities. The curve for the relatively 
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high exchange-current density of 10 ~amps/cm2 approximates 

the idealized curve for a fast or reversible reaction. The 

curve for the relatively low current density of 0.001 

~amps/cm2 approximates the idealized curve for a slow or 

irreversible reaction. These differences in exchange-current 

densities and appearances of the current-potential curves 

for fast and slow reactions offer a straightforward method 

of qualitatively estimating the reaction rate. 

The slope of the linear portion of a current-potential 

curve near the equilibrium point (I = 0) is a graphical as 

well as quantitative indication of the charge-transfer 

resistance and therefore can be used diagnostically for 

determining the relative speed of a reaction. An analytical 

indication of the slope can be obtained by differentiating 

the Butler-Volmer equation 

dI/dn = 10 (nF/RT) {-aoexp(-anFn/RT) - (l-a)oexp«l-a)nFn/RT» 

and evaluating aton=O 

dI/dn = 10 (38.92). 

The charge-transfer resistance is determined from the 

reciprocal 

Rct = 1/(-38.92 0 10 ), 

From Fig. 2.1, the charge-transfer resistance determined for 

a current density of 1 ~amps/cm2 at equilibrium is 257 

It is the relatively-low value of the charge-

transfer resistance that allows relatively-large currents to 
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flow in a fast reaction. The steep slope of the curve at 

equilibrium indicates that a small change In current will 

produce a relatively insignificant change in potential. The 

equilibrium potential for a fast reaction is well defined 

thermodynamically and is readily observed. Non-polarizable 

electrodes are always based on fast reactions. It is the 

stability of equilibrium potential regardless of current 

flow that makes non-polarizable electrodes so desirable as 

reference electro~es. 

similarly from Fig. 2.1, the charge-transfer resistance 

at equilibrium for the 0.001 ~amps/cm2 exchange current 

density is 25.7 Megohm·cm2 • For such large charge-transfer 

resistances the currents allowed are extremely small. For 

any detectable change in current flow a very large change in 

potential will result. This is the normal characteristic of 

polarizable electrodes and is the basis of the concept of 

overpotential. 

The Butler-Volmer equation is based on the simple 

Helmholtz model of a solid-solution interface and does not 

allow for the effects of a diffuse layer. Incorporating the 

effects of the diffuse layer requires assuming the Guoy

Chapman-stern interface model with an exponential charge 

distribution in the diffuse layer. 
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2.7 Electrochemistry of Metallic-luster Sulfides 

The electrochemistry of metallic-luster sulfides 

(MLS's) is exceedingly complex because of the strong ten

dency of those sulfides to develop electrically-passive 

surface coatings which prevent them from reacting predict

ably according to classical thermodynamics (Peters & Majima, 

1968; ~eigler, 1976; Janetski et al, 1977: Michell & Woods, 

1978: Burrow et aI, 1981). MLS's have been studied exten

sively by hydrometallurgists to determine surface charac

teristics which permit separation of economic from non-

economic MLS's. Electrochemical researchers have even 

investigated the photochemical characteristics of certain 

sulfides for photovoltaicapplications. MLS's have also been 

studied for use in high energy density batteries. All these 

studies have a common aspect; i.e. MLS surface coatings are 

almost invariably present and, in general, can be character

ized as either sulfur- or oxygen-rich, depending on the 

chemical environment. 

2.7.1 Pyrite 

Pyrite (FeS2) is the most common naturally occurring 

sulfide. It is found in a wide range of thermal environments 

and, because of its ubiquity, adversely affects the econom

ics of other base-metal sulfides. This association results 

in pyrite interfering in hydrometallurgical operations 
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because it must be separated from the economic sulfides and, 

for this reason, the ·flotation and leaching characteristics 

of pyrite have been studied intensively. Additionally, 

pyrite is the most commonly observed sulfide responsible for 

IP anomalies. Any electrochemical knowledge that might allow 

mineral discrimination between economic sulfides and pyrite 

through geophysical means would be highly desirable. 

Most classical flotation studies involve slurries of 

pyrite in strongly acidic or basic solutions. The adaition 

of oxidizing or reducing agents have empirically establishe~ 

the guidelines for pyrite flotation or depression. More re

cently, i.e. in the past two decades, interfacial electro

chemical studies have been performed to better quantitative

ly characterize the surface and interfacial reactions on 

pyrite (Peters & Majima, ibid; Beigler, ibid; Janetski, 

ibid; Michell & Wood, ibid). Although these studies are 

generally performed at potentials strongly anodic or cathod

ic relative to the rest potential, reaction kinetics for 

rest potentials can be determined. For geophysical purposes, 

rest potential characteristics are important because most in 

situ sulfides are usually close to chemical equilibrium with 

their environment. Generally, the oxidation and reduction 

processes that convert or dissolve sulfides operate near the 

rest potential and, although the processes are usually 

exceedingly slow, geologic time allows the processes to go 
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to completion in many instances. 

Sato (1960), Peters and Majima (1968), and Peters 

(1976) demonstrated that the predicted thermodynamic stabil

ity range of pyrite should be defined by anodic dissolution 

of the sulfide according to 

FeS2 = Fe++ + 2S· + 2e

and the cathodic reduction of pyrite 

FeS2 +4H+ + 2e- = Fe++ + 2H2S 

occurring simultaneously with hydrogen evolution 

H20 = H2 + 2e-. 

The cathodic potential (Eh) at which water dissociates to 

allow the evolution of hydrogen obeys the thermodynamic 

relationship 

Eh = EO - 0.0295·log1oPH - 0.0592·pH, 

where EO is the standard half-cell potential (SHE) and PH 

is the partial pressure of hydrogen. Assuming a PH of 1 

atmosphere, pH of 7, and a calculated EO = 0 mV(SHE) 

(Garrels and Christ, 1965) the cathodic limiting potential 

for pyrite-water stability is -414 mV(SHE). The anodic 

limiting potential for water-sulfide stability is determined 

by the same relationship but involving oxygen, 

Eh = EO - O.029S·log10PO - O.OS92·pH 

where EO = 1.230 mV(SHE) and Po is the partial pressure of 

oxygen. At 1 atmosphere and a pH of 7, the anodic limiting 

potential of pyrite-water stability is 816 mV(SHE). In 1960, 
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Sato (ibid) proposed that the anodic dissolution of pyrite 

in acid solution followed 

Eh = 0.757 + 0.0295.lo910 [Fe++]. 

Pringle and Diehl (1965) questioned Sato's work and demon

strated that pyrite did not obey Nernstian thermodynamics. 

At the same time, Garrels and Christ (1965) published a 

thermodynamically predicted relationship for Fes2 as 

Eh = 0.340 + 0.0295·log10 [Fe++]. 

For high concentrations of Fe++ (e.g. 1M), pyrite should 

decompose at anodic potentials around 340 mV(SHE), much 

lower than the stability limits of water. This predicts a 

thermodynamic stability range for pyrite, for the described 

conditions, of -414 to +340 mV(SHE). Accordingly, the rest 

potential should occur between these limits. However, it is 

readily acknowledged in the literature that pyrite does not 

obey the predicted thermodynamic relationships (Garrels & 

Thompson, 1960; Hansuld, 1961; Pringle & Diehl, 1965; Peters 

& Majima, 1968; Koch, 1975; Peters, 1976). 

Hansuld (1961) observed both rest and oxidation reac

tion potentials for two specimens of pyrite in a O.OlM H2S04 

+ O.OOlM FeS04 solution. The rest potentials were 450 

mV(SCE) and the oxidation reaction potentials were approxi

mately 675 to 700 mV(SCE). Allowing for the standard poten

tial of SCE = 242 mV(SHE), the rest potentials and oxidation 

reaction potentials are well beyond the theoretical thermo-
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dynamic limits. The current-voltage curves are shown in Fig. 

2.2.a. The central linear region is comparable to the low 

current-density or irreversible reaction curves in Fig. 2.1. 

At the rest potential, a charge-transfer resistance of 

approximately 160,000 n·cm2 was calculated from the slope of 

the current-voltage curve. This would suggest that even in 

the presence of Fe++ ions, the equilibrium reaction rate is 

very low for potentials occurring in the central linear 

region. 

Although data from Anderson (1961) are limited to 

anodic measurements they are consistent with the Butler

Volmer characteristics of a slow or irreversible reaction. 

For pyrite measured in O.lN KCl, O.OlN H2S04 and 0.2N H2S04 

quiescent solutions, specific surface resistances of 100,000 

n·cm 2 (Anderson, 1961) and 2500(?) n·cm2 (Anderson and 

Keller, 1964) are reported. The data from Anderson (ibid) 

are presented in Fig. 2.2.b. Anderson and Keller (ibid) 

acknowledge the possibility of three mechanisms possibly 

responsible for such high resistances; concentration polari

zation (mass transfer limitation), slow (irreversible) 

electrode reactions, and oxide or grease films on the sur

face of the electrodes. They particularly emphasized the 

importance of the latter in "geologic applications". 

Peters (1976) performed current-voltage measurements 

on two pyrite specimens in 1.0M HCl04 solution in which he 
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observed an anodic res·t potential of about 620 mV(SHE). 

These data, seen in Fig. 2~3.a are consistent with the 

Butler-Volmer characteristics of a slow reaction. Peters 

(ibid) commented that the specimens did not decompose at an 

appreciable rate on standing in acid solution apparently due 

to a passivating oxide layer. Peters (ibid) also describes 

coulometric studies that indicate the only reaction of 

consequence at 10SO mV(SHE) supporting an anodic current 

density of 1 rnA/cm2 is 

FeS2 + 8H20 = Fe+++ + 2S04= + 16H+ + lSe-. 

Fink (1980b) observed rest potentials of 0 to +6S0 

mV(SCE) for 30 pyrite specimens in 0.2SM NaCl, pH buffered 

solutions of pH=2 to pH=10. For their respective pH's, these 

potentials were also well beyond the thermodynamic predic

tions. Fink's (ibid) data showed a reasonably constant value 

of 7S0 mV(SHE) ±SOmV for the hydrogen evolution. limit within 

the tested range of pH's. Evident also in Fink's (ibid) data 

is a pH dependent anodic wave that may be consistent with 

Peters' conclusions for the 1 mA/cm2 current level. Fink 

(ibid) also performed static current-voltage measurements in 

pH 7, 0.2SM NaCl quiescent solutions for the potential range 

of -1000 to +SOO mV(SCE). These data are presented in Fig. 

2.3.b. The slope of the curve suggests a charge-transfer 

resistance of approximately 70,000 n·cm2 • This Rct is con

sistent with Butler-Volmer characteristics of slow reaction. 
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The above researchers were consistent in their observa

tions on static current-voltage curves that a normal range 

for pyrite rest potentials was well beyond the thermodynami

cally predicted anodic limit. The common underlying assump

tion was that an oxide (Peters, 1976; Michell & Woods, 1978; 

Hamilton & Woods, 1981) or hydroxide layer (Janetski et al, 

1977; Mishra & Osseo-Asare, 1988) anodically coated the 

pyrite electrodes and prevented them from behaving in a 

thermodynamically predictable (reversible) manner. Pyrite 

was observed to consistently behave in a highly irreversible 

manner under both acidic and basic conditions. 

Cathodically, coulometric studies (Peters & Majima, 

1968; Peters, 1976) indicate the only reaction capable of 

maintaining a significant current is the reduction of free 

oxygen, either in solution or surface adsorbed. Anderson 

(1961), Anderson and Keller (1964), and Peters (1976) 

stressed the importance of eliminating oxygen from the 

measuring cells. 

Using cyclic-voltammetry, Beigler, et al (1975) studied 

oxygen reduction on rough {600 grit) and polished (0.05~m), 

n- and p-type pyrite electrodes in acidic and basic solu

tions. CV was performed at 2 to 20 mV/sec sweep rates for 

rotating electrode speeds ranging from 0 to 20 Hz in N2 

degassed solutions and solutions saturated with air or 

oxygen. Cathodic reduction of oxygen was observed to occur 
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according to 

02 + 4H+ + 4e- = 2H20 

in air and 02 saturated solutions. In air saturated solu

tions, currents were approximately BO% lower than those in 

02 saturated solutions which reflects the partial pressure 

of 02 in air. The four electron reduction reaction was 

further demonstrated to be multistep according to 
b S 5 

02 ~ 02 + H20 2 + H20 
... b 

H202 

where the superscripts band s refer to bulk and surface 

species. This is in accord with Sato's (1960) observation 

that an "equilibrium" condition can be established between 

oxygen and hydrogen peroxide due to the catalytic effect of 

iron. Under dynamic conditions the intermediate hydrogen 

peroxide may be swept away from the electrode preventing 

complete reduction to water. This effect is seen as multiple 

steps in voltammograms. Oxygen reduction at pyrite is mass 

transfer limited when free oxygen is available, but is unob-

servable in the absence of oxygen. Charge-transfer control 

occurs at the foot of the reaction waves where the currents 

are independent of electrode rotation speed. 

Exchange current densities in the charge-transfer 

controlled regions were calculated to be in the range of 

3'10-6 to 1'10-5 ~amps/cm2. These equate to charge-transfer 

resistances of B.6 G-ohms·cm2 to 2.6 G-ohms·cm2 , respective-
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ly. Accordingly, the voltammograms in this range for pol

ished pyrite are extremely flat and show no hysteresis. 

Those for rough pyrite show some hysteresis due to slow 

reactions of the pyrite surface causing subtle changes in 

surface stoichiometry and activity. 

While making static current-voltage measurements Fink 

(ibid) also performed cyclic-voltammetry at each new poten

tial after equilibrium had been reached. The sweep rate 

(triangular waveform) for these data was 10 mV/second with a 

peak voltage of ±10 mV centered on the potentiostatically 

controlled value. These data are presented in Figs. 2.4 and 

2.5 and are consistent with Butler-Volmer characteristics of 

a slow reaction. At each potential, two more CV measurements 

were made using a ±20 mV waveform with a sweep-rate of 20 

mV/second and a ±30 mV waveform with a sweep-rate of 30 

mV/second. In all CV measurements no reaction waves were 

observed in the data. The roughness in the cyclic-voltarnrno

grams in Figs. 2.4 and 2.5 is due to digitizing the original 

analog recorded data. For each cyclic-voltarnrnogram a charge

transfer resistance has been determined from the slope of 

the curve. These results are presented in Table 2.1 along 

with the theoretical charge-transfer resistances calculated 

from the Butler-Volmer equation. As might be expected, the 

rest potential has the maximum observed Rct with values 

decreasing as potential is increasingly removed from rest 
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potential. Observed Rct's for the higher amplitude, higher 

sweep-rate data were identical with the small-amplitude data 

within measurement error. 

Table 2.1 pyrite charge-transfer resistances 

PYRITE 

Potential Ret B-V 
mV(SCE) n·cm2 n·cm2 

-1000 3,140 -
-600 5,500 4,450 
-500 9,700 4,900 
-400 13,400 6,400 
-300 17,000 8,550 
-200 11,000 9,350 
-100 14,800 12,850 

0 22,700 25,700 
100 23,000 34,100 
150 28,750 49,800 

rp 257 29,000 -
300 28,750 58,600 
400 21,300 23,200 
500 12,750 11,400 

Fink (ibid) also made LIS measurements at various 

potentials in the central linear region of the current

voltage curves. These data are presented in Fig. 2.6. The 

spectra show a monotonic increase in Rct with potential 

increasingly removed from rest potential, as observed in the 

cv measurements. A minimum observed Rct of approximately 

3,500 n·cm2 occurs at a potential of +600 mV(SCE) and the 

maximum Rct (at rest potential) is approximately 100,000 

n·cm2 • The three rest-potential Rct'S determined by static 

current-voltage measurements, CV, and LIS are 70,000, 
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29,000, and 100,000 n·cm2 , respectively. 

The effect of surface roughness and method of prepara

tion has been observed by several researchers. Anderson 

(1961) observed variations in potential at low current 

densities (10<1 ~A/cm2) that he attributed to surface rough

ness. At these low current densities Anderson calculated 

specific surface resistances to be in the range of 3.104 to 

>105 n·cm2 • 

During cathodic reduction of oxygen, rough surfaces 

also showed approximately an a-fold increase in current 

density. Beigler, et al (1975) interpret this to be indica

tive of increased real surface area rather than more intrin

sically active sites. In relatively neutral pH solutions, 

oxygen reduction occurs at potentials more cathodic than 250 

mV(SHE). This is very cathodic relative to the generally 

observed rest potentials for pyrite, so oxygen reduction is 

unlikely to be involved in rest potential kinetics. Further, 

an a-fold increase in current under charge-transfer control 

requires a corresponding decrease in the charge-transfer re

sistance. This results in 1 G-ohm to 300 K-ohms for the 

values previously given, but according to the Butler-Volmer 

equation these are still indicative of very slow (irreversi

ble) reaction rates. 

Beigler (1976) performed further work on pyrite in an 

attempt to determine relationships between activity and 
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semi-conducting types of pyrite. CV was performed at sweep 

rates of 10 and 20 mV/sec on RDE's ·with rotating speeds 

between one and 100 Hz. Voltammograms were recorded over a 

working range of 400 mV to -500 mV(SCE) in O.lM perchloric 

and 1.0M sulfuric acid solutions both degassed and oxygenat

ed. The degassed base-current curves showed negligible 

current flow (Io«100 ~A/cm2) in the potential ranges stud

ied. Higher sweep rates (100 to 500 mV/sec) were also used 

for the base-current curves in order to enhance any compo

nent of the current which might have arisen from surface 

processes. No reactions were specifically identified by the 

high sweep rate cv. In general, no relationship between the 

electrode activity and the semiconducting property of the 

electrode was discernible. However, regardless of semi

conduction type, the pyrite surface behaved inertly in the 

absence of oxygen and at potentials anodic to oxygen reduc

tion. 

X-ray emission spectroscopy and CV were performed by 

Michell and Woods (1978) to evaluate oxide layers on the 

surface of pyrite based on previous work by Peters and 

Majima (1968) and Janetski, et al (1977). Peters and Majima 

(ibid) considered the high rest potential of pyrite in acid 

solution to be due to a 'passive' oxygen-containing surface 

film and that this film was responsible for the non-Nernsti

an behavior of pyrite. Janetski et al (ibid) observed CV 
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peaks in basic solutions at potentials expected for the 

Fe(OH)2/Fe(OH)3 redox couple. They assigned the anodic peak 

to the oxidation of a surface layer of ferrous oxide or 

hydroxide to the ferric state and assigned the cathodic CV 

peak to the reverse process. They sUbstantiated the identi

fication by CV measurements of iron oxide deposited on a 

gold electrode. 

Michell and Woods (ibid) evaluated differences in 

surface roughness by polishing pyrite electrodes to 600 

grit, 25 ~m, and 0.25 ~m. The amount of oxygen determined by 

x-ray emission for the 600 grit surface was seven times that 

of the 0.25 ~m surface. The 25 ~m surface showed a two to 

one increase over the 0.25 ~m surface. The seven to one 

ratio is similar to that (8:1) observed by Biegler et al 

(ibid) for background currents observed voltammetrically on 

rough (600 grit) and smooth 0.05 ~m pyrite surfaces. Michell 

and Woods (ibid) also performed CV and observed the same 

7:2:1 ratio as with the x-ray emission further supporting 

Biegler et al's (ibid) suggestion that surface roughness 

could be responsible for the increased rate of oxygen reduc

tion. Michell and Woods (ibid) calculated the quantities of 

Fe203 detected on the 600 grit and 0.25 ~m electrodes and 

further confirmed the reported rates for oxygen reduction. 

Determined quantities of Fe203 on the 600 grit electrode 

were 0.68±0.8 ~g/cmz and 0.90 ~g/cm2 for x-ray emission and 
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CV, respectively. This compares to 0.08 ~g/cm2 and 0.11 

~g/cm2 for the 0.25 ~m electrode, giving approximate 8:1 

ratios. Michell and Woods (ibid) state that a roughness 

factor (real area/geometric area) of seven implies a signif

icantly rough surface. They qualitatively demonstrated a 

difference by taking scanning electron micrographs of the 

surfaces. They observed that the brittle nature of pyrite 

results in material being torn out of the surface during 

grinding leaving rough pits and craters. 

These measurements rule out electrochemical reactions 

involving oxidation of the mineral itself, such as 

FeS2 + 11H20 - Fe (OH) 3 + 2S04 + 19H+ + 15e-. 

This reaction is thermodynamically predicted at pH9.2 as its 

redox potential is similar to that of Fe(OH)2/Fe(OH)3 

couple, but it requires 15 electrons per iron atom to form 

the oxide. The quantitative determinations only support a 

one-electron transfer which favors the latter couple and 

suggests that the oxide coverage is of the order of magni

tude of a monolayer and is likely uniform over the entire 

electrode surface. Further tests performed by Michell and 

Woods (ibid) confirmed this. 

Burrow et al (1981) further demonstrated the tenacity 

of the oxide layer on pyrite during high temperature tests 

of Li/FeS2 batteries. Photomicroscopic, electron-microscop

ic, and surface analytical studies performed on the cells 
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show oxygen-rich species present at the surface after high 

temperature discharge. They proposed that oxygen is bonded 

directly to iron in both the FeO (wustite, cubic) and Q

Fe203 (hematite, cubic) forms as well as iron sulfates. It 

is unlikely that hydroxides were present because of the high 

temperatures and anhydrous environment. Burrow et al (ibid) 

made two other impo~tant observations. They stated that 

surface characteristics observed at the FeS2 single crystal 

surface can be extrapolated to smaller particles and that 

surface oxides create a resistive barrier. 

At lower temperatures (150oC-250oC), the oxidation of 

pyrite may metastably form wustite and ~-Fe203 because of 

the cubic lattice similarity with pyrite. The anionic sulfur 

positions may be occupied by oxygen through the intermediate 

chemical formation of wustite. The ferrous iron in FeO may 

then oxidize to ferric during the electrochemical reaction 

forming ¥-Fe203. Further oxidation of the sulfide is 

achieved by a topotactic process where the Fe++ ions migrate 

to the surface of the grain, oxidize and form Fe+++ ions 

(stacey & Bannerjee, 1974). In aqueous solution, the avail

ability of oxygen and OH- ions will favor the formation of 

the hydroxides Fe(OH)2 and Fe(OH)3 depending on the poten

tial relative to the couple. 

In summary, the foregoing results indicate that pyrite 

in its natural state has a broad range of rest potentials 
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and is passive. The passivating characteristic of pyrite is 

apparently due to a surface oxide or hydroxide. The pass i

vating layer on pyrite is present under many tested environ

mental conditions, such as pHis ranging from 2 to 10, tem

peratures ranging from 25°C to >500·C, and with active 

depolarizers such as Fe++, Fe+++, and Cu++. This electro

chemical evidence is consistent with activation polarization 

rather than concentration polarization. Large overpotentials 

associated with activation polarization necessarily imply 

high charge-transfer resistances. It seems reasonable to 

conclude that high impedances observed for pyrite-electro

lyte interfaces represent the passivated pyrite surface 

rather than mass transfer limitations such as are implicit 

in reaction related diffusional impedances. 

2.7.2 Chalcopyrite 

Chalcopyrite (CuFeS2) is one of the primary ore miner

als of copper. It has received a tremendous amount of atten

tion in electrometallurgical research because of the need to 

understand its flotation characteristics. It is the most 

difficult copper sulfide to treat hydrometallurgically 

(Peters, 1976). As with pyrite, chalcopyrite has a thermody

namically predicted range of stability beyond which it is 

commonly found in neutral solution. Many of the passivating 

characteristics observed with pyrite have also been observed 
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on chalcopyrite. The aim of the following discussion is to 

demonstrate that chalcopyrite has a similar passivating 

layer that acts as a barrier to rapid reaction at the miner

al surface. 

Biegler and Horne (1985) mention that "chemical leach

ing and electrochemical studies show that a type of passi

vating layer limits the oxidation rate" of chalcopyrite. 

They further comment that "the precise nature of this layer 

is in dispute. It has variously been described as sulfur, a 

metal-deficient chalcopyrite-like sulfide, a po1ysu1fide, a 

solid electrolyte interphase, or precipitated iron com

pounds. Its effect on the oxidation kinetics has been ex

plained in terms of physical blockage, solid-state diffusion 

of metal ions, electron-transport properties, passive film 

growth, or electrolytic conduction of metal ions." 

In studying acid leaching of chalcopyrite, Ferriera and 

Burkin (1975) reported a parabolic reaction rate that was 

attributed to progressive thickening of a film of sulfur on 

the surfaces of chalcopyrite. On reviewing investigations to 

date, Ferriera and Burkin decided "that there was no clear 

understanding of the behaviour of chalcopyrite on leaching, 

with or without pre-treatment, which would explain all of 

the observed phenomena. In particular, the nature of chal

copyrite itself seemed somewhat obscure". 

Peters (1976) found that "chalcopyrite electrochemistry 
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varied significantly with the nature of the mineral specimen 

and its preparation. Carefully polished specimens were found 

to be unreactive, as compared to a fresh, saw-cut surface" 

and that it was difficult to obtain reproducible polariza

tion curves with chalcopyrite. 

Rand (1977) states that for all sulfides he studied, 

including chalcopyrite, activation control (i.e. charge 

transfer being the prevalent rate-limiting mechanism) pre

dominated in the background current range. Rand (ibid) 

established a narrow working range of +100 to -150 mV(SCE) 

for chalcopyrite in acid solution. He also found that CV 

curves performed in this region are reasonably reproducible, 

which he attributes to negligible change in surface composi

tion. 

Pyrite and chalcopyrite at least appear to have in 

common the cathodic reduction of oxygen (Beigler et al, 

1975; Rand, 1977; Beigler and Horne, 1985). The oxygen 

reduction characteristics for both rough and smooth chal

copyrite electrodes are very similar to those observed on 

pyrite. In de-oxygenated solution the oxygen-reduction ca

thodic wave is absent, as with pyrite. The potential at 

which cathodic reduction of oxygen occurs determines the 

anodic limit for the central linear (background current) 

region for chalcopyrite in an aerobic environment. In 02 

saturated, 0.05M Na2B407' pH 9.06 solution, Rand (1977) 
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observed an oxygen-reduction activation potential of approx

imately -lS0 mV(SCE). In an anaerobic environment the 

activation controlled central linear region may be extended 

approximately SOo mV more cathodic (Rand, 1977) before other 

unidentified reactions become involved. Fink (1980b) simi

larly identified the central linear region to be between +So 

mV and -SOO mV(SCE) in de-oxygenated, 0.2SM HaCl, pH 7 

solution. 

At more anodic potentials the accepted reactions in 

acid solution are 

CuFeS2 + cu2+ + Fe3+ + 2S + Se-

and 

CuFeS2 + H20 + Cu2+ + Fe3+ + 2S04
2- + 16H+ + 17e

which take place in the proportion of around 6:1 (Beigler 

and Horne, 1985). Wadsworth (1972) reported a similar reac

tion for the dissolution of chalcopyrite in the presence of 

ferric iron as 

CuFeS2 ~ cu2+ + Fe2+ + 2S + 4E-

which resulted in the build-up of a sulfur layer. An alter

nate reaction scheme was presented by Haver and Wong (1971) 

for chalcopyrite in chloride solution 

CuFeS2 + 3FeCl2 7 CUCl + 4FeCl2 + 2S 

which also resulted in a surficial layer of sulfur. Wads

worth (1972) recognized, but did not identify, a passivating 

layer on chalcopyrite that inhibited leaching in acid solu-
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tion. He claimed the layer was sulfur-rich and "non-conduct

ing". Wadsworth stated that further reaction of the sulfide 

itself would require solid-state diffusion through the 

layer. In turn, this would require uniqueness of the layer 

"in that the pores would have to be extremely small, limit

ing diffusion of the oxidant". 

Anodically, Beigler and Horne (1985) report that chal

copyrite shows a tendency to form a "thin passivating film". 

The film forms an electrical barrier up to 150 mV(SCE) in 1M 

HCl, 1M HN03 , 1M H2S04 , and 1M HCl04 de-oxygenated solu

tions. Beigler and Horne (1985) concluded that there was a 

"process producing an ordered product layer which eventually 

covers the surface and blocks any further movement of iron 

and copper atoms" and that this process "is distinct in 

mechanism from the bulk oxidation of chalcopyrite observed 

at higher potentials". Beigler and Horne (1985) suggested a 

thickness of 2.9 nm for the layer for the given experimental 

conditions. The thinness of this layer would normally have a 

very small solid-state diffusion coefficient, which is why 

Wadsworth (1972) stated the requirement of extremely small 

pores penetrating the layer. 

At equilibrium in neutral solutions, chalcopyrite rest 

potentials occur between the cathodic and anodic activation 

potentials. Peters (1976) attributed the inertness of the 

polished surfaces of chalcopyrite in this range to a "thin 
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oxide (copper ferrites or magnetite)" resulting in high 

values of surface resistance. Peters (1976) did not elabo

rate on why he claimed magnetite would be inert, as it 

normally is a good conductor. 

Fink (1980b) performed SACV at various potentials 

spanning Rand's (1977) range of background currents in 0.25M 

NaCl, pH 7, quiescent solution and also observed high 

charge-transfer resistances. For every CV measurement at a 

new potentiostatically-held potential three CV measurements 

were made; 10mV/second for ±10 mV, 20 mV/second for ±20 mV, 

and 30 mV/second for ±30 mV. The latter two sweep rates were 

used to determine the presence, or absence, of any minor 

surface or solution related reactions and as a test of 

linearity. No reaction waves were observed. The data for the 

10 mV/sec sweep rate are presented in Figs. 2.7, 2.8, and 

Table 2.2. The CV slope determined charge-transfer resist

ance at a rest potential of +44 mV(SCE) is approximately 

87,000 n·cm2
• Using the slope of the static current-poten

tial data between -100 and +150 mV(SCE) for the data from 

Fink (1980b) suggests a charge-transfer resistance of 

350,000 n·cm2 which is consis~ent with the Butler-Volmer 

derived charge-transfer resistance range shown in Table 2.2. 

Conservatively speaking, the central linear region 

between the activation potential for the reduction of oxygen 

and the activation potential for the anodic pre-wave is the 
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area of normal rest potentials and interest for IP studies. 

Table 2.2 Chalcopyrite charge-transfer resistances 

CHALCOPYRITE 

Potential Rct B-V 
mV(SCE) n·cm2 n·cm2 

-100 65,000 102,000 
0 62,000 89,200 

rp 44 87,000 -
100 81,000 409,400 
150 68,000 248,800 
200 39,000 102,300 
300 43,000 46,700 
400 20,600 21,400 
500 5,520 4,470 
600 444 463 

In anaerobic environments the central linear region may be 

extended considerably in the cathodic direction, but the 

anodic limit appears constrained to less than +150 mV(SCE). 

Klein et al (1984) reported negligible solution diffu-

sion effects during ROE measurements on chalcopyrite. They 

concluded that the apparent "diffusion-like" response repre-

sented a "surface" diffusion as per Angoran and Madden 

(1977). Klein et ales (1984) data and conclusions appear to 

be consistent with the conclusions of Wadsworth (1972) and 

Beigler and Horne (1985) with the exception that the diffu

sional effects may be through the surface rather than 

across the surface. Although Klein et ales (1984) experi

ments were performed in O.lM NaCl, O.OOOlM CuS04' pH 1 

solution, their conclusions would appear to be very relevant 
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to IF related studies were it not for the fact that Klein 

(personal communication) reported a rest potential of +290 

mV(SCE). This rest potential is well beyond the region of 

background currents, and according to the foregoing descrip

tions of leaching studies, is likely representative of 

active leaching of the chalcopyrite and is probably not 

representative of the normal range in which long-term stable 

rest potentials would occur. 

When oxygen is depleted in a system and is unavailable 

for further reaction the central linear region may include 

much more cathodic potentials. In de-oxygenated, -0.25M 

NaCl, pH 7 solution, Fink (1980b) observed background cur

rents to -500 mV(SCE). This is consistent with the observa

tions of Rand (1977) in his investigations of chalcopyrite 

in oxygenated and de-oxygenated 0.05M Na2B407' pH 9.06 

solution. Rand's (1977) work involved CV between -100 and 

-500 mV(SCE) at a sweep rate of 40 mV/second. 

In summary for chalcopyrite, the foregoing results are 

consistent with activation polarization being the primary 

factor in determining the slope of the current-potential and 

CV curves in the central linear region of background cur

rents. The presence of a passivating layer is, in turn, 

consistent with inhibited charge-transfer across the chal

copyrite-solution interface. 

Accordingly, results reported for impedance measure-
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ments that have been interpreted as being indicative of 

solution diffusion (Marshall and Madden, 1959: Madden, 1961: 

Angoran and Madden, 1977: Klein and Pelton, 1976: Olhoeft, 

1984) are inconsistent with the results of other electro

chemical observations. Similarly, the low values of reaction 

or charge-transfer resistance interpreted from impedance

only measurements are also inconsistent with the results of 

standard electrochemical observations. The primary reason 

for the preference of low reaction resistances and high 

diffusional impedances is the poor quality of fit between 

assumed equivalent circuits and the observed data. A possi

ble explanation for this poor fit as related to surface 

roughness is presented in Chapter 3. 

2.8 Nature of Surface Coatings 

The conclusions of the previously discussed studies are 

in agreement in as much as they appear to demonstrate the 

presence of passivating or rapid-reaction-inhibiting coat

ings on the surfaces of pyrite and chalcopyrite electrodes. 

Since most previous laboratory research was based directly 

on sulfide related reactions, the acceptance of the possi

bility of non-sulfide surface coatings necessitates recon

sideration of the character of the surface itself. 

Morrison (1977) stated the problem quite well in dis

cussing semiconductor studies: liThe term 'the real surface' 
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was coined in surface physics to identify the surface of a 

reactive solid that has been exposed to the atmosphere or to 

other reactive ambient media. Thus for example, a 'real' 

germanium surface is one with an oxide layer several tens of 

angstroms thick (and with water vapor usually adsorbed onto 

or absorbed into the oxide surface). Most materials can and 

will develop an oxide or an equivalent passivatinq surface 

layer if exposed to solutions or to the atmosphere. The 

passivation (oxidation) with metals and elemental semicon

ductors is obvious, but passivation will also occur on 

compounds. Cuprous oxide will form a thin layer of cupric 

oxide when exposed to air at room temperature. Sulfides will 

doubtless form sulfates or oxides at their surface ••• In 

general with real surfaces the exact thickness or composi

tion of the passivating surface layer is not well defined. 

The net effect of a passivating layer on the electrical 

properties of a solid can be associated with surface states 

in three regions: surface states at the surface layer/semi

conductor interface, traps and impurities in the passivating 

layer, and energy levels due to foreign species at the 

solid/gas interface". 

Although Morrison's (ibid) discussion is oriented 

towards germanium, one particular point he emphasizes is 

that "the electrical properties of the real surface have 

been analyzed in terms of two types of surface states, 'fast 



82 

states' and 'slow states' ••• In the case of germanium, fast 

states and slow states time constants are widely different -

fast ~10-6 seconds whereas slow require seconds to minutes." 

The fast states are attributed to charge transfer and in

volve electron-only conduction within the surface coating. 

Slow states involve electron conduction through the surface 

coating and may require a charge transfer reaction at the 

interface with solution followed by charge promotion to a 

conduction band within the surface coating. Morrison (ibid) 

claims "the rate of such transfer can be quite slow ••• and 

despite the slow reaction, when steady state conditions are 

reached, the slow states control the surface barrier". 

More recently, Schultze and Elfenthal (1986) quantified 

some aspects of anodic oxide films for various charge trans

fer reactions. They state that most oxide films behave as n

type semiconductors with a high donor concentration, such as 

Fe and Ti; and a few are p-type semiconductors, such as eu 

and Ni. Film thickness has the greatest effect on current 

density and they present evidence for a decrease in current 

density of one to three orders of magnitude (e.g. from 10 to 

1 ~A/cm2 for Fe++ to Fe+++OOH on Ti) for a change in thick

ness of 2 to 12 nm. In general, Schultze and Elfenthal 

(ibid) observe that at all films studied, the current densi

ty decreases with increasing film thickness. Furthermore, 

they observe that with anodic deposition of FeOOH an inner 
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conducting layer is maintained, the outer layer becomes 

electronically insulating but has a sufficient ionic conduc

tivity for protons and water molecules. 

Cahan and Chen (1982a & b) present a "chemi-conductor" 

model to better describe the behavior of passiv,:.\ting films, 

as opposed to the semiconductor model. Briefly, they define 

a chemi-conductor as an insulator whose stoichiometry can be 

varied by oxidative and/or reductive valency state changes. 

They argue that the surface film is not necessarily a 

"sandwich" of various oxides and hydroxides. The general 

behavior of the studied films leads them to conclude that 

the films do not behave like semiconductors, at least in the 

classical sense of the term. They note that at low poten

tials, FeOOH behaves as an insulator with resistances in the 

range of 1010 to 1015 n·cm2
• with moderate applied poten

tials, the resistive characteristics of the film decrease 

and at high applied potentials the film conducts. This 

semiconductor-like behavior is not as a result of overcoming 

the bandgap potential barriers, but rather as a result of 

actual valency change of the Fe within the film. Hence, the 

chemi-conductor nomenclature. The crucial point of their 

work is that the FeOOH film is resistive at low potentials. 

The surface films or coatings appear to have a strong 

influence on the current density for flow normal to the 

surface of sulfide electrodes. Indeed, if the film behaves 
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resistively, as most evidence appears to support, then the 

enhanced conductivity in heterogeneous mixtures (involving 

sulfide particles) must be attributable to some other char

acteristic. 

2.9 Extension to Insulating Particles 

The conclusion that a passivating surface layer may be 

present on sulfide particles suggests that, if a sulfide 

particle completely blocks a pore path in a rock matrix, 

charge-transfer across the interface probably will not take 

place unless the interface is driven nonlinearly, which is 

only likely in the case of tight rocks. It is proposed that 

the observed polarization (the normal linear IP effect in 

rock matrices) is a result of surface conduction and charge 

redistribution along the surface of other non-blocking 

sulfide particles, rather than through the blocking sul

fides. Non-faradaic current conduction may also exist, which 

would add to the surface conduction effects, however, in 

this thesis it is proposed that displacement currents are 

subordinant to surface conduction currents. It is well known 

that with either an increase in clay content or an increase 

in percent sulfides, a decrease in rock resistivity is 

observed. The concept of surface conduction, as occurs on 

clays, if extended to sulfides, could account for the ob

served changes in resistivity. 
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If current densities are high enough and if a sulfide 

interface is driven to the point of rapid reaction such that 

it is diffusion limited, then, by ohmic definition (Bockris 

and Reddy, 1973), the observed IP response is non-linear. 

This non-linearity is described in Bard and Faulkner (1980) 

and results in increased harmonic content in impedance 

measurements. Olhoeft (1979, 1984), Olhoeft and Scott 

(1980), and Anderson (1981) discuss non-linear IP effects. 

If sulfide grains exhibit a polarization response due 

to surface conduction and double-layer charge-redistribu

tion, then they are behaving in the same manner as polariza

ble clay particles. Because of this possible similarity in 

polarization mechanisms, it is suggested that the same 

mechanism could be responsible for the IP effect observed in 

the two quite different media. This allows for a single

mechanism or simplified theory of IP that uses neither the 

electrode nor the membrane polarization models. 

To demonstrate the difference between the membrane 

polarization model and prevailing clay related polarization 

mechanisms, a brief explanation of the membrane model is 

necessary. 

2.10 Membrane Polarization 

The membrane polarization model relies on the existence 

of cationic selective zones occurring between zones of nor-
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mal pore fluid. These selective zones would display a zero 

potential gradient at equilibrium but would develop a non

zero potential gradient under the influence of an externally 

applied EMF due to the preferential conduction of current by 

cations. 

Klein and Sill (1982) performed parametric calculations 

and determined that the membrane polarization model has two 

salient features. First, the magnitude of the observed res

ponse is directly related to the ratio of the length of the 

non-selective zones (the distance between the selective 

zones) to the length of the selective zones. Second, the 

resonant or critical frequency is controlled by the absolute 

length of the non-selective zones. This has also been dis-

cussed by Sill, (1964) and Chu (1979). Klein and Sill 

(ibid) also reported that the membrane polarization model 

leads to a puzzling prediction that decreased clay content 

leads to increased polarization response, which is at odds 

with observations with small clay-particle concentrations. 

After rearranging some of the hyperbolic functions, 

Klein and sill presented Marshall and Madden's membrane 

polarization model as 

:z. 
1 +_~B~_.+ Js" - s, ) (2 2) s, 9, AS1 91 ...z Z XI 9;z, X2 9, A • 

b2s 19291(tanh XI + B tanh Xz ) 

where ~ = ionic mobility (mz/V·sec), 

F = Faraday constant (96,500 coulombs/mole), 



Po = bulk concentration of cations (moles/m3), 

D = diffusity (m2/sec), 

t = transference number (dimensionless), 

w = frequency (radians/sec), 

1 = index denoting clay free zone, 

2 = index denoting clay bound zone, 

L = zone length (m), 

A = L 1/L2 , 

B = D1/D2 , 

s = t-/t+, 

Xi = riLi/2 , 

ei = (si + l)/si' 

and ri = [(i ei)/(2'Di)]~. 
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The membrane polarization model relies on a lumped 

parameter representing the difference in ion transference 

numbers such as for a binary electrolyte, 

(2.3) 

where the subscripts + and - refer to cations and anions 

respectively, I is current density (A/m2), [] is the ionic 

concentration in moles/m3, ~ is the ionic mobility in m2/V-

sec, and z is the valence. The mobility and transference 

properties are essential in determining the dispersion 

characteristics and surface conductivity of the clay-water

electrolyte system (Mehran and Arulanandan, 1977). However, 

as mentioned by Klein and sill (ibid), the formulation of 



88 

the membrane model, i.e the lumping together of the ionic 

milibity, concentration, and valence, the model is unable to 

resolve individual values for these particular parameters. 

This is a concern, because other research has emphasized the 

importance of surface conduction and ionic mobility in 

determining anomalous dielectric and conductivity disper

sions related to clays by demonstrating the effect of 

differences in ionic mobility in the immediate vicinity of 

clay particles (cremers & Laudelout, 1966; Chew & Sen, 1982a 

& b; Lorenz, 1969; Raythatha & Sen, 1986; Schwan et al, 

1962; Schwarz, 1962; van Olphen & Waxman, 1958). 

Klein and sill (ibid) also observed that changing the 

ratio of transference numbers (used in the model formula

tion) has the same effect as changing the ratio of the zone 

lengths, and so were negatively correlated. They concluded 

that the membrane model was too cumbersome and too difficult 

to constrain with real parameters. consequently, they re

jected it in favor of a generic model that produced the same 

impedance characteristics; the Cole-Davidson model. 

Although the membrane model is apparently strongly tied 

to the electrochemistry of the clay system, the lumping of 

some of the parameters prevents the use of the full range of 

possibilities that are considered desirable (Chew & Sen, 

1982b; Cremers & Laudelout, 1966; Fricke, 1924; Gast, 1963; 

Helmy & Natale, 1985; Muir, 1953; Raythatha & Sen, 1986; 
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Schwan et al, 1962: Schwarz, 1962: van Olphen & Waxman, 

1958: Weiler & Chaussidon, 1968). 

2.11 Double Layer Effects 

The common intrinsic feature of both coated sulfide and 

clay particles is excess surface charge (Gibbs surface 

excess - r). This excess surface charge comprises the double 

layer that forms on the solution side of the particle. The 

double layer is made up of tightly bound and loosely bound 

ions, the compact and diffuse layers, respectively. Thus, if 

the double layer characteristics of clay particles give rise 

to low-frequency polarization effects, as has been demon

strated (Arulanandan, 1969: Arulanandan & Mitchell, 1968: 

Chew & Sen, 1982b: Howell & Licastro, 1961: Mehran & Arula

nandan, 1977; Schwan et aI, 1962: Schwarz, 1962), then it is 

not unjustified to expect a similar response from the dou

ble-layer characteristics of the insulating surface coatings 

on sulfide particles. Surface conduction and surface-charge 

redistribution are entirely dependent on the properties of 

the double layer regardless of the properties of the materi

al on which the double layer occurs. 

Electrochemically, the double layer represents a con

siderable problem. There is extensive discussion in the 

literature devoted to the implications of the double layer 

on surface phenomena and reaction kinetics (Bockris et aI, 
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1980; Delahay, 1965; Loeb et al, 1961). The salient point is 

that large double layer effects may exist on both oxide 

films and clay surfaces. Any material that has an excess 

volume charge distributes that charge along the bounding 

surface. When such a material is immersed in an electrolyte, 

this charge is balanced by ions and polar molecules in the 

electrolyte. The attracted ions may be bound (adsorbed) on 

the surface, depending on the intensity of the volume charge 

and the distance of the ion from the surface. Various double 

layer models have been proposed during the evolution of 

thought in this area. The principle models are: Helmholtz, 

Gouy-Chapman, stern, Grahame, and Bockris-Devanathan-Muller 

(Gileadi et al, 1975). 

The two main components of the double layer are 

the compact layer and the diffuse layer. The compact layer 

is formed by ions that are tightly bound and considered to 

be specifically adsorbed. Helmholtz originally proposed that 

a single potential drop occurred across the compact layer 

and that the layer of ions formed an effective capacitor, 

from which the term double layer capacitance arose. The 

Gouy-Chapman model introduced a Boltzmann distribution of 

ions on the solution side of the interface and ignored the 

compact layer. Their model is also known as the diffuse

double-layer model. The stern model adopted both the compact 

layer and the diffuse layer and is presently the most com-
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monly used model in clay studies. 

The stern model is represented by a linear change in 

potential across the compact layer and an exponential change 

in potential across the diffuse layer. The ionic densities 

in these two layers determine the surface conductance of a 

tangentially flowing electric current. Because of the much 

higher ionic density in double layers, the surface conduct

ance is considerably higher than that of the bulk solution. 

The surface mobilities of the current-carrying ions are 

controlled by ionic size, hydrated ionic volume, valence, 

zeta potential, and surface roughness (Cremers and Laudel

out, 1966; Gast, 1966; Lorenz, 1969; Pask and Turner, 1955; 

Shainberg and Levy, 1975; van Olphen and Waxman, 1958; 

Weiler and Chaussidon, 1968). 

The concept of surface conductance was apparently in

troduced by Smoluchowski in 1951 (O'Konski, 1960) when he 

discussed electrophoresis of colloidal particles. In studies 

of immitance dispersion in various arrangements of clay and 

aqueous electrolytes, surface conductance has played an 

important role in determining the characteristics of ob

served dispersions (Arulanandan, 1969; Arulanandan and 

Mitchell, 1968; Calvet, 1975; Chew and Sen, 1982b; Mehran 

and Arulanandan, 1977; Schwan et aI, 1962: Schwarz, 1962). 

Although all of the above referenced work was aimed at 

studying insulating clay particles, it is suggested that the 
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conclusions may be extended to passivated sulfides, since, 

according to Gauss' law, the dielectric co~ting on the out

side of a particle can make the entire partiole appear as a 

dielectric. Consequently, a passi vating coatin,g on the sur

face of a sulfide particle that is sufficiently resistive so 

as to prevent faradaic conduction will make t,he entire sul

fide particle appear as an insulator. 

2.12 Conceptual Models 

Geohydrologic applications of IP require a response 

from clays or clay bearing material (e.g. dirty aquifers). 

It has been demonstrated that double layer characteristics 

on the surfaces of clay particles give rise to well defined 

immitance dispersions at low frequencies (Arulanandan, 1969; 

Arulanandan & Mitchell, 1968; Chew & Sen, 1982b; Helmy & 

Natale, 1985; Howell & Licastro, 1961; Mehran & Arulanandan, 

1977; Schwan et aI, 1962; Schwarz, 1962). It is proposed 

herein that the same or similar mechanism is present on the 

surface of sulfide particles and is the cause of the linear 

IP effect. It has been established that certain oxides also 

produce an IP effect (Elliot & Guilbert, 1975; Lawton & 

Hochstein, 1980; Wynn, 1988). The same mechanism would apply 

to these materials as well as any other material that has a 

satisfactory double layer and will support surface conduc

tion. A single model that can explain the similar polariza-
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tion phenomena on both insulating and conducting particles 

will also account for the observed non-conducting-oxide 

polarization phenomena. 

Many models have been presented to explain dielectric 

dispersions in colloids, solutions, and heterogeneous media. 

Most models start from the Maxwell-Wagner model for a mix

ture of spherical particles. The Maxwell-Wagner model al

lowed an analytic solution for charge separation across the 

spherical particles but did not take into account any inter

facial effects. However, the fundamental concept of separa

tion of charge and dependence on particle size was formal

ized. Generalized models were then proposed that could in

corporate a simple interfacial impedance, surface character

istics, and spheroidal or ellipsoidal particle shapes (Wait, 

1957; Wait, 1959; O'Konski, 1960; Schwartz, 1962: Fixman, 

1980; Wong, 1979; Chew, 1982; Chew and Sen, 1982a & b; Wait, 

1982; Wait, 1983a; Flanagan and Wait, 1985). Of these var

ious models, in retrospect, it is ironic that Wait proposed 

a dielectric coating on a conducting particle in 1959 in the 

now classic Overvoltage Research Monograph (Wait, 1959). 

Directions of research developing clay models and sul

fide models were quite different because of the assumed 

intrinsic differences, i.e. insulators versus conductors. 

The clay related models treated only surface phenomena 

whereas the sulfide models treated only reaction phenomena. 



94 

with a new hypothesis that conducting sulfide particles with 

an insulating surface may effectively behave as insulators, 

a common model may suffice. The most attractive model de

veloped for low frequency polarization of clays, from the 

standpoint of rationalizing the IP effect over a large range 

of particle sizes, was presented by Chew and Sen (1982b). 

Chew and Sen's model was developed for insulating par

ticles. It takes into account the compact and diffuse double 

layer and demonstrates an electrodynamically sound, polari

zation mechanism for low-frequency dispersions. It incorpo

rates the Gouy-Chapman double-layer model and provides an 

analytical solution for a thin double-layer approximation. 

It limits the current to tangential flow and does not allow 

ion penetration into, or charge transfer with, the particle. 

Tangential (surface) conduction forces charge separation to 

occur at axially opposed ends of the particle, parallel to 

the direction of an applied electric field. This charge 

separation, or rearrangement, disturbs the equilibrium of 

the diffuse layer by creating an excess of charge (of oppo

site signs) at the polar ends of the particle and a decrease 

of charge in the equatorial regions. In an attempt to re

equilibrate, a local current flows normal to the surface of 

the particle, but not across the interface. However, the 

condition of ionic disequilibrium and subsequent normal 

current flow creates a much larger, more diffuse cloud of 
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ions around the particle. 

Chew and Sen (1982b) concluded that the coupling of the 

tangential, or circumferential, ionic and normal migration 

currents cause observed dispersions because of the large 

time constant involved in the charge redistribution. The 

large diffuse-ion cloud is considered to be neutral but 

plays a crucial role in introducing an out-of-phase term in 

the dipole moment of the particle by altering the ambient 

ionic densities in the adjacent bulk solution. This polari

zation mechanism will work with any particle possessing a 

satisfactory double-layer. Therefore, the Chew and Sen model 

is not necessarily restricted to clay particles, but should 

apply equally well to any particle with an adequate double 

layer. It has been demonstrated that sulfides coated with a 

passivating coating still have a double layer (Peters, 

1976, Janetski, Woodburn, and Woods, 1977; Michell and 

Woods, 1978; Gardner and Woods, 1979; Hamilton and Woods, 

1981; Mielczarski and suoninen, 1988). This passivating 

coating makes charge-transfer reactions across the interface 

negligible but the presence of a double layer on the oxide 

coating would allow a Chew and Sen type polarization mecha

nism to occur as a result of surface conduction. 

2.13 A Simplified IP Model 

In an attempt to derive IP models, several approaches 
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have been taken to define the interfacial-impedance charac

teristics of sulfide particles. All of these approaches have 

relied on the assumption that a charge-transfer reaction 

must take place across the sulfide-solution interface. Fur

thermore, it has been assumed that, not only does this reac

tion take place, but that it takes place under diffusion. 

control. It has been demonstrated herein that sulfides at 

rest potential behave in a non-nernstian manner which is due 

to the presence of a passivating coating on the surface of 

most common sulfides. Faradaic conduction, that is, charge 

transfer through the surface layer, may proceed at statisti

cally low levels but not, in linear IP, at rates that allow 

diffusion to be rate-limiting. The thicker the passivating 

coating gets, the lower the charge transfer rate. This is in 

accord with observed rates of sulfide oxidation in a stable 

Eh-pH, natural environment. 

Considering the extremely low current-densities «10-6 

amps/cm2 ) that are created in the earth during a typical IP 

survey, it is difficult to rationalize that these currents 

are able to suddenly and significantly increase the normal 

sulfide oxidation rates naturally taking place in the 

ground. If this were true, then natural earth currents would 

easily drive the same reactions. As is frequently observed 

during field surveys, natural earth currents can easily 

overpower an artificial signal. Therefore, the reactions 
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that are thought to be driven artificially during an IP 

survey have likely been taking place over geologic time due 

to telluric activity. This leads to the question of why 

telluric currents do not consume or alter the sulfides in 

very short time spans. The sulfides do oxidize and reduce, 

but these processes normally take geologic time lengths to 

occur, especially when they are in a reasonably neutral Eh

pH environment. If pyrite and chalcopyrite had reaction 

resistances in the range proposed by the proponents of 

diffusion limitation, they would oxidize very rapidly and we 

would likely not have an IP exploration tool. In the case of 

pyrite, the passivating surface coating significantly im

pedes its rate of reaction, even in a strongly oxidizing 

environment. There are many situations where rapid oxidation 

has been recorded, but, overall, sulfides (especially py

rite) tend to exist in situ for a long time. The lack of 

rapid reactivity requires a reaction-rate-controlling proc

ess. It is unlikely that a weak field, applied to in situ 

sulfides, radically changes the reaction kinetics. 

Therefore, based on observed rates of in situ oxidation 

of SUlfides, it could also be concluded that the rate-con

trolling mechanism responsible for the observed IP effect is 

not due to charge-transfer phenomena. This does not rule out 

displacement currents, but a simple charge-redistribution 

mechanism in the double-layer is a sufficient condition to 
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cause an IP effect in particulate media. The previously 

described single-suI fide-interface electrochemical experi

ments provide enough evidence for a sufficiently high-resis

tance to charge transfer that an alternate mechanism is more 

tenable. An alternate mechanism dependent on the double

layer characteristics provides a model that will apply to 

any material that has a satisfactory double-layer, be it 

sulfide, oxide, or organic. The resultant-observable-linear

IP effects will be controlled by the particle sizes, surface 

area, shapes, interparticle connectivity, volumetric quan

tities, and charge-density-determining characteristics of 

the double layers. 

2.14 Electrochemical Summary 

The essence of this chapter is to present an alternate 

explanation for the phenomenon of linear IP. Although many 

laboratory experiments have been performed and a supposed 

consensus formed regarding the electrode polarization mecha

nism, it appears there is sufficient justification to ques

tion those conclusions. Doing so allows an alternate ap

proach to interpreting the same data which, in turn, has 

resulted in an alternative, simplified theory of IP. This 

new theory offers a simpler fundamental concept of the 

polarization mechanism and could lead to more straightfor

ward interpretations and improved applications. Fig. 2.9 
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shows a conceptual representation of a multi-shell particle 

model based on this proposed theory. Fig. 2.9 shows an 

insulating particle, such as a clay particle, with its 

associated compact and diffuse layers and a conducting 

sulfide particle with an insulating layer and the associated 

compact and diffuse layers. The insulating surface layer on 

the sulfide particle allows the particle to behave as if it 

were entirely insulating. At low frequencies, displacement 

currents may flow through the sulfide particle but they are 

considered to be negligible in comparison to the magnitude 

of the surface conduction/polarization currents. 

The analytical expression of the membrane polarization 

model produces results compatible with real data, but 

certain limitations on critical model parameters suggest 

that alternative models might be considered. The membrane 

model can be conceptually extended to apply to polarizable 

particle problems but, mechanically, it stresses the regions 

between active sites rather than the size of the active 

sites. The proposed simplified model is not restricted to 

clay particle size or situation, and may be applied equally 

to sulfide particles. The membrane model cannot be applied 

to sulfide particles. 

Discussions regarding the volume effects of sulfide 

particle assemblages rely on interfacial impedances accord

ing to the electrode polarization model (Wait, 1959, 1982, 
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Figure 2.9 Simplified models of conducting and insulat
ing particles with the compact and diffuse 
layers indicated. 



101 

1983; Flanagan & wait, 1985; Wong, 1979). These studies have 

demonstrated that particle size and shape are the dominant 

factors in determining the characteristics of the observed 

polarization response. The proposed surface-conduction 

polarization mechanism is also dependent on the particle 

size to define the limits of charge separation. This depend

ence of both models on particle size in particular, indi

cates the irrelevance of the underlying electrochemical 

model for these types of analytical studies. It is quite 

fortuitous that changing the underlying microscopic mecha

nism should not significantly affect the macroscopic models. 

If connected-clay particles behave electrically as a single, 

larger clay particle, then the tendency for clay particles 

to clump into aggregates and to coat other particles sug

gests an extremely large size range. consequently, this size 

range may easily encompass, or at least overlap, that of 

sulfide particles. Therefore, discrimination between clays 

and sulfides based on resonant frequencies related to parti

cle size alone may not be entirely justified. Assuming 

surface-conduction charge separation is the rate-limiting 

mechanism, then differentiation between mineral types might 

still be possible based on the differences in the surface

charge excess which would depend on the mineralogical 

properties that determine the double layer and the available 

ions in the surrounding electrolyte. 
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For geohydrologic applications, the possibility of de

termining particle sizes from spectral impedance measure

ments is significant. Particle size in granular aquifers is 

the major factor in determining the hydraulic conductivity. 

Therefore, it is conceivable that electrical impedance data 

may lead directly to hydraulic conductivity estimations. 

Also, it will be demonstrated in Chapter 5 that water satur

ated media can produce an IP response that is much more 

diagnostic than the associated resistivity response. 
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CHAPTER 3 

FRACTAL GEOMETRY OF INDUCED POLARIZATION 

Although fractal geometry was introduced by Mandelbrot 

(1977) as a somewhat abstract and purely mathematical sub

ject, it has found increasing application in a diverse num

ber of scientific and engineering fields, such as statisti

cal physics, hydrology, and electrochemistry. One of the 

many useful aspects of fractal modeling is the ability to 

represent rough surfaces and porous media. several discus

sions have been reported in the literature with regard to 

electrochemical reactions at metal-electrolyte interfaces 

(Gabrielli, 1980; Gray et aI, 1985; Kaplan and Gray, 1985; 

Kaplan et ai, 1986; Kaplan et ai, 1987; Le Mehaute and 

Crepy, 1983; Liu, 1985; Nyikos and Pajkossy, 1985 & 1986; 

Pfeifer and Avnir, 1983; Van Damme et aI, 1986) and percola

tion and electrical studies on porous media (Clerc et ai, 

1984 & 1985; Cohen, 1981; Le Mehaute, 1985; Sen et ai, 1981; 

Wong, 1986; Wong and Lin, 1986). 

The application of fractal geometry to complex electro

chemical problems stems from the ability to describe the 

electrically dispersive behavior observed in impedance 

studies as a function of surface roughness of the active 

electrodes. Ideally, a solid electrode is considered to have 

a perfectly planar surface. However, in reality this is 

highly unlikely due to the limitations of methods of polish-
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ing electrodes. Even highly polished electrodes have surface 

roughness in the range smaller than the finest polishing 

grit used. Within the range of possible sizes, for example 

from atomic size (lO-lOm) to polishing grit size (nominally 

lO-5m), is where chemical and electrochemical activity takes 

place. This results in approximately 5 orders of magnitude 

of surface roughness on what is generally assumed to be a 

"smooth" electrode. An important result of surface roughness 

is that observed impedance spectra seldom lend themselves to 

simple equivalent circuit analyses. Methods have been de

veloped through the application of fractal geometry that 

offer promise in quantifying the degree of roughness of 

electrode surfaces. One of these methods allows a physical 

interpretation of the exponent in the Cole-Cole model popu

larly used in IP interpretation (Pelton, 1977). 

Similarly, porous media have been modeled using two and 

three-dimensional fractal networks. Generally referred to as 

percolation clusters, these statistical representations of 

three-dimensional homogeneous and heterogeneous media show a 

striking similarity to experimental observations of imped

ance measurements of random mixtures of conducting and 

insulating particles (Avnir et aI, 1985). 

The common aspect of these two apparently unrelated 

geometrical phenomena is that they can be represented by 

relatively simple distribution functions. The distribution 



105 

functions share the property of fractional-power frequency

dependence (FPFD) or constant phase element (CPE) (Nyikos 

and Pajkossy, 1985). One of the most popular distribution 

functions is described by the Cole-Cole model (Cole and 

Cole, 1941). The connection between studies incorporating 

fractal geometry and the geophysical method of induced 

polarization stems from the common use of the Cole-Cole 

model. This chapter attempts to relate the FPFD of fractal 

studies to the Cole-Cole model IP parameters. 

3.1 Cole-Cole Relaxation Model 

The Cole-Cole relaxation model was first presented by 

K. Cole and R. Cole (1941) as an empirically derived func

tion that satisfactorily represented the dispersion and 

absorption of a considerable number of liquids and dielec

trics. The original form of the Cole-Cole function was 

* (€o - €oo)/[l + (iWTo )l-ex] (2.1) € - €oo = 

where * the dielectric constant (€ * € I i€") € = = -
€o = the "static" dielectric constant 

€oo = the "infinite frequency" dielectric constant 

w = 2n times the frequency 

To = a generalized relaxation time 

and ex = a dimensionless parameter (0 < ex S 1) • 
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The relationship between permittivity and relative permit-

tivity is 

€* = k*€ 
0 

where €0 = permittivity of a vacuum, 

(2.2) 

and k* = k' - ik" = complex relative permittivity. 

Complex conductivity (or admittance) a*, is related to the 

complex permittivity by a'= € 11 and a" =w€ 1 • The complex 

resistivity, or impedance, is the reciprocal of the conduc-

tivity. The Cole-Cole function may be used for modeling 

complex impedance behavior by simple substitution 

p* ~+ [ 
f'o - f'co 

] (2.3) = I + ( 1 w 1 J'-ll( 
where p* = the complex impedance 

Po = the impedance at w = 0 

and !&, = the impedance at w = co. 

Representing a dimensionless chargeability by 

m = ,Po - ?co 
(2.4) ;Oo 

the Cole-Cole impedance model may be written as 

p* = Po. [1 - m(l - 1 ) ] (2. 5) I + ( 1 w f )c. 

where c =the "frequency dependence" (Pelton, 1977). 

Separating this into real and imaginary parts results in 

~k 
ReP = LJ [ 1 + 6£2-m~ + (1-m) f f7 1) 'o + 6 + ( w 1 2 

] ( 2. 6) 
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Imp = Po[ I + 26 +mqw T}"k ] (2.7) 

where 0 (c....) T)kcOS(¥) 

and {3 = (W f) ksin<¥) • 

Figures 3.1, 3.2, and 3.3 show Cole-Cole model spectra for 

fixed values of ~, m, and f. The frequency dependence, c, 

has values of 1.0, 0.75, 0.5, 0.25, and 0.1. Figure 3.1 

shows the model response for Po=1.0 and m=1.0, with the time 

constant f=O.Ol seconds. Fig. 3.1.b displays the spectral 

behavior of the magnitude and phase as a function of fre

quency. Note that for high values of c, especially .75 and 

1. 0, both the magnitude and phase show "knees" around 10 Hz. 

The functional behavior of the spectra with respect to 

c is a monotonic flattening of both the magnitude and phase 

curves with decreasing c. Whereas the magnitude spectra are 

asymptotic to 1.0 (1'0) because of normalization, the phase 

spectra are asymptotic to fixed values depending on the 

value of c. For example, the high-frequency asymptote for 

the phase curve for c=1.0 is 1.571 radians or 90°. The high

frequency asymptote for the phase curve for c=0.75 is 1.178 

radians or 67.5°. For c=0.5, the asymptote is 0.7854 radians 

or 45°. For c=0.25, the asymptote is 0.3927 or 22.5°. And 
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Figure 3.1 Cole-Cole model data for m=1.0,t=.01, and c=O.l, 
0.25, 0.50, 0.75, and 1.0; a. Complex plane plot, 
b. log magnitude and log phase versus frequency. 
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Figure 3.2 Cole-Cole model data for m=I.0, t=1.0, and c=O.l, 
0.25, 0.50, 0.75, and 1.0; a. Complex plane plot, 
b. log magnitude and log phase versus frequency. 
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Figure 3.3 Cole-Cole model data for m=1.0, t=100., and c= 
0.1, 0.25, 0.50, 0.75, and 1.0; a. Complex plane 
plot, b. log magnitude and log phase versus 
frequency. 
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for c=O.l, the asymptote is 0.1571 radians or 9°. It is 

clear that the asymptotic values of the phase are determined 

by c· (~/2). These asymptotic values of phase are known as 

the constant phase elements (CPE) (Nyikos and Pajkossy, 

1985) or constant phase angles (CPA) (Kaplan, Gray, and Liu, 

1987) since the phase is independent of frequency once the 

asymptote has been reached. The flattening of the spectra is 

brought about by the center of the semicircle dropping below 

the real axis. As will be shown, this has a physically 

interpretable meaning. 

Fig. 3.1.a shows the same data plotted in the complex 

plane. As with the curves in Fig. 3.2.b, the complex plane 

spectral plots show u distinct flattening with decreasing c. 

However, the most salient feature of the complex plane 

spectral curves is their characteristic circular arc shape, 

with the c=1.0 arc being semi-circular. The 10 Hz. point is 

indicated on the c=1.0 curve. It is in the high vector 

gradient portion of the curve and corresponds to the "knee" 

area of the Fig. 3.1.b curves. The 10 Hz. points on the 

curves of lower c value are located down and to the left of 

the indicated 10 Hz. point. The CPE's are represented by the 

tangent of the circular arcs at the origin of the plot. 

Fig. 3.2 shows the model data for the same Cole-Cole 

parameters mentioned above with the exception that the time 

constant r is here equal to 1.0 seconds. The magnitude and 
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phase curves of Fig. 3.2.b show the identical character seen 

in Fig. 3.1.b but are shifted along down the frequency axis. 

The time constant increases by two decades and the "knee" 

frequency decreases by two decades. Accordingly, the complex 

plane plot in Fig. 3.2.a shows even more similar character

istics to Fig. 3.1.a. Again the curves are identical, with 

the frequency shift represented by a "sliding" of the fre

quencies to the left along the circular arcs. 

Fig 3.3 shows the model data for the same Cole-Cole 

parameters mentioned above with, once again, the exception 

that the time constant T is increased by two decades to 100 

seconds. As with Fig. 3.2, the magnitude and phase curves 

are simply shifted down the frequency axis by two decades. 

The complex plane plot of Fig. 3.3.a shows the identical 

circular arcs with the frequencies again sliding to the 

left. 

The purpose of showing this series of plots of Cole

Cole model data is to show that the time constant, T, is a 

simple multiplier in the frequency domain. It can be consid

ered a geometrical invariant. Regardless of what value the 

other parameters have, T acts only as a shifting operator. 

Figures 3.4 and 3.5 show Cole-Cole model spectra for 

fixed values of ~o' c, and T. The chargeability, m, has 

values of 1.0, 0.75, 0.5, 0.25, and 0.1. Fig. 3.4 shows the 

model response for 1'0=1.0 and T=1.0, with the frequency 
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dependence c=1.0. Fig. 3.4.b displays the spectral behavior 

of the magnitude and phase as before but the curve charac

teristics are considerably different. A "knee" is still seen 

in the phase curve for m=1.0 near 0.1 Hz. but the other 

phase curves show peaks between 0.1 Hz. and 1.0 Hz. The 

corresponding magnitude curves no longer approach zero at 

the frequencies higher than the knee, but rather are asymp

totic to po-m. Although the coarseness of the calculated 

data do not show it well, the phase curves are symmetric 

about the peak phase with equal slopes on both sides. 

The same data plotted in the complex plane are shown in 

Fig. 3.4.a. Each spectrum is a complete semi-circle with its 

center on the real axis. For reference, the approximate knee 

frequency is plotted on the m=1.0 semi-circle. On the previ

ous plots (Figs. 3.1.a, 3.2.a, and 3.3.a) the knee frequency 

for the curves of smaller c was located down and to the 

left. On these plots of changing m, the knee frequency is 

located on the curves of smaller m down and to the right. 

Indeed, mapping any given frequency through the set of 

curves results in a straight line terminating on the real 

axis at 1. O. 

Fig. 3.5 shows data for the Cole-Cole model using 

similar parameters as those of Fig. 3.4 but with c constant 

at 0.5. The magnitude and phase versus frequency curves in 

Fig. 3.5.b show a general character much the same as those 
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Figure 3.4 Cole-Cole model data for c=1.0, t=1.0, and m=O.l, 
0.25, 0.50, 0.75, and 1.0; a. Complex plane plot, 
b. log magnitude and log phase versus frequency. 
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in Fig. 3.4.b. However, the peaked phase curves are broader 

and have lower peak values. The "knee" area of the magnitude 

curves is also broadened and is less abrupt. The phase 

curves for m=O.75 and less are still symmetric about the 

peak phase with equal slopes on both sides. 

The complex plane data shown in Fig. 3.5.a for this 

model also show similar character to those of Fig. 3.4.a but 

are no longer semi-circles. They are all flattened circular 

arcs. Although the maximum imaginary values for the circular 

arcs are considerably lower than those of Fig. 3.4.a, the 

high-frequency termination on the real axis remains the same 

for both plots. 

The purpose of showing these two plots of Cole-Cole 

model data is to show the consistency in the shape of the 

complex plane semi-circles (as in Fig. 3.4.a) or the shape 

of the circular arcs (as in Fig. 3.5.a). It is easy to see 

that in both cases the next smaller curve (i.e. one with a 

lower m value) is simply a scaled down version of its larger 

neighbor. This clearly demonstrates that m is a scaling 

factor and acts independently of the other parameters. 

The net result of the series of Cole-Cole model spec

tral data plots is to graphically illustrate the operating 

characteristics of certain Cole-Cole parameters. To restate 

the main points, the time constant, f, has no effect on the 

curve shapes. T acts only as a linear multiplier along the 
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Figure 3.5 Cole-Cole model data for c=0.5, t=1.0, and m=O.l, 
0.25, 0.50, 0.75, and 1.0; a. Complex plane plot, 
b. log magnitude and log phase versus frequency. 
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log frequency axis which appears as a sliding of frequencies 

along the complex plane circular arcs. The chargeability, m, 

is a scaling factor and has no effect on curve shape in the 

complex plane. Any given curve is a replication of another 

curve with the same model parameters, but a different 

chargeability. The scaling operates in a linear fashion and 

the high-frequency endpoint is defined by l-m. The most 

interesting parameter is, c, the "frequency dependence". As 

shown, a smaller c flattens the circular arcs in the complex 

plane, yet leaves all other curve characteristics alone. The 

salient aspect of c is that it determines the angle of the 

CPE. Through fractal analysis, it shall be shown that the 

frequency "dependence'] c J may be closely related to surface 

roughness in the case of sulfide-solution impedance studies 

for both quasi-reversible and irreversible reactions, i.e. 

polarizable electrodes. 

All of the Cole-Cole parameters are useful when consid

ered from the standpoint of fractal geometry as applied to 

impedance analysis. The salient point is that a FPFD COScSl) 

tends to flatten the semi-circular arc in the complex plane 

and produces, what has been interpreted as, a diffusion-like 

appearance in impedance spectra. The purpose of fractal 

analysis is to demonstrate that surface roughness may also 

produce diffusion-like spectra. 
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3.2 Fractal Geometry 

The term fractal, coined by Mandelbrot (1977), was 

introduced to help describe temporal or spatial phenomena 

that are continuous but not differentiable, and that exhibit 

partial correlations over many scales. The term fractal, 

strictly defined, (Mandelbrot, 1977) refers to a series in 

which the Hausdorff-Besicovitch dimension exceeds the topo

logical dimension. This can be described by considering 

shapes which, when increased in size by a factor r, produce 

a new object that contains ~ of the original shapes. The 

fractal dimension then is DH = log~/logr. For example, when 

~ = 4 and r = 3, the fractal dimension, DH, is log4/log3 = 

1.26181. The literature abounds with examples, and some di

rectly relevant to surface roughness effects on impedance 

measurements are Clerc et al (1984), Gray et al (1985), 

Kaplan et al (1987), Kaplan et al (1986), Le Mehaute (1985), 

Le Mehaute and Crepy (1983)/ Liu (1985), and Nyikos and 

Pajkossy (1986). The essential concept of fractal analysis 

for the purposes of this research is that an apparently two

dimensional surface may be sufficiently rough (as indicated 

in Chapter 2) to have a Hausdorff dimension, DH, greater 

than two but less than three. This concept is applied to 

self-similar models, i.e. models, which when viewed from 

different scales, have similar structure. The concept of 

fractal geometry as defined by self-similar Brownian or 
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stochastic time series is not used in the present treatment. 

3.3 Cantor Bar Model 

Mandelbrot (1977) extended Cantor set theory to create 

what has he has called self-affine Cantor dusts, which have 

in turn, evolved into Cantor bars and Cantor blocks. Cantor 

bars have been usea extensivelY in the literature to model 

rough surfaces (Gray et aI, 1985; Kaplan et aI, 1987; Kaplan 

et aI, 1986; and Liu, 1985). Although the structure is quite 

rigorous, the statistical characterization of the surface 

appears to solve some long standing problems in electrochem

istry. 

The fundamental generator for a Cantor dust is a 

straight line segment broken into thirds with the middle 

third discarded. The successive steps involve breaking each 

remaining linear segment into thirds and discarding the 

middle one. Starting with the initial line segment it is 

obvious that the number of successive line segments in

creases geometrically as 1, 2, 4, 8, 16 ••• The dimension of 

a Cantor dust is determined by the ratio of the log of the 

number of resulting segments after an operation (~=2) to the 

number of original segments of that size (r=3), or 

D = log~/logr = 0.6309. 

The Cantor bar model for a surface can be expressed 

most easily graphically as in Fig. 3.6.a. The self-similari-



120 

R C ._". '. /\ /\ . .-.--WY"" -..l-

~ 

Figure 3.6 a. Cantor bar model of a rough surface on a 
solid electrode. Four steps of branching are 
shown. b. The equivalent circuit model for 
the surface shown in a. 
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ty of the Cantor bar is readily seen by examining the bar at 

any scale. The same replication process occurs at every step 

or level. The fractal dimension of the Cantor bar model is 

d = log(2)jlog(a) < 1 (2.8) 

where a is a scaling factor greater than 2 at each succes

sive step. The fractal dimension of the surface so generated 

is given by 

DH = 2 + d. (2.9) 

This surface can be represented by a distributed 

element equivalent circuit using only resistance and capaci

tance elements as is shown in Fig. 3.6.b. The impedance for 

the model (Gray, Liu, and Kaplan, 1985) is given by 

Z (w) = R + 1 
ic + Nl 

aIR + 1 
iC + N2 

a1a 2R 
where w = frequency 

R = charge transfer resistance 

C = double layer capacitance 

N = branch number 

and ai = scaling factor. 

(2.10) 

+ 1 

By renormalizing to the scaling factor a, the impedance 

can be defined as 

Z ( j) R aZ ( w ) 
c.) a = + 2 + ie z ( w ) (2.11) 

If it is assumed that Z(w) goes to infinity and Z (w) goes 

to zero as w goes to zero, then the normalized impedance can 
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be expressed as 

(2.12) 

which has the solution 

z (w) = n· (i w C) -d (2.13) 

where n = a constant and d = 1 - log(N)/log(a). 

Equation 2.13 is of the Cole-Cole form, where the 

exponent d may be non-integer and O~d~l. Since DH = 2 + d, 

the surface dimension is greater than that of a planar 

surface. Predictably, as d goes to zero, DH = 2 (i.e. a two 

dimensional surface). Le Mehaute and Crepy (1983) showed, 

through a different approach using a Koch triadic fractal 

surface and a stochastic fractal interface, that the CPE and 

1-d are correlated and are directly linked to the fractal 

dimension of the interface. In this manner, a solid

electrode interfacial-impedance spectrum showing Cole-Cole 

behavior (O~c<l) may be attributed to surface roughness of 

the electrode. Kaplan, Gray, and Liu (1987) further pursued 

the relationship between the fractal dimension of a surface 

and the frequency dependence of a dispersion and concluded 

that there is no universal relation in which they are simply 

related, although they acknowledged that they did not inves

tigate the approach used by Le Mehaute and Crepy. 
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3.4 Electrochemical Examples 

To illustrate an application of fractal analysis, a 

figure from Fink (1980b) is shown in Fig. 3.7. The circular 

arcs represent impedance spectra measured in the electro

chemical cell conditions specified on the figure. Each impe

dance spectrum was measured under a dc bias indicated along 

the curve. As the dc bias increased, the charge transfer 

resistance, obtained from the real axis distance between 

high and low frequency intercepts, decreased. For the strong 

dc bias of +600 mV(SCE) the charge transfer resistance is 

approximately 3,500 n·cmz • For +550 mV(SCE) Rct ~6500 n'cmz • 

For +500 mV(SCE), Rct ~18,000 n·cmZ • This trend progresses 

to +250 and +300 mV(SCE) where Rct approaches 100,000 n·cmz • 

The latter conditions represented rest potential. The three 

spectra that are complete enough to obtain a resonant fre

quency suggest a double layer capacitance of ~70 ~F/cmz • 

These spectra are unusual for naturally occurring sul

fide mineral electrodes in that they show a very small CPE 

of around 5°. According to the above described fractal anal

ysis this CPE represents a fractal surface dimension, ~, of 

2.087, only slightly removed from a two-dimensional surface. 

This very low CPE is in keeping with the observation that 

the particular electrode used (py-d-05) to obtain the spec

tra was polished to a near mirror finish. All other elec

trodes used during that research (Fink, 1980b) would not 
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take as high a polish. Accordingly, Fink reported CPE's from 

18° to 30° for other sulfide electrodes. Such CPE's suggest 

much rougher electrode surfaces with Da's of 2.3 to 2.5. 

An extreme example of a large CPE may be seen in data 

from Madden (1959a) shown in Fig. 3.8. The spectrum is for 

pyrite in a 0.014N Kcl solution at 73°C. Fig. 3.8.b shows 

Cole-Cole model characteristics. However, the salient point 

is the appearance of the data in the complex plane of Fig. 

3.8.a. The CPE suggested by this plot is approximately 50°. 

This high angle suggests a surface dimension of 2.87 indi

cating a very rough surface. Considering the usual care with 

which electrodes are prepared, this unusually high surface 

dimension was of concern until Madden (1961) was consulted. 

In discussing the elect~ode preparation procedures it was 

stated that "electrochemists may balk at the crudeness of 

the electrode preparation. No efforts were made to secure 

ideal conditions of cleanliness and smoothness for the 

electrode surfaces". Further, and what is of paramount 

importance to this thesis, Madden (1961) interpreted this 

and other similar spectra as indicating reaction-based 

diffusion phenomena. It was concluded that the lack of fit 

between the data and a simple RC equivalent circuit necessi

tated the incorporation of a diffusional impedance in the 

interpretation. Pelton (1977) also concluded that the 

presence of a fractional power of % indicated diffusional, 
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Figure 3.8 Impedance data for a pyrite.e1ectrode from Mad
den (1959), page 55; a. Complex plane plot, b. 
log magnitude and log phase versus frequency. 
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or Warburg impedance. However, fractal analysis suggesting 

surface roughness offers an alternative explanation and is 

in keeping with the observations of Fink (1980b) and Klein 

et al (1984) where the absence of diffusional impedance for 

pyrite was confirmed directly. Nyikos and Pajkossy (1985) 

state it quite succinctly, when referring to reported corre

lations between a CPE of ~ and Warburg impedance: "Note that 

although analytically equivalent to the Warburg impedance, 

this CPE has nothing to do with diffusion but originates 

from the coupling of solution resistance to the double-layer 

capacitance." 

A comparison of LIS data from various sources is pre

sented in Fig. 3.9. The data shown are for single pyrite 

electrodes in neutral electrolyte and have been normalized 

to 1 Hz, which was the lowest common frequency. An obvious 

trend may be seen whereby the electrode with the highest 

polish (Fink, 1980b) has the steepest spectrum and the 

electrode with the least surface preparation (Madden, 1961) 

has the flattest spectrum. Electrodes with intermediate 

degrees of polish occur between these two extremes. Although 

none of the spectra display a FPFD of ~ or CPE of 45° (the 

Warburg ideals), all but one of the spectra have been inter

preted to be indicative of diffusional phenomena (Madden 

1961: Angoran, 1975: Klein et aI, 1984). By assuming that 

surface roughness is a controlling factor in determining the 
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Figure 3.9 Comparison of normalized impedance spectra show
ing the flattening of spectra with increasing 
surface roughness. Data from Angoran (1975), 
Klein (1982), Fink (1980b), and Madden (1961). 
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observed spectra it may be inferred from Fig. 3.8 that 

pyrite spectra with high impedances at low frequencies might 

also be interpreted to be representative of high charge

transfer resistance. This interpretation is consistent with 

the observations of electrochemists that report passivating 

surface coatings on pyrite (Koch, 1975; Beigler et al, 1975; 

Beigler, 1976; Peters, 1976; J; Janetski et al, 1977; Michell 

and Woods, 1978; Burrow et al, 1981; Hamilton and Woods, 

1981; Mishra and Osseo-Asare, 1988). 

This section may be summarized by stating that fractal 

analysis offers a simple method of determining surface 

roughness of solid electrodes and also offers a satisfactory 

explanation of the FPFD observed in many seemingly unrelated 

impedance studies. This further supports the conclusions of 

Chapter 2 in that the Rct of a sulfide-solution interface is 

sufficiently high under rest potential conditions that 

charge redistribution along the surface, rather than reac

tion kinetics, is more likely the predominant factor in 

controlling the IP response observed in the presence of 

sulfides discussed in this research. Chapter 2 presented 

electrochemical evidence to support high-charge-transfer

resistance as opposed to solution or Warburg impedance as 

the rate-limiting mechanism. This chapter has supplied a 

mechanism for explaining the anomalous impedance dispersions 

without invoking reaction-based diffusion phenomena. 
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3.5 Clay Related Dispersions 

Porous media are under intensive investigation present

ly because of the applicability of fractal geometry. These 

studies are extremely important to hydrology as fractal 

analysis offers the possibility of quantifying, and perhaps 

offering a better understanding of, the statistics and 

mechanics of fluid flow through porous media. Most of these 

studies involve a variety of fractal models, all of which 

appear to have some merit in the given area of application. 

The range of studies is far too extensive to discuss and the 

changes are occurring so rapidly that they are difficult to 

monitor. For the purposes of the present research a 

straightforward, probably overly simplistic, observation is 

made, that is, geophysical impedance studies of clay-con

taining-media, such as sandstones, exhibit FPFD behavior. 

This FPFD is quite similar to that discussed for Cole-Cole 

model behavior. If such frequency dependence can be observed 

in situ, then some qualitative, or perhaps quantitative, 

statement may be made about the amount of clay present. 

Pelton (1977) showed the application of his Cole-Cole 

model to drill core samples containing various types of 

clays. Klein and sill (1982) furthered this work by analyz

ing Marshall and Madden's (1959) membrane polarization model 

using a Cole-Davidson relaxation model. These studies all 

indicate a FPFD to the observed spectra. It is a big, but 
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not unjustified, step to propose that in situ spectral IP 

studies of clay containing sediments may reveal a relation

ship between the CPE and clay content or sizes of clay

coated particles. Clearly, to put this relationship on a 

firm basis would require an extensive laboratory research 

effort, far beyond the scope of the present research. 
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LOGARITHMIC PSEUDOSECTIOHS 
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A new method of field data collection and plotting of 

dipole-dipole data in pseudosection format is described in 

this chapter. Analytical studies of the dipole-dipole array 

suggest a logarithmic character for the two critical survey 

parameters, depth of investigation and vertical resolution. 

A logarithmic ordinate for pseudosection plotting is de

scribed herein, but the most important result of the concept 

shows that the general field interpretive approach can be 

significantly improved by using logarithmic dipole spacings. 

Constructing log pseudosections is discussed as well as 

field techniques for collecting continuous sounding-profil

ing data. 

Before presenting a new method, some justification for 

offering a change in what has become the de facto standard 

should be put forth. Also, a look at the historical develop

ment of the conventional method of plotting pseudosections 

gives insight into how the standardized approach to dipole

dipole array surveying came about. 

4.1 Background 

Resistivity and IP data are usually collected in the 

field using either a profiling technique or a sounding tech

nique. Profile data are usually presented as graphs of the 
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observed parameter (resistivity or IP) versus horizontal 

position (or vertical in the case of borehole logging) of 

the electrode array. Sounding data are usually presented as 

graphs of the observed parameter versus the distance between 

current and potential dipoles, which increases geometrical

ly. These two techniques may also be combined and performed 

simultaneously. When they are combined the resultant data 

are usually presented in pseudosection format. 

The pseudo section format primarily is a method of 

presenting large amounts of data in a matrix form. But since 

the matrix could be confused with a geoelectric section of 

the earth, it was named a pseudosection, to emphasize that 

it is only a method of plotting data, combining the field 

methods of sounding and profiling. 

The first known published pseudosection of data ap

peared in the first of four AEC reports (Marshall et al, 

1957) wherein it was referred to as a "sort of cross section 

of the measured apparent electrical parameters". The data 

presented in the AEC report were collected earlier by Madden 

in Nova scotia (Sumner, 1988). As a research assistant at 

the Massachusetts Institute of Technology, Madden developed 

the plotting technique as an expedient way to present pro

file data taken with different spacings for Eltran-like 

traverses and it has been unchanged ever since. 

Hallof (1957) used the method in his Ph.D. thesis and 
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was the first to publish an explanation of the plotting 

method (Hallof, 1961) but did not use the term "pseudosec

tion". Bodmer and Ward (1968) later described a continuous 

sounding-profiling method for the dipole-dipole array and 

the same method of plotting the data. They called the data 

plots "quasi-sections". By that time however, the continuous 

sounding-profiling method had been used extensively in 

industry for over a decade. Industry had already accepted 

the term "pseudosection" and this terminology has persisted. 

During the minerals exploration boom of the past few 

decades, it became commonplace to perform dipole-dipole 

surveys with integer dipole separations of one to six. This 

became a standardized approach and many of the geophysical 

contractors had pre-cut wire to standard dipole spacings. 

Because of this approach, the "continuous sounding-profil

ing" referred to by Bodmer and Ward (1968) became a de facto 

standard with the "a spacing" being a convenient sub

multiple of 1000 feet and the lin separation" having only 

integer values of one through six. To further solidify this 

approach, modeling techniques subsequently developed for the 

dipole-dipole array only allowed for integer "n-separa

tions". Although Bodmer and Ward acknowledged the "coarse 

sampling interval" for sounding purposes the field methods 

were never changed to improve it. 

When viewed from the standpoint of an explorationist, 
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the standardized approach was very cost-effective and conse

quently quite popular. with the application of resistivity 

techniques to geohydrologic and geotechnical problems today, 

it should be kept in mind that the standardized approach is 

not far removed from being a reconnaissance tool. The inte

ger-dipole-separation approach to today's problems does not 

fully exploit the method. Geohydrologic and geotechnical 

problems require much better vertical and horizontal resolu

tion. It is likely that the dipole-dipole method would see 

more application in these situations if more definitive and 

quantitative results could be obtained. It is the intent of 

this chapter to present an approach to dipole-dipole survey

ing that takes advantage of the resolving capabilities of 

the array but still allows for rapid field interpretive 

procedures. 

By mathematically analyzing the relationship between 

the transmitting and receiving dipoles over a homogeneous, 

isotropic earth, it may be seen that much of the vertical 

and horizontal resolving power of the dipole-dipole array 

has been lost in the standardized approach which uses only 

integer n-separations. 

4.2 pseudosection Plotting 

Before discussing the analytical aspects of the dipole

dipole array, the generally accepted method of plotting the 
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data is described. As indicated in Fig. 4.1.a, the normal 

pseudosection plot is derived from plotting the observed 

parameter at the point where two diagonals descending from 

the centers of the two dipoles intersect. This places the 

plot point midway between the current dipole and the receiv

er dipole. The vertical position of the plot point can be 

determined by a(n + 1)/2. The plot point for the two di

poles (1-2) and (4-5) is shown at the intersection of the 

two dashed lines. It is well understood that this method of 

plotting the data is little more than a convenient way of 

presenting the data. Nevertheless, because the larger n

separations have a greater depth of investigation, pseudo

section plots have been misinterpreted as being geo-electric 

sections. 

For comparison, a logarithmic pseudosection for integer 

n-separations of one through six is presented in Fig. 4.l.b. 

The electrode station locations are identical to those of 

Fig. 4.1.a but the ordinate is logarithmic. The mechanics of 

constructing the log pseudosection will be explained later. 

The limitations of the pseudosection plotting method 

have not gone without notice. Since two landmark publica

tions by Roy and Apparao (1971) and Roy (1972) regarding the 

depth of investigation (DIe) of various electrode arrays, a 

number of people have taken a closer look at the pseudosec-
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tion; Edwards (1977), Dodds, Raiche, and Vozoff (1977), Fink 

(1980c), and Apparao and Sarma (1981). The net result is a 

modification of the pseudosection plotting method to allow 

for a more physically meaningful plotting ordinate. Of the 

above researchers, only Fink (1980c) proposed taking data in 

the field at non-integer n-separations. without additional 

data to fill in the gaps made apparent by log pseudosection 

plotting, the log pseudosection format is but a modest im

provement. The major advantages result from data gathered 

using fractional n-separations and half-dipole moves. 

4.3 Dipole-Dipole Array 

The dipole-dipole electrode array consists of four 

collinear electrodes separated into two pairs of transmit

ting and receiving electrodes. The inter-electrode distance 

for each of the transmitting and receiving pairs of elec

trodes is called the "dipole spacing" and the distance 

between the two dipoles is called the dipole- or n-separa

tion. The general formula for apparent resistivity using the 

dipole-dipole array is 

;Oa = -¥-~.a.n·(n+1) . (n+2) 

= apparent resistivity in ohm-meters 

= measured voltage (in volts) 

(4.1) 



I = transmitted current (in amps) 

a = the dipole spacing (in meters) 

n = the dipole separation (in units of a). 
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For a dipole-dipole array, the terms "a spacing" and n

separation, or simply "a" and "n", are frequently used. For 

most purposes, the arrays are normalized to the "a spacing" 

leaving only n-separation as the independent variable to be 

discussed. 

4.4 Depth of Investigation 

Roy and Apparao (1971) point out that given a certain 

structure and composition of the ground, the current pene

tration (or distribution) is a function only of the posi

tions of the current electrodes, while the depth of investi

gation is determined by the positions of the potential, as 

well as the positions of the current electrodes. To quantify 

this concept Roy and Apparao (1971) used electrostatic 

equivalence dividing a homogeneous, isotropic earth into 

fine horizontal laminae and determining the relative contri

bution of each lamina at the surface. An alternative, 

"quasiphysical" approach using a single, infinitesimally 

thin, horizontal layer in a homogeneous half-space results 

in the same analytical expression (Banerjee and Pal, 1986). 

with the x-y plane coincident with the earth's surface, the 

z axis pointing downwards, one current electrode of strength 
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+I at (0,0,0), one potential electrode P1 at (a,O,O), anoth

er potential electrode P2 at (a+b,O,O) and the other current 

electrode of strength -I at (a+b+c,O,O) , the potential at 

any point (x,y,z) in a half-space of resistivity P is 

The dipole moments of the volume element at (x,y,z) 

will be proportional to the electric field at that point and 

can therefore be assumed to be 

/-Lx = 1 ~ ~ . dx . dy· dz -zw 

/-L y = 1 ~'dY'dx'dz -zw ay 

and /-Lz = 1 ~'dz'dx'dy -zw az 

in the x, y, and z directions, where 1/2~ is a constant of 

proportionality. 

The potential difference between P1 and P2 caused by 

the above dipole moments is 

dVp, P.:z. = [/-Lx ~ x + J.L y ~ Y + /-Lz-h]' (* --k) (4.2) 



where Rl = [(x-a) 2 

1 
+ y. + z·]~ 

1 

and R2 = [(x-a-b)· + y. + z·]~ 

That is, 

pI x(x-a) + y. + z· 
dVp, P2 ="T"'7f7j"T0 dz [(x. + y. + z·) {(x-a)2 + Y· + z·) 

{ (x-a)· 
(x-a) (x-a-b-c) + y. + z· 

+ y' + z·} {(x-a-b-c)2 + Y· + z·) 

X(X-a-b~ + y. + z· 
+ y. + z·)(x-a-b)· + y. + z· } 
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(x-a-b) (x-a-b-c) + y. + z· 
T{~(~x~-~a~-~b~)~.~+~y~.~~~z~.~}~'{T(x&_~a~_~b~_~cT)~.~+-ny~.~+~z~.~}~]odxdy (4.3) 

By integrating (4.3) over the x-y plane from negative to 

positive infinity for both x and y, Roy and Apparao found 

the depth of investigation characteristic (Ole) to be 

+00 

DIC = jdVp, P~ = ~'dZ[ (a' B~Z4Z') 
_~ 8~z + 

{(b + c)· + 4z·} 

8~z 
- {(b + c)· + 4z· } 

8~z ] (c. + 4z.) (4.4) 

Integrating (4.4) with respect to z from zero to infinity, 

they demonstrated that the total response V(P1P2) of the 

half-space is the general formula for apparent resistivity, 

00 

Vp, P, = fIC = ,q}-. [! - """"t::b:--Tl--=c""" 1 + +] (4.5) a + b 

o 

To accommodate conventional nomenclature, Roy and 
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Apparao used as a normalizing factor the distance between 

the farthest electrodes, such as the two current electrodes 

in a Schlumberger array. They further generalized their 

formulation to allow for potential electrodes anywhere on 

the x-y plane, but for a collinear dipole-dipole array and 

using the following nomenclature, 

+I: (-qJ2,O,O) 

-I: (+qJ2,O,O) 

Pl:[(L - qJ2,O,O] = (A,B,O) 

P2 :[(L + qJ2,O,O] = (C,O,O) 

their equation for the DIC for dipole-dipole is 

OICdipole-dipole = d 4z z'--pr-[{ (A + ty2) 2 

1 -{(A - ty2 P + B2 4Z2 ) {(C + ty2)2 

1 
{(C - ty2)2 + 0 2 + 4Z2 ) 

where M is given by 

1 
+ B2 

1 
+ D2 

+ 4Z2 ) 

+ 4z2 ) 

M = 'T"~~~~~1T-~~~~ - T~~-=~Tl~~~T~ {(ty2 + AP + B2)' {(qj2 - AP + B2 )' 

T{"T(""CV"""""2--=+-nCTt'2""2 -=+-""'0'2""2 T) \ + {(ty 2 - ct2 + 

+ 

(4.6) 

Modifying their formulation by substitution, renormali-

zation to the more conventional "a spacing" and n-separa-
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tion, and letting 9 1= 9 2= 0 (collinearity), we get the 

formulation for the dipole-dipole array, 

DIC d - 4z [ 2 dipole-dipole = Z ~ ~{~a~2~-~(~h~+~Ir)r2r-~+~4~z~2~} 

1 1 
~{~(~a~-~n~)M2~+~4~z~2~} - {a2 -(h + 2)2 + 4z') (4.7) 

where M becomes 

M = 1 1 1 
a-n a- (n - I) a- (h + I) 

A family of thirteen curves was generated for values of 

depth ranging from z=O.Ol to 10.0 and n-separations of 0.1, 

0.15, 0.2, 0.3, 0.5, 0.75, 1.0, 1.5, 2., 3., 5., 7.5, and 

10. Plots of these curves gives new insight into the dipole

dipole array. 

4.5 Analytical Characteristics 

The DIC results are plotted in Fig. 4.2 with linear 

coordinates. The general shape of the curves is log-normal. 

For each increase in n-separation there are three salient 

changes for each curve. Most notably, a corresponding de

crease in the peak value of each curve occurs. Secondly, the 

peak of each curve moves in the direction of increasing 

depth. Finally, the relative breadth or width of the peak 
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portion of the curve increases. This last point implies that 

the vertical resolution, as defined by Evjen (1938) as the 

inverse of the half-width of the curve, decreases. All three 

of these observations are intuitive, but the Ole formulation 

is useful in that it allows a quantitative measure in con

ventional terminology for what has previously been only 

intuitive. 

If the Ole curves are plotted with log-log coordinates 

as in Fig. 4.3, their similarity is more apparent. Also, 

whereas the trace of the peaks of the curves on the linear 

plot is apparently logarithmic, this characteristic is quite 

obvious on the log-log plots, being nearly a straight line. 

This suggests that a power function may be readily fit to 

the peak Ole values as a function of depth. Since the depth 

at which the Ole peaks moves out in a similar manner as a 

function of n, another power function might be fit to those 

data. A third possibility is fitting a power function to the 

inverse half-width of the Ole curves as a function of n. 

These three power functions should be relatively good quan

titative "rules of thumb" for homogeneous half-space consid

erations. 

The depth at which the· maximum Ole occurs is the pri

mary item of interest. Table 4.1 lists the maximum value of 

each Ole curve, the normalized depth at which it occurs, and 

the half-width of each Ole curve for the above listed nls. 
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Figure 4.3 Depth of Investigation Characteristic (DIC) for 
the dipole-dipole array over a homogeneous half
space. 
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The OIC maxima listed in Table 4.1 are plotted versus 

n-separation in Fig. 4.4. A power function least-squares

fitted to these data is plotted as the solid line. The coef

ficients in the formula presented in Fig. 4.4 are rounded 

from the following 

QOIC = 1.5455n-O.7542 (4.8) 

where QOIC = the peak value of the OIC curve, 

and n = the n-separation. 

Extending this analysis to the normalized depths at 

which the peak response occurs results in another power 

function relationship presented in Fig. 4.5. The coeffi

cients shown in Fig. 4.5 are rounded from 

ZOIC = -O.2852n+O.8732 (4.9) 

where ZOIC = the depth at which QOIC occurs. 

By using Evjen's (1938) definition of vertical resolu

tion as the inverse of the half-width of the curve, another 

power function relationship was derived and is presented in 

Fig. 4.6 where the coefficients presented in the formula 

are rounded from 
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VOle = 1.750n-0.8068 (4.10) 

where VOle = the inverse of the half-width of the Ole curve. 

I 

TABLE 4.1 Ole maxima, depths, and ~-widths 
for various n-separations 

DIPOLE-DIPOLE ARRAY 

n Maximum Ole norm'd depth ~ width 

0.10 8.8682 0.038 .084 
0.15 6.2973 0.054 .120 
0.20 5.0034 0.070 .162 
0.30 3.6843 0.100 .231 
0.50 2.5731 0.156 .346 
0.75 1. 9539 0.222 .467 
1.00 1. 6047 0.285 .573 
1.50 1. 2042 0.406 .779 
2.00 0.9730 0.522 .958 
3.00 0.7093 0.744 1.335 
5.00 0.4634 1.163 2.047 
7.50 0.3249 1.657 2.937 

10.00 0.2504 2.130 3.801 

I 

These power function relationships quite clearly indi

cate the non-linear dependence on the n-separation of the 

various characteristics. In turn, this implies that a stand

ardized approach to using only linear n-separations does not 

use the dipole-dipole array to its best advantage. certain

ly, one could infer that using a logarithmic dipole spacing 

for field data collection would be a more effective applica

tion of the dipole-dipole array. This would necessitate a 

different approach in the field. Another conclusion that may 
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be drawn from the above results is that the pseudosection 

plotting method would be far more capable of satisfactorily 

presenting data collected with logarithmic spacings. This 

would not alter the fact that the pseudosection is still not 

a geo-electric section, but the use of a log ordinate is 

more representative of the vertical characteristics of the 

array. This is especially relevant in geohydrologic and 

geotechnical applications where layered- earth situations 

are commonly encountered. It would also be in keeping with 

the general practice of plotting sounding curves using 

logarithmic coordinates. Logarithmic pseudosection plotting 

not only provides a better visual representation of the 

array characteristics but in so doing leads to a better 

understanding of the capabilities of the array itself. 

4.6 Plotting Mechanics 

In order to avoid the problem of multiple decades for 

the ordinate on log pseudosections the older array terminol

ogy using center-to-center measure (Keller and Frischknecht, 

1966) must be used. Let m·a equal the center-to-center 

distance between two dipoles and n'a equal the distance 

between the two nearest current and potential electrodes 

(conventional nomenclature). It is clear that for any given 

dipole separation, m=n+1. For the case of n=l, m=2. For the 

problematic case where n goes to zero, m goes to one. Using 
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the center-to-center nomenclature allows the earth's surface 

to be represented by m=l on the log ordinate. 

Fig. 4.7 shows two pseudosections with fractional "n 

separations" of 0.1, 0.5, and 1.5, along with integer "n 

separations" of one through six. Fig. 4.7.a shows the ap

pearance of the pseudosection for the potential dipole to 

the right of the current dipole. Only the fractional plot 

points have asymmetry as far as the complete pseudosection 

is concerned, but they are still symmetric relative to their 

two determining dipoles. Fig. 4.7.b shows the appearance of 

the pseudosection for the potential dipole to the left of 

the current dipole. Every plot point is still located hori

zontally at the midpoint of the array. The distance on the 

ordinate is determined by 10glO(n+l)-(scaling factor). The 

scaling factor determines the overall vertical size of the 

pseudosection. Obviously, there is no restriction on the 

field operations as to whether the points are plotted in one 

direction, the other, or combined. 

4.7 Field Procedures 

Fig. 4.8 is a nomograph that may be used for selecting 

an appropriate dipole size for a desired search depth_ The 

nomograph is a plot of equation (4.9). Since the equation is 

derived for a homogeneous earth the depth values for a 

target horizon are only approximate. For example, if the 
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estimated target depth is 100 meters and the desired dipole 

size is also 100 meters, the resulting ratio of 1 is first 

found on the y-axis. Then, by following the y-axis grid line 

for 1 to the intersection with the equation line, an n

separation of approximately 4 can be read on the x-axis. 

This would suggest that for the given target and dipole 

size, the maximum gradient observable in the field data 

should occur between n-separations of 2 and 7. 

Alternatively, it may be seen that standard integer n

separations of 1 to 6 are optimally centered around a target 

depth of 3/4 of a dipole spacing. It is also evident that a 

target depth of 1/3 dipole or less will be not be optimally 

seen. This may not appear to be significant until quantita

tive interpretation is attempted. It then becomes apparent 

that adequate gradient information is unavailable to satis

factorily quantify the shallow layer. For reconnaissance 

resistivity data, this is a tolerable shortcoming. However, 

when IP targets are sought, this becomes a more serious 

problem because the absolute value of the resistivity of the 

surface layer determines the relative dilution factor for 

the target horizon and hence the quality of the quantitative 

interpretation. A simple and expedient method to avoid this 

problem is to collect fractional dipole data as a normal 

field procedure. 

Field data collection using fractional n-separations is 
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no different than with integer separations, other than sim

ply re-positioning one of the dipoles partway between the 

integer positions. However, there is a co convenient shortcut 

that may be taken for fractional n-separations at or less 

than 0.1. 

If, when measuring the n=O.l spacing, where the near 

(active) potential electrode is O.la away from the nearest 

current electrode, the distant potential electrode may re

main at an integer station location. This results in a 

potential dipole of O.ga, but the error compared to using a 

full dipole is less than 1%. Such a small error is well 

within conventional survey tolerances. The logistical advan

tages are in time savings and less confusion. 

For the very small n-separations the array behaves like 

a pole-pole array since the far electrodes are remote enough 

to be at effective infinity. However, at very large n-sepa

rations, the array behaves as if the dipoles were of infini

tesimal length. Thus, when using very small to very large n

separations, the array transcends three distinct array 

types: pole-pole, finite-length dipole-dipole (sometimes 

referred to as bipole-bipole), and infinitesimal length 

dipole-dipole. 

Another improvement that may be made during field 

operations is to increment the current dipole by half dipole 

steps. This will result in double density data and signifi-
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cantly improve the lateral resolution of the survey. By 

using two staggered current dipoles, the potential dipole 

can measure twice the normal number of readings for any 

given position. Employing both the fractional n- separations 

and double density surveying offers data of adequate resolu

tion for image processing. 

4.8 Summary 

It has been demonstrated analytically that the dipole

dipole array can be used to a far greater advantage than is 

generally done. Power function characteristics of the array 

offer better insight into its strengths and methods have 

been suggested that will allow these strengths to be real

ized. The salient aspect of the array is its logarithmic 

dependence on n-separation. Once this aspect is understood 

by the user, the application of the array for field problems 

should result in more useful data, both qualitatively and 

quantitatively. The analytical aspects of the dipole-dipole 

array are scale independent. consequently, the array can be 

used to great advantage in small scale geotechnical problems 

as well as large scale basinal or upper crustal studies. In 

both field surveys reported in Chapter 5 logarithmically 

spaced dipole-dipole data have been collected. 
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FIELD STUDIES 

5.1 Introduction 
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The purpose of performing field studies for this re

search is to demonstrate the applicability of induced polar

ization, particularly SIP, to geohydrological problems. SIP 

consists of two basic signatures; the low frequency IP 

response and the higher frequency electromagnetic response. 

The observed field data are assumed to be a linear combina

tion of the two responses. As previously discussed, the IP 

response may contain information relevant to the hydraulic 

parameters of alluvial media. The EM response usually con

tains information about the earth geometry, but because of 

prior methods of processing SIP data, quantitative interpre

tation has not been performed, indeed, in SIP surveys the EM 

data are usually removed through "decoupling" methods and 

discarded. In order to test the effectiveness of SIP in the 

geohydrological environment, data have been collected, de

coupled, and interpreted for relevant geohydrological param

eters. The results agree well with drillhole data. 

The selection of field sites for spectral IP surveys 

was dependent on the availability of sufficient geologic 

information so that satisfactory geophysical interpretations 

and geologic confirmations might be achieved. Two sites were 
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considered acceptable for these purposes. One was the desig

nated location for the Arizona Hazardous Waste Management 

Facility (AHWMF) and the other was along the route of the 

Central Arizona Project (CAP) canal. These sites have been 

intensively investigated using hydrology, geology, geophys

ics, drilling, geochemistry, botany, and archaeology. 

5.2 Arizona Hazardous Waste Management Facility 

The AHWMF facility is intended to process non-nuc1ear

industrial-hazardous wastes. The processed waste will be 

stored on site in double-lined cells. As per EPA require

ments and to allow for the remote possibility of waste leak

age, it was necessary to "characterize" the geohydro1ogic 

aspects of the site. The site was also of interest because 

it was located within the proposed site of Arizona's bid for 

the superconducting-superco11ider (SSC or Desertron). Infor

mation gained at the AHWMF site might have been useful in 

the northeast quadrant of the co11ider ring. 

The primary objective in this type of site characteri

zation is to identify the uppermost-impermeable boundary to 

downward-percolating water. This boundary would also be a 

vertical barrier to the downward migration of contaminants 

and a potential pathway for the horizontal transport of 

these contaminants (Fig. 5.1). Of no less importance is the 

need to determine the aquifer characteristics, e.g. piezo 
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metric surface, subsurface flow rate, confining characteris

tics of the aquifer, and the relationship of the aquifer to 

the uppermost impermeable boundary. 

Test wells show the main aquifer static water level to 

be at approximately 550 feet and within the lower of two 

sedimentary sequences. The upper sequence or unit is a 

poorly-sorted clayey-sand and extends down to approximately 

300 feet. The lower unit is likely lacustrine, predominantly 

clay, and extends nearly to bedrock at 800 to 1100 feet. 

Initially, granitic basement was considered to be hydraulic 

basement and the uppermost boundary of concern, but as 

drilling progressed, interest shifted to the upper extent of 

the lower, clay-rich horizons in the sedimentary sequence. 

It is the high clay-content of the sedimentary section 

that poses a problem for electrical geophysics. Schlumberger 

vertical electric soundings (VES's) performed at the site 

showed no indication of an electrical resistivity contrast 

at the depth of the established water table, and the in

terpreted layering based on the VESts overestimated the 

depth to granitic basement in the deepest portion of the 

site by up to 50%. This was attributed to anisotropy in the 

lower clay-rich unit. Well defined layering was observed 

within the upper, unsaturated zone. Although Fig. 5.3 shows 

the static water level approximately 50 feet below the 

contact between the lower and upper units, electric logs 
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generally showed minimal contrast at the measured static 

water level. The Laboratory for Advanced Subsurface Imaging 

(LASI) of the Dept. of Mining and Geological Engineering at 

the University of Arizona performed a test IF and resistivi

ty sounding at the site (Sternberg et aI, 1987: Sternberg 

et al , 1990) which revealed a layered character in both the 

resistivity and IP data. It was then proposed to test spec

tral IP at the AHWMF site to determine the applicability of 

SIP to this geohydrologic problem in a typical southwestern 

alluvial basin. 

It was especially desirable to identify the particular 

IP responsive horizons. Because the lower sedimentary unit 

is characterized as massive clay, a high degree of water 

saturation should occur well above the piezometric level. 

The high clay-content would also suggest a relatively thick 

capillary portion of the vadose zone. The upper part of the 

clay-rich unit m~y lack sufficient water to shunt the IP 

effect, which may allow surface conduction effects to pre

vail and produce an IP response. This could demonstrate an 

application of induced polarization for determining the 

static water table in clay-dominant systems where there is 

minimal resistivity contrast between the saturated and 

unsaturated zones. 
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5.2.1 AHWMF site Background 

ENSCO, Inc. of Little Rock, Arkansas is the principal 

contractor for the AHWMF facility and also funded the spec

tral IP field study. Geophysical, hydrologic, and drilling 

information were obtained through .Water Resources Associ

ates, Inc. of Phoenix, Arizona who were sub-contracted to do 

the hydrology and site characterization (WRA, 1987). 

In general, the site is characterized by a two-layered 

alluvial and lacustrine-sedimentary sequence overlying gra
o 

nitic basement. The geomorphology of the basement granite 

was estimated by gravity measurements and confirmed by 

drilling. The geophysical characteristics of the sedimentary 

sequences were evaluated using orthogonal pairs of Schlum-

berger VES's, reflection seismics, magnetics (for a volcanic 

layer occurring within the lower part of unit-two), and 

several types of well logging. The deepest portion of the 

basement was just over 1000 feet (NE corner) and the shal-

lowest was 350 feet (SW corner) • 

5.2.2 site Location 

The AHWMF is located approximately 40 miles southwest 

of Phoenix, Arizona in an isolated desert area. The site 

comprises all of section 32, T4S, R1W, Gila and Salt River 

Meridian. Fig 5.2 shows the location of the SIP survey line, 

the previously performed Schlumberger array VES's, drill 
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holes, and the planned locations of the storage cells. The 

square mile site is near the center of a sub-basin adjacent 

to Rainbow Valley and is typical of creosote flatlands. 

Maximum topographic relief is approximately 40 feet diago

nally across the site from the SW corner to the NE corner. 

The nearest established water well is approximately 3 

miles northwest in section 23 of the same township. This 

well has not been active for several years. The next closest 

wells are on the other side of an interpreted subsurface, 

ground water, drainage divide in the vicinity of the settle

ment of Mobile. There is no habitation in the sub-basin. 

The site is accessed by a good dirt road along the Southern 

Pacific railroad running between the towns of Maricopa and 

Gila Bend. 

5.2.3 site Geology 

There are three distinct geologic materials beneath the 

site: an essentially two-layered alluvial-lacustrine sedi

mentary sequence, a thin volcanic sequence near the base of 

the sedimentary section, and granitic basement. The focus of 

the research reported herein is entirely within the sedimen

tary sequence. For proper geologic perspective, the volcanic 

layer and granitic basement will be briefly described. The 

nearest granitic and volcanic outcrop are within one mile of 

the site. 
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5.2.3.1 Granitic Basement 

Granitic basement is considered to be the same 1.7 

billion year old granite as that which makes up the sur

rounding Maricopa Mountains (Cunningham et al, 1987). For 

ground water monitoring purposes the granite was initially 

considered to be the uppermost impermeable boundary to down

ward percolating water. 

Gravity survey interpretation suggests the granitic 

basement may be faulted. In the southwest one-quarter of the 

section (a gravity high), depth to granite is approximately 

350 feet, whereas depth to granite in the deeper remainder 

of the section (a gravity low) varies from around 800 feet 

to 1100 feet. The assumed fault would strike roughly N45°W 

and, according to drilling results, may be better described 

as a fault zone made up of several en-echelon normal faults. 

No concrete evidence of the presence of a fault or fault 

zone has yet been revealed. Electric logs measured in some 

of the drillholes generally showed the granite to be resis

tive, but some of the drillhole logs also showed that the 

upper surface of the granite was not always fresh. Conse

quently, the granite did not always represent electrical 

basement for the VES's. 
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5.2.3.2 Rhyolite Layer 

Separated from the granite by no more than forty feet 

of clay is a thin layer of volcanic material considered to 

be rhyolite. This layer is conformable to the granitic sur

face. It has a relatively high magnetic susceptibility and 

proved mappable by surface magnetics. It was briefly consid

ered as a possible candidate for being the uppermost im

permeable boundary. However, the overlying clay layer (Unit

two) was considered to be more important and the rhyolite 

layer, of such relatively insignificant thickness, to be of 

no concern in the geohydrologic picture or in the electrical 

interpretations. 

5.2.3.3 Unit-Two Sediments 

Unit-two is predominantly clay with occasional sandy 

lenses. In general, the sand content increases with depth. 

Unit-two is likely a lacustrine sequence formed as a result 

of closed drainage. The present sub-basin, within which the 

site is located, is mostly surrounded by the Maricopa Moun

tains. The sub-basin is open to the east and connects with 

Rainbow Valley. Regional gravity data indicate a bedrock 

high between the sub-basin and Rainbow Valley suggesting 

that at the time of deposition of Unit-two, the sub-basin 

was closed. The depth to the top of the subsurface barrier 

is unknown. The static water table occurs within unit-two 
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and is assumed to be lower than the lowest point of the 

subsurface barrier. 

5.2.3.4 unit-one sediments 

unit-one sediments immediately overlie Unit-two and are 

considered to be poorly-sorted clayey-sands. Sand content 

varies from 25 to 90 percent. The sand composition indicates 

a local source, probably the Maricopa Mountains. Unit-one 

may represent the change from a lacustrine to alluvial en

vironment as a result of the complete filling of the closed 

basin. 

On the basis of surface geophysics and geophysical well 

logs, unit-one may be separated into two sUb-units; upper 

and lower. The upper part of unit-one is, on average, finer 

grained and better sorted than the lower part and has a 

lower electrical resistivity. The lower part of Unit-one is 

of higher resistivity and appears to be persistent in char

acter but varies in thickness across the site. All of unit

one is in the vadose zone. 

Grab samples from drillhole B-4 were taken for thirteen 

intervals (five-foot sample intervals) from 295 feet to 990 

feet. These data are presented in Table 5.1 

Drillhole B-4 is the only drillhole where numerous grab 

samples were taken for sieve analysis. Drillholes B-2 and B-

3 were sampled three and five times, respectively, and show 
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essentially the same grain size distributions. The threefold 

increase in fines «200 mesh) seen between samples 315-320 

and 480-485 represents the change from Unit-one to unit-two. 

Table 5.1 sieve analyses for drillhole B-4 

sieve size - Percent passing 
Sample 200 100 50 30 16 8 4 3/4" 

295-300' 12.0 17.4 26.3 32.5 44.2 79.1 99.4 100 
315-320' 13.4 17.5 24.7 30.3 42.8 80.0 99.9 100 
480-485' 39.0 50.9 66.3 81. 7 95.6 99.3 99.6 100 
510-515' 33.7 44.8 60.0 74.2 92.6 99.9 100 
530-535' 40.2 53.7 69.9 81.9 91.6 97.5 100 
665-670' 40.6 51.3 61.5 66.9 70.9 75.4 84.5 100 
685-690' 59.4 72.4 83.5 89.7 94.0 97.0 99.4 100 
755-760' 32.0 40.0 49.5 58.2 68.8 85.2 97.1 100 
805-810' 57.5 72.6 86.9 93.9 97.0 98.7 99.6 100 
865-870' 27.7 35.5 47.6 57.2 68.7 84.6 98.5 100 
895-900' 29.9 38.9 50.2 60.5 70.6 83.9 98.5 100 
945-950' 19.4 25.1 31.4 39.2 56.7 83.6 97.0 100 
985-990' 21.6 26.4 31.1 36.4 47.1 70.1 91.1 100 

5.2.4 Surface and Drillhole Geophysics 

Gravity and ground magnetics were used to map granitic 

basement and the layer of volcanics, respectively. Although 

the results of using these techniques are not directly rele

vant to the application of electrical methods, they help 

establish the general subsurface configuration and help 

demonstrate to what extent the basement and volcanic layer 

should influence the electrical-methods interpretation of 

the sedimentary sequence. The most useful surface geophysi

cal methods, for the purposes of this research, are the 

VESts. 
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since the storage cells are to be located northeast of 

the center of the site and the hydraulic gradient is to the 

northeast, the area of most interest is to the northeast of 

the storage cells, i.e. the NE-quarter of the NE-quarter of 

section 32. The available geoelectric data in that area 

consist of VES-3a&b (ENSCO, 1988), LASI sounding JBFVES3 

(Sternberg et aI, 1987), and an e-log from drillhole B-4 

(ENSCO, 1988). Drillhole B-4 was plugged and abandoned after 

drilling and logging, and no casing was left in the ground. 

The SIP line performed for this research extended from 

the southwest corner of the site to the northeast corner. 

Due to existing well casings and wells being drilled at the 

time of the survey, only the last three dipoles of coverage 

in the northeast corner are satisfactorily free of cultural 

contamination. It is this particular area that is of the 

greatest interest geoelectrically and spectra from this area 

have been interpreted for this research. 

A variety of well logs were run at the site, but there 

was not an established suite of logs consistently run in all 

holes due to the different objectives of the drill-holes. 

The relevant electric logs are included in this discussion. 

5.2.4.1 Electric Logs 

Along the spectral IP line, short and long normal 

electric logs were run in two drillholes (B-5 and B-6) , by 
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Mr. Don Pool of the USGS, specifically for this research. 

otherwise, electric logs were not scheduled for these two 

holes during the site characterization. A third e-log made 

available is from drillhole B-4 located in the extreme 

northeastern corner of the site. Drillhole B-5 is located in 

the extreme southwestern corner of the site and drillhole B-

6 is located southwest of the center of the site. The long

normal (64") e-logs for these three drillholes are shown in 

Fig. 5.3. The upper ends of the logs stop at the bottoms of 

the surface casings. Since the e-logs for B-5 and B-6 were 

obtained with different equipment and under different condi

tions than that of B-4, it is only safe to use qualitative 

comparisons when discussing the values of apparent resistiv

ity. Above the static water table, the absolute values of 

resistivity are questionable in all the holes regardless of 

conditions. 

B-5 bottomed in shallow granitic basement at 350 feet. 

B-4 bottomed in deep granitic basement at 1080 feet. B-6 is 

505 feet deep but was not continued to basement and B-6 was 

blocked by swelling clay at 375 feet so the electric logging 

was restricted to the upper part of the hole. The most im

portant aspect of these logs is the definition of the lower 

part of the resistive material in unit-one. Resistivities 

above and below the layer range from 15 to 40 ohm-meters. 

Although the layer is resistive, drill cuttings show it to 
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Figure 5.3 Long-normal (64") e-logs for drillholes B-4, 
B-5, and B-6 at the AHWMF site. Logging in 
B-5 and B-6 by Mr. Don Pool. 
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be coarser than the sediments above and below. The higher 

resistivity is likely due to less bound water on the coarser 

materials. It is not an impermeable boundary to vertical 

migration, but sits on top of the clay rich Unit-two. Conse

quently, if the top of Unit-two represents the uppermost 

impermeable boundary, then the coarser overlying material 

could offer an excellent horizontal pathway for contaminants 

once they percolate down to the top of unit-two. Therefore, 

it is important to be able to detect the lower boundary of 

this layer using surface geophysical methods, especially 

down-gradient of the storage cells indicated in Fig. 5.2. 

The sieve analyses and the resistivity log from B-4 

show good correlation between higher resistivities in unit

one and lower percentages of fines. Similarly, a good corre

lation is seen between lower resistivities and higher per

centages of fines in unit-two. These inverse relationships 

in physical properties imply the boundary between Units one 

and two should be readily detected using surface geophysics. 

5.2.4.2 vertical Electric Soundings 

A total of ten Schlumberger array VES's were performed 

on or near the site during the early phases of site charac

terization. These VES locations are shown in Fig. 5.2. The 

nearest VESts to drillhole B-4 are the orthogonal pair VES 

#3a&b. These VESts and the interpretational model results 
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are shown in Fig. 5.4. The layering interpreted from the VES 

data is qualitatively similar to the e-Iog. The quantitative 

results are presented in Table 5.2 and are compared with the 

SIP interpretations later in this chapter. 

Based on both VES interpretations and drilling results, 

the resistive layer shows good continuity throughout the 

facility. The bottom of the resistive layer also appears to 

represent the contact between Units one and two. Thus, sim

ple electrical methods are useful for mapping this inter

sedimentary contact. But what is of significance to this 

research is the result of an interpretation of the test-IP 

sounding (VESJBF3) performed by LASI (ibid). This sounding 

used a dipole-dipole array with a dipole spacing of 152 

meters and is reproduced with the interpreted model curves 

in Fig. 5.5. 

The model indicates that a strong IP response occurs 

below the depth associated with the base of Unit-one. This 

would place the IP source within the clay-rich unit-two. 

Normally, with massive amounts of clay, the IP effect is 

shunted because of the high degree of interconnectivity 

between clay particles. In this case, the IP model suggests 

continuous IP response down to 900 feet. If unit-two can be 

mapped using SIP, then SIP could prove useful in other 

situations difficult for normal resistivity. 

Testing the ability to map the thick, polarizable layer 
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in unit-two should be a relatively straightforward layered

earth-problem although there is not necessarily a direct 

relationship between the polarizable layers and the layers 

characterized by particular resistivities. It was with this 

purpose in mind that the SIP survey was performed. A second

ary consideration was the possibility of using the electri

cal information for background comparison in the event of 

contaminant leakage. 

5.3 AHWMF Spectral Induced Polarization Survey 

with these problems in mind, a spectral IP traverse was 

run diagonally across the site using a dipole-dipole array 

with a dipole size of 500 feet (152 meters). Following the 

suggestion of fractional dipole separations presented in 

Chapter 4, separations of 0.1, 0.5, 1.0, 1.5, 2, 3, 4, 5, 

and 6, were used to increase the sounding information. Also 

according to the ZOIC (dipole-dipole) and VDIC(dipole-dipole) 

results, it was determined that the 500 foot dipole length 

should be satisfactory for investigating a range of depths 

encompassing the contact between units one and t~o. Three 

dipoles of double density (half-dipole spacing) data were 

collected at the extreme southwestern end of the line in the 

area of shallow basement, and the remainder of the line used 

normal integer transmitting dipole increments because of the 

extensive well casings. 
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Measured from the end electrodes, the line was 10,000 

feet long and was oriented N45°E. The receiver led the 

transmitter to the northeast. A total of 149 pseudosection 

data points were collected. Since full-spectral, comp1ex

resistivity data were collected at every integer dipole 

separation, the fractional dipole separations were generally 

observed for only a few frequencies. Consequently, a total 

of 104 full spec'tra were collected. The low-frequency appar

ent resistivity and raw-phase data are presented in loga

rit.hmic pseudosection format in Fig. 5.6. The area of inter

est down-gradient from the proposed landfill cells occurs to 

the northeast of station 12 on the pseudosection. 

5.3.1 Electromagnetic Response 

In such relatively low-resistivity environments, there 

is a substantial electromagnetic (EM) contribution to the 

observed signal. Although the EM response is a normal out

come of the combination of electrode geometry, interconnect

ing wires, low resistivities, and relatively high frequen

cies, it is generally regarded as "noise" in a normal IP 

survey. In such situations where sufficient spectral data 

are gathered however, the EM response may be interpreted to 

obtain structural information. The layered-earth geometry of 

the AHWMF site, and indeed that of many geohydro1ogic prob

lems, presents an opportunity for such an interpretation. 
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Generally, when the IP response is reasonably strong, 

the EM and IP responses should be "decoupled" to get a 

satisfactory interpretation. In conductive environments such 

as the AHWMF, the EM response comprises more than 90% of the 

observed spectral data. Consequently, it is relatively 

straightforward to directly interpret the EM portion of the 

field spectra without removing the IP response. This is 

considered a distinct advantage in geohydrologic environ

ments since most ground water related problems occur in 

conductive media. 

5.3.1.1 Decoupling EM and IP responses 

The methodology of decoupling IP and EM data relies on 

the principle of superposition. The separation of two super

posed responses was first demonstrated by Grant (1958) for 

dielectric problems. "Decoupling schemes for spectral IP have 

subsequently been presented in the geophysical literature 

(Wynn and Zonge, 1975; Pelton et aI, 1978), but the tech

niques used were parametric, that is, earth geometries were 

not used in either method of decoupling. For this work, the 

method of decoupling using Cole-Cole models was used. The 

decoupling program was written by J. Washburne (1982) for a 

Hewlett-Packard 9845B computer. The decoupling procedural 

results are presented in Appendix A. 

The EM data for this research were interpreted using 
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a one-dimensional (layered-earth) modeling program and using 

real resistivities for the model layers. By successive 

approximations, the model results were compared with the 

field spectra until a satisfactory fit «10% average error) 

was achieved. The forward solutions were calculated using a 

computer program (Kauahikaua and Anderson, 1979) modified 

for this research to run on an IBM PC-AT compatible micro-

computer with an arithmetic co-processor. 

5.3.2 AHWMF Cultural Noise 

Due to the presence of well casings many of the spectra 

were contaminated with anomalous response. As suggested by 

Williams (1984), the casing effects are probably not re-

stricted to the low-frequencies. However, some of the low-

frequency casing effects were quite distinctive showing 

negative IP responses. The cultural noise problems severely 

restricted the interpretable spectra for "clean" IP and EM 

responses to a limited; number of stations. In the area of 
( 

interest down gradient from the proposed landfill cells the 

spectra are considered to be "clean" and representative of 

only earth response. 

5.3.3 AHWMF Apparent Resistivity Interpretation 

The overall pseudosection of apparent resistivity data 

does not readily reflect the layered character of the site 
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because of the well-casing noise-problem. Instead of hori

zontal contours, diagonal contours dominate. This is indica

tive of near-surface lateral effects attributable (in this 

case) to the well-casings. 

In the area of interest, three diagonals (soundings) 

were obtained. The quantitative aspects and the layered

earth characteristics of the data are better shown in sound

ing format. They are labeled according to the transmitter

electrode field locations in Fig. 5.7, e.g. SIP 55-60 (Fig. 

5.2 shows the correspondence between field station numbers 

and plotting numbers). soundings 55-60, 60-65, and 65-70 

include dipole separations of 0.1 through 4, 0.1 through 3, 

and 0.1 through 2, respectively. The LASI data include 

dipole separations of 0.03 through 10. In the data shown in 

Fig. 5.7, the range of dipole separations of 0.5 through 4 

appear to bracket the resistive layer in the lower part of 

Unit-one. 

The SIP data for the dipole separations of 0.1 indicate 

a decreasing trend to the northeast. This decreasing trend 

can be caused by a decreasing conductivity-thickness (aT) 

product for the thin resistive surface layer (as shown by 

the Schlumberger and LASI data), by an increasing aT for the 

immediately underlying layer, or by both effects. Regardless 

of the cause of the change in the near-surface resistivi

ties, the important point is that the change indicates a 
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non-one-dimensionality in the shallow earth structure. 

This lateral change in shallow earth structure indi

cates limitations in the use of one-dimensional modeling. In 

spite of the limitations, the layered character of the site, 

as indicated by drilling and other surface geophysics, is 

sufficiently demonstrated to justify one-dimensional model

ing of the SIP data. 

The LASI resistivity model is shown in Fig. 5.7 with 

the model layer depths converted to n-spacings. The thin 

high resistivity layer at surface represents the dry surface 

soil and is approximately 4% meters thick. The next two 

layers of nearly equal resistivity (57 and 51 n-m) likely 

represent unit-one sediments and have a combined thickness 

of 230 meters. The next layer is both the thickest (273 

meters), has the lowest resistivity (approx. 20 n-m), and 

probably represents the massive-clay unit-two sediments. It 

is within this layer that the strongest IP responses occur. 

The lower-most layer is high resistivity (>500 n-m) , is of 

undefined thickness, lies off-scale of the figure, and 

assumedly represents electrical basement. 

5.3.4 AHWMF Apparent Polarization Interpretation 

Apparent polarization data presented in pseudosection 

format in Fig. 5.6 consist of the observed phase angle 

(mrads) at 0.125 Hz. Although, lower-frequency (0.0625z) 
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data were collected for several stations, the data presented 

are the raw phases from the lowest frequency consistently 

observed at all stations (i.e. 0.125 Hz). 

In the area of interest, a gradual increase in phase 

angle corresponds with increases in dipole separation. This 

is a typical signature for a buried IP-responsive-Iayer as 

well as pure EM response. This ambiguity high-lights the 

utility of spectral IP methods, since they generally allow 

the visual and analytical separation of IP and EM responses. 

Near surface" Itbackground' polarization (at 0.125 Hz) is 

2 to 4 mrads and the highest observed response in the north

east area is approximately 17 mrads (n=4). The horizontal 

contour trends seen in the pseudosection are suggestive of 

layering. The phase data from the SIP survey and the LASI 

sounding correspond very well. The only significant differ

ence is evident in the two shallowest data points for sound

ing 65-70. These two lower-valued phases correlate with the 

near-surface low-resistivity material observed in sounding 

65-70. This further SUbstantiates the conclusion of non-one

dimensionality. 

The LASI IP interpretation (ibid) shown in Fig. 5.5 

indicates only weakly polarizable material above a depth of 

approximately 500 feet. Below 500 feet a more strongly 

polarizable material is interpreted. It is this material 

that is assumed to be the responsive clay portion of Unit-
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two. All of the new phase data in the area of interest 

support the LASI interpretation. 

5.3.5 AHWMF Spectral Response Characteristics 

The observed SIP spectra show four general characteris

tics which are the result of a combination of IP and EM 

responses. For the AHWMF SIP survey, IP effects are most 

noticeable at frequencies below 1 Hz. and EM effects are 

evident above 1 Hz. The magnitudes of both EM and IP re

sponses are strongly influenced by the dipole separation. 

Larger dipole separations usually result in more EM response 

and, although the larger separations may allow more IP re

sponse to be seen from a given buried target-horizon, the 

larger EM effects tend to mask the IP response. Consequent

ly, with increasing dipole separation, the diagnostic char

acteristics of the IP response are well disguised. Unless 

significantly lower frequencies are used, the IP responses 

at larger dipole separations are poorly resolved. 

Another problem that exists at the lower frequencies is 

telluric noise, i.e. low-frequency, natural, earth currents. 

The lack of a smooth response at the lowest frequencies is 

typical of telluric response and may be seen in some of the 

spectra. Telluric noise is most readily seen in the normal

ized complex plane plots. 

The most salient feature of the entire survey is the 
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appearance of the EM response. Although the characteristics 

vary from spectrum to spectrum, the presence of EM is un

questionable. 

The variations between spectra at the higher frequen

cies are primarily a result of the earth geometry but some 

effects due to well-casings may also be present. As the EM 

modeling results show, the EM response corresponds well, 

quantitatively, with the resistivity layering observed in 

the electric logs and the DC resistivity interpretations. 

5.4 AHWMF EM Modeling Results 

The utility of interpreting the EM portion of the SIP 

data is shown by comparing a modeled spectrum with the 

modeled results of nearby DC soundings. A representative 

spectrum from the area down-gradient of the landfill cells 

was selected for the EM modeling. A layered-earth (one

dimensional) solution was used exclusively for the modeling. 

The VES data collected nearby show extensive lateral hetero

genei ties near or at surface. Consequently, the hifJher fre

quency (shallower penetrating) data may have been influenced 

by the surface effects. Therefore, the general spectral 

appearance at higher frequencies has only been approximated 

by the modeling. 

The selected spectrum is from the transmitting-receiv

ing dipoles of 60-65 and 80-85, respectively. This repre-
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Figure 5.8 Comparison of field spectra and one-dimensional 
EM model derived from the field spectrum. 
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sents a dipole separation of three (n=3). Figure 5.8 shows 

the results of'modeling the field spectrum. The field data 

are plotted as a solid line and the EM model data are plot

ted as dotted lines. The simplest model used for the EM 

interpretation had three layers. The orthogonal VES data 

from the same area (VES's #3a&b) shown in Fig. 5.4 were 

interpreted to have four and five layers overlying a resis

tive basement. A comparison of the equivalent layers is 

shown in Table 5.2. The severity of the effects due to near

surface heterogeneities is apparent when the two VESts are 

compared. VES #3a was run parallel to the direction of sur

face drainage (approximately N45°E) and VES #3b was run 

orthogonal to this direction. Although the two VESts have a 

common central point, it is interesting to note that the 

interpretations have some significant differences. VES #3b 

shows the sequence for layers 2 through 4 to be high, low, 

high, low; whereas the equivalent three-layer sequence from 

#3A shows high, low, lower. This three or four layer se

quence probably represents unit-one. The conductive clay

rich Unit-two is probably represented by the very thick, 20 

n-m layer interpreted to immediately overlie resistive base

ment. 

The SIP dipole-dipole survey line was parallel to VES 

#3a yet the interpreted results compare more closely with 

the orthogonal VES #3b. The entries in Table 5.2 are 
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Table 5.2 Comparison of EM en=3) and VES sounding models 

VES #3a 
Layer Rho Thickness 

(n-m) (m) 

1 220 3.5 
2 61 21 
3 
4 46 140 
5 18 325 
6 1000 

VES#3b 
Rho Thickness 

(n-m) (m) 

200 4 
73 10 
30 25 
75 55 
23 320 

1000 

EM model 
Rho Thickness 

(n-m) (m) 

20 20 
80 100 
18 

offset to show probable correlation between the three layers 

interpreted from the dipole-dipole EM data and the VES #3b 

interpreted layers 3, 4, and 5. On this basis, the two 

different sounding techniques, i.e. geometric and paramet-

ric, appear to compare well. The comparison between VES #3a 

and the dipole-dipole EM data is less encouraging. VES #3a 

also appears to be "cleaner" in the sense that data for the 

larger spacings show less noise than those of VES #3B. 

The cumulative layer thicknesses interpreted above the 

most conductive horizon are 165 meters in VES #3a, 94 meters 

in VES #3b, and 120 meters in the EM interpretation. The 

nearest 64" normal e-Iog (drillhole B-4) shows the resistiv

ity starting around 20 n-meters at 15 meters depth and 

linearly increasing to a maximum of around 60 n-meters at 

approximately 100 meters depth. The resistivities then de

crease almost linearly to 10 n-meters at the estimated water 

table of 550' (165 meters) below surface. The e-log demon-

strates a low-high-low sequence to the resistivities in the 
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first 200 meters. This sequence agrees well, qualitatively, 

with the VES #3b and EM ~nterpretations, but not so well 

with the VES #3a interpretation. However, the EM modeling 

results indicate that SIP data can be used effectively for 

quantitative structural interpretation in this geohydrologic 

environment. 

5.5 AHWMF IP Interpretation 

IP interpretation of the pseudosection data is confined 

to the area of interest to the northeast. Although cursorily 

discussed, the spectra and corresponding pseudosection plot 

points that have been excessively contaminated by well

casing effects to the southwest of the area of interest have 

been disregarded. Only the IP data in the area down gradient 

from the landfill cells have been quantitatively interpret

ed. 

In this area, a general increase in phase-response with 

increasing dipole separation is observed. This is quite 

normal for situations in which significant EM response is 

involved. The spectral data plots readily confirm this, but 

the decoupling procedure attempts to eliminate this effect. 

The present survey partially overlapped the LASI test work. 

The LASI sounding was read to dipole-separations of ten (n = 

10) towards the northeast. The present survey did not extend 

as far northeast and only has equivalent data taken for 
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dipole-separations up to three (n = 3). The phase data from 

the SIP survey· correspond well with the LASI data as shown 

in Fig. 5.8. Various LAS! model inversions indicate a sig

nificantly polarizable layer occurring at depths ranging 

from 440' to 570'. This range of depths brackets the depth 

to the top of unit-two (500') as indicated by logging. 

The general range of phases related to the unit-one 

sediments indicate a very weak polarization as might be 

expected for unsaturated materials. If a perched water table 

of sufficient volume were present, a related IP response 

might occur due to the relatively-low clay content. The 

absence of significant IP response related to the lower part 

of unit-one suggests that no perched water table is present 

in the more resistive layer. This is important for determin

ing the potential hazard of downward migrating pollutants 

encountering a shallow perched aquifer. The agreement be

tween the LASI sounding and the SIP results strongly sug

gests that at least the upper portion of Unit-two, and most 

probably the entire unit, is polarizable and may be readily 

mapped using the IP method. This is an interesting result as 

it is generally assumed that massive amounts of saturated 

clays tend to shunt the IP effect. 

The most interesting result of the SIP survey is the 

relationship between the decoupling results and the IP 

interpretation. Fig 5.9 shows the comparison between the 
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LASI IP model and the Cole-Cole model decoupling parameter 

mI. The m1 parameter has been adjusted to match the equiva

lent phase response for the IP model. Allowing for some 

latitude in the thickness of the model layers because of 

equivalence, the comparison is quite favorable for the first 

three model layers. 

Another interesting comparison is between the percent 

fines and the IP model layers. The relationship between the 

layer boundaries and the changes in percent fines is sur

prisingly close. What appears to be a favorable agreement 

between the actual model phase values and the actual per

centages is assumed to be coincidental. 

The IP time constant obtained from the decoupling pro

cess may be a crude indicator of particle size in the polar

izable layers. The range of time constants derived from the 

decoupling inversion process was from 0.67 to 3.0. Using the 

time-constant-to-particle-size relationship (Olhoeft, 1984) 

of 

1 = (r)2/3.4*10-6 seconds 

where r is the grain radius in meters, a grain size range of 

3.0 to 6.0 mm is obtained. This places the electrically

determined-grain-size within the upper limits of sand, as 

defined by the ASTM-ASCE grain size scale (Sowers and 

Sowers, 1970) or in the lower limits of gravel according to 

Folk's (1954) recommendations. However, the decoupling pro-
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cedure also indicates a quality of fit for the parameters 

which shows that the time constant, T1' is very poorly 

resolved. The chargeability parameter, m1' is also poorly 

resolved but it is the best constrained of the three polari

zation parameters and should be the most reliable of the 

three. Consequently, the aforementioned correlation between 

chargeability and IP model results is not considered simply 

fortuitous. 

5.6 AHWMF Field site Summary 

The decoupled IP data offer surprisingly encouraging 

results. There appears to be a good correlation between the 

relative changes in magnitude of the decoupled IP charge

abilities and inverted one-dimensional modeling results. 

There appears to be a good correlation between the bound

aries between decoupled IP chargeabilities and IP model 

layer boundaries. There appears to be a good correlation 

between the depths at which changes in percent fines occur 

and the IP model layer boundaries. The EM response can be 

interpreted to produce reliable layered-earth interpreta

tions. The relationship between IP time constant and grain

size at this site is questionable. 

In general, the spectral IP survey performed at the 

AHWMF site has demonstrated that SIP surveying can be useful 

in this geohydrologic environment. Both the IP and EM re-
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sponses observed in the data are useful. The sensitivity of 

the EM response to shallow layering and the diagnostic capa

bilities of the EM response would suggest that spectral IP 

measurements may be used beneficially for geohydrologic and 

geotechnical problems even in areas where there is little or 

no IP response. 

5.7 CAP Site Discussion 

The CAP site was suggested by Mr. W. Gordon Wieduwilt 

of Mining Geophysical Surveys as having an alluvial IP res

ponse. His company encountered the IP response while per

forming a routine bedrock survey to the northeast of the 

area in the late 1960's. The area of alluvially-related IP 

response occurs over the downthrown side of a pediment fault 

bounding the eastern side of the Avra Valley basin. Upon 

evaluating the site for spectral IP measurements it was 

found to be crossed by the Central Arizona Project canal. 

There was, however, a narrow strip of accessible property 

within the already known area of anomalous IP response with 

minimal cultural interference. A single dipole-dipole SIP 

sounding was performed in this area. 

Shallow geologic information and CAP survey data were 

provided by Mr. Gary A. Ditty and Mr. James Gates, of the U. 

S. Bureau of Reclamation. Particle size information in two 

nearby wells and other well information was provided by Mr. 
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Herb Schumann, Mr. Stan Leake, Mr. Randy Hanson, Mr. Don 

Pool, Mr. Mike Carpenter, and Mr. Robb Carruth, all of the 

U. S. Geological Survey. 

5.7.1 CAP site Location 

The survey site is shown in Fig. 5.10 and is located in 

the southern half of section 31, T14S, R12E, Gila and Salt 

River Meridian, Pima County, Arizona. The SIP sounding was 

oriented east-west with the receiver reading to the west of 

the transmitting dipole. The sounding area is bounded by the 

Tucson Aqueduct Reach 5 portion of the CAP canal and related 

fencing to the north and Snyder Hill Road and 2" water pipe

line to the south. The sounding crossed no fences but did 

cross a buried, insulated phone-line with no apparent ef

fect. 

The sounding was located approximately midway between 

two deep drillholes placed as part of an investigation of 

land subsidence and earth fissures along the CAP canal 

(Wrege, Schumann, & Wallace, 1985). Drillhole TA-44 is 

located three-quarters of a mile to the northwest of the SIP 

sounding and is 1,410 feet deep. Data made available from 

TA-44 are particle-size classifications for every ten foot 

interval, the upper 650 feet of the 16" normal e-log, and 

the static water level. Drillhole TA-46 is located one-half 

mile to the east of the SIP sounding and is 815 feet deep. 
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Data available from TA-46 are particle-size classifications 

only. No geophysical logs were taken and water level meas

urements were not made in TA-46. 

5.7.2 CAP Site Geology 

Surface geology at the CAP site is typical basin-fill 

alluvium. Auger holes along the proximal stretch of the 

aqueduct show the surface twenty feet of alluvium to be 

predominantly composed of fines (50 to 85 percent) with 

intermediate amounts of sand and lesser amounts of gravels. 

General descriptions of the surface alluvium are sandy clay, 

clayey sand, and silty sand (Ditty, personal communication). 

The surface aqueduct terminates in bedrock in section 

32. This correlates with a N30·W trending basin-bounding 

pediment fault (downthrown side to the west) shown crossing 

the southwest corner of section 32 (West, 1970). The SIP 

sounding was performed over deep alluvium west of the fault 

trace. 

Grain size sampling results for drillholes TA-44 and 

TA-46 are shown in Figures 5.11 through 5.16. Dri11ho1e TA-

44 shows a significant decrease in percent gravels at the 

400 foot depth. corresponding with this decrease is a sig

nificant increase in percent fines. The percent sand shows a 

nominal increase around 400 feet. Dri11ho1e TA-46 shows a 

similar, but less drastic, decrease in gravel around 300 
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feet corresponding to a similar, but less drastic, increase 

in fines occurring at approximately 350 feet. The percent 

sand shows a gradual increase from surface to approximately 

700 feet, where a significant increase occurs. This is 

balanced by a significant decrease in percent gravel. It is 

assumed that the changes occurring at a depth of 700 feet or 

greater will have little or no effect in the SIP data. 

5.8 Dri1lho1e geophysics 

The 16" normal electric log taken in drillhole TA-44 is 

partially presented in Fig. 5.17. The e-log shows an average 

resistivity of around 130 ohm-meters from surface to approx

imately 400 feet. Below 400 feet, the average resistivity is 

around 65 ohm-meters. The change in resistivity is gradual 

and occurs from 380 feet to 430 feet. Below 650 feet, the 

resistivity slowly increases to approximately 175 ohm-meters 

until total depth is reached. The deeper portion of the log 

is of little interest because it represents depths greater 

than were attained during the SIP survey. 

5.9 CAP Site SIP Sounding 

The SIP sounding was performed with a 400 foot dipole 

spacing and dipole separations of 0.1, 0.5, 1.0, 1.5, 2, 3, 

4, 5, and 6. The apparent resistivity and apparent phase (at 
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0.125 Hz.) are shown in log-log format in Figure 5.18. The 

apparent resistivity data range from 45 ohm-meters at sur

face to 30 ohm-meters at the largest separation. Assuming 

asymptotic behavior at the smallest and largest separations 

suggests a maximum true resistivity contrast (Rh02/Rho1 > of 

1.5. The approximate resistivity contrast from the e-log is 

2. 

The data were decoupled in the same manner as the ~~F 

data and the decoupled results are presented in Appendix A. 

The decoupled IP phase angles are used for the present 

discussion. 

One-dimensional resistivity and IP modeling suggest an 

estimated depth to the slightly conductive lower layer of 

395 feet. Observed static water level in well TA-44 was 393 

feet on April 9, 1985. Although the agreement between the 

estimated depth based on resistivity data and the observed 

water level appears good, it is a result of artificially 

constraining the depth during modeling. The low resistivity 

contrast would make the use of de resistivity for aquifer 

mapping very tenuous if used alone. 

The observed IP response shows a much greater contrast 

between the unsaturated and saturated zones. The unsaturated 

zone is estimated to have a true phase response of 2.5 to 

4.4 mrads for the first 200 feet. An intermediate layer 

approximately 200 feet thick may be represented by an IP 
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response of 15 mrads. As with the AHWMF IP data, a signifi

cant increase in polarization occurs coincident with a sig

nificant increase in fines. Interpreting a depth to polariz

able horizon of 400 feet results in an interpreted true 

polarizability for the lower layer of 40 mrads. This repre

sents a polarization contrast (m2/ml) of nearly 10 to 1. 

Such a high contrast presents a very desirable target for 

mapping with IP. 

comparing decoupled IP parameters with the percent 

fines from drillhole TA-44 shows an excellent correlation 

with the chargeabilities and time constants. Fig. 5.19.a 

shows the relationship between the decoupled phase, time 

constant (11)' and percent fines. Fig. 5.19.b shows the 

relationship between the interpreted IP model, decoupled 

phase, and percent fines. Although the larger time constants 

appear related to an increase in fines, it is noted that 

there is approximately a 20% gravel content below 400 feet. 

This is in contrast to the AHWMF where virtually no gravel 

is observed in the saturated unit-two and no significant 

change in time constants was observed. The larger time con

stants observed in Avra Valley are attributed to clay coat

ing of the coarser material (Vacquier et aI, 1957). 

5.9.1 Electromagnetic Response 

As with the AHWMF data, the qualitative appearance of 
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Figure 5.19 a. Log-linear plot of decoup1ed phase, time 
constants, and percent fines in drillhole TA-44. 
b. Log-linear plot of decoupled phase, IP model 
and percent fines in TA-44. 
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the raw spectral data offers more insight to the local geo

logic situation than the apparent resistivity data. The EM 

response portions of the spectra show characteristics that 

are readily interpretable, qualitatively. The un-normalized 

spectra are shown in Fig. 5.20 in a stacked isometric view. 

The view axis is the dipole separation or n-spacing. The 

plot axes are th~ real and negative imaginary components of 

the observed-apparent complex impedance. Qualitatively, the 

presence of loops in the higher-frequency portions of the 

spectra indicate at least a three-layer earth. This is 

especially evident in the n = 6 spectrum. Based on the e

log, the general layering sequence for the first 650 feet is 

high-over-low resistivity. since the e-log began between 40 

and 50 feet, any thin surface layers cannot be seen. The 

looping character of the n = 6 spectrum, however, is sugges

tive of a low-high-low sequence. The general change in 

character of the spectra as a function of increasing dipole 

separation shows much greater layer resolving power over the 

low-frequency apparent resistivity data. 

5.10 CAP Site Summary 

The CAP site shows an excellent correlation between IP 

response and the static water level. The polarization con

trast between the unsaturated and saturated zones is approx

imately 10 to 1 whereas the resistivity contrast between the 



214 

n= 6.0 

~ 
~ 10 
$ 
~ 

+--'~~~~~~~F--r--.-.-~.O 
+---r--n---r--~--rr~~~--~--~~4.0 

+--''--T+-0? __ r-~---.~~-.r--T--,2.0 

+-__ ~~ __ *r--,---r__.~~~_.--~~1.5 

~ 0 0.1 I 1---r--'---.--~--~-.r--'---r~~--' 
o 10 20 30 40 50 

Real resistivity 

Figure 5.20 Isometric stack of SIP data for Avra Valley 
sounding. 



215 

same two zones is less than 2 to 1. In this particular area, 

IP would serve very well as an aquifer mapping tool. 

The EM portion of the SIP data shows a more diagnostic 

character than do the low-frequency resistivity data. This 

suggests that a single spectral IP measurement at one dipole 

separation, say n = 6, contains more layered-earth informa

tion than the geometric sounding for n = 0.1 through 6.0. 

Parametric soundings obtained in this manner are extremely 

useful, but they do not show the change in IP character as a 

function of dipole separation. The IP information is only 

obtainable through the use of geometric soundings. 

The IP time constant obtained from the decoupling pro

cess may be a crude indicator of particle size in and above 

the aquifer. The range of time constants derived from the 

decoupling inversion process was from 1.0 to 4.5. Using the 

previously-referenced time-constant-to-particle-size rela

tionship of 

r = {r)2/3.4*10-6 seconds 

where r is the grain radius in meters, a grain size range of 

1.08 to 2.3 mm is obtained. This places the electrically

determined-grain-size within the upper limits of sand, as 

defined by the ASTM-ASCE grain size scale (Sowers and 

Sowers, 1970) or in the lower limits of gravel according to 

Folk's (1954) recommendations. This is in good agreement 

with the logging results. 
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Two relationships appear to be present between the 

electrical data and the subsurface-grain-size-distribution. 

One is that there is a significant increase in the percent 

fines below 400 feet that correlates very well with an order 

of magnitude increase in the chargeability. Secondly, there 

is a significant change in the time constants from shallow 

to deep spectra. This increase in time constant appears to 

be inversely related to the percent fines seen in drillhole 

TA-44, but is in accord with Vacquier et al (1957) observa

tions of clay coated coarse grained material. Using the 

estimated grain size range of 1.0 to 2.5 mm to represent 

either coarse sand or fine gravel, a crude estimation of 

hydraulic conductivity of 100 to 1000 m/day may be obtained 

according to Driscoll (1986). Although this estimation is 

based on "clean ll granular aquifer conditions, the possibili

ty of estimating hydraulic conductivities from surface 

geophysical measurements is encouraging. 
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SUMMARY 

6.1 Electrochemical Models and Fractal Geometry 
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IP researchers have labored for many years trying to 

explain the discrepancies between theoretical models for IP 

phenomena and observed effects. The simplified theory of IP 

proposed herein is an attempt to explain some of the prob

lems. The surface roughness of electrodes used in laboratory 

impedance experiments has been regarded as a source for 

abnormal impedance spectra by electrochemists for well over 

a decade. However, this aspect of electrodics was not thor

oughly investigated by IP researchers. 

The use of fractal geometry by electrochemists to treat 

the surface roughness problem has obvious implications in 

the geophysical studies of sulfide impedances as indicated 

in Chapter 2. The apparent insensitivity of the "Warburg im

pedance", as interpreted by some geophysically-oriented 

researchers, may now be viewed as a logical outcome of sur

face roughness and may be treated by fractal geometry. The 

use of fractal geometry allows the presence of a high 

charge-trans fer-resistance across the sulfide-solution in

terface. A high-charge-transfer-resistance is synonymous 

with high-polarization-resistance which is the primary char-

acteristic of irreversibility. 

The previous assumption made by geophysicists is that 
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the charge-transfer-resistance is negligible and that at 

rest potential~ the sulfide is undergoing rapid dissolution 

or oxidation and is behaving in the manner of a non-polariz

ing or reversible electrode. It has been shown that reversi

bility is not a typical sulfide property. 

By establishing that high-charge-transfer-resistances 

exist at the sulfide-solution interfaces, the role of 

"blocking" sulfides in rock matrices is re-defined. Previ

ously, it was suggested that the presence of the blocking 

sulfide particles required a change in electrical conduc

tion, from ionic to electronic to ionic, while traversing a 

sulfide particle. The theory proposed herein assumes that 

the sulfide particles do not react in such a manner. Rather, 

they polarize by tangential charge redistribution in the 

double-layer adjacent to non-blocking particles, and no 

change in electrical conduction takes place. It is also 

assumed that non-faradaic currents are a minor contribution 

at low frequencies. This is also in keeping with the under

standing of relatively high-energy requirements for charge

transfer across a polarizable interface. In situations where 

a demonstrable change in conduction takes place, such as 

polarization observed in the presence of a well casing, the 

response is non-linear and does not fall in the area of 

linear IP. 

The extension of the simplified theory to clay polari-
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zation follows from the assumption of charge redistribution 

on the surface of polarizable particles. The application of 

fractal geometry to polarization effects observed in hetero

geneous material is based on particle size. The broad gener

alization of time constant being directly proportional to 

the square of the particle size has already been pointed out 

by both Wong (1979) and Olhoeft (1984), but the use of frac

tal geometry allows the same time- or frequency-dependent 

relationship to apply to particle sizes from clays to cob

bles. The make-up of the particle is not as important as are 

its surface or double-layer characteristics. Consequently, a 

clay with a high cation-exchange-capacity, will have a 

stronger double-layer resulting in a higher amplitude IP 

response. 

The further extension of particle-sized control of the 

time constant of the IP response to the estimation of hy

draulic conductivity is important in geohydrologic applica

tions. The possibility of determining average particle size 

from in situ IP measurements is very attractive. This idea 

of using IP for in situ permeability determination is not 

new. However, the application of fractal geometry may· make 

it realizable. 
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6.2 Geohydrologic Applications 

The use of electrical geophysical methods to help solve 

geohydrologic problems is well established historically. The 

desirable electrical property contrasts, such as resistivi

ty, in rocks due to the variable presence of interstitial 

water have been used extensively in ground water explora

tion, geothermal exploration, minerals and hydrocarbon 

exploration. However, with the exception of minerals explo

ration, IP has not seen such widespread application. 

The theory of IP proposed herein is dependent on the 

phenomenon of surface, conduction and the presence of a sig

nificant electrical double-layer on some of the constituent 

particles. Surface conduction can be subdued in water

saturated media with high total-dissolved-solids (TOS), such 

as massive clay, and the double-layer effects can be attenu

ated by interconnecting particles. In partially saturated 

media and fresher water, however, these effects can be very 

pronounced and should represent an excellent target for IP. 

The observable difference in polarizability between saturat

ed and unsaturated media suggests that IP may be useful in 

determining the water table in areas where the resistivity 

contrast is too low to be useful. 

One of the field studies performed for this research 

demonstrated a relationship between IP response and saturat

ed sediments. spectral data produced well-defined layered-
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earth EM responses at both test sites that were of higher 

vertical resolution than the dc sounding data. The combina

tion of variable dipole spacings and spectral measurements 

should provide data that will allow a structural interpreta

tion with less ambiguity than would be obtained from either 

resistivity or EM alone. This aspect of spectral IP, by 

itself, is very useful. with the added information of the IP 

sounding and decoupled IP spectral shape, spectral IP offers 

a relatively straightforward method for ground water explo

ration or aquifer evaluation. As demonstrated, the dipole

dipole array may be more effectively used by taking advan

tage of the power function behavior of the critical parame

ters, such as depth of investigation and vertical resolu

tion. The dipole-dipole array also has minimal "active" wire 

during measurements and consequently is logistically easy to 

use and it i% relatively easy to model the EM response in 

layered-earth situations. 

The gradual trends of higher frequencies being used for 

spectral IP measurements and lower frequencies being used 

for induction logging suggests an eventual merging of the 

techniques. This would be a logical consequence of the 

acceptance of the idea that the observed IP responses are 

controlled by particle size and solution resistivity and 

that useful information exists for particle sizes that will 

optimally respond at frequencies greater than 1 Hz. Un for-
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tunately, this frequency range and typical geohydrologic 

field conditions will produce significant EM responses. 

Useful as they might be for structural interpretation, the 

high EM-content spectra will still require improved decou

pIing schemes, or alternatively, clever electrode and-or 

wire arrangements in the field. For geohydrologic problems, 

a sufficiently broad range of frequency data should be 

gathered such that structural information may be readily 

extracted. 

In the 1950's, Vacquier et al (1957) demonstrated the 

applicability of IP to ground water prospecting. since that 

time, IP has not gained ready acceptance for geohydrologic 

problems. other work demonstrating the relationship between 

IP response and particle size combined with the presently 

proposed surface-conduct ion-polarization concept should make 

IP more attractive to ground water scientists. Also, the 

increasing attention given to ground water related problems 

and "new" ways to approach the problems may offer a good 

opportunity for the IP method. 

6.3 contributions 

Although many sources have been drawn upon, the inter

pretation and ideas put forth in this thesis are those of 

the writer except where clearly credited to other sources. 

The major contributions to scientific knowledge are: 
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a. A demonstration that Warburg or diffusion impedance 

is not the most likely rate-limiting-mechanism in linear IP 

causing anomalous impedance dispersions in laboratory elec

trode studies. 

b. The anomalous dispersions observed in laboratory 

electrochemically oriented single-sulfide-electrode studies 

can be explained by surface roughness using fractal geome

try. 

c. The presence of a thin insulating layer on the 

surface of sulfides minimizes the possibility for simple 

charge transfer reactions to take place at a rate greater 

than mass transfer to the sulfide. 

d. An alternative polarization mechanism, proposed by 

Chew & Sen for insulating particles, is proposed herein as 

the primary polarization mechanism on sulfide particles. 

This allows the hypothesis of a single primary polarization 

mechanism for both insulating and conducting particles. Non

faradaic currents may be present in sulfides, but their 

contribution to the overall polarization is considered to be 

secondary. 

e. The reformulation of existing mathematical relation

ships so that exploration characteristics of the dipole

dipole array are now quantified in terms of the more common

ly used dipole separation factor n. 

f. The demonstration that the depth of investigation of 
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the dipole-dipole array can be expressed as a power function 

of the dipole separation factor n. 

g. The demonstration that the vertical resolution of 

the dipole-dipole array can be expressed as a power function 

of the dipole separation factor n. 

h. The method of plotting dipole-dipole data in log 

pseudosection format that reflects the power function behav

ior of the array. 

i. The demonstration that EM response observed during a 

spectral IP survey is readily interpretable to obtain struc

tural information. 

j. A demonstration that the spectral IP surveying 

method is quite useful in geohydro10gic problems in that 

grain size information may be present in SIP data. 
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DECOUPLING RESULTS FROM AHWMF SITE, ARIZONA 

6 
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0 I.E-02 .00142 1.119 .169 I.OE+OO .117 .579 8.0E-04 .900 
1 I.E-02 .00030 1.109 .157 1.0E+00 .108 .648 6.6E-04 .818 
2 I.E-03 .00023 1.105 .150 9.9E-Ol .109 .6';~ 6.3E-04 .811 
3 I.E-03 .00023 1.103 .146 9.8E-91 .112 .671 6.3E-94 .812 

Fet Std D.vlatlons 137.2 999.9 999.9 999.9 170. I 7 .• 5 ".7 

Corr.latlon HatrllC 1.000 
.999 1.000 
.186 .138 1.000 

-.999 -1.000 -.143 1.000 
-.01) -1.000 -.153 1.000 1.000 

.766 .778 -.119 -.776 -.786 1.000 

.894 .911 -.203 -.909 -.910 .883 1.000 

fppar.nt Rulstlvily M,uur,d a, I Hz I. 38.38 
Fppar.nt R •• lulvlty Calculaud (rola Inductlv. Coup'lnO Is 53.96 
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F ObiAftle C.1A~e PCtDlf ASD% Uti OblPhz C.1Phz Pc t D If PSD% Uti 
--12 .2S44 .279' -9.9 8.8 8 S48.3 269.8 S8.9 .8 8 

11 .36S8 .3227 11.6 8.8 8 241.S 378.7 -S6.8 .8 8 
18 .3829 .482S -'5.1 8.8 8 414. I 469.S -13.4 .8 8 

9 .S246 .'5277 -.6 8.8 I '581 ... 498.0 2.3 .0 1 
8 .6827 .6789 .,; 8.8 I 41S.7 424.9 -2.2 .0 I 
7 .8842 .8118 -.9 8.8 I 381.S 313.2 -3.9 .0 I 
6 .8883 .8997 -1.3 0.0 I 286.8 206.7 .1 .0 I 
'5 .9438 .9498 -.6 0.8 I 131. 7 128.7 2.3 .8 I 
4 .9724 .97'56 -.3 e.o I 79 ... 78.6 I.e .e I , .tses .991115 M.2 e.o 1 .. e.e .. e.4 -.9 .0 I 
2 1.882S 1.0088 .2 8.8 1 29." 38.8 -".6 .0 1 
I I. 0113 1.886S .'5 0.(1 I 19.? 20.6 -4.4 .8 1 
8 1.016S 1.011'5 .S 8.8 I 14.S 14.7 -1.6 .8 I 

-I 1.8222 1.81S6 .6 0.0 1 12.'5 11." 8.8 .0 1 
-2 1.826'5 1.0194 .7 8.8 I 9.3 9.'5 -2.8 .8 I 
-3 1.0328 1.8229 .9 0.8 I 8.2 8.4 -2.2 .0 I 
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LIIiE I AHIJI1F •• -500'. 12"29,,97 L300 

LOGI0 FREOUENCY (Hz) 
-I 1 2 3 

3 r 
+ 

0 
,..., 

" /0 

W 
I.. 
. -C -:I - 2 ~ ... -.... 

Q e 6 ---e--o. 
~ ... I.·h,* ..... ~ ~ :. 

of'" e". .••.• 
#.,c' "" -" • .,tI· ~ .... 

"s· ", 

e 

e ..J 
a... 

..., .• :' "'-e'l. 
.':.- t;"-

t:'.. 'iii • :r: w ([ 
0"." I;:. 

Ul 
N 

([ 

CJ J: 
0 a... 
..J (g 1 + 
C"l - t::::::~:::::~:::.:::>:::::> .~ ............. ............. 

CJ 
0 
..J 

....... ...... ............. 

LOG2 FREOUENCY (Hz) 

CRL: HUMber or dl.per.lon.- 2 
11-1 CI-.25 C2-.9 rlxed 

Iter L.mbda Rch.q RO 
0 I.E-02 • \)\ 364 1.000 
J 1 •• -82 .auu 1.887 
~ l.e-93 .011937 1.995 
3 I. E-04 .00030 1.994 
4 I.E-e5 .eee3e 1.094 

Fet Std Devlatlona .4 

1.000 
.362 

-.e91 
.121 

111 
.100 
.114 
.19S 
.le3 
.103 

3.0 

I. eoo 
-.096 
-.3Ie 

112 
1.000 
.539 
.479 
.497 
.497 

2.0 

I.oeo 
-.723 

T2 
I.OE-03 
1.1£-03 
2.4E-03 
2.4E-93 
2.4E-03 

3.5 

I.eoe 

Fpparen\ R,al.\lvlty Me •• ured at I Hz I. 33.37 

............................. 

Fpparent Realstlvlty Calculated rrOM Inductive Couplln9 la 52.93 
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LlIIE I A Ha.I I1F , .-'99', 12/29/97, L399 

F ObtAflle CaIA·'e Pc t Of( ASO% IIts ObsPhz CalPhz PctOlf PSO% IIts 
12 .3316 .4'42 -37:9 9.9 9 794.3 34.6 9'.1 .9 0 
II .41139 .4'96 -9.' 9.9 9 479." '9.1 97.6 .9 9 
10 .4632 .4676 -1.9 9.9 9 294. I 191.' 6'.' .9 9 
9 .49'4 .4994 -.6 9.9 9 269.7 169.6 36.9 .9 9 
9 • '39' .''373 .2 9.9 9 39'.9 2'9.4 1:1.3 .9 9 
7 .6394 .6369 ... 9.9 I 336.2 323.3 3.9 .9 I 
6 .7721 .7732 -. I 9.9 I 296.9 39".9 -2.7 .9 I 
5 .9999 .9992 -I. I 9.9 I 213. I 221.7 -4.9 .9 I 
4 .9431 .9'37 -I. I 9.9 I 13'.1 139.5 -2.' .9 I 
3 .97'9 .9934 -.9 9.9 I 91.7 92.3 -.9 .9 I 
2 .99'6 .9999 -.2 e.9 I 49.2 49.6 -.9 .9 I 
I 1.9999 1.9969 .2 9.9 I 32.3 31.6 2. I .9 I 
9 1.9172 1.913' .4 9.9 I 23.3 22.9 '.6 .9 I 

-I 1.92" 1.9193 .6 9.9 I 19.4 16.9 9.2 .0 I 
-2 1.9339 1.0247 .9 9.9 I 13.2 14.1 -7.0 .0 1 
-3 1.9399 1.9399 1.9 9.9 I 12.9 12.6 -4.6 .9 I 
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LlltE I AHIJI1F a-see • . . 
lOGle fREQUENCY (Hz) 

-I e 1 2 3 

3 I).... 0 0 9 0 9 0 . 
""6--.. 

+ ''& ~ 

" 
~ 

0 "0 "".~,4-••••• ).t '" ~ ~ 

W 
L. .:...... &, .•••••• 

c - .S· ,,'e - ,.::. ~'" ::> - 2 .. '. I- - .-t::::' e-~ H e -' ~ 
.+ ... :::~::::.. Ii::::: a. 

l: W II: Ul 
N II: 

t::::::~::::::::;::>::::::: .................... 
19 

I.!) J: 
0 a. 
-' IS) 1 + . 
I"l - ....... , ........ .... 

I.!) ..... ...... .......... 
0 ..... ......... 
-' 

" 

0 I --'. 

-4 -2 0 2 4 6 8 10 12 

LOG2 fREQUENCY (Hz) 

CI?L: HUlllb.r of dl.p.r.lon.- 2 
11-1 C2-.9 r h.d 

It.r Lalllbda Rch.q Re NI CI N2 T2 
e I.E-e2 .eee32 I. e94 .le3 .2Se .497 2.4E-e3 
I I. E-e2 .eee31 I.uti? .le9 .239 .496 2.4E-e3 
2 I.E-e2 .eee31 l.ege .112 .229 .494 2.4E-e3 
3 I.E-e2 .eee3e l.e92 .116 .22e .492 2.4E-e3 
4 I.E-e3 .eee3e 1.112 .156 .162 .47e 2.4E-e3 

Fct Std D.vlatlon. 6.3 169.9 192.2 9.5 4.1 

Corr.latlon Natrlx I.eee 
.999 I. eee 

-.999 -I.eee I.eee 
-.974 -.975 .975 I.eee 
-.'5le -.525 .519 .367 I. eee 

Fppar'n\ Rulstlvl\y ".&lur.d at I Hz Is 33.37 
Fppar.nt R .... tlvlty Calculat.d frOM Induct Iv. Coup! In9 .. 55.42 
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llHE I AHWMF, a-500', 12'29,97, L300 

F ObsAIIIE CaIA .. pctDtr ASD% Uti ObsPhz CalPhz Pc t D tr PSD% Wtl 
12 .3316 .4461 -34.5 0.9 9 794.3 42.0 94.0 .9 9 
II .4199 .4520 -7.9 0.9 0 479.4 66.5 &6.1 .0 9 
10 .4632 .4624 .2 9.0 9 294. I 109.7 63.0 .0 9 
9 .4954 .4947 .1 9.9 0 269.7 176.2 34.4 .9 0 
9 .5395 .5351 .6 9.9 9 395.0 263.4 13.6 .0 9 
7 .6394 .6345 .05 9.9 I 336.2 325.7 3.1 .0 I 
6 .7721 .7712 • I 9.9 I 296.9 395.9 -2.9 .9 I 
5 .9909 .9961 -.7 0.0 I 213. I 221.3 -3.9 .9 I 
4 .9431 .9498 -.7 9.9 I 135.1 138.4 -2.5 .0 1 
3 .9750 .9796 -.S 9.0 1 81.7 92.S -1.0 .9 1 
2 .9956 .9943 • I 9.9 1 49.2 49.9 -1.4 .0 I 
I 1.ge09 1.9033 .6 0.0 I 32.3 31. 9 1.3 .9 I 
0 1.0172 t. 9191 .7 0.0 I 23.3 22.2 4.9 .0 I 

-I 1.9255 1.9159 .9 0.0 I 19.4 16.9 7.9 .0 I 
-2 1.9339 1.9213 1.2 9.0 I 13.2 14. I -6.9 .9 I 
-3 1.0399 1.0265 1.3 0.0 I 12.9 12.6 -4.6 .0 I 
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. . . 
LOG10 FREQUENCY (Hz) 

-1 0 1 2 3 

3 0 ~ ~ ~ a a a 
+ ~,,~ 

)I( 

,.. )I( 
0 "0 )I( III .,., .... ~ 
W L ,1'* ",_, --§ - tf41' '" - 2 .:' ~ '-" t- .::. ~ H e -t. " 
J .:. -.a. .... - . sr'i:"'" 0.. +.;" l: w .' . '1: 
a: .' Ul .,.' .' 

a: ,," ," 
18 N -v' .' 

CI J: 
....... ..., .•••. :t- •••• : ••••••• 0 0.. 

J lSI 1 + - ................ :::: .............................................. 
f') 

CI ................................................ 0 
J 

0 
-4 -2 0 2 4 6 8 10 12 

LOG2 FREQUENCY (Hz) 

CRL: HUMb.r or dllpH,lona. 2 
rtx.d 

It.r La",bda Rchaq RO til TI CI tl2 T2 COl 

" 1.1"01 .OOiJJ4 1.1 Ii oJ,' 1.8i+e8 .IU ,47" 2,41-'" ,'"'' I I.E-02 .011824 I.IU 0152 ;.,S-91 .ISt! .<49a 2.2E"'03 .872 
2 I.E-O'3 .0002<4 I ;Ill .1'1 9.2E-OI • "7 .<492 2.2E-03 .869 
3 I.E-84 .88023 1.098 .138 <4.SE-81 .17<4 • <497 2.2E-03 ,870 
4 I.E-03 .00023 1.092 .129 4.2E-OI .188 .499 2.2E-03 .871 , I.E-03 .00022 1.09' .119 3.8E-91 .297 • '02 2.2E-03 .972 
6 I.E-93 .09922 1.078 .197 3.<4E-OI .231 .'06 2.2E-03 .873 

Fct Std D.vlattona 21.9 999.9 999.9 999.9 047.1 7.8 6.3 

Corr.latlon Matrix 1.000 
.99' 1.000 

-.912 -.947 1.909 
-.997 -1.009 .939 1.900 
-.988 -.997 .9'8 .99' 1.909 

.716 .7<40 -.77<4 -.732 -.788 1.009 

.879 .914 -.969 -.994 -.937 .863 1.800 

Fppar.nt R.llitiulty tI.aaur.d u I Hz II 33.37 
Fppar.nt R.allt lulty Calculat.d rro .. Inductlu. CoupltnQ II 49.92 
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F Ob,AM Cal Aft. PctDH ASDl: Uti OblPhz CalPhz PctDH PSDl: Uti 
12 .3316 .4330 -30.1; 0.0 0 704.3 4:1.:1 93.:1 .0 0 
II .4139 .4394 -4.9 0.0 a 478.4 ;'5.0 84.3 .0 a 
10 .4632 .4518 2.5 0.0 a 294. I 123.9 5;'.9 .0 a 

9 .4854 .4788 1.4 0.0 a 268.7 197.4 26.5 .0 0 
8 .5385 .5371 .3 0.0 0 305.0 282.8 7.3 .0 a 
7 .6384 .6429 -.7 0.0 I 336.2 331.6 1.4 .0 I 
6 .7721 .7773 -.7 0.0 I 296.8 300.0 -1.1 .0 1 
5 .8800 .S865 -.7 0.0 1 213.1 216.8 -1.7 .0 I 
4 .9431 .9488 -.6 0.0 I 135.1 137.5 -1.8 .0 I 
3 .9750 .9795 -.5 0.0 1 81.7 83.4 -2.1 .0 1 
2 .9956 .9955 .0 0.0 1 49.2 51.1 -4.0 .0 I 
1 1.0089 1.0053 .4 0.0 1 32.3 32.9 -1.8 .0 I 
0 1.0172 1.0125 .5 0.0 I 23.3 22.8 2.2 .0 1 

-1 1.0255 1.0185 .7 0.0 1 18.4 1;.2 6.7 .0 I 
-2 1.0339 1.0239 1.0 0.0 1 13.2 14.0 -5.9 .0 I 
-3 1.0399 1.0290 1.1 0.0 1 12.0 12.1 -.5 .0 I 
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ll"E I AH~MF .-500' 12'29 '87 L300 D- I "-4 X-152m , ! - ' . 
LOGie fREQUENCY (Hz) 

-I e I 2 3 

3 G 0 g g 0 e • , 
-~ 

+ S" JI 

0 " 'f3l, .rn )( 
'0 1\ ....... .., " ••• ,.. it( ••••• , •• 

W I. ,'" '" 
0 -

,II " '. :J - I:' I •• 19 
t- - 2 .::: ~ ..... -... e •.. ~:. 19 ":::.19 .J '"' n. .' .' )( ---....... ':' . 
l: W 

••• -f- •• ' __ "i. 
a: Ul i'" .' l-::' 

a: :1-" 
.. " .. " . 

N J: ..... 19 CJ ........ + .. 
0 n. 
.J IS) 1 

............ ::::;, ............................................ 
+ 

("I") - ......... 
CJ ...... 

..... ........................ 0 
.J -, .... , 

" 

e i I 

-4 -2 e 2 4 6 8 Ie 12 

LOG2 F'REOUENCV (Hz) 

CRL: Hu~ber of dispersions- 2 
11-1 CI-.25 C2-.9 fI)(ed 

Iter L&~bd& Rchsq RO MI M2 T2 
0 I.E-02 .03290 1.000 .100 1.000 I.OE-03 
I I.E-02 .01007 I. e91 .143 .337 5.5E-03 
2 I.E-03 .00041 1.108 .134 .526 3.0E-03 
3 I. E-04 .oeon 1.105 .130 .538 3.8E-03 
4 I.E-05 .oee32 1.105 .139 .538 3.8E-03 

Fe\ Std DevIatIons .5 3.4 2.6 4. I 

CorrelatIon MatrlH I.ooe 
.462 I.oeo 

-.103 -.090 I.oee 
.132 -.315 -.777 I.ooe 

'PPlr.nl R •• I."vl'V NI.,urld I' I Hz I. 29.89 
~pparen\ ResIstIvIty Calculated fro. Induc\lv, CouplIng Is 40.69 
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LItlE I AHUI1F, a-5aa', 12/29/97, L39a 

F ObsAItI CaIA .. Pc t Dif ASD% Uts ObsPhz CalPhz PctDIf PSD~: Uta 
12 .3191 .3792 -19.' 9.a 9 1123.3 34.9 96.9 .a a 
II .4699 .3929 17. I 9.9 a 744.3 S7.2 92.3 .0 a 
19 .5521 .3999 29.6 a.9 9 41S.1 96.1 76.9 .9 a 
9 .5667 .4e32 29.9 e.9 a 1'2.7 161.9 -5.4 .9 9 
9 .5045 .4366 13.5 0.0 ° SI.6 2'6.8 -397.7 .9 0 
7 .4793 .'110 -6.6 O.9 0 251.9 359.0 -42.2 .0 9 
6 .629a .6427 -2.a 0.9 I 397.9 394.1 .9 .9 I 
5 .7993 .7959 .3 a.0 I 324.9 329.2 -1.3 .a 1 .. I ~e4i .9859 -.1 '.9 1 2 .... ' 222.2 ·3.' .9 1 
a .9591 .96~a -.3 a.0 I 13a.S 135.3 -3.7 .9 I 
2 .9996 .9999 -.0 0.a I 77.a oa.9 -4.6 .a I 
I l.aa54 l.aa32 .2 9.O I 49.4 sa.1 -1.4 .0 I 
a 1.0169 I. al29 .4 a.a I 34.S a3.4 3.3 .9 I 

-I 1.9269 I. a2a9 .6 a.a I 25.7 24.4 s.a .9 I 
-2 1.0361 1.0261 La 0.0 I 17.9 19.6 -10.0 .0 I 
-3 I. Ba91 1.03,a .a a.0 I 17.5 16.9 a.7 .0 I 
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LitlE 1 AHWMF, a-5aa' 12..-29..-07, L3ea 

LOGI0 FREQUENCY (Hz) 
-I 2 3 

, 

3 

+ 
0 

,... 
"0 
/0 

W l-

e .. 
::::l -
I- - 2 
H e J 
a. ..... 
:t: W a: Ul 
N a: 
L? J: 
0 a. 

~g g 9 9-I:L 

'"'--~ 

~h~"""""" I·' '"\ iloilo. 

H"" ~ •••••• ' 
II ' • 

.s· '. .1:' •••• 19 
.':" 19', 

.. ~:.. 19~ "'::.19 
. . l''_.. .:::; . 

......... ::~> "',: 
•..•.. :+-.. ..' 19 

i- ..... + 
J lSI I + 
(Y) -L? 

0 
J 

................ ::' ............................... . ............. ...... ...... ................ 
..................... .' 

o ~~~~ __ ~ __ ~ __ -L __ -L __ ~ __ ~'~~ __ ~ __ ~ __ -L __ -L __ ~ __ ~' __ ~ __ ~ 

-4 -2 2 4 6 8 10 12 

LOG2 FREOUENCY (Hz) 

CRt: HUI.b.r o( d'lp.rl'onl- 2 
11-1 C2-.9 (Ix.d 

II,,. L..mbd. Itch'lI Ite til CI 112 12 
I) J,~-e2 '''''034 1.195 .139 .25e .~38 3.9£-93 
I I.E-92 .99934 1.195 .139 .259 .539 3.9E-93 

Fet Std D.vlatlon. 0.5 224.5 249.6 13.9 5.a 

Corr.latlon "atrlx '.999 
.999 1.999 

-.999 -1.gee 1.gee 
-.9:"6 -.976 .976 l.eea 
-.511 -.527 .519 .362 1.gee 

Fppar.nt R •• I.tlvlty ".a.ur.d at 1 Hz I. 29.a9 
Fppar.nt R •••• tlvlty Calculat.d frOM lnductlv. Couplln9 I, 49.69 
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F ObIA .. CaIA .. Pc t D I r ASD:: IoIt. Ob.Phz CalPhz Pc t Dj r PSD% IoIt. 
12 .3191 .3792 -19.' 8.8 0 1123.3 34.9 96.9 .8 0 
II ... 699 .3920 17.1 0.0 0 7 ..... 3 '7.2 92.3 .0 0 
10 ."21 .3889 29.6 0.0 0 "15.1 96.9 76.9 .0 0 

9 .'667 ."032 28.8 0.0 0 1'2.7 161. 0 -5 ... .6 0 
9 .504' ... 366 13.5 6.0 0 '1.6 256.8 -397.6 .9 0 
7 .4793 .5110 -6.6 0.9 0 251.8 358.0 -42.2 .6 0 
6 .6283 .6"27 -2.3 0.6 I 397.8 394.1 .9 .0 I 
5 .7983 .7958 .3 8.0 I 324.9 329.2 -1.3 .0 I 
4 .9648 .9659 -.1 6.0 I 21".6 222.3 -3.6 .0 I 
3 .9591 .9623 -.3 0.0 I 130.5 135.3 -3.7 .6 I 
2 .9896 .9889 -.0 0.0 I 77.3 80.9 -".6 .6 I 
I 1.0054 1.0032 .2 9.0 I "9.4 50.1 -I." .0 I 
0 1.0168 1.0129 .4 0.0 I 34.5 33 ... 3.3 .0 I 

-I 1.0268 1.9299 .Ii 0.0 I 2'.7 2 ..... 5.0 .0 I 
-2 1.0381 1.0281 1.0 0.0 I 17.8 19.6 -10.0 .0 I 
-3 1.9381 1.0350 .3 O.S I 17.5 16.9 3.7 .0 I 
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3 

+ 

0 '" "C 
ftI 

W 
L -t:l -::l - 2 I-

H e .J 

LOGIe fRE~UENCY (Hz) 

-1 2 

GOg 9 e e~ 

,~ "".1\. .. + ........ . 
,,-' ;I( "' •• 

,I" ", 

3 

.:::s '\. •••• ~ 
~ ,~ ~ 

. .,.:::::. '«~ '::0:::::. ia 

'" a. 
L W a: Ul 
N a: 
(,!) J: 

.... ~~ 

........... +:::::<... • .. :."': -
........ ,f 

0 a. 
.J m 1 + 
("t) -(,!) 

0 

................ :: ...................................... . 
.................... , ............. . 

... , .. , ..... " ... 
-l 

13 
-04 -2 13 2 04 6 8 113 12 

LOG2 fREQUENCY (Hz) 

CRL: NUMb.r of dlap.ralona- 2 
flIC.d 

It.r LAmbdA Rchlq Ra HI 11 CI tl2 T2 C2 
a I.E-a2 .aaa39 I. la, .13a l.aE+aa .2,a • '38 3.8E-a3 .9aa 
I I.E-a2 .aaa37 1.la6 .133 9.9E-al .2'1 • '28 3.9E-a3 .912 
2 I.E-aJ .aaa37 1.113 .146 8.7E-al .229 • '2a 3.9E-a3 .916 
'3 I.E-a3 .aaa37 I. 117 . ", 7.9E-al .216 .'16 3.9E-a3 .• 917 

Fet Std D.vlatlona 44.4 999.9 999.9 999.9 87.' 9.' 8.' 

Corr.latlon HAtrlIC I.eaa 
.996 I.aaa 

-.429 -.,a4 I.eaa 
-.997 -I.aaa .492 I.aaa 
-.991 -.998 .'32 .997 I. eaa 

,715 , :"35 -,'" -.729 -.17' 1.880 
.983 • 91 <1 -.143 -.988 -.933 .8'0 1.80a 

fppA,..nt R.afatlvlty H.Alur.d at I Hz fa 29.a9 
FpPAr.nt R.alltlvlty CAlculAt.d frOM Induct Iv. CouplIng fa '2.26 

. 
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LItlE I AHUHF •• -'500', 12,291'9;'. L300 

F ObIAIIIE! CaIA", PelDir ASD% Uti OblPhz C.IPhz PelDt' PSD% Uti 
12 .3191 .396'5 -21. I 0.9 0 1123.3 3'5.'5 96.9 .0 9 
II .4609 .3~06 1'5.3 0.0 0 144.3 '5'5.4 92.6 .0 0 
10 .'5'521 .3973 28.0 0.0 0 415.1 90.4 79.2 .e e 
9 .'5661 .419'5 21.6 0.0 0 1'52.1 1'50.1 1.1 .0 0 
8 • '504'5 .4406 12.? 0.'0 0 51.6 241.9 -368.9 .0 0 
? .4?93 • :1101 -6.4 0.0 0 251.8 346.3 -3?'5 .0 0 
6 .6293 .6392 -1.1 0.0 1 397.8 392.2 1.4 .0 I 
:i ,1982 • 7952 , .. 0.0 1 324.9 331.9 -2.2 .13 I 
4 .9048 .'079 '.3 0.0 I 214.6 223.3 -4.1 .0 I 
3 .9'591 .9639 -.'5 0.0 I IjO.5 134.7 -3.2 .0 I 
2 .9996 .9896 -.1 0.0 I n.3 ?9.9 -3.4 .0 I 
I 1.00'54 1.0034 .2 0.0 I 49.4 49.4 -.0 .0 1 
0 1.0169 1.0129 .4 0.0 I 34.!5 33.0 4.3 .0 I 

-I 1.0269 1.020e .6 0.0 I 2'5.7 24.3 '5.4 .0 I 
-2 1.0381 1.0281 1.0 0.0 I H.8 19.6 -10.3 .0 1 
-3 1.0391 1.03!51 .3 0.0 I 11.'5 17.9 2.? .9 1 
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LI tiE 1 AH~IMF. .-'50e • I .. "·~"'87. LOGe 

LOGie FREOUENCY (Hz) 

-I I 2 3 

3 

+ 
o---~e~e~~or-~g~~O~g~~O~~g~~o~ 

Q. ."' ...••••• '.+.... ~ ..... . 
,X 0 "0 

/0 

W I. 

Q 
:l 
I-
H e -1 
a. 
l: w a: Ul 
C\J a: 
'-' J: 
0 a. 
-1 CS) + 

• (Yl 

'-' 0 
-1 

2 
:t:1 

+:/:. 

+.,:/' 
;r . .-:: .... 

......... 

" :fl' 
,1'" 

".,: 
" 

"l 

II 

+ ... :::'t::::::;t.::::: ::.:.:.:.:.:;:: :.::::, .................... . 
............... ...... 

. ' .' .............................. . 
,.' 

LOG2 FREQUENCY (Hz) 

CPL: Hu~ber or dlaperalona. 2 
11-1 CI-.25 C2-.9 fixed 

JHr I.Ambdt I/,h'q ~e 
e I.t-U 1.~IWJS I.GI'I8 
I I;E-02 .47313 2.0~6 
2 I.E-03 .Oa516 .996 
3 I.E-04 .00062 1.046 
4 I.E-05 .00062 1.046 

Fct Std nevlatlona .5 

1.000 
.2eO 

-.175 
.280 

HI 
.11'10 
.166 
.072 
.064 
.064 

3.2 

1.000 
-.043 
-.154 

M2 
1.1)('0 
.8~e 
.836 
.746 
.747 

3.0 

I.oeo 
-.643 

T2 
I. O£~e3 
2.9E-04 
2.6E-04 
2.6E-a4 
2.9E-04 

4. I 

I.oee 

Fpparent Re.l.tlvlty Hea.ured at I Hz t. 41.71 
Fpparent Re.lstlvlty Calculated froM Inductive Coupling I. 58.04 

. 
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LItlE I AHWMF, a-599', 12/29/97. La99 

F ObJAIII~ CaIA .. Pe\ DH ASD% !.J\S ObsPhz CalPhz Pc \ Di r PSD:: !.Jts 
12 .2739 .2699 1.9 9.0 0 -94.6 462.7 646.9 .0 9 
II .2929 .3'92 -22.7 a.9 9 455.3 596.9 -31.1 .9 0 
19 .5991 .5156 -loS 9.9 I 624.9 612.2 2.9 .9 I 

9 .7222 .7959 2.4 9.9 I 472.7 496.9 -4.9 .a I 
9 .9546 .9521 .3 a.a I 395.a 339.9 -9.5 .9 I 
7 .9221 .9393 -.. ~ 9.9 I 194.2 196.9 -6.9 .a I 
6 .9594 .965a -.6 9.9 I 112.9 1I1.7 .3 .a I 
5 .9915 .9996 .1 9.9 I 65.6 63.1 3.9 .a I 
4 .9936 .9997 .5 9.9 I 39.9 36.5 6.5 .9 I 
3 .9969 .9937 .3 9.9 I 23.3 22.2 4.5 .9 I 
2 .9996 .9975 .2 9.9 I 16.9 14.9 7.9 .9 I 
I 1.9929 1.9999 .2 9.9 I 1I. I 19.9 2.1 .9 I 
9 1.9956 1.9939 .2 9.9 I 9.2 9.9 -9.2 .9 I 

-I I. 9915 1.9079 -.6 9.9 I 6.9 7.9 -15.' .9 I 
-2 1.9995 l.al91 -.2 9.9 I 9.1 7.3 9.9 .9 I 
-3 I. 9979 I. 9132 -.5 9.9 I 7.1 7.9 2.1 .9 I 
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L IIIE • AHUHF ' •• '00' 121'291'87 LOOO , , . 
LOGI0 FREQUENCY (Hz) 

-I 0 1 2 3 . 
'3 e e e e 9 e 9 9 9 

+ a~\ .... ; ..... ,.... .. ;:.. ;.( "., 
0 13 .of.'" to ..... 
W L 

C - .... ,.. -:J - 2 
... /.~... \" l- . - . 

H E J 
'"' Q. 

I: W ;1:::::' . a: Ul .' . 
N a: . ' *--:' .... 
CI J: 
0 Q. .+ .. , •• , 18 
J IS) 1 

....... ' B 
+ + ...... ,.: •.•.. + .... . 
(Tl 

.... 
~ 

+.:::::::::::::t ............... :~.:: ............................................................................ 0 
J 

0 
-4 -2 0 2 4 6 8 10 12 

LOG2 FREOUENCY (Hz) 

CRL: Humb.r o( disp.rslons- 2 
1\-1 C2-.9 flM.d 

It .r Lambda Rch.q RO HI CI H2 12 
0 1.£-02 .00064 1.046 .064 .250 .747 2.9£-04 
I 1.£-02 .09963 1.049 .069 .229 .744 2.9£-94 
2 1.£-03 .00061 1.059 .092 .170 .734 2.9£-04 
3 l. £-03 .00060 1.069 .109 .144 .726 2.9£-04 
4 1.£-03 .00060 1.075 .119 .130 .721 2.9£-04 

Fct Std D.vlatlon. 5.9 170.9 199.9 7.5 4.4 

Corr.latlon HatrlM 1.000 
.996 1.0150 

-.996 -1,,'00 1.000 
-.911 -., ... .913 I.eee 
-.332 -.360 .3S5 .e07 1.00e 

Fppar.nt R •• lst Ivhy H.asur.d at I Hz Is 41.71 
Fppar.nt R •• lst Ivhy Calculat.d (rOM Induct Iv. CoupllnQ Is 61.19 
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L IIiE I RHWI1F, a.5aa', 12 .... 29..-07, Laaa 

F OblAIn C.1A .. PctDH ASD% Uti OblPhz CalPhz PctDH PSD% Uts 
12 .2739 .2684 ~.O 0.0 a -84.6 477.4 664.3 .0 a 
II .2928 .3607 -23.2 0.0 a 455.3 604.9 -32.9 .0 a 
10 .5081 .5183 -2.0 0.0 I 624.8 613.5 1.8 .0 I 
9 .7222 .7067 2.1 0.0 1 472.7 493.i ...... .e J 
8 .8546 .8517 .3 S.S I 3a5.S 329.3 -7.'1 .I'l i 
7 ,'1~21 .926' -.7 e,e I 164,2 1~5." -6.1 .e 1 
41 . '!I'" •• SlO -.4 e.e 1 112.e 111.4 .6 .0 I 
5 .9815 .9('89 .3 0.0 I 65.6 63.4 3.4 .0 I .. .9936 .9873 .6 a.a I 39.0 37.0 5. I .0 I 
3 .9969 .9927 .4 S.O I 23.3 22.8 2.3 .0 I 
2 .9996 .9968 .3 0.0 I 16.0 15.2 5.2 .S I 
I I. 0029 1.0002 .3 0.0 I II. I II. I -.1 .S I 
a 1.00'56 I. 0034 .2 0.0 I 0.2 9.0 -9.3 .S I 

-I 1.0015 1.0065 -.5 0.0 I 6.8 7.8 -14.9 .0 I 
-2 1.0085 I.S095 -. I S.S I B.I 7.2 11.2 .0 I 
-3 1.0078 1.0124 -.5 0.0 I 7. I 6.8 3.7 .0 I 
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L IIIE I AHIJMF a.~oa' I Z 'So/87 Leee , , - , ... , 

LOGII3 FREQUENCY (Hz) 

-I 13 I 2 3 

3 0 e e e 9 e 9 9 9 
+ ~ , •• ,f. .......... 

0 
,..,. .. <\ . ". '0 

" 
,~ 

II 

W L " .- ,.f c .- I' :J - 2 
./" ~\ I-

H e J ..... ~::. 
n. ,,;,' 
I: w 

.+ .. :/1:::" a: Ul 
N a: 

:r: Cl n. ,r........ a 
0 
J CSI I +.::::::::::::~::::::~::::::::~>:.:::: ..... + 
(1') 

l!J 
0 ............................................. 
J 

. ' .................... 

13 ,.', I , I 

-4 -2 13 2 4 G 8 113 12 

LOG2 FREQUENCY (Hz) 

CPl.. NUlllb.r of dl.p.r.lon.- 2 
tIM.d 

lur LaMbda Rch.q Re HI 11 CI H2 T2 C2 
e I.E-a2 .eee66 I. e7~ .119 l.aE+ea .I~a .721 2.8E-e4 .9ae 
I I.E-e2 .aee6:5 I. e7~ .118 l.eE+ea .129 .72:5 2.8E-e4 .89~ 

Fet Std D."latlonl 39.e 999.9 999.9 999.9 :se.2 6.3 3.6 

Corr.latlon HatrlM I.eee 
.998 I.eee 
.82:1 .786 I. eea 

-.998 -I.aaa -.787 I.aaa 
-.994 -.996 -.783 .996 I.eea 

.4:5a .463 .21:5 -.462 -.'26 I.eee 

.798 .827 .398 -.82~ -.a4e .677 I.eae 

Fppar.nt R •• I at I"lty H.a.ur.d at I Hz II 41.71 
Fppar.nt R .... t Ivlty Calculaud frOM Induct Iv. Coupll nO I, 6e.41 



255 

II tiE I AH~ltlF. a-588'. 12,129,187. L888 

F ObsArne Cal Arne pctDlr ASD% Uts ObsPhz CalPhz pctDlr PSD~ Uti 
12 .2739 .2677 2.3 8.8 8 -84.6 489.2 678.3 .8 8 
II .2928 .3621 -23.7 8.8 8 455.3 611.6 -34.3 .8 8 
18 .5881 .5284 -2.4 8.8 I 624.8 614.8 1.7 ,8 I 

9 .7222 .7876 2.8 0.8 I 472.7 491.7 -4.8 .8 I 
8 .8546 .8511 .4 8.8 I 385.8 327.2 -7.3 .8 I 
7 .9221 .9278 -.6 8.8 I 194.2 195.3 -6.8 .0 I 
6 .9594 .9626 -.3 8.8 I 112.8 111.7 .2 .8 I 
5 .9915 .9799 .3 8.8 I 65.6 63.7 2.9 .8 I 
4 .9936 .9974 .6 8.8 I 39.8 37.3 4.4 .8 I 
3 .9969 .9929 .4 8.8 I 23.3 23.0 1.4 .8 I 
2 .9996 .9978 .3 8.8 I 16.8 15.3 4.5 .8 I 
I 1.8829 1.8885 .2 8.8 I II. I 11.2 .-.6 .8 I 
8 1.8856 I. 8837 .2 8.8 I 9.2 9.8 -9.4 .0 I 

-I 1.0815 1.8867 -.5 8.8 I 6.9 7.9 -14.7 .8 I 
-2 1.8895 1.0897 -. I 8.0 I 9.1 7.2 11.6 .0 I 
-3 1.0879 1.8127 -.5 0.8 I 7. I 6.9 4.2 .0 I 
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• • . 
LOGI0 FREQUEtlCY (Hz) 

-I 0 1 2 3 . • , 

3 C 0 e e e e e e . 
-0-0 + 

~>'\.t. ... ,... 
0 "tl .4~'·· ....... "'.~;t( 

to 
W 

L ,y--- ..•.• -c - f"/ \ --. :l - 2 t- . - . 
H e 

V:./::.' .~ -' a. 'V 

1: W a: .' . 
IJ) 

1: .•••• :t: .. :: ... N a: Ia 
(.!) J: 
0 Q.. +, .. ,. " 
-' IS) 1 .;.':: :::1::::::!:::: :: ....... : .. : ... .-... + 
M - ........... 

(.!) .. ........... 
0 ....... 

................................. -' 
..... ..... 

0 I I 

-4 -2 0 2 4 6 8 10 12 

LOG2 FREaUE~ICY (Hz) 

CRL: NUllb.r or dllp.rllonl- 2 
11-1 CI-.2S C2-.9 (ix.d 

I t.r LaMbda Rehlq R0 HI H2 T2 
0 I.E-02 .10993 1.000 .100 1.000 1.0E-0l 
I I.E-02 .00434 1.0S9 .109 .922 4.9E-04 
2 I.E-03 .00239 1.970 .193 .676 S.9E-04 
3 I.E-94 .00199 1.972 .101 .630 6.6E-04 
4 I.E-OS .00196 1.073 .100 .619 6.8E-94 
s I.E-96 .99196 1.973 .199 .616 6.9E-94 

Fet Std D.vlatlonl I.e S.9 4.S 7.S 

Corr,Ja&fon N.lriH I, eee 
.329 1.gee 

-.19S -.992 1.ge0 
• 196 -.226 -.76S 1.990 

Fppar.nt R.llltlvity H.alur.d at I Hz II 42.32 
Fppar.nt R.llltlvity Caleulat.d (roil Induet~v. CoupllnQ II 76.29 
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L I HE I AHIoIHF, •• '88', I ~ ~9""87, L888 

F ObsAm C.IA", PctDlf ASD% IoIU ObsPhz C.IPhz PctDlf PSD% loIu 
12 .32'6 .3272 -.5 8.8 8 329.2 154.5 '3.1 .8 8 
II .3315 .3'87 -"1.6 8.8 8 291.6 256.9 11.9 .8 8 
18 .3798 ... 878 -7.2 8.8 8 583.9 392.6 24.1 .8 8 

9 .5542 .5289 6.8 8.8 I 533.2 "64. I 13.0 .8 I 
8 .7113 .6846 3.8 0.e I ~e3.3 431.2 -&.9 .8 I 

" •• 15i' • .,29 -201 B.B I 212.8 313.6 -18.' .e I 
6 .8923 .9199 -3.t 0.0 1 195.6 195.3 .2 .0 I 
5 .9452 .9682 -1.6 8.8 I 125.8 1 .... 8 8.8 .8 I .. .97 .. 5 .9788 -... 8.8' I 77.7 66.3 1".6 .8 I 
3 .9967 .9888 -.2 8.8 I <47.3 "8. I 15.3 .8 I 
2 .9941 .9956 -.2 9.8 I 38.8 26.8 13.2 .8 1 
I 1.8886 I. 8812 -.1 8.8 I 28.6 18.7 9.4 .8 1 
9 1.8S54 1.8863 -.1 8.8 1 15.7 1".9 5.3 .8 1 

-1 1.8832 1.8113 -.8 e.0 1 12." 12.9 -4.8 .9 I 
-2 1.ge82 l.e163 -.8 B.0 1 11.6 11.8 -1.9 .0 1 
-3 1.8131 I. 8212 -.8 8.8 I 9.7 11.2 -15.e .8 I 



LOGI0 fREQUENCY (Hz) 
-I 1 2 

3 o a a e a a a e 
+ 

0 
,.. 
"0 ,., 

W 
L .-C -:::I - 2 I-..... E ...J ..., 

a. 
l: W a: Ul 
N a: 
C) J: 
0 a. 
...J (g 1 + -M C) 

0 
...J 

LOG2 fREQUENCY (Hz) 

(RLI HUMb.r or dl,peralon,. 2 
11*1 C2-.9 rlx.d 

It ... 
o 
I 
2 
3 
4 , 

La ... bda 
I. E-02 
I. E-02 
I.E-02 
I.E-02 
I.E-02 
I. E-92 

Rchaq 
.90295 
.99184 
.80176 
.00172 
• 00170 
.00169 

Fet Std D.vlatlonl 

Co ..... I at Ion Hat .. lx 

R0 
1.073 
1.094 
1.11' 
I. 131 
1.1 .... 
1.156 

1.000 
1.000 

-1.000 
-.996 
-.367 

HI 
.109 
.14' 
.17' 
.199 
.220 
.238 

999.9 

1.000 
-1.000 
-.996 
-.372 

CI 
.250 
.166 
.136 
.119 
.106 
.097 

999.9 

1.000 
.996 
.369 

H2 
.616 
.'98 
.'86 
.577 
.570 
.564 

62.1 

1.000 
.307 

Fppa ... nt P.llltlvity H.alu ... d at I Hz II 42.32 

T2 
6.9E-04 
6.8E-04 
6.8E-04 
6.8E-04 
6.8E-04 
6.7E-04 

7.7 

1.000 

Fppa ... nt R.alltlvlty Calculat.d r .. OM Inductlv. CoupllnQ II 85.46 
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3 

. 
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F ObsAllle CaIA,. PetDlf ASD:: I4ts ObsPhz CalPhz Pet Dir PSD:: I4ts 
12 .3256 .3199 1.7 9.9 9 329.2 176.5 46.4 .9 9 
II .3315 .3468 -4.6 9.9 9 291.6 277.3 4.9 .9 9 
18 .3798 .4967 -7.1 9.9 9 503.9 397.7 21. I .8 0 

9 .5542 .5232 5.6 9.9 I 533.2 479.7 11.7 .9 1 
8 .7113 .6878 3.4 8.9 I 493.3 430.8 -6.8 .0 1 
7 .8157 .8'328 -2.1 9.9 1 283.0 311. 9 -9.9 .9 I 
6 .8923 .9177 -2.8 9.9 I 195.6 193.6 1.9 .9 I 
5 .9452 .9575 -1.3 9.0 I 12:<.9 113.7 9.9 .9 1 
4 .9745 .9765 -.2 8.8 I 77.7 66.8 14.8 .8 I 
3 .9867 .9878 -.0 9.9 I 47.3 49.8 13.7 .9 I 
2 .9941 .9943 -.9 9.9 I 39.9 26.7 11.9 .8 I 
I 1.000G 1.0002 .0 0.0 I 20.6 19. I 7.2 .0 1 
0 1.0054 1.0055 -.0 0.0 I 15.7 15. I 4.1 .0 I 

-I 1.0832 I. 0195 -.7 0.9 I 12.4 12.9 -3.9 .9 I 
-2 1.0082 1.0153 -.7 0.0 I 11.6 11.7 -.8 .0 I 
-3 1.0131 1.0200 -.7 0.0 I 9.7 11.8 -13.7 .0 I 
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l tilE 1 AH'" IF ~ • aa :100' 12/29 87 LOOO . / 'I .. 
LOGI13 FREQUENCY (Hz) 

-I 13 1 2 3 
, 

3 t- O e e e e e e 0 
+ -~ .... ··· .. l .. ·· .. ···. 

0 
,... "';~"" ..... 
'0 ..•... \ ~. /0 
L .' W .- ;t,. 

c - .,' 
::J - 2 

+:",r \ 
J-
H E .J 
a. '-' 

... , ...... :::::::.::::f::::·· ~ l:: W a: Ul 
N a: 
CI J: 
0 0. 
..J .' , 

(S) 1 ."......... ", 
+ - ........ .' 
(Y') 

CI .................... ::: .•.................................................................... , .............. , ... 
0 
oJ 

" 

13 I .1. I 

-4 -2 13 2 4 6 8 113 12 
LOG2 FREOUENCY (Hz) 

CRL: HUMber of dlaperalon.- 2 
fixed 

luI' LaMbda Rchlq RO MI TI CI M2 T2 C2 
0 I.E-02 .00187 1.1:16 .238 I.OE+00 .097 • :164 6.7E-04 .900 
I I.E-02 .00034 1.143 .220 1.0E+00 .090 .6:19 :I.3E-04 .796 
2 I.E-a] .00019 1.137 .211 I.OE+OO .090 .692 4.8E-04 .790 
3 I.E-03 .00019 1.134 .207 1.IE+00 .092 .69:1 4.8E-04 .790 

Fct Std Devlatlona 317.4 999.9 999.9 999.9 378.0 8.8 4.7 

Correlation Matrl" I.ooe 
.999 l.eoo 
1111' .27" I.eee 

-.999 -'.ooe ".291 1.000 
-I. aoo -I.oee -.296 1.800 I.oee 

.786 .797 -.02e -.79:1 -.8eo I.eoe 

.896 .911 -.e7e -.999 -.997 .992 1.gee 

Fpparent Relht Ivlty Meaaured at I Hz II 42.32 
Fppa,.ent Rellstlvlty Calculated froll Inductive Coupling II 61.3:1 
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LIIIE 1 AHWI1F, .-S88', 12;'29/87, L888 

F ObsAM C.IAftl PetDtr ASD% Wts ObsPhz C.IPhz Pet Dtr PSD:~ Wts 
12 .3256 .2434 2S.3 8.8 8 329.2 418.9 -27.2 .8 8 
11 .331S .3871 7.2 8.8 8 291.6 S20.3 -78.4 .8 0 
10 .3798 .4124 -8.~ 0.8 8 S83.9 563.3 -11.8 .0 0 

'1 .5542 .~~45 -.1 e.e I :533.2 1522.:5 2.e .e , 
• .11" .144' I.e e.e 1 "03.3 416.6 ·3.3 .0 , 
1 .S1S7 .8230 -.9 0.8 I 283.0 293.5 ·3.7 .8 1 
6 .8923 .8987 -.7 8.8 I 19S.6 191.8 2.3 .8 I 
5 .94S2 .9421 .3 8.8 I 12'.0 119.7 4.2 .0 I 
4 .974' .9668 .8 8.8 I 11.1 1".5 4.2 .0 I 
3 .9867 .9817 .S 0.8 I 47.3 47. I .5 .0 I 
2 .9941 .9915 .3 8.8 I 38.8 30.9 -2.9 .0 I 
I 1.0086 .9986 .2 0.8 I 28.6 21.4 -4.0 .0 I 
0 1.88S4 1.8842 • I 8.8 I 15.7 15.9 -1.4 .0 I 

-1 1.8832 1.0091 ·.6 0.8 I 12.4 12.7 -2.7 .0 I 
-2 1.8882 I. 8135 -.5 8.0 I 11.6 18.9 6.2 .8 I 
-3 1.8131 1.8176 -... 8.0 I 9.7 9.8 -.9 .0 1 
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. . • 
LOGI0 FREQUENCY (Hz) 

-I 0 I 2 :3 . . 
3 0 e e e e e 

e-~ + • • 0 
,..., 
1:1 • IV ,I •••• t -" ;t( • 

W L. .. , .. " "'1, - " 0 " " - ... :1' '. :::l - 2 ". l- .- ~:::::. I,r. 
~ E f!;., l • -I ..., :I:::::;" a. ':"11. 
1: W -::::: a: U1 

+:::::: .. ::::::~::::;<:::;:::::.:.: ... N a: 
l!l :r: Ir:I 
0 a. 
-I IS) 1 + - ........................... 
(T) 

l!l ............ 
0 ................................. -I 

0 I 

-~ -2 0 2 ~ 6 8 10 12 

LOG2 FREQUENCY (Hz) 

CRL: HUMber or dl.per.lon.- 2 
11-1 CI-.2S C2-.9 fixed 

Iter LaMbda Rchsq RO 111 112 T2 
0 I.E-02 .01SS4 1.000 .100 1.000 I.OE-03 
I I. E-02 .00213 1.0eB .134 .S29 I. SE-03 
2 I.E-03 .00027 1.0Be .123 .41B 2.4E-03 
3 I.E-04 .00009 I.OB6 .120 .443 2.4E-03 
4 I.E-OS .00009 1.096 .120 .443 2.4E-03 

Fct Std nevlatlon. .2 I. S I. I 1.9 

Correlation Matrix 1.000 
.406 1.000 

-.0'#0 -.120 1.000 
.092 -.31S -.69S 1.000 

Fpparent Re.lst Ivity l1eallured at I Hz I. 3S.36 
Fpparent Re.lst Ivhy Calculated (roM Inductive Coupling Is Se.2S 
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F ObsAIn CalAIn Pc \ D If ASD% W\S ObsPhz CalPhz Pc \ Dif PSD% Wts 
12 .3103 .4866 -56.8 0.0 0 763.9 30.9 95.9 .0 0 
II .4111 .4908 -19.4 0.0 0 521.2 52.0 90.0 .0 0 
10 .4669 .4992 -6.9 0.0 0 359.5 88.4 74.8 .9 9 

9 .5169 .5181 -.4 0.0 0 391. 9 147.5 5t.2 .0 0 
9 .5799 .5629 2.9 9.0 0 296.2 226.5 20.9 .0 0 
7 .6586 .6512 1.1 0.0 I 296.9 289.6 2.8 .0 I 
6 .7775 .7770 .1 0.0 I 272.2 277.5 -1.9 .0 I 
5 .8821 .9949 -.3 0.0 I 199.9 294.6 -2.4 .0 I 
4 .9456 .9452 .0 0.0 I 130.4 129.3 .8 .0 I 
3 .9738 .9736 .0 0.0 I 79.3 79.0 1.7 .0 I 
2 .9880 .9981 -.9 0.0 I 49.2 48.0 2.4 .0 I 
I .9982 .9972 .1 0.0 I 32.3 31.6 2.2 .0 I 
0 1.0055 1.0044 .1 0.0 I 23.9 22.9 .6 .0 I 

-I 1.0055 1.0109 -.5 0.0 I 18.3 18.2 .4 .9 I 
-2 1.0148 1.0171 -.2 a.a 1 16.2 15.7 3.9 .e 1 -, 1.0192 1.8232 -.4 0.0 1 12.4 14.3 -4.8 .e I 
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llHE I AHWMF a.~OO·, 12/29/97, LOOO 

LOGI0 FREQUENCY (Hz) 

-I I 2 3 

3 

+ 

0 
,... 
"0 
III 

W I. 

Q .--:::J - 2 .... . -H e ...J 
0. '-' 

l:: W a: to 
N a: 

~ 
J: 
0. 

...J CSl 1 + r 
(I') -I.!) 

o e 0 0 e 9 e-~ ~ ~ 

" ~ ,I ..... ,~ •• ~ lIE ,., "" 
,*" a" 

Jf!:::s: ~ 

.' ...... , <:::::~:::::~: ::::. "lr::::ii;:::::~ 
'" I" " ,,.,. ~. I 

+:::::: ............... :: •• : .................................................................................... . 

. 

0 
...J .' 

0 - 1 .1 

-4 -2 0 2 4 6 8 10 12 

LOG2 FREQUENCY (Hz) 

CRL: Humber of dispersions- 2 
11-1 C2-.9 fixed 

Iur LaMbda Rchsq RO HI CI H2 T2 
0 I.E-02 .00889 l.e96 .128 .2S0 .443 2.4E-03 
I I.E-e2 .ee009 l.e99 .123 .243 .442 2.4E-03 
2 I.E-03 .eOO09 1.103 • 151 .195 .432 2.4E-03 
3 I.E-03 .oooos 1.117 .173 .170 .42S 2.4E-03 
4 I.E-03 .00007 1.128 .190 .IS3 .420 2.3E-83 
~ 1.=:-03 .00007 1.137 .20S .140 .416 2.3E-03 
6 I.E-03 .OOOO? 1.146 .21S .131 .412 2.3E-03 ,,, "d D.vhl'Qn. 11.3 157.1 I ...... U.I .. , 

Correl'tlon Hatrlx 1.000 
I.eoo I.eoo 

-1.000 -1.000 I.eoe 
-.997 -.997 .997 1.000 
-.369 -.373 .369 .319 I.eoo 

Fpparent Resistivity tie asured at I Hz Is 35.36 
Fpparent Reslnlvlty CalculaUd frOM Inductive CoupllnQ Is 63.28 
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F ObaArn CalArn PctDtr ASD:: Uts ObsPhz Cal Phz PctDlf PSD:: Uta 
12 .3103 .4778 -54.0 0.0 0 763.9 42.0 94.5 .0 0 
II .4111 .4845 -17.8 e.o 0 521.2 62.6 88.0 .0 0 
Ie .4~69 .4952 -601 e.e e 35e.5 99.3 72.e ,0 e , .Slde ,'IU -.1 e,e e 3el.9 155. jI' 4e.4 .0 e 
8 .S781i1 .:5622 2.7 e,e e 296,2 232.9 19.9 .0 0 
7 .6586 .6524 .9 0. iii I 296.9 290.4 2.2 .0 I 
6 .7775 .7778 -.0 0.1iI I 272.2 276.8 -1.7 .0 I 
5 .8821 .8842 -.2 0.0 I 199.9 203.6 -1.8 .0 I 
4 .94'56 .9440 .2 0.0 I 130.4 129.0 I. I .0 I 
3 .9738 .9725 .1 0.0 I 79.3 78.2 1.4 .e I 
2 .9880 .9872 • I 0.0 I 49.2 48.4 I •• ,e , 
I .9992 .9967 .2 e.9 1 32.3 31.9 . I. I .9 I 
0 1.0055 1.0040 • I 9.0 I 23.0 23.0 -. I .0 I 

-I 1.0055 I.OIOS -.5 0.0 I 18.3 19.2 .4 .0 I 
-2 1.0148 1.0167 -.2 0.0 I 16.2 15.6 3.5 .0 I 
-3 1.8193 1.0226 -.3 0.0 I 13.6 14.2 -4.3 .0 1 
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L IIIE 1 AHI.jMF, a-:l00'. 12/29/87. L099 

LOGI0 FREOUENCY (Hz) 
-I 1 a :3 

:3 

+ 
0 

..... 
1:1 
to 

W s.. -Q -:J - 2 r I-
H e .J 
a.. 

..., 
l: W a: Ul 
N a: 
l!I ::I: 
0 a.. 
.J (S) 1 + r 
('I') -l!I . 

0 
.J 

0 I 

-4 -2 0 2 4 6 8 10 12 

LOG2 FREQUENCY (Hz) 

CRL: HUMber or dhperllion •• 2 
rl"ed 

Iter La .. bda Rch.q R9 HI 11 Cl 112 T2 C2 
9 I.E-92 .99998 1.146 .218 1.9E+99 .131 .412 2.3E-93 .999 
1 I.E-92 .0990:1 1.144 .21:1 1.9E+00 .129 .423 2.3E-93 .882 
2 I.E-93 .9009:1 1. 142 .212 1.9E+99 .131 .426 2.2E-03 .889 
3 I.E-03 .0000:1 1.140 .209 9.9E-91 .133 .427 2.2E-03 .889 

Fc\ S\d Devla\lon. 65.4 999.9 999.9 999.9 97.6 :1.4 3.9 

Correla\lon Ha\rl" 1.000 
.999 I.ooe 

-.124 -.17:1 l.ee9 
-.999 -I.eee .169 I.eoe 
-.999 -I.eee .169 1.099 I.oeo 

.861 .872 -.342 -.87e -.979 I.oee 

.913 .929 -.460 -.927 -.931 .938 1.000 

Fppa,.eM Re.lat Ivlt~' Hea.lIred a\ 1 Hz Is 3:1.36 
Fppa .. en\ Re.tat Ivhy Calculated rrOM Inductive CoupllnQ h S9.41 
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F ObsA .. CalA'" Pe \ DI' ASD~; 101\1 OblPhz C.IPhz PetDI' PSDl: 101\1 

12 .3103 .4679 -59.5 9.9 9 76'3.9 46. I 94.0 .9 9 
II .4111 .4744 -15.4 9.0 9 521.2 69.3 86.7 .9 9 
10 .4669 .4967 -4.2 9.9 9 339.3 198.8 68.9 .0 0 
9 .3160 .3111 1.0 0.0 0 301.9 169.6 43.8 .0 0 
8 .3780 .3622 2.7 0.0 0 286.2 244.8 14.3 .9 " 7 .6386 .6366 .3 0.0 I 296.9 294.8 .7 .0 I 
6 .7773 .7803 -.4 0.0 I 272.2 273.9 -.6 .0 I 
3 .9821 .8829 -.1 0.0 I 199.9 201.0 -.6 .9 I 
4 .9436 .9419 .4 0.0 1 130.4 128.7 1.3 .0 1 
3 .9738 .9711 .3 0.0 I 79.3 79.9 .3 .0 I 
2 .9990 .9966 .1 0.0 I 49.2 49.2 -.1 .0 I 
I .9992 .9963 .2 0.0 I 32.3 32.3 -.7 .9 I 
9 1.0035 1.0040 .1 9.9 1 23.0 23.3 -1.4 .0 I 

-I 1.9055 I. 0106 -.3 0.0 I 18.3 19.3 .1 .9 1 
-2 1.9149 1.0166 -.2 0.0 I 16.2 13.' 4.2 .9 I 
~3 1.1"93 l.e22:1 -.3 e.o I 13.6 l4.e -2.7 .9 1 
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. • 
LOGI0 fREQUENCY (Hz) 

-I 0 I 2 3 . 
3 13 e e (\ e e e Q e e 0 e 

~ + 
0 

,... 
"0 
fO 

<ft ........ W t-

el . - •• 'f ••••• 
:J -
f- - 2 I' . 
H .- . ~ e ...J ..... .' 
n. ;i" 
I: W " 

. 
a: U'l .1'" 
fj ~ .+.:~~:' 
0 n. .:.# 
...J (S) I +-:: + - ."!: ••• :: .• , ('I') (!) 

0 + ,.. ..... :{ ... , , .... ...J 

....... t. ..• ::=l.::::: :4':: :::;::: :::: ....... ::.::::~ ....... 
......... . ' ...... ..... 

0 I 

......................... , .. 

-4 -2 0 2 4 6 8 10 12 
LOG2 fREQUENCY (Hz) 

CRL: HUMb.r of dlsp.rslons- 2 
11-1 CI-.25 C2-.9 flx.d 

luI' L.mbd. Rchsq R0 til tl2 T2 
0 I.E-02 1.55499 1.000 .100 1.000 1.0E-03 
I I.E-02 .31194 .949 .026 1.000 1.3E-04 
2 I.E-03 .00955 1.014 .046 .526 5.9E-95 
3 I.E-0" .99169 1.029 .035 .396 6.7E-95 .. I.E-05 .00169 1.929 .035 .392 6.9E-9S 

'U I~" lI'I.II."9n. ,7 4,2 :t,3 8, I 

Corr.latlon ".trlx 1.0ge 
.192 1.000 

-.020 .093 1.000 
.110 -.169 -.917 1.090 

Fpp .... nt R.slst Ivlly H •• ,u ... d at I Hz Is 31.27 
Fpp.r.nt R.,Isllvl\y C.lcul.lord rro," Induct Iv. Coupling Is 372 .. 
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LIIIE I AHWHF. a-599'. 121'291'97. L009 

F ObsA",!! CalAme Pc t D If ASD% Wts ObsPh:z: CalPh:z: Pet Dif PSD:: Wts 
12 .7592 .7270 4. I 9.0 I 236.4 215.6 9.9 .0 I 
II .9390 .9319 .9 0.0 I 195.4 209.9 -6.9 .9 I 
Ie .9a71 .9181 -1.1 e.B I 142.8 152.'1 -6.9 .9 I 
9 .9549 .96H -.9 0.0 1 92.6 94.2 -1.7 .0 1 
8 .9795 .9937 -.4 0.0 I 56.4 54.2 3.9 .9 I 
7 .9891 .9922 -.J 0.0 I 39.9 39.7 .7 .0 1 
6 .9947 .9964 -.2 9.0 I 19.4 17.7 9.7 .9 I 
5 I.ooal .9999 .1 9.9 I 11.2 19.7 4.a .9 I 
4 I.oon I.09a6 .3 o.a I 9.7 7.1 19.3 .9 I 
3 1.9932 l.aa22 • I a.a I 4.5 5.2 -16.6 .a I 
2 1.0039 1.0937 -. I a.a I 4.6 4.3 5.5 .9 I 
I I. 9951 1.0952 -.a 9.9 I 3.7 3.9 -6.3 .0 I 
a 1.0959 1.9a68 -.1 0.9 ! 3.2 3.9 -17.7 .0 I 

-I .9999 l.oa94 -.9 0.0 I 3.1 3.7 -19.5 .0 1 
-2 l.aa41 I.Olae -.6 e.e I 4.e 3.7 8.3 .e I 
-3 l.ae27 l.ell6 -.9 e.9 1 4.6 3.6 21.3 .e I 
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. . • I) . "4 X I:P - - ..... 
LOGIe F"REuUENCY (Hz) 

-I e I 2 3 
I 

3 a e e 0 e e e ~ e 6 e 

~ + 

0 
..... 
"C 
10 

W L 'f ..... T .-0 - .of····· 
::J - 2 . .' l- .- . ~ . 
H E . 
-l .' 
Q. 

..., ;t.' 
r w " 

. 
II: Ul .~. 

N II: .. ~. 
(!I J: +~~~. 
0 Q. .. "",," 
-l IS) I + .... 
+ -
tTl - .~ .... :.: .... (!I 

0 + .... -h ••••• :;. ••• -l 
....... t. ..••• +, ....... , ..... ..,. .. ···of·········· ........... :.:: ............ .................. 

.................. ; ...... , ... 
e . -;" 
-4 -2 0 2 4 6 8 10 12 

LOG2 F"REOUE:NCY (Hz) 

CRL: !luMb.r or dlsp.rslons- 2 
11-1 C2-.9 flx.d 

It.r La .. bda Rchsq RO 111 CI 112 T2 
0 I.E-02 .00174 1.029 .033 .230 .392 6.9E-03 
I I.E-02 ,00174 1.029 .e36 .246 .392 6.9E-e3 

Fct Std D.vlatlons .9 31.3 34.9 3.3 9.0 

Corr.latlon l1atrlx I.oee 
.31e I.eoo 

-.3e2 -.988 I.eee 
-.e7e -.113 .113 1.000 
-.123 -.436 .417 -.683 I. eeo 

Fppar.nt R.sl st Ivlt y l1.asur.d at I Hz Is 31.27 
Fppar.nt R.slstlvlty Calculat.d rro .. Induct Iv. Coupling Is 3729 
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L IIiE 1 AHWMF. .-S88'. 12/29/87. L88e 

F ObsAm~ C.1Am~ pctDtr AS[J:: IoIts ObsPhz C.1Phz pctDir PS[J% WU 
12 .7582 .7271 .f. 1 8.0 1 236.4 215.3 9.9 .0 1 
11 .8390 .9319 .9 8.0 I 195.4 288.7 -6.9 .8 I 
10 .9071 .9190 -1.1 0.0 1 142.9 152.6 -6.9 .0 1 
9 .9549 .9639 -.9 0.8 1 92.6 94.2 -1.7 .8 1 
9 .9795 .9937 -.4 0.0 1 56.4 54.2 4.8 .8 I 
7 .9991 .9922 -.3 0.0 1 38.9 30.7 .7 .8 1 
6 .9947 .9963 -.2 0.0 1 19.4 17.7 9.7 .8 1 
5 1.8881 .9999 • 1 0.8 1 11.2 18.8 3.9 .0 1 
4 1.0032 1.8806 .3 8.0 1 9.7 7.1 18.2 .8 1 
3 1.0032 1.0822 .1 0.8 1 4.5 ~.3 -16.9 .0 1 
2 1.8030 1.8037 -.1 8.8 1 ... 6 4.4 5.4 .8 1 
1 1. 805 1 1.8052 -.0 8.8 1 3.7 3.9 -6.4 .8 1 
8 1.8059 1.8069 -.1 8.8 1 3.2 3.9 -17.7 .9 1 

-1 .9998 1.8094 -.9 0.8 I 3.1 3.7 -1~.3 .0 1 
-2 1.8841 1.0100 -.' e.a I 4.a 3.7 '.4 .0 I 
-3 1.9927 1.8U6 -.9 8.9 1 4.6 3.6 21.4 .8 1 
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LitlE I AHI-IHF., .-50a.". I ~ 29"97 LOOO 

LOGI0 FREQUENCY (Hz) 

-I 1 2 3 

3 

+ 
o~~e~~6r-~er-~er-~g~~g~~g~-&e--ee--~g~~e~ 

~ 0 
,.... 
"0 
/0 

W 
L. -C -:J -I-

H E -' a. 'J 

~ IX 
N a: 
CI J: 
0 a. 
-' lSI + 
(Tl -CI 

0 
-' 

2 

.11" 

I "f:' 
"~:::'. 

.' . 
T. :+. +"""+ •. ' 

.,,,,, 
" " ,,~ 

'1' 
" 

" 

".' 
,..." ....... 

~",,' 

...... ::::::;::::::~:::::~ ...... , .... / 
o ~~.,~.~~~--~ __ ~_ .. _.:_,,~,:_ .. _ .. ~ .. ~ .. _ .. _ .. ~ .. ~ .. ~ .. ~-~I--~--~--L---L-I~--~--~ __ -i 

-4 -2 2 4 6 8 10 12 

LOG2 FREQUENCY (Hz) 

CRL: HUllb.r of dllp.rllons- 2 
fhc.d 

It.r La",bda Rchlq RO MI TI CI M2 T2 C2 
0 I.E-02 .00199 1.029 .036 1.0E+00 .246 .392 6.9E-0' .900 
I I. E-02 .00142 I.PC:4 .029 1.4E+00 .313 .426 '.9E-O' .94' 
2 I.E-03 .aa123 1.026 .a26 6.0E+oa .373 .466 4.9E-a, .902 
3 I.E-a3 .oaa9' 1.031 .031 I.IE+OI .374 .479 4.'E-05 .792 
4 I.E-03 .000e3 1.03' .03' 1.6E+OI .361 .479 4.'E-O' .791 
5 1,1-0' ,e00Sil 1.037 .037 2. Utel .3S1 .476 ".SE-es ,792 
6 Lt-83 .MM' , .649 .040 3,0£+91 .343 .41' 4.'E-O' .192 

Fct Std D.vlatlon. '.2 299.7 ~99.9 94.2 11.8 17.0 3.3 

Corr.latlon Matrix 1.000 
.99' 1.000 
.995 I.ooa I.aao 

-.979 -.997 -.994 I.aao 
-.776 -.777 -.769 .903 I.oao 

.411 .404 .392 -.4'4 -.860 I.aaa 

.6:53 .6'9 .644 -.724 -.847 .830 I.oao 

Fppar.nt R.I .. tlvlty M.alur.d at I Hz .. 31.27 
Fppa ... nt R .... tlvlty Calculat.d fro. Induct Iv. Couplln9 I. 2994 
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L I liE 1 AHIJMF. .-500'. 12/291'87. L000 

F ObsA ... Cal A ... PctDIf' ASD:; IJts ObsPhz CalPhz PSD:' Uti 
Ii .756_ .7519 .i e.e I 23i.4 2l6. -.1 .e I 
II .U90 .8468 -.9 0.0 I 195.4 196.4 -.5 .0 1 
10 .9071 .9152 -.8 0.9 I 142.8 139.2 2.5 .0 I 
9 .9549 .9549 -.9 0.0 I 92.6 89.7 3.1 .9 1 
8 .9795 .9769 .4 e.0 1 56.4 55.e 2.4 .e I 
7 .9991 .9870 .2 0.9 I 39.9 33.1 -7.0 .9 I 
6 .9947 .9939 .2 9.e I 19."1 19.8 -2.2 .e 1 
5 l.e001 .9965 .4 e.e 1 11.2 12. I -7.8 .e I 
4 I. e032 .9986 .5 9.0 1 8.7 7.6 12.1 .9 I 
3 l.ee32 l.e0el .3 e.e 4.5 5.2 -16.e .e 1 
2 1.003e 1.0014 .2 6.9 4.6 4.e 13.4 .• e 1 
1 1. e051 1.0e25 .3 0.9 3.7 3.5 6.4 .0 1 
0 1.0e58 l.e838 .2 e.e 3.2 3.4 -5.5 .e I 

-I .9990 l.e051 -.6 0.0 3. I 3.6 -14.9 .e I 
-2 1.ge41 l.e061 -.3 0.0 4.e 3.9 2.4 .e I 
-3 1.0027 l.e085 -.6 0.0 4.6 4.3 6.0 .0 1 



• . . .. 
LOGI0 F"RE()UENCY (Hz) 

-I 0 I 2 3 
I 

3 (} 0 6 0 9 0 0 9 9 €I . 
~ + "'':\ "., •• -to ••••• 

0 
,... 

/ ... ~ ....• \ ~ "0 
IfJ 

W 
L .-1:1 -::l - 2 I-

,,/ \ H S ...I '-' .r 
Il.. .1' 
I: W .. :l:· a: Ul 
N a: +'.' 

J: 
.... ..., 

Il.. i:-''-:' III 0 
...I IS) I 

t .. "".,,:::~::::: ~:::::::;:::::":.::':: .. + -..., ..., 
0 
...I ........ ..... .. ~ " ......... ...... ...... 

••••• ••• h •• ~, .......... \ 

11) , - - I I 

-4 -2 0 2 4 6 8 113 12 
LOG2 F"REOUENCY (Hz) 

CRL: lIuMb.r of dlsp.rtlons- 2 
1I-1 CI-.2:5 C2-.9 flx.d 

h.r LaMbda Rehsq R0 til tl2 T2 
0 I.E-02 .62174 1.000 .100 1.000 1.0E-03 
I I.E-02 .04!531 .941 .042 1.000 2.2E-04 
2 I.E-03 .00121 1.03:5 .0:52 .776 1.7E-04 
3 I.E-04 .00098 1.03:5 .0!50 .732 1.9E-04 
4 I.E-0!5 .00098 1.03!5 .0!50 .739 1.9E-04 

Fet Std D.vlatlon, .6 3.9 2.8 4.4 

Corr.latlon tlatrlx 1.008 
.144 1.000 

-.097 -.028 1.1'100 
.2!52 -.169 -.806 1.000 

Fppar.nt R •• lstlvlty H.asur.d at I Hz Is 33.71 
Fppar.nt R.,lstlvtty Calculat.d froM Induct tv. Coupllno I, 102' 
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L IIIE I AHWHF. a-300'. 12/29/97. LOOO 

F ObsAhI CalAm PctDtf ASD:: Wts ObsPhz CalPhz PctDtr PSD:: Wts 
12 .2909 .3309 -13.7 0.0 0 331.3 313.3 -33.3 .0 0 
II .4441 .4391 -3.2 0.0 I 392.2 392.2 -1.7 .0 I 
10 .6333 .6399 2.4 0.0 I 314.0 331.7 -3.4 .0 I 
9 .9194 .9093 1.2 0.0 I 354.0 381.6 -7.8 .0 I 
8 .9093 .9099 -.0 0.0 I 216.9 235.2 -8.3 .0 I 
;- .9327 .9567 -.4 0.0 I 126.3 134.9 -6.6 .0 I 
6 .9743 .9770 -.3 0.0 I 73.7 75.5 -2.3 .0 I 
3 .9881 .9863 .2 0.0 I 41.9 42.6 -1.7 .0 I 
4 .9933 .9')18 .4 0.0 I 26.3 24.8 6.3 .0 I 
3 .9976 .9932 .2 0.0 I 16.6 15.4 .7.5 .0 I 
2 1.0000 .9990 .2 0.0 I 12.3 10.4 13.4 .0 I 
I 1.0029 1.0003 .2 0.0 I 9.3 7.9 .3.3 .0 I 
0 1.0051 1.0029 .2 e.0 • 6.a 6.6 ·~.9 .0 1 

-I l.e'II'15 l.eell2 -.11 e.o 1 11.11 5.9 -7.4 .9 1 
-2 1.ge39 l.eoi'S -.4 CI.O I 4.1 S.6 -le.2 .e I 
-3 1.0060 I.OM9 -.4 0.0 I 6.1 3.3 12.7 .0 I 
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I . -
LOGI0 FREQUENCY (Hz) 

-I 0 I 2 3 . 
3 0 e e e 9 e 9 ~ 9 e 

+ ~Q ••. ~ .•.... " ..•• " 

0 
,... ,.' 
"D ....• '\ ~ III ,t-'-w L .- .. ' 

1:1 - .. ' 
::J - 2 ." l- .- " H .' 
-J e ,I" 
Il. 

..., 
.. ::1:

1
' \ 1: w a: (fl '::" 

("IJ a: ;I: ::-
c.!J J: 

too,,"': ::::>:::::c.:::::::;::::>:':':::::.: ................ 

0 a. ta 
...J 

~ I + 
(T) -c.!J 

0 
...J 

.......................................... 

0 , . 
-4 -2 0 2 4 6 8 10 12 

LOG2 FREQUENCY (Hz) 

CRL: tluhlb.r of dlsp.ralons- 2 
11-1 C2-.9 ftx.d 

It.r Lambda Rchaq Ra 111 CI 112 T2 
a I.E-a2 .aala4 l.a3:5 .a:5a .2:5a .739 1.9E-a4 
I I.E-a2 .aaa94 l.a4a .a62 .199 .733 1.9E-a4 
2 I.E-a2 .0a091 I. a4:5 .070 .173 .729 1.9E-a4 
3 I.E-a2 .aa099 l.a49 ,a77 .1:57 .725 1.9E-a4 
4 1,("01 ,'Sin 1,851 .eu .14" .722 •• U-94 

Fet Std D.ulatlona 3.7 146.a 157.9 :5.2 4.7 

Corr.latlon Matrix I.aaa 
.997 I.aaa 

-.996 -.999 I.eaa 
-.942 -.9401 .944 I.aaa 
-.344 -.391 .38:5 -. ei'3 I.aee 

Fppar.nt R •• I.t lufty l1.aaur.d at I Hz I. 33.71 
Fppar.nt R.alatlvfty Calculat.d frail Induct Iv. Coupling Is la64 
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L I liE I AHwtIF, a-599', 121'291'87, L999 

F OblArn CalArn Pc t Dir ASD!: Uti OblPhz CalPhz PelDI' PSD% Uts 
12 .2999 .3315 -13.9 9.9 9 331.3 523.3 -57.9 .9 9 
II .4441 .4692 -3.6 9.9 I 582.2 595.9 -2.2 .9 I 
19 .6553 .6419 2.0 9.9 I 514.9 539.4 -3.2 .9 I 

9 .8184 .8989 1.2 9.9 I 354.9 379.9 -7.1 .0 I 
8 .9095 .9989 .1 0.0 I 216.8 233.5 -7.7 .a I 
7 .9527 .9551 -.3 a.9 I 126.5 134.1 -6.0 .a I 
6 .9743 .9754 -.1 9.9 I 73.7 75.5 -2.4 .9 I 
5 .9981 .9952 .3 9.9 I 41.9 42.9 -2.4 .9 I 
4 .9955 .9997 .5 0.0 I 26.5 25.2 4.7 .9 I 
3 .9976 .9945 .3 0.9 I 16.6 15.9 5.1 .0 I 
2 1.0999 .9974 .3 0.0 I 12.3 19.7 13.0 .0 I 
I I. a929 l.a099 .3 0.a I 8.3 9.9 3.3 .0 I 
0 I. e951 l.e924 .3 0.9 I 6.2 6.6 -6.7 .9 I 

-I l.ae95 I. aeH -.4 9.a I 5.5 5.9 -6.7 .a I 
-2 1.0938 l. a979 -.3 e.e I 4.7 5.5 -16.2 .e I 
-3 I. ee69 I. e993 -.3 9.9 I 6. I 5.2 14.3 .a I 
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LitlE I AHWMF a· , , D . 11:5 X 1:52 . . '" 
LOGI0 F"REOUENCY (Hz) -. e • 2 3 . 

3 0 a e a G a G G 9 a ~ + ~ • ., ••••. + ..••••. 
0 

,... ,'+'\ )( "0 
10 " " W L "I' .- " 1:1 - " ::l - 2 ,.f .... .- ,I 

H .I e Il' -.I 
"" 

.:. 
a. <Ii::::" 2: w a: Ul ;f'/" N a: 
(,!) J: ~,.,::,., 
0 a. a 
-.I m 1 

t" .. ".,,,,:*:::::'.:::::;;:;:::~::::.:::: ......... _ ................................................ 
+ 
C"l -(,!) 

0 
-.I 

, 
0 .. 1 .--'. i 

-4 -2 0 2 4 6 8 Ie 12 
LOG2 F"REOUENCY (Hz) 

CRL: HUI.b.r of dlsp.rllonl. 2 
flx.d 

It.r Lambda Rehlq Re ttl TI CI tt2 T2 C2 
e I. E-02 .eee97 l.e:52 .e93 l.eE+ee .146 .722 I. 9E-e4 .gee 
I I. E-02 .eee9:5 l.e~4 .e96 I. eE+Oe .139 .726 1.9E-e4 .89~ 
2 I. E-e2 .e8e9~ I. e~6 .ege I. eE+ee .133 .723 1.9E-e4 .89~ 

Fet Std D.vlatlon. 2~.6 999.9 999.9 999.9 33.7 6.3 3.~ 

Corr.latlon ttatrlx I.eee 
.997 I. eee 
.9~5 .81~ I.eee 

-.997 -I.eee -.814 I. eee 
-.9ge -.993 -.eel .993 I.eee 

.361 .371 .173 -.37e -.464 I.eee 

.774 .8e~ .414 -.8e4 -.831 .621 I.eee 

Fppar.nt R •• IUluHy H.a,ur.d at 1 Hz .. 33.71 
fppar,nt Rul It 11,11 ty CaleulaUd fro," Induct Iv. Coupling .. le~7 
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L 111£ I AHIoII1F. a-SOO'. 12/29--87. Laoo 

F ObsAhI CaIA", PctDIf ASD:~ IoIts ObsPhz CalPhz Pc tDIf PSD): IIts 
12 .2909 .3320 -14.1 0.0 0 331.3 S31.8 -60.S .0 a 
II .4441 .4622 -4.1 a.a I S82.2 S97.3 -2.6 .e I 
la .6553 .6433 I.e a.a I 514.a 528.7 -2.9 .a I 
9 .8184 .8a84 1.2 9.a I 354.a 377.3 -6.6 .a I 
8 .9095 .9a77 .2 a.o 1 216.8 232.9 -7.4 .a I 
7 .9527 .9541 -. I a.a I 126.5 134.3 -6.2 .a I 
6 .9743 .9747 -.a a.a 1 73.7 75.9 -3.a .a I 
5 .9881 .9848 .3 a.a I 41.9 43.3 -3.3._ .a I 
4 .9955 .9905 .5 a.a I 26.S 2S.S 3.7 .a I 
3 .9976 .99013 .3 a.a I 16.6 IS.9 3.9 .a I 
2 I. aaoa .9973 .3 a.a I 12.3 10.8 12. I .a I 
I l.a029 .9999 .3 a.o , £1.3 e.l 2.ti .0 I 

" 1.0051 1.0Oa2 .3 G.e I 6.2 S.S -6.9 .e 1 
-I I.oeos l.ee46 -.4 e.e I 5.S S.9 -6.4 .a I 
-2 I. ee3S 1.0S69 -.3 a.s 1 4.7 S ... -IS.6 .0 I 
-3 I. aa60 I. ea92 -.3 a.a I 6.1 S.2 14.9 .a 1 
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LitlE I AHWI'1F .a"~00', 12;'29;'87, L000 

LOGI0 FREQUENCY (Hz) 
-I I 2 3 

, 

3 

+ 
o~~e9-~eT--te~~g~~eT--te~~ee-~e~ 

-O--l) 
" ............. + ...••..••••.•• 

0 "0 

'" 
W 

I.. 

C 
:J 2 I-
H Ii 
~ .... 
:r: w ,. 
a: UJ 
N a: 
C1 J: 
0 0.. 
...J (S) + 
('I") 

C1 
0 
...J 

-2 2 4 6 

LOG2 FREQUENCY (Hz) 

CPL: HUMb.r or dlsp.rllons- 2 
TI-I CI-.13 C2-.9 rlx.d 

It.r Lalllbda Rchsq R0 
13 I.E-e2 .06860 1.0'6 
I I.E-e2 .00601 1.069 
2 I.E-e3 .00126 1.092 
J l,i"&4 ,00100 I,"", 
4 L!-8S ."aI8o 1.096 

Fct Std D.vlatlonl .7 

Corr.latlon Matrix I.eee 
.418 

-.I~I 
.204 

MI M2 
.1390 .723 
.140 .'69 
.141 .688 
.14& .710 
.140 .715 

4.2 2.7 

l.e00 
-.142 l.ee0 
-.201 -.7'13 

T2 
1.8E-04 
~.eE-04 
4.3E-e4 
4,2E·04 
".2E-1)4 

4.' 

l.e00 

FpPlr.n\ R.Ilstlvlty M.~sur.d at I Hz II 42.9S 

8 

Fpparent R.sII,lvlty Cal~~la\.d rrOM Inductlv. Couplln9 II 639.0 

10 12 
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llUE I AHUMF, .-599', 12/29/97, L999 

F ObiAm CalAm pctDtr ASD:: Uti ObaPhz CalPhz pctDtr PSD% Uta 
12 .2932 .2326 29.7 9.9 9 92.5 494.5 -337.2 .9 9 
II .2761 .2950 -6.9 9.9 9 399.9 558.5 -90.8 .9 9 
10 .4943 .4158 -2.9 9.0 I 634.7 637.1 -.4 .9 I 

9 .6223 .5939 4.6 9.9 I 551.9 581.9 -5.3 .9 I 
8 .7813 .7712 1.3 9.9 I 379.3 429.2 -13.2 .0 I 
7 .8724 .8867 -1.6 9.9 I 242.7 279.4 -11.4 .9 I 
6 .9292 .9433 -1.5 9.9 I 155.3 158.1 -1.9 .9 1 
5 .9651 .9691 -.4 9.9 1 94.6 99.6 4.3 .9 I 
4 .9859 .9829 .3 9.9 I 58.2 52.6 9.5 .9 I 
3 .9921 • 98'J6 .2 9.9 I 35. I 31.9 9.9 .9 I 
2 .9975 .9951 .2 0.9 I 23.4 29.8 11.2 .9 I 
I 1.9922 .9996 .3 9.9 I 15.5 14.8 4.5 .9 I 
9 1.9956 1.9936 .2 9.9 I 11.8 11.6 1.6 .9 I 

-I 1.9929 1.9974 -.5 9.9 I 9.8 9.9 -I. I .9 I 
-2 1.9192 1.0111 -. I 9.9 I 9.5 9.9 5.5 .9 I 
-3 1.0111 1.9147 -.4 9.9 I 7.2 8.5 -17.4 .0 I 
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LOGI13 FREQUENCY (Hz) 
-1 1 2 3 . . 

3 

+ 
0 

,... 
"C 
IG 

W L .-0 -:J - 2 .... 
. -H E -I 

Q. '-' 

1: W a: (J') 

N a: 
l!J :r: 
0 Q. 
-I CSl I + 
('I') -l!J 

0 
-I 

-4 -2 2 4 6 8 113 12 
LOG2 FREQUENCY (Hz) 

CRL: lIulllber of dispersions- 2 
ll-I C2-.9 fixed 

Iter Larnbda Rchlq R0 111 CI 112 T2 
0 I.E-02 .00113 1.090 .140 .133 .71~ 4.2E-04 
I I.E-02 .0e112 I. e96 .151 .122 .711 4.2E-e4 

Fct Std Deviations 14.0 478.9 ~6~.6 16.4 4.9 

Correlation Hatrlx I. eee 
.999 I.eoe 

-.998 -1.000 1.000 
-.983 -.984 .983 1.000 
-.329 -.34~ .341 .207 I. 000 

Fpparent Reilltlvity l1e.lured at 1 Hz II 42.9~ 
Fpparent Re.lltlvlty Calculated fro. Inductive Couplln9 I. 643.4 
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L I tiE I AHUMF. ...:saa'. 12/29/97. Laaa 

F ObsAM Pet Dif ASD:: IoIts ObsPhz CalPhz PctDIf PSD% IoIts 
12 .2932 2a.9 a.0 0 92.:S 0106.4 -339.4 .a a 
11 .2761 -6.9 a.0 a 3a9.a :S:S9.9 -91.2 .a a 
10 .4a43 -2.9 0.0 I 634.7 637.7 -.:S .0 I 
9 .6223 4.6 o.a I 331.9 391.2 -!l.3 .e I 
8 .7813 .na9 1.3 a.a I 378.3 428.2 -13.2 .a I 
7 .9724 .9964 -1.6 a.a I 242.7 27a.4 -11.4 .0 I 
6 .9292 .9429 -I.:S a.a I 15:S.3 !:s9. I -1.8 .a I 
:s .96:st .9687 -.4 o.a I 94.6 9a.6 4.2 .a I 
4 .98:sa .9817 .3 a.a I :S8.2 :S2.7 9.:S .a I 
3 .9921 .9894 .3 a.a I 3:S. I 32.a 9.9 .e I 
2 .9975 .9948 .J e.e I 22.4 29.8 11.1 .e I 
I l.e922 .9993 .3 e.e I 15.5 14.8 4.4 .e I 
a l.aa:s6 l.oa33 .2 9.e I 11.8 11.6 1.6 .0 I 

-I l.e028 l.ee71 -.4 e.e I 9.9 9.9 -I.e .e I 
-2 l.e102 I. ele9 -.1 0.0 I 9.5 9.e 3.7 .e I 
-3 Lalli I. 0144 -.3 0.9 I 7.2 9.4 -17.2 .9 I 
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LOGI0 fREQUENC( (Hz) 

-I o 1 2 3 

3 

+ 

0 "0 

o 0 0 0 Q Q 0 ~ 0 

~,,~ ••••• t"""+""""""" 

.,;. ..... \ ~ to 

W L. 

0 
::l 

.. ' 
.' 

o't' 

I- 2 
H e 

" ..•. ' ~ 

o+oo:::<,Y"'" 
.-1 •••••• + .. :> .... 

..J 
Q. 
I: W a: (J) 

C\J a: 
(!I J: 
0 Q. 

..J (g + 
(Y) 

(!I 
0 

+. ..... "... .' 
-I::::::.:: ................ :.,:: ................................................................................ . 

..J 

......... 
.... 

0 I 

-4 -2 0 2 4 6 8 10 12 

LOG2 fREQUENCY (Hz) 

CRL: HUMber of dlaperslons. 2 
fixed 

Iter Lambda Rchlq Re MI TI CI M2 T2 C2 
e I.E-02 .00122 l.e96 .151 t.eE+OO .122 .711 4.2E-04 .895 
I I.E-02 .00091 l.e93 .147 9.9E-01 .117 .746 3.9E-04 .859 
2 I,E-o~ ,00a91 l.e96 .152 e.~E-al .112 .740 3.9E-94 .959 

Fc\ S\d o.vU\ Ions 131. I 999.9 999.9 999.9 163.6 e.1 ~.6 

Correlation Matrix I. 000 
.999 I.aaa 
.696 .6~4 I.eaa 

-.999 -I.eee -.6~7 I.eee 
-.999 -.999 -.667 .999 I.eee 

.669 .679 .313 -.677 -.696 I.eae 

.972 .992 .326 -.99a -.992 .797 I.aaa 

Fpparent ResistIvity Mealured at I Hz .. 42.9~ 
Fpparent ResIn Ivhy Cal;ulated froll Inductive Coup 11n9 .. 373.2 

. 
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L I liE 1 AHIJMF. a.~BB'. 121'291'97. LBBB 

F ObiAftle CalAme Pet Dtr ASD~ IJtl OblPhz C.IPhz PetDtr PSD~ IJtl 
12 .2932 .2222 24.2 B.B 9 92.~ 49'.9 -436.1 .9 9 
II .2761 .2973 -7.7 B.9 9 399.B 622.1 -191.3 .B 9 
IB .4043 .426~ -~.~ B.0 I 634.7 6~~.3 -3.2 .B 1 
9 .6223 .6902 3.6 B.0 I '~1.9 '71.9 -3.6 .B 1 
9 .7913 .766B 2.B 0.0 I 379.3 41B.2 -10.~ .0 1 
7 .B724 .9767 -.' B.0 I 242.7 26B.9 -IB.7 .B 1 
6 .9292 .9353 -.7 9.B I 15'.3 161.4 -3.9 .9 I 
~ .96~1 .9642 • I 9.9 I 94.6 94.7 -. I .9 1 
4 .9B'B .9795 .0 9.B I 59.2 ~6. 1 3.6 .9 I 
3 .9921 .9995 .4 9.9 I 3~. I 34.3 2.3 .9 1 
2 .9975 .9947 .3 9.9 I 23.4 22.2 '.2 .9 I 
I 1.9022 .9994 .3 0.9 I 1~.~ 1~.5 .-.0 .0 1 

° 1.00'6 1.9935 .2 B.0 1 11.9 II.B -.2 .B I 
-I I.BB29 I.BB72 -.4 B.B I 9.8 9.8 .1 .0 1 
-2 1.0192 I. BIB7 -. I B.B I 9.~ B.7 9.9 .0 I 
-3 1.0111 1.0141 -.3 0.0 1 7.2 8.9 -11.3 .0 I 
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L IIIE 1 AHWMF. ....5aa' 12/29,..97. L2aa 

LOGie FREQUENCY (Hz) 

-1 1 2 3 . 

+ 
0 

,... 
1:1 
10 
L 

3 o e e e g e gee e 

~-r""'+""';""'" 
./.;." 

W 
c:I -
::J -
t- -
H e ..J 
a.. .... 
1: W a: (J) 

N a: 
l!l J: 
0 a.. 
..J IS) + 
(Y) -l!l 

0 
..J 

2 

1 

:Y 

.. ;:.f":::'. 

:I"" .-:.,-
.I ..... 

•••• 1' •• ::: •••• 

... :::::1::::::~::::::~::::::;.:.:: ... ~ .... 

•• F-

.................................. 
......................................... 

e L-~ ___ ~I~~~I~~ __ -L __ ~ __ ~ __ ~~I~~ __ -L __ -L __ ~I __ L-__ L--; 
-4 -2 e 2 4 6 8 Ie 12 

LOG2 FREOUENCY (Hz) 

CRL: HUMb.r or dlap.rslons- 2 
'1-1 CI-.25 C2-.9 rlx.d 

It.r LaMbda Rchsq Ra Ml M2 T2 
a I.E-a2 7.32a17 1. aaa .laa l.aaa l.aE-03 
1 I.E-02 .45122 2.077 .192 .992 2.9E-a4 
2 1. E-03 .00456 1.0a6 .a71 .950 2.7E-04 
3 I.E-04 .00024 1.052 .a63 .765 2.9E-04 
4 I.E-a5 .00024 1.052 .063 .769 2.9E-04 
5 I.E-0S .00024 1.052 .063 .7S9 2.9E-04 

Fct Std D.vlatlona .3 2.0 1.9 2.4 

Corr.latlon Matrix 1.0aa 
.199 1.000 

-.194 -.049 1.000 
.291 -.149 -.e41 l.e00 

'pp,r.n, "'It.'t~t,y ".'Iur.d ,t I Hz t. 38.39 
'p~ar'nt R •• I.tlvlt~ Calculat.d (rOM Induct Iv. Coupling I. 55.96 
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LitlE 1 AHIINF, a-588'. 12 .... 29 .... 87, L288 

F ObsAft. Cal A •• PetDtf ASD~ IIts ObsPhz CalPhz Pet Dtr PSD~ lolls 
12 .2928 .2535 13.4 8.0 8 -45.5 :S87.5 999.8 .8 8 
11 .2977 .3479 -28.9 8.8 8 <i62.1 639.8 -39.3 .8 8 
18 .4997 .:5899 -1.9 8.8 1 6:56.6 643.3 2.8 .8 1 

9 .7179 .7829 2.1 8.8 I 499.8 :516.2 -3.l5 .1.1 I 
9 .9:523 .8:548 -.2 8.8 1 319.4 343.2 -7.4 .9 1 
7 .9243 .9346 -1.1 8.8 1 192.8 283.9 -6.1 .8 1 
6 .9623 .9784 -.9 8.8 1 114.7 11:5.:5 -.7 .8 1 
:5 .9953 .9966 -.1 8.8 I 67.9 6:5.1 4.1 .8 1 
4 .9974 .9948 .3 8.8 I 39.1 37.l5 4.1.1 .8 I 
:J I. e0152 .9999 .15 e.e I 23.4 22.9 2.6 .8 I 
~ l.e859 1.8038 .2 8.0 1 1'.8 1'.8 .8 .8 1 
1 1.8893 1. 8871 .2 8.8 I 10.6 11.8 -3.4 .8 1 
8 1.8128 1.8182 .2 8.8 1 9.1 9.9 2.4 .8 1 

-1 1.81!58 1.8133 .2 8.8 1 8.1 7.9 3.' .0 I 
-2 1.8214 1.8163 .'5 8.8 I 7. I 7.2 -2.0 .8 I 
-3 1.8194 1.8194 -. I 8.8 I 6.7 6.9 -2.7 .8 1 
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• ' . 
LOGie FREOUENCY (Hz) 

-I 13 I 2 3 . 
3 Go- 9 0 0 9 e 9 9 e (}-

+ ~~ , •• ,f. ••••••••••• 

'"' 
.,'f" :.E '" 

0 '0 
.. ' , ,.,. 

It! 
" 

W I- " .. ,~ 
c - " ::> " I- - 2 :f-.r 
H e .r 
...J .... -;t-: • 

a. -':::' lIE L W a: Ul 
"~:,, 

a: -,',-
N +' .' 
I.!) J: ... 1'.--:: .... ~'\ 0 a. 
...J 
~ I .....•.. . ... + 

(T) - ,.. ..... + .' 
I.!) 

~::::~::::: .......... ~~~>;.':: ............................................................................ 0 
...J 

13 I 

-4 -2 13 2 4 6 8 Ie 12 

LOG2 FREOUENCY (Hz) 

CRL: HUMber or dlsper.lons- 2 
11-1 C2-.9 rlxed 

Itt,. LaMbda Rc:hlq R0 111 CI 112 T2 
0 I. E-02 .0002~ I. 0~2 .063 .2~0 .769 2.9E-04 
I 1.£-92 .00024 1.0:13 .966 .239 .766 2.9E-94 
2 I.E-03 .90023 1.0:19 .0n .202 .761 2.9E-04 
3 I.E-04 .90023 1.06:1 .099 .176 • 7:S:S 2.9E-04 

Fet Std Deviations 1.4 39.:1 42.0 2.6 2.6 

Corr.latlon Hatrlx 1.000 
.974 1.000 

-.972 -.999 1.000 
-.714 -.703 .702 1.000 
-.297 -.367 .3:19 -.305 1.909 

Fppar.nt R .... tlvlty Heasur.d at I Hz .. 39.39 
Fpparent R •• lstlvlty Calculated rrOM Inductive Coupling I. 57.54 
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L I liE 1 AHWMF. ..:500'. 12/29/87. L200 

F Ob5Am CaIA", pctDlr ASD:: Wt5 Ob5Phz CalPhz PctDH PSD:: Wt5 
12 .2928 .2:532 13.:5 0.0 0 -4:5.:5 :516.6 999.0 .0 0 
II .2877 .3487 -21.2 0.0 0 462.1 643.8 -39.3 .8 8 
18 .4997 .:5104 -2.1 0.8 I 6:56.6 643.9 1.9 .0 1 
9 .7179 .7039 2.0 0.0 1 498.8 '14.6 -3.2 .0 1 
8 .8:523 .8:53:5 -.1 0.0 I 319.4 341.4 -6.9 .0 I 
7 .9243 .9332 -1.0 8.8 1 192.8 202.8 -:5.6 .0 1 
6 .9623 .9689 -.7 8.8 1 114.7 11:5.3 -.:5 .8 I 
:5 .98:5'3 .98:52 .8 8.8 1 67.9 6:5.3 3.8 .8 1 
4 .9974 .9937 .4 8.0 1 39.1 37.9 3.1 .8 1 
3 1.89:52 .9991 .6 8.8 1 23.4 23.1 1. 1 .8 1 
2 1.88:59 1.0831 .3 8.0 1 1:5.8 1:5.3 -1.9 .8 1 
1 1.8893 1.086:5 .3 8.8 1 18.6 11. 1 -:5.8 .8 I 
9 1. 9129 1.9997 .2 9.9 1 9.1 8.9 1.7 .8 I 

-1 1.01:50 1.8128 .2 8.0 1 8.1 7.8 3.8 .8 1 
-2 1. 8214 1.81S8 .6 8.8 1 7.1 7.2 -.9 .8 1 
-3 1. 8184 1.8187 -.8 8.8 1 6.7 6.8 -1. S .8 1 
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llllE I AHWI1F 'a-5ee' 12 ... 29 ... 87 L2ee , . . 
LOGie fREQUENCY (Hz) 

-I e 1 2 3 . . 

3 0 e e • 0;) 9 0 9 9 e 6 
+ ~X _ ... ,+ ••.•••.•.••.• 

0 
,... /"""\ .' "0 
RI 
I.. W .- _,_,f 

0 -~ - 2 ~-l- .- " H e ,/. 
..J ..., ",," 

a. ,.,,:,1 
l: ;I( 
a: w :1::" UJ 

a: .' 
N :I: .. + .•.. 
l!J .' 
0 a. 

."."",:::::::::::~::::::.:~:~":.'''''.' .................................................. 
~ ~ 

..J CSI 1 + -('0') 
l!J 
0 
oJ 

. ' .............. 
.' 

11' • --.L I 

-4 -2 e 2 4 6 8 Ie 12 

LOG2 FREOUENCY (Hz) 

CRL: HUlob.r o( dl.p.r.lon.- 2 
(IIC.d 

lur LaMbda Rch.q PO 111 T1 CI 112 T2 C2 
e I.E-e2 .eee25 l.e65 .e88 I. eE+ee .176 .755 2.9E-e4 .900 
I I.E-e2 .ee025 1.065 .e88 l.eE+OO .176 .756 2.9E-04 .899 

Fct Std Dllvlatlon. 9.1 433.3 999.9 460.0 13. I 3.5 2.0 

Corr.latlon HatrlK I.eee 
.996 I.oeo 
.8 .... .795 I.aaa 

-.995 -I.oee -.793 I.eee 
-.978 -.985 -.759 .984 l.eaa 

.347 .359 • 141 -.357 -.498 I.eoa 

.763 .803 .378 -.Oel -.838 .6a6 I.aee 

~pparfnt """t Ivlty H ... ur.d a, I Hz II 38.39 
Fpparfnt Rull\lvhy C.lculat.d (rOM Induc,lv. CoupllnQ II 57.39 
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F ObsAro CAIA", Pc t DI r ASD:: Uts ObsPhz CalPhz Pet DI r PSD% Uts 
12 .2928 .2533 13.5 8.0 8 -45.5 518.3 999.0 .8 8 
11 .2877 .3492 -21.4 8.0 0 462.1 644.5 -39.5 .0 0 
10 .4997 .5110 -2.3 0.0 I 656.6 643.6 2.0 .0 1 

9 .7179 .7842 1.9 0.0 I 498.8 514.0 -3.1 .0 I 
8 .8523 .8537 -.2 0.0 1 319.4 341.2 -6.8 .0 I 
7 .9243 .9334 -1.0 0.0 1 192.0 202.8 -5.6 .0 I 
6 .9623 .9692 -.7 a.a I 114.7 11' ... -.f .e I , • ?e,~ .911'5 -fe efe I 67.9 "." 3.7 .11 , 
" .99~" .99·41 .2 e.e I 39.1 31.9 2.9 .0 I 
3 l.ae52 .9995 .6 0.0 1 23.4 23.2 .9 .0 I 
2 1.8059 1.0835 .2 0.0 1 15.0 15.3 -2.0 .0 1 
I 1.0093 1.0069 .2 0.0 1 10.6 11.1 -5.1 .0 1 
0 I. a12a 1.9191 .2 0.0 I 9.1 8.9 1.7 .0 I 

-I 1.0158 1.0132 .2 0.0 1 8.1 7.8 3.9 .0 1 
-2 1.0214 1.0162 .5 0.0 I 7.1 7.2 -.8 .0 1 
-3 1.9184 1.9191 -.1 0.0 1 6.7 6.8 -1.4 .0 1 
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L IIIE I AHI.II'IF . a-:l(la' 12'-29/87. L2aa 

3 
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0 "0 
1\1 

W I-

Q 
:::l 

2 t-
H e -l 
Q. 
2: W a: Ul 
N a: 
(,!) J: 
0 Q. 
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LOGI0 FREQUENCY (Hz) 
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-4 -2 2 4 6 8 10 12 

LOG2 FREQUENCY (Hz) 

CPL: HUMb.r of dlap.rllons. 2 

11-' C'-.2:1 C2-.9 rlxtd 

luI' La .. bda Rchaq Ra HI H2 T2 
a I.E-a2 .1l31" l.ee9 .199 1.99a 1. 9E-93 
I I. E-92 .e9 .. 39 1.9S9 .997 .829 S.9E-94 
2 I.E-93 .99249 1.973 .e94 .6e9 S.9E-9" 
3 I.E-O" .99296 1.075 .092 .633 6.7E-04 .. I.E-OS .09203 1.975 .091 .623 7.9E-0" 
5 I. E-96 .09292 1.975 .091 .629 7.IE-9" 

Fel Sld D.vlallona I.e 6.2 ..... 7 ... 

Corr.latlon Malrlx 1.999 
.295 1.ge9 

-.995 -.e76 1.999 
.199 -.229 -.762 1.999 

fppartnt R.llltlvily HtalUrtd at I Hz II 37.79 
Fppartnl R.lllllvlly Calcul~t.d fro .. Inducllv. Coupling Is 7".95 
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L II/E I AHU~tF, a-58a', 12/29/87, L20a 

F ObaAln CaIA. F'c t II i r ASD% Uta ObllPhz CalPhz Pc tDI r PSD:: Utll 
12 .3265 .3324 -1.8 8.0 0 387.6 149.4 61.4 .a a 
II .3433 .3551 -3.5 a.8 8 322.a 249.8 22.4 .8 8 
10 .3891 .4108 -5.4 0.8 8 582.7 375.8 25.4 .8 0 

9 .5566 .5221 6.2 8.0 I 535.9 468.0 14.2 .0 I 
8 .7117 .6862 3.6 0.8 I 485.5 432.1 -6.6 .0 1 
7 .8192 .8373 -2.2 0.0 1 284.4 316.7 -II. 4 .0 I 
6 .8960 .9270 -3.5 0.8 I 195.9 197.8 -1.0 .0 I 
5 .9498 .9686 -2.a 0.0 I 127.3 115.4 9.4 .0 I 
4 .9798 .9876 -.8 9.9 I 77.6 66.8 13.9 .9 I 
3 .9956 .9976 -.2 a.a I 46.3 39.9 13.7 .0 I 
2 1.9021 1.0942 -.2 8.0 I 29.2 25.6 12.5 .0 I 
I 1.9974 1.9995 -.2 9.9 I 19.8 18.0 9.1 .0 1 
8 1.9125 1.0143 -.2 9.9 I 15. I 14. I 6.9 .9 I 

-I 1.9165 1.9189 -.2 9.9 I 12.5 12.9 3.9 .9 I 
-2 1.9212 1.9234 -.2 9.9 I 9.9 19.9 -19.2 .9 1 
-3 1.9232 1.9279 -.5 9.9 I 9.9 10.2 -13.7 .0 1 
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LOGie FREQUENCY (Hz) 
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LOG2 FREQUENCY (Hz) 

NUMber of dllperllon.- 2 
C2-.9 fixed 

La .. bda Rchlq R0 NI CI N2 T2 
I.E-02 .00212 1.0.5 .091 .250 .620 7.IE-04 
I.E-02 .00192 1.094 .131 .169 .603 7.0E-04 
I.E-02 .00194 1.112 • US9 .139 .593 7.0E-04 
I.E-02 .00191 1.126 .179 0121 .595 7.9E-04 
I.E-02 .00179 1.139 .199 .109 .579 6.9E-e4 
I. E-02 .00179 1.149 .214 .100 .573 6.9E-04 

Std Devlatlonl 52.4 999.9 999.9 59.9 7.9 

Correlation Matrix 1.000 
1.0'1'1 1.000 

~I,il00 ~',000 , ,oee 
-,tt. -,f" ,tt' I,eee 
-.373 -.379 .376 .312 1.000 

Fpparent Resistivity Measured at I Hz II 37.79 
Fpparent Reilltlvity Calculated fro .. Inductive Coupling II 91.92 

. 
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F ObaA,. CalArn Pet Dtr ASD~: Wta ObsPhz CalPhz Pet Dtr PSD% Wts 
12 .326:1 .32:18 .2 a.a a 387.6 168.8 :16.5 .a a 
II .3433 .3!S16 -2.4 a.a a 322.a 267.8 16.8 .a a 
la .3891 .4a96 -!S.3 a.a a 5a2.7 388.5 22.7 .0 a 
9 .!S~66 .5243 :1.8 a.a I :13:1.9 466.e 13.e .e I 
8 .7117 .688!S 3.3 e.e I 4a5.5 431. 8 -6.5 .a I 
7 .8192 .8373 -~.2 e.e I 284.4 314.3 -le.5 .e I 
6 .896a .92!S1 -3.3 a.e 1 195.9 1?6.2 ·,2 ,0 I 
15 .9498 .",a -1,1" I.e I 121".' II! •• 9.a .0 I 
4 .9799 .985S -.6 0.0 I 77.6 67.2 13.4 .0 I 
3 .9956 .996a -.a a.e I 46.3 4e.6 12.4 .e I 
2 I. ee21 l.ee3e -.1 e.e I 29.2 26.2 le.4 .e I 
I l.ee74 l.ae8!S -. I e.a I 19.8 18.4 ·7.1 .0 I 
e I. al25 l.e135 -. I e.e I ".1 14.2 5.7 .e I 

-I I. al65 l.e181 -.2 e.a I 12.5 12.a 3.9 .e I 
-2 l.e212 l.e22:5 -.1 a.a I 9.9 la.8 -9. I .a I 
-3 l.a232 I. e269 -.4 e.e I 9.a le.1 -12.6 .a I 
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, , . ft • 

LOGI0 FREQUENCY (Hz) 

-I 0 1 2 3 
I 

3 0 e e 0 0 9 9 0 

~ * .. ···l .. ··· .. + 
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,... I'····· ...... 
"D ••• , :tI \II 
.a •• 'i-

W ... ,rt""- . 
Q .-- .~.,Sl :::l - 2 l- ." 
H E 

+.::., 
...J ..., 

.. ..f:::::~:::::: .. Q. 
I: W a: Ul. III a: III N J: ...... 'f.:: ..... <--' 
0 Q. 

...J t'Sl 1 
,.. •••• .-1 ... 

+ ........ {....... . ..... 
f') -<--' ................... :: ....................................................................................... , ... 

0 
...J 

. 
0 . 
-4 -2 0 2 4 6 8 10 12 

LOG2 FREQUENCY (Hz) 

CRLI lIul1b,r or dllp,r.lon •• 2 
rh.d 

It.r Lalllbda Rchllq R0 HI TI CI 112 T2 C2 
0 I.E-02 .00197 1.149 .214 1.0Et00 .100 .573 6.9E-04 .900 
1 I.E-02 .00034 1.135 .197 1.0E+00 .092 .669 5.4E-04 .796 
2 1. E-03 .00019 1.130 .189 1.0E+00 .091 .703 4.9E-04 .789 
3 I.E-03 .ee0'19 1.129 .195 1.0E+00 .093 .706 4.9E-04 .799 

Fc\ Std DlIvlatlonll 272.4 999.9 999.9 999.9 323.6 8.4 4.5 

Correlation HatrlK 1.000 
.999 1.000 
.226 .184 l.e00 

-.999 -1.000 -.189 1.000 
-1.000 -1.000 -.204 1.800 1.00e 

.782 .793 -.101 -.791 -.796 1.000 

.997 .912 -.161 -.910 -.907 .900 I.eee 

Fpparent RulUlvlty Healured at I Hz h 37.78 
Fppar.nt R.llht Ivlty Cal cuI u.d fro", Induct Iv. Coupling II S8.88 
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F Ob&Arnl! CIlIA"'e PctDI r ASD% l.as Ob&Phz C .. IPhz PctDI' PSD% Wt& 
12 .3265 .2462 24.6 9.9 9 387.6 419.9 -:5.8 .9 9 
II .3433 .3099 9.9 9.9 9 322.9 :513.1 -59.3 .9 9 
19 • 39'H .4149 -6.4 9.9 9 592.7 :559.3 -11.3 .9 9 

9 .5566 .5:563 .1 9.9 I :535.9 521. 9 2.6 .9 1 
9 .7117 .7972 .6 9.9 1 49:5.5 419.2 -3.1 .9 1 
7 .9192 .9291 -1.1 9.9 I 294.4 295.7 -4.9 .9 I 
6 .9969 .99'56 -I. I 9.9 I 195.9 192.7 1.6 .9 1 
:5 .9499 .9499 -.0 9.9 I 127.3 129.6 5.2 .9 I 
4 .9799 .9759 .'5 0.0 1 77.6 74.9 3.6 .9 I 
3 .9956 .9909 .6 9.0 I 46.3 46.9 -1.4 .9 I 
2 1.9921 .9996 .2 9.9 I 29.2 39.5 -4.3 .0 I 
I 1.9974 1.9965 • I 9.9 I 19.9 29.9 -:5.1 .9 I 
9 I. 912:5 1.9119 • I 0.9 I 15.1 15.2 -.6 .9 1 

-I I. 916:5 1.9163 .9 9.9 1 12.5 1t.9 4.5 .9 I 
-2 1.9212 1.9293 • 1 9.9 I 9.9 19.9 -1.4 .9 I 
-3 1.9232 1.9241 -.1 9.9 1 9.9 9.9 .8 .9 I 
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LOG2 FREQUENCY (Hz) 

CRL: HUMb.r or dlsp.rslons- 2 
11-1 CI-.2~ C2-.9 rlx.d 

ft.r Lambda Rchsq R0 MI M2 T2 
0 I.E-02 1.~0399 1.000 .100 1.000 1.0E-03 
I I.E-02 .31239 .e19 .012 1.000 1.4E-04 
2 I.E-03 .01097 1.019 .027 .~~4 7.6E-0~ 
3 I. E-04 .003~~ 1.027 .021 .409 9.6E-0~ 
4 I.E-0~ .003~2 1.027 .020 .407 9.9E-0~ 
~ I.E-06 .003~1 1.027 .020 .401 1.0E-04 

Fct Std D.vlatlons I. 1 7.3 5.6 9.1 

Corr.latlon Matrix 1.000 
.043 1.00£1 
,854 -,01' I, •• " 
.0~5 -.199 -.129 1.090 

Fppar.nt R.slstlvlty M •• sur.d at 1 Hz Is 21.16 
Fpp.r.nt R.slstlvlty Calculat.d rro. Induct Iv. Coupling Is 1509 
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F ObsAm CaIA .. PctDif ASD~: IHs ObsPhz CalPhz Pc t DIf' PSD~ Wts 
12 .6955 .6827 1.8 S.S I 227.5 198.7 12.7 .S I 
II .8S59 .7791 3.2 9.9 I 213.9 227.9 -6.1 .9 1 
19 .8918 .8947 .8 9.9 1 169.9 199.5 -13.4 .8 I 

9 .9464 .9539 -.9 9.0 I 113.3 126.4 -11.6 .9 1 
9 .9742 .9962 -1.2 8.9 1 69.8 74.5 -7.9 .8 I 
7 .91193 .9996 -I. e e.e I 39.e 41.9 -7.6 .8 I 
6 .9913 1.1)854 -.9 9.8 1 23.8 23.5 -2.8 .9 1 
5 1.9932 1.9993 -.5 9.9 1 14.8 13.4 9.9 .8 1 
4 1.9976 1.9199 -.2 9.9 I 9.1 7.9 12.7 .0 1 
3 1.8113 1.8113 .9 9.8 1 5.9 5.1 13.9 .8 I 
2 1.8192 1.9123 -.2 8.9 1 4.5 3.6 29.9 .8 I 
I 1.9112 1.9133 -.2 8.8 1 3.1 2.8 8.2 .8 I 
9 1.9129 1.9142 -.2 9.9 I 3. I 2.5 29.2 .9 1 

-I 1.9139 1.9152 -.2 9.8 1 2.9 2.3 21.9 .8 1 
-2 1.9154 1.8161 -.1 9.8 1 1.5 2.2 -46.1 .8 1 
-3 1. 8 128 1.9171 -.4 S.S 1 1.6 2.1 -32.7 .9 I 
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o ~~ __ ~~~~ __ ~-L __ ~~~~ __ L-~ __ ~ __ ~-L __ i-~ __ ~ 

-4 -2 2 4 6 8 10 12 

LOG2 FREQUENCY (Hz) 

Numb,,. or d "1'.,. .. 1 on.- 2 
e2-.9 rh.d 

LaMbda Rehaq R9 MI CI M2 T2 
'.£-02 .00364 '.027 .020 .2:10 .407 I.OE-94 
I.E-92 .00311 1.934 .042 .114 .491 9.SE-0S 
l. E-02 .00302 1.042 .0:12 .095 .399 9.6E-0:1 
I. E-02 .00299 1.047 .0:19 .093 .397 9.6E-0:1 

$td D .... I.'lonl 11.9 999.9 999.9 14.0 9.8 

Co,.,..I.,lon M.,,.lx I.MO 
.996 1.009 

-.996 -1.e00 
-.914 -.920 
-.4:19 -.479 

'.000 
.920 
.467 

1.0e0 
.181 

Fppar.nt R.,latl ... l,y M •• ,ur.d at I Hz II 21.76 

1.000 

Fpp.r.nt R •• lltl ... l,y C.leul.,.d 1',.0111 Induct I .... CouplIng II 1610 
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F ObsAI. CaIA", pctDtr ASD:; Uts ObsPhz CalPhz pctDtr PSn% ~It s 
12 .69~~ .6849 1.5 B.B I 227.5 202.7 10.9 .B I 
II • BB~H) .7B3B 2.7 B.B 1 213.9 227.1 -6.2 .0 1 
10 .9919 .9972 .5 0.0 I 168.0 197.5 -11.6 .0 1 
9 .9464 .9539 -.9 0.0 1 113.3 123.5 -9.a .a I 
9 .9742 .9949 -1.1 a.a I 69.a 72.7 -5.4 .a 1 
7 .9993 .9979 -.9 a.a I 39.a 41.2 -5.6 .a I 
6 .9973 1.0037 -.6 a.a I 23.0 23.3 -1.2 .a 1 
5 1.0a32 1.0069 -.4 a.a I 14.9 13.5 9.1 .a I 
4 1.0076 l.a097 -.1 a.0 I 9. I 9. I 10.6 .0 I 
3 1.0113 1.0100 .1 0.0 I 5.9 5.3 IB.5 .0 I 
2 1.0102 1.0112 -.1 0.0 1 4.5 3.9 16.6 .0 1 
I 1.0112 1.0122 -. I 0.0 I 3. I 2.9 5.3 .0 1 
0 1.0120 1.0131 -. I a.0 I 3. I 2.5 19.3 .0 I 

-I 1.0130 1.0141 -. I 0.0 I 2.9 2.3 21.7 .0 I 
-2 1.0154 1.0150 .0 0.0 1 1.5 2.1 -43.a .0 I 
-3 1.0129 l.a159 -.3 0.a 1 1.6 2.1 -29.7 .0 1 
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L IIIE I AH\.I11F •• a. :lee'. 12 ... 2 • ..:9:...,,;:9::.,7.L-.L::;2:..:e::.:e::...... ___________ ...:D;...--=�_:..:.II._3~..:.X:.. • ...;;.I...;;.:I=;2'" 
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W L. -C -:J - 2 I- -H E ...J ..... a. 
1: w II: til 
N II: 
l!l J: 
0 0-
..J CS'I 1 + 
('I') -l!l 

0 
...J 

-I 

LOGI13 FREQUENCY (Hz) 

2 
I . 

_4'-

.;.+:::. 

..• 'ft'::' 
.'. +' .••. 
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..... ,. 
-,*,,,,. 

___ JI'.~-

.... .-.v.+ 
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~:::::~::::::::::::::: ..... ::.-.::: ........................................................................... . 

13 . I 1 .1. .• 

-4 -2 2 4 6 B 113 12 
LOG2 FREQUENCY (Hz) 

CRL: HUI.b.r or dlsp.rslons. 2 
rlK.d 

Il.r Lambda Rchsq Re 111 TI CI 112 T2 C2 
e I.E-02 .e9323 1.947 .0:59 1.9E+99 .993 .397 9.6E-0:5 .999 
I I.E-92 .ge194 l.e42 .9:17 9.7E-01 .en .431 7.4E-e:l .919 
2 I.E-e3 .eeI8:1 1.043 .e61 7.8E-el .e68 .4:13 6.5E-8:1 .8e4 
3 I.E-e4 .ee184 l.e49 .en 1.6E-el .e53 .4:11 6.SE-eS .ge4 

Fct Std D.vlatlons 172.6 999.9 999.9 999.9 219. I 21.7 7." 

Corr.latlon l1atrlK I.eee 
.999 I.eee 
• lieD .470 I. eoe 

-.999 -1.ee9 -.471 I.eee 
-.997 -.999 -.463 .999 I. eee 

.593 .:119 -.e92 -.:117 -.562 I.eee 

.799 .e16 -.ee3 -.91S -.932 .81:1 1.0ee 

Fppar.nt R.slst Ivlty l1.asur.d at I Hz Is 21.76 
Fppar.nt R.sIstlvlty Calculat.d frOM Induct Iv. Couplln9 Is 14e7 
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F ObsArn CaIA .. PctDIf' ASD% ~ts ObsPhz CalPhz PctDIf' PSD% ~ts 

12 .6955 .7101 -2.1 0.0 I 227.5 233.2 -2.5 .0 I 
II .9050 .9099 -.5 0.0 I 213.9 216.0 -1.0 .0 I 
10 .9919 .9921 -.0 0.0 I 169.0 164.6 2.0 .0 I 

7 .7464 .7447 .2 e.e I 113.3 Ile.l 2.8 .e I 
e .9742 .973e .1 o.e I 69.0 69.7 .4 .0 I ., .9993 .9979 .2 9.a I 39.a 41.6 -6.7 .a I 
6 .9973 .9957 .2 0.0 I 23.a 25.a -9.9 .0 I 
5 1.0032 l.aa02 .3 0.0 I 14.9 15.2 -2.7 .0 I 
4 1.0076 1.0030 .5 0.0 I 9. I 9.5 -4.0 .0 I 
3 1.0113 1.0049 .6 0.0 I 5.9 6.2 -4.3 .0 I 
2 1.0102 1.0062 .4 0.0 I 4.5 4.2 5.6 .0 I 
I 1.0112 I.oon .4 0.0 I 3.1 3.2 -1.7 .0 I 
0 1.0120 1.0093 .4 0.0 I 3.1 2.5 19.6 .0 I 

-I 1.0130 1.0091 .4 0.0 I 2.9 2.2 25.5 .0 I 
-2 1.0154 1.0099 .5 0.0 I 1.5 2.0 -30.1 .0 I 
-3 1.0129 1.0107 .2 0.a I 1.6 1.8 -14.3 .0 I 
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LOGI0 FREQUENCY (Hz) 
-I 1 2 3 

3 -
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0 
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"'0 
/IJ 

W L. .-Cl -:::I - 2. .... .-H e ..J 
a. '-' 

1: W a: (J) 
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CJ J: 
0 a. 
..J m 1 + ... 
C'I') 

CJ 
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..J 

o e e e 9 e e e e e e 

--~\""+"""-t' ..... . .. ' .. ( .. ~ 
,.;.-' 

......... \ .' ./f·: 
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...... 

-
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o ~~ __ ~ __ J~·· __ ~~ __ ~ __ ~~~~ __ ~~I~~·_··_··~···_··_··_ .. ~···_ .. _··~I··~ .. ~.~~ 
-4 -2 246 

LOG2 FREQUENCY CHz) 

CRL: HUMb.r or dlsp.rslons- 2 
11-1 Cl-.2S C2-.9 rlA.d 

h.r LaMbda Rehsq R0 111 M2 T2 
0 I.E-02 .59450 1.000 .100 1.000 1.0E-03 
1 I.E-02 .04140 .931 .030 1.000 2.4E-04 
2 I.E-03 .00230 1.036 .039 .788 2.0E-04 
3 I.E-04 .00214 1.034 .036 .773 2.1E-04 
4 I.E-0S .00214 1.034 .036 .777 2.IE-04 

Fet Std n.ulatlons .9 6.S 3.a 6.0 

Corr.latlon Matrix 1.0~O 
.094 1.000 

-.091 -.019 1.000 
.268 -.173 -.798 1.000 

Fppar.nt R.slstlulty M,asur.d at I Hz Is 28.88 

8 113 12 

Fppar.nt R.slstlulty Calculat.d rrOM Inductlu. Couplln9 Is 618.4 
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F Ob.A", CaIA,. PctDtf ASDl: Wta ObaPhz CalPhz Pct Dif PSDl: WU 
12 .2769 .2997 -9.6 9.9 9 176.6 :5:54.1 -21'3.8 .9 9 
11 .4913 .4249 -5.7 9.0 1 599.5 639.1 -6.8 .9 1 
10 .6299 .6992 3.5 0.9 1 563.9 592.2 -3.3 .9 1 

9 .e961 .7909 2.9 9.9 I 391.2 425.7 -8.9 .9 1 
9 .9053 .9969 -.1 9.0 I 249.9 265.5 -19.2 .9 1 
7 .9539 .9699 -.7 9.9 I 139.3 152.6 -9.6 .9 I 
6 .97e5 .9844 -.6 9.9 1 79.7 e5.1 -6.e .9 1 
5 .9927 .9951 -.2 9.9 1 47.9 47.4 -.e .9 I 
4 1.9019 1.9095 .9 9.0 1 27.8 26.9 3.3 .9 1 
3 1.9979 1.9939 .3 9.9 1 16.9 15.9 5.2 .9 I 
2 1.9091 1.9963 .2 9.9 I 10.7 19.1 5.4 .9 I 
1 1.9990 1.9993 • I 0.0 I 7.7 7.1 "e. 1 .9 I 
9 1.9122 1.0191 .2 9.9 I 6.1 5.5 9.7 .9 I 

-I 1.9144 1.9119 .2 9.9 I 6.9 4.7 21.9 .9 I 
-2 1. 9195 1. 9136 .5 9.9 I 3.9 4.3 -41. 7 .9 I 
-3 1.0159 1.0154 .0 9.0 I 3.9 4.9 -2.3 .0 , 
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LItlE I AHIoIr1F,' a-500', 12/29/97, L290 

3 

+ 

LOGI0 fRE~UENCY (Hz) 

-I 1 2 3 

o f;) e e 9 e e e e e -~9""'+""""""'" 
..... + 

.... 4 

." 
.fl

' 

~I::::' 
.'," 

4-'<>' 

~", .. ~:::::"" 

.. "I-' 
" 

.;.' 
" 

\ 

a 

+ +. •••• " 

.",,,:~::::::::::::::::::,,::::: ........................................................................ . 

. 

o ~~ __ ~~~-L __ ~~ __ ~ __ ~-L __ ~~ __ ~ __ ~-L __ ~~~~ 

-4 -2 2 4 6 8 10 12 

LOG2 fRE~UENCY (Hz) 

CRL: HUlllb.r or dl.p.rllon.- 2 
11-1 C2-.9 rtIC.d 

It.r Laftlbda Rchlq R0 111 CI 112 T2 
0 I.E-92 .90223 1.934 .036 .250 .777 2.IE-94 
I I.E-92 .90215 1.039 .946 .196 .773 2.IE-94 
2 I. E-92 .90212 1.041 .952 .172 .769 2.IE-04 
3 I. E-92 .90211 1.944 .957 .156 .766 2.IE-94 

Fct Std D.vtatton. 4.3 379.6 405.1 6.5 6.6 

'orr.Jlllgn n.&rlx J.OOO 
,91' I. C90 

-.977 -.99~ 1.090 
-.799 -.905 .905 1.900 
-.329 -.395 .399 -.122 1.909 

Fppar.nt R .... t tvtty 11 •• "'I'.d a\ I Hz .. 29.99 
Fppar.nt R •• lu tvhy Calculat.d rrOM Induc\tv. COUp1tn9 t. 633.0 
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F OblArn CalAm Pc t D if ASD% Uti OblPhz CalPhz pctDtr PSD% Uti 
12 .2760 .30a2 -9.9 0.0 0 176.6 559.1 -216.6 .0 0 
II .4a13 .4253 -6.0 0.0 I '99.' 640.7 -7.0 .0 I 
10 .6299 .609' 3.2 0.0 I ~63.e ~el.3 -3.1 .0 I 
9 .0061 .7904 1.9 a.e I 391.2 423.9 -e.4 .0 I 
e .9a53 .9053 .a e.e I 240.9 264.3 -9.7 .0 I 
7 .9539 .9597 -.6 a.e I 139.3 152.1 -9.2 .a I 
6 .97e, .9832 -.' a.a I 79.7 85.1 -6.7 .a I , .9927 .9941 -.1 a.a I 47.a 47.6 -1.2 .0 I 
4 I.aala .9997 • I a.a I 27.8 27.2 2.3 .a I 
3 l.aa70 1.0032 .4 a.a I 16.8 16.2 3.6 .e 1 
2 I. 0081 I. 0059 .2 a.a I 10.7 la.3 3.' .0 I 
I l.a09a 1.0079 • I a.e 1 7.7 7.2 6.' .a 1 
a 1. al22 I. a097 .2 0.0 I 6.1 5.6 9.0 .0 I 

-I 1.01 .... 1.0115 .3 a.a I 6.0 4.7 22.1 .0 I 
-2 l.a1e5 I. 0132 .5 o.e 1 3.0 4.2 -40.e .9 1 
-3 1. 0158 1. e149 • 1 e.a I 3.9 3.9 -.9 .a 1 
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LOGla FREQUENCY (Hz) 

-1 1 2 3 
I 

3 

+ 
0 

,... 
"0 
to 

W L -C -::J - 2 I- -~ E -1 
Q.. 

...... 
I: W a: Ul 
N a: 
l-' J: 
0 Q.. 
-1 IS) 1 + 
cY) -l-' 

0 
-1 

-4 -2 246 8 113 12 

LOG2 fREQUENCY (Hz) 

CRL: HUflb.r or dlsp.rslons. 2 
rtoc.d 

lur LaMbda Rehsq RO HI TI CI H2 12 C2 
0 I.E-02 .00229 1.044 .0:57 I.OE+OO .1:56 .766 2.IE-04 .900 
I I.E-02 .00229 1.046 .061 9.3E-OI .146 .769 2.0E-04 .996 

Fe\ Std Dtvlatlons 2:5.4 999.9 999.9 999.9 3:5.9 9.:5 4.0 

Corrtlatlon Matrix 1.000 
.996 1.000 
.931 .796 1.000 

-.996 -LOOO -.79:5 I.OOS 
-.9~3 -.999 -.7~9 .999 1.000 

.311 .317 .122 -.31~ -.437 1.000 

.766 .901 .367 -.799 -.936 .~69 I.eoe 

Fppar.nt R.slnlvlty Mta.urtd at I Hz Is 29.99 
Fpparent Resistivity Caleulat.d rroM Induct Iv. Coupling Is 628.0 
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F OblAm CalAm pctDir ASD:: \.It I OblPhz CalPhz Pet Dir PSD~ \.It I 
12 .2760 .3003 -0.0 e.o 0 176.6 ~69.e -222.2 .13 13 
II .4013 .42713 -6." 9.9 I ~99.5 644.2 -7.6 .9 I 
10 .6299 .6110 3.0 0.0 I ~63.0 ~00.3 -2.9 .0 I 

9 .0061 .7902 2.0 o.e I 391. 2 422.3 -7.9 .9 I 
0 .905'3 .9942 .1 0.0 I 240.9 263.7 -9.4 .0 I 
7 .9~39 .9~96 -.~ 0.0 I 139.3 1~2.2 -9.3 .0 I 
6 .979~ .9925 -.4 0.9 I 79.7 0~.4 -7.2 .0 I 
~ .9927 .9936 -. I 0.0 I 47.0 47.9 -2.0 .0 I 
4 1.0910 .9994 .2 0.0 I 27.9 27.4 1.3 .0 I 
3 1.0070 . 1.0930 .4 0.0 I 16.0 16.4 2.6 .0 I 
2 1.0001 1.00~6 .2 0.0 I 10.7 10.4 2.5 .0 I 
I 1.9090 l.e077 • I 0.0 I 7.7 7.3 ~.7 .9 I 
0 1.0122 1.0096 .3 0.0 I 6.1 ~.6 9.7 .0 I 

-I 1.0144 1.0114 .3 0.9 I 6.0 4.7 22.2 .0 I 
-2 I. 9 10~ 1.9131 .5 9.9 I 3.0 4.2 -39.4 .0 I 
-3 I. 9 I ~9 1.0147 .1 B.a I 3.9 3.9 -.2 .0 1 



L IIIE I AHWMF, a-sao' 12,'29/S7 L2aa 

LOGI0 fRE~UENCY (Hz) 

-I 1 2 

3 000eeee~ 

+ 

o "0 
1\1 

W L 

C 
::J 
t-
:i e 
a. 
l: 
a: 

2 

-4 -2 2 4 6 8 

LOG2 fRE~UENCY (Hz) 

CRL: NUMb.,. or d I ape",a' O"''':'':.~. 2 
11-1 CI-.2S C2-.9 rt x~d 

It.,. LaMbda Rchaq Ra HI H2 T2 
a I.E-a2 .231a6 1.000 .laa I. aaa 1.8E-83 
1 I.E-82 .81179 1.81S .872 l.a88 3.7E-84 
2 I.E-83 .882215 1.861 .aS8 .ns 3.6E-84 
3 I.E-84 .881215 1.861 .877 .789 4.4E-a4 
4 I.E-8!5 .00122 1.061 .a76 .717 4.4E-a4 
!5 I. E-06 .88122 1.061 .076 .717 4.4E-04 

'at .'d D'IJI.'iOril .1 4.' 2.1 4.? 

Corr.latton Ha\rtK l.aae 
.2 .... 1.8ee 

-.aes -.0SI 1.800 
.2 .. 1 -.20" -.7"9 1.0S0 

Fppar.n\ R •• lulvlty t1.aa',,"~d a\ 1 Hz Is 39.92 

310 

3 

........ , ... . -'.- ... ~'"""''-

10 

". ". 

12 

Fppa,..nt R.alatlvlty Calculat.d rro. Induct Iv. Coupll ng Is .... e.0 
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LitlE I AHUMF, •• ~OO', 12/29/87, L208 

F ObsAnl CaIA", pctDlr ASD~ Uts ObsPhz CalPhz pctDlr PSD~ Uts 
12 .3206 .2693 19.9 9.9 9 41.7 323.9 -674.6 .9 9 
II .3916 .3137 -4.0 9.9 a 248.9 478.1 -92.1 .9 9 
19 .... 61 ."2"~ -2.9 9.9 1 :587.1 S91.4 1.9 .9 1 
9 .6279 .5972 ".9 0.9 1 :532.9 :5:54.6 -".3 .9 1 
8 .7835 .7761 .9 9.9 1 369.6 418.6 -13.2 .9 1 
7 .8763 .8947 -2.1 0.0 1 239.0 266.3 -11.4 .0 1 
6 .9339 .9:523 -2.1 9.0 I 1:52.S 1S:5.3 -1.9 .9 I 
:5 .9696 .9778 -.9 9.0 I 94.2 08.3 6.3 .9 1 
4 .9887 .9999 -. I 9.9 1 ~6.8 :58.8 10.6 .0 I 
3 1.0001 .9971 .3 0.8 I 33.9 39.~ 9.9 .0 I 
2 1.0042 1.0020 .2 0.0 I 22.0 19.8 10.1 .0 I 
I 1.0082 1.0062 .2 0.0 I 1:5.0 14.2 ~.6 .0 I 
a 1.0122 1.0101 .2 0.0 I 11.8 1l.3 4.6 .0 I 

-1 I. 01~:5 1.0139 .2 0.0 1 18.1 9.8 3.4 .0 I 
-2 I. 0197 1.0176 .2 0.0 I 7.4 8.9 -20.8 .0 1 
-3 1.0207 I. 0213 -.1 0.0 I 8.:5 8.4 .7 .0 1 



31.2 

• . D . II 5 X 152 - - III 

LOGI0 F"REQUENCY (Hz) 

-I 0 I 2 3 ., 

3 0 e e e e 9 e e 6-,.,. 
+ ~., ..... , .... 
,..., ~"" ..... 

0 "0 ..•..... \ •...... to 
W 

L. - II 
C - ,tt' 
::J - 2 .11 
I-

•... );;/". \ H E -l ..., 
a. 
1: W a: (f) 

N a: ~V--::-··- 1m 
\.!1 J: 
0 a. ................. 
-l lSI + - 1 ............ + .. -
M \.!1 +.:::::~: ................. ::::,.: .............................................................................. 

0 
-l 

0 .. ' . 
-4 -2 0 2 4 6 8 10 12 

LOG2 F"REOUENCY (Hz) 

CRL: HUllber or d Ispersl ons- 2 
11-1 C2-.9 rlxed 

lur LaMbda Rchsq IW HI CI H2 T2 
a I.E-a2 .aa127 l.a61 .a76 .25a .717 4.4E-a4 
I I.E-a2 .aall5 l.a72 .Ial .195 .7a6 4.4E-04 
2 I.E-a2 • aalla l.a93 .119 .157 .697 4.4E-a4 
3 I.E-a2 .aala9 I. a91 .132 .14a .691 4.3E-04 

" I.E-a2 .aala7 l.a99 .143 .129 .696 4.3E-a4 
s I. E-02 .00106 1.la4 .IS4 .119 .692 4.3E-a4 

Fct Std Deviations 15.2 531.7 633.9 17.6 4.9 

Correla'ion Matrix I.oaa 
.9~9 I.aaa 

-.999 -I. aaa I.oaa 
-.997 -.999 .997 l.aaa 
-.345 -.359 .354 .241 I.aaa 

Fpparent Resist Ivhy Measured at I Hz Is 39.92 
Fpparen' Resist Ivlty Calcula'ed rrOM Inductive Coupling Is 479.9 
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L 1 liE 1 AHUMF, a-SOO'. 12/29/87, L208 

F ObsA., CaIA", Pc t 0 I r ASO:: Uts ObsPhz CalPhz Pet OJ( PSOl: Ut. 
12 .3206 .2:577 19.6 0.0 0 41.7 341.9 -720.0 .0 0 
II .3016 .3135 -4.8 0.0 0 248.9 491. 9 -97.6 .8 8 
10 .4161 .4263 -2.4 0.0 I 587.1 S87.6 -. I .0 J 

9 .6279 .S993 4 • ., 8.0 I 532.8 '54.7 -4.3 .e J 
8 .7835 .7766 .9 0.0 I 369.6 416.3 -12.6 .0 I 
7 .8763 .8933 -1.9 0.0 I 239.0 264.S -10.7 .0 I 
6 .9330 .9502 -1.8 0.0 I 1:52.:5 1:54.7 -1.5 .0 I 
S .9686 .97S8 -.7 8.0 I 94.2 88.S 6.0 .8 I 
4 .9887 .9884 .8 8.8 I S6.8 SI.4 9.S .8 I 
3 1.8801 .99:59 .4 0.0 I 33.9 31. 2 8. I .8 I 
2 1.8842 1.8812 .3 0.0 I 22.8 20.3 7.8 .8 1 
I 1.0882 1.08S6 .3 8.0 I IS.8 14.S 3.S .0 I 
8 1.8122 1.0896 .3 8.8 I 11.8 11.4 3.6 .8 I 

-I I. 81SS 1.8134 .2 0.8 I 18.1 9.7 3.7 .8 I 
-2 1.0197 I. 8178 .3 0.0 I 7.4 8.8 -19.2 .0 I 
-~ l,e~e7 ',\)2e6 .8 e.e J 8.' 8.3 2. J .0 l 
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L IIIE I AHW,.,F .• -:500' 12"29"07 L200 0 0 0 

LOGI0 FREQUE~ICY (Hz) 

-I 0 1 2 3 

3 ~ 0 e e e e 9 9 9 e 
+ ~ + ............... 
..... \ ...... 0 "0 " " «I ,,-?' )I( 

w I-- " e - ,1" => - 2 
oJ 

I- - -bll ' 
H E 

.. )'::"" \ -I 'oJ 
D.. 
E W a: 
~ 

,.-,,' . " 
('IJ 

J: 
:I....... ail 

(!) 
D.. 

t:::::~:::::::::::.:;;:::;::::.:::: .. _ .............................................. _ ............. 
0 
-I cg 1 + -M (!) 

0 
-I 

0 I 0 

-4 -2 0 2 4 6 8 10 12 

LOG2 FREQUENCY (Hz) 

CRL: HUMber or dl.perslons- 2 
f' hed 

her Lalllbda Reh.q RO HI Tl CI H2 T2 C2 
0 I.E-02 .00116 1.104 .1:54 I.OE+OO .110 .G02 4.3E-04 .900 
I I.E-02 .0000:5 1.101 .1:50 I.OE+OO .114 .716 4.0E-04 ,062 
2 I.E-03 .OOOOS 1.106 .IS7 9.7E-01 .100 .711 4.0E-04 .063 

Fet Std Deviation. 139.8 999.9 999.9 999.9 172.9 7.9 S.S 

Corr.I.,'on M.'rlx 
J , "'''' .9,. l.oee 
.709 .670 1.000 

-.999 -1.000 -.672 1.000 
-.999 -.999 -.682 .999 1.000 

.663 .672 .316 -.671 -.689 I.eoo 

.869 .889 .339 -.887 -.888 .790 1.000 

Fpp.rent Resist Ivhy Hea.ured at I Hz Is 39.92 
Fpparent Resistivity Calculated rrOM Inductive Coupling Is 427.6 
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L HIE I AHUI1F •• -:599'. 12/29/97. L299 

F ObsA .. CaIA .. 1".: t Dj r ASDl: Uta ObsPhz CalPhz Pc t D If PSDl: Uta 
12 .3296 .2451 23.6 9.9 a 41.7 421.9 -911. :5 .a a 
II .3916 .3139 -4.e e.a a 248.9 554.4 -122.7 .e 0 
Ie .4161 .4367 -4.9 B.B I S97.1 699.3 -3.9 .B I 
9 .6279 .6a69 3.3 a.9 I :532.a 5"6.9 -2.9 .9 I 
9 .7935 .7725 I ... 9.9 I 369.6 4a6.a -9.9 .e I 
7 .8763 .8839 -.9 9.9 I 239.a 262.3 -9.7 .a I 
6 .9339 .9424 -1.a a.a I 1:52.:5 157.:5 -3.3 .9 I 
:5 .96a6 .9719 -.3 9.a I 9".2 92." 1.9 .0 I .. .98a7 .9aS9 .3 a.a I 56.a :54.6 3.a .a I 
3 I. aa91 .994a .5 a.a I 33.9 33." 1.5 .9 I 
2 l.aa42 I.aaaa .3 a.a I 22.a 21.6 1.7 .9 1 
I I. aaa2 I. aass .3 a.a I IS.a 1:5.1 ,-.9 .a I 
a l.al22 I. aa9S .3 a.9 I 11.9 11.6 1.9 .a I 

-I I. al:5S l.a132 .2 a.a I 19. I 9.6 ".7 .a I 
-2 I. a 197 l.a166 .3 9.a I 7 ... a.s -1:5.4 .a I 
-3 I. a2a7 l.a2aa .1 a.a I a.s 7.9 6.a .9 I 
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L!tIE 1 AHIoIMF ,.-5ee', 121'29/87, L2ee 

LOGI0 FREQUENCY (Hz) 
-I 1 2 3 . 

:3 

+ 

0 '0 
to 

W L. 

C 
:J 

2 I-
H e ~ 
a. 
x: w a: (J) 

N a: 
CI J: 
0 a. 
~ IS) + 
('I') 

CI 
0 
~ 

o ~~ __ ~~ __ ~~ __ L-~ __ L-~ __ L-~ __ L-~~~~~~ 

-4 2 4 6 8 HI 12 

LOG2 FREQUENCY (Hz) 

CRL: Humb.r of dl.p.rllonl- 2 
11-1 Cl-.2S C2-.9 flx.d 

IUr Lambda Rchlq Ra HI H2 T2 
a I.E-a2 .231e4 1.000 .Iaa I.eea l.eE-a3 
1 1. E-a2 .a1199 I. a14 .a67 l.aaa 3.7E-a4 
2 I.E-a3 .aa241 1. eS9 .a76 .775 3.7E-a4 
3 I.E-a4 .ae141 l.aS9 .a73 .7a9 4.SE-a4 
4 I.E-as .aal3S l.ase .a72 .717 4.SE-a4 
5 I.E-a6 .ael3e 1. ase .a72 .717 4.5E-a4 

Fet Std D.vlatlonl .e 5.a 2.e 4.9 

Corr.latlon MatrlM l.aea 
.231 l.aae 

-.geO -.a7e 1. aae 
.241 -.2a6 -.746 l.aaa 

Fppar.nt R •• I.tlvlty H.alur.d at 1 Hz II 4e.aa 
Fppar.nt R.llltlvity Caleulat.d frOM Induetlv. CoupllnQ Is 611.5 
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L WE I RHIlt1F. .-5aa'. 121'29"'97. L2aa 

F ObsAIn C.IA", PctDlf RSD% IIts ObsPhz CalPhz PctDH PSD% IIts 
12 .3194 .2627 17.8 a.a a 39.8 314.7 -69a.7 .9 9 
II .30a7 .3147 -4.7 0.0 a 244.4 469.0 -91.9 .8 B 
la .41 .... ... 235 -2.2 0.0 I 592.7 575.2 1.3 .B I 
9 .6262 .5949 5.0 a.B I 528.9 553.1 - ... 6 .9 1 
9 .7925 .n .. 3 1.1 B.B I 367.1 419.9 -1".4 .8 1 
7 .9757 .99 .. 3 -2.1 B.0 1 237.1 267.9 -13.B .B 1 
6 .9329 .9528 -2.1 0.8 1 151.6 156.4 -3.2 .0 1 
5 .969a .9786 -loa a.B 1 94.1 8B.8 5.6 .0 1 
4 .989B .9909 -.2 B.0 1 56.4 50.9 9.7 .9 1 
3 1.0Ba3 .9978 .2 9.B 1 33.9 30.4 10.2 .B 1 
2 1.9941 1.9027 • I 9.0 1 21.9 19.5 19.8 .8 1 
I 1.9082 1.8867 • 1 a.a 1 14.9 13.8 7.2 .8 I 
0 I. 0122 1.0104 .2 B.a I 11.9 18.9 7.8 .8 1 

-I 1.0162 1.0140 .2 B.B 1 9.9 9.3 5.6 .8 1 
-2 l.e226 l.eli'6 .5 B.B 1 8.3 8.5 -2.7 .0 I 
-3 1.0287 1.8211 -.0 8.0 I 6.6 8.0 -21.5 .8 I 



LINE I AH~MF, a-S00', 12'29,e7 L200 

3 

+ 
0 "'0 

to 

W 
I.. 

1:1 

-1 

LOG10 FREQUENCY (Hz) 

1 2 

.IIJI' 

/1
1

" 

114-
II 

31.8 

3 

",,"' ............... . 
, ' . ..... 

::> 2 I-
1-4 e 
~ 
a. 
2: w a: (J) 

N a: 
(,!) :I: 

+. -<;: ::: ::~::/"'. • 
0 a. 
~ (SI + 
('I') (,!) 

0 
~ 

'''''':t:::::::::::~::~;;:::;:::::::: .................................................. _ ............ . 

0 
-4 -2 

.' 
, .. ", 

0 2 4 6 

LOG2 FREQUENCY (Hz) 

CRL: Humber or dispersions- 2 
11-1 C2-,9 rllCed 

her Lambda Rchsq R0 HI CI H2 T2 
0 I.E-02 .001404 I.ose .072 .2SO .717 4.:5E-04 
I I.E-02 .00130 1.070 .0ge .Ieo .70S ".4E-04 
2 I. E-02 .0012S I.oel .1l6 .IS2 .697 4.4E-0" 
3 I.E-02 .00123 1.090 .130 .13S .690 4.4E-0" 
4 I.E-02 .00121 1.097 .1'" .123 .6eS 4.4E-04 , I,i .. ea .ee121 1.182 ,1112 .II .. .nl ..... £-e .. 

I'tt S\d bevlatlons 18.2 82e.9 999.e 2e.9 S.0 

Correlation MatrllC I.eoo 
.999 1.ee0 

-.999 -1.00e 1.000 
-.990 -.990 .990 1.000 
-.344 -.3S6 .3:52 .2:52 I. eoe 

Fpparent Reslltlvlty Mealured at I Hz II 40.00 

8 

Fpparent Resistivity Calculated rrOM Inductive Coupling Is 6S3.9 

10 12 
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LitlE I AH\.IMF, a-:lOO', 12.129.187, L200 

F OblAme CalAme Pc tDtt ASD:: IoIti Ob,Phz CalPhz Pc, DI r PSD% loIu 
12 .3194 .2601 le.6 o. 0 39.8 333.2 -737.1 .0 0 
II .3007 .314:1 -4.6 0.0 0 244.4 482.6 -97.4 .0 0 
10 .4144 .42:13 -2.6 0.0 I :182.7 :181. 4 .2 .0 1 
9 .6262 .:1970 4.7 0.0 I :128.9 :1:13.2 -4.6 .0 I 
8 .782:1 .7749 1.0 0.0 1 367.1 417.6 -13.8 .0 1 
7 .87:17 .8930 -2.0 0.0 I 237.1 266.1 -12.2 .0 1 
6 .9329 .9:107 -1.9 0.0 I 1:11.6 1:15.8 -2.7 .0 1 
:I .9690 .9766 -.8 0.0 1 94. I 89.0 :1.4 .0 I 
4 .9890 .9893 -.0 0.0 I :16.4 :11.:1 8.7 .0 I 
3 1.0003 .9967 .4 0.0 I 33.9 31.0 8.4 .0 I 
2 1.0041 1.0919 .2 0.0 I 21.9 20.0 8.:1 .0 I 
I 1.0082 1.0061 .2 0.0 I 14.9 14.1 S.O .0 I 
e 1.0122 1.0099 .2 0.0 I 11.8 11.0 6.7 .0 1 

-I 1.0162 1.013S .3 0.0 1 9.9 9.3 S.8 .0 I 
-2 1.0226 I. 0169 .6 0.0 I 8.3 8.4 -1.4 .0 I 
-3 1.0207 1.0203 .0 0.0 1 6.6 7.9 -19.8 .0 1 
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L WE I AHWMF, a-:!00', 12; 29/87, L2S0 

LOGI0 FREQUENCY (Hz) 
-I 2 3 . , 

3 G--e-~9~O&-~OT-~O~~O~~O~~ __ -
+ 
,..., 

o -0-.. 
~ ....................... ,.,' 

0 "0 
to 

W 
L 

. -0 -:J - 2 t-
1-4 

.. ' "'. 
.' 

.~. 

.' .,. .. 
.' .' A' ~ 

e -.J 
a. '-' 

l: W a: lfl 

+.::::~,/~. * 
N a: 
(.!) :t: 

:I ••• :..... iii! 

0 a. 
-.J (S) 1 + 
(Y) (.!) 

0 
-.J 

~,,:::~:::::~::::::~;;::>::::.: .................. -...... ................................. ~ 

o ' 
-4 -2 2 4 6 

LOG2 FREQUENCY (Hz) 

CRL: HUMber or dl.per.lon.- 2 
fixed 

her LaMbda Rch.q R0 NI 
0 I.E-S:! .SS132 1.IS3 .1:!2 
I I.E-02 .SS088 I.on .147 
2 1. E-03 .S0088 1.le0 .149 

Fct Std DeViation. 177.3 999.9 

l.se0 
.999 I.S00 
.6:!6 .616 

-.999 -1.S00 
-.999 -.999 

.68:! .694 

.87'5 .894 

TI CI N2 
1. SE+00 .1l4 .681 
9.8E-01 .108 .722 
8.3E-SI .10:! .719 

999.9 999.9 217.8 

I.see 
-.619 
-.631 

.284 

.282 

I.see 
.999 

-.693 
-.892 

1.01'11'1 
-.709 
-.892 

Fpparent Re.lstlvlty Measured at I Hz I. 4S.SS 

8 

T2 
4.4E-04 
".SE-a4 
4.SE-04 

8.4 

I.S00 
.81'16 

Fpparent Resistivity Calculated rroll Inductive Coupling I. :!67.9 

10 

C2 
.900 
.8:!6 
.8:!:! 

:!.8 

l.eee 

12 
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L I tiE I AHWMF. a-500'. 12,129,187. L290 

F ObsA,. CaIA,. pctDlr ASD~ Wts ObsPhz C.IPhz pctDlr PSD~ Wts 
12 .3194 .2452 23.2 0.0 0 39.8 427.0 -973.0 .0 0 
II .3007 .3149 -4.7 0.0 9 244.4 556.1 -127.5 .0 0 
10 .4144 .4377 -5.6 9.0 I 582.7 697.9 -4.2 .9 I 

9 .6262 .6962 3.2 0.0 I 528.9 543.9 -2.8 .0 I 
9 .7925 .7793 1.6 9.9 1 367.1 495.1 -19.3 .9 1 
7 .8757 .8818 -.7 0.0 I 237.1 263.3 -11.0 .9 I 
6 .9329 .9414 -.9 0.9 I 151.6 159.0 -4.9 .9 I 
5 .9699 .9709 -.2 0.9 I 94.1 93.6 .5 .8 I 
4 .9898 .9863 .3 8.8 I 56.4 ".4 1.9 .8 1 
3 1.8003 .9953 .5 8.0 I 33.9 33.7 .5 .8 I 
2 1.0041 1.0814 .3 8.8 I 21.9 21.7 1.1 .0 I 
I 1.0082 1.8860 .2 8.8 I 14.9 15.0 . -.4 .8 I 
0 1.8122 1.0098 .2 1'.0 I II. I' 11.1 4.~ .1' I 

-I l.elU 1.0122 .3 CI.O I ,., '.2 6.9 .0 1 
-2 1.022& i. 9166 .~ 0.9 1 9.3 9.1 2.7 .0 1 
-3 1.0287 1.8197 .1 8.0 I 6.6 7.4 -12.5 .8 I 
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DECOUPLING RESULTS FROM AVRA VALLEY, ARIZONA 
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L IIIE I AVRA VAllE'( .-"00' 071'09,109 LlOO .. 
LOGIe fRE~UENCY (Hz) 

-I 0 I 2 3 
I 

3 0 Q 9 Q Q Q Q 0 0 Q e 
+ 

0 
,... 

r" .. io ..... it: "0 
to of.····· ..••.. 

W 
L 

C .- J' 

::J - .J/ lI( ... - 2 
H E .:.-.- Ia -l 
0. 

..., 
+ ..• ~" I: w Ia a: Ul .,:::' 

N a: -r.';--
l!I J: .-: .. -
0 0. 
-l 
~ I + 

(T) -l!I 
0 
-l 

0 I I 

-4 -2 0 2 4 6 8 10 12 
LOG2 fREQUENCY (Hz) 

CRl: HUMb.r or dlap.ralona a 2 
11-1 CI·.2~ C2-.9 rlICed 

UtI' Lambda Rch.q RO MI H2 T2 
e I. £-02 7.46271 1.000 .100 1.000 I.OE-03 
I I.E-02 1.33716 3.197 • "9 .9~0 2.3E-04 
2 I.E-03 .0122~ .979 .044 .639 2.4E-04 
3 I.E-04 .00464 1.041 .0otO .~~7 2.~E-0" 
4 l.i .. ea .Se4Gif 1.849 .0 .. 0 .1162 2.41-04 

Fet Std Devlatlona 1.3 9.0 9.6 14.2 

Correlallon ~alrl)( I.eoo 
.100 1.000 

-.093 .013 1.000 
.191 -.173 -.a~8 1.000 

Fpparenl Real.llvlty Heaaured at I Hz I. 38.16 
Fpparent Re.lstlvlty Calculated rrOM Inductive CouplIng I. 59.70 
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L1I1E I AVRA VALLEY, a.~OO , 87/89/88, L188 

F OblAme CalAmI! PelDtr ASD% IHI OblPhz CalPhz PclDt r PSD% WU 
12 .4022 .04636 -1'.3 8.0 a -1'0.' 222.5 247.9 .8 8 
II .~594 .5314 -15.7 0.0 a 275.3 322.2 -17.0 .0 a 
10 .6357 .6560 -3.2 0.0 I 369.7 36'.9 1.0 .0 I 
9 .7865 .8047 -2.3 0.0 I 298.7 310.9 -~.I .0 I 
a • aa04 .912~ -2.7 0.9 I 211.9 299.6 I. I .9 I 
7 .9521 .9660 -1.5 0.0 I 138.7 1204.8 19.0 .0 I 
6 .9890 .9890 -.9 0.0 I 04.2 70.8 15.9 .0 I , 1.00S9 .9992 1.0 0.0 I 047.6 40.9 16.0 .0 I 
04 1.0169 I. 00404 1.2 0.0 I 23.6 23.1 2.2 .8 I 
3 1.8172 1.0076 .9 8.0 I 10.7 14. I -31.3 .9 I 
2 1.81n 1.0101 .9 8.0 1 5.6 9.3 -6'.9 .8 1 
1 1.81~2 1.8121 .7 8.0 I 5.1 6.8 -33.6 .8 1 
a 1.9281 1.9141 .6 8.0 I 04.9 5.5 -13.2 .8 I 

-I 1.9232 1.9169 .7 9.9 I 4.9 4.9 -2.8 .9 I 
-2 1.0212 1.0189 .9 9.9 I S.4 4.5 IS.8 .9 I 
-3 1.8304 1.0199 1.0 0.0 I 5.5 4.3 21.3 .0 I 
-4 1.0399 1.0218 1.7 0.0 I 4.6 4.2 9.a .8 I 
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L IIIE I AVRA VALLEY a 400' 07"09/88 LIOO . • • D . II I X 122 . . DI 

LOGI0 FREOUErlCY (Hz) 

-I 13 1 2 3 

:3 t). 9 9 e 9 9 9 9 9 e 0-0 
+ 

0 
,.. ..•.... "tl .... .,.. to ')('" 

W L. f' ". 
0 - .", 

~ :J - .+' - 2 t- . - . 
H e ;to·· 18 -1 
a. .... 
:r: w '!:"" 1m 
II: Ul 
N II: .+' l!I J:' a. . 
0 . . 
-1 

.~~~.4 
. 

+ IS) 1 
C"l -l!I 

0 .... ::::!+-.... to 'V'-::.4: -1 ....... · .. ,.:1 ........•. ". ,,' '. . -'., ". 
-0:,:' 

13 I I I 

-4 -2 0 2 of 6 e 10 12 

LOG2 FREOUE:NCY (Hz) 

CRL: HUMbe,. or dlspe,.slons. 2 
1\-1 C2-.9 rlx.d 

he,. LaMbda Rehaq RO HI CI H2 T2 
0 I. E-02 • :!4799 1.000 .100 .2:10 1.000 I.OE-03 
I I.E-02 .04179 .947 .03:1 .290 1.000 2.2E-04 
2 I.E-03 .03346 1.002 .004 1.000 .6:!9 2.2E-04 
3 I.E-04 .00209 1.028 .018 .700 • :!:!\ 2.9E-04 
4 I.E-O:! .00141 1.029 .013 .907 .:16:1 2.8E-04 
:! I. E-06 .00130 1.029 .014 .822 .:!66 2.8E-04 
6 I. E-07 .0013e 1.029 .014 .838 .:166 2.8E-il4 

Fe\ S\d D.ula\lona .7 7.7 7.8 4.4 6.6 

Corr.la\lon Ha\rlx I.Oee 
.el:! 1.0ee 
.OO:S -.813 1.000 

-.e61 .043 -.043 I.eoo 
.174 -.262 .243 -.841 1.000 

Fpparen\ Realnluhy Heaaurcd a\ I Hz \a 38.16 
Fpparen\ Resin Ivl\y Calcula\ed rrOIll Indue\lve Coupl In; la :!ldO 
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LI~E I AVRA VALLEY, .-400', 87'89'88, LI00 

F Ob·f!"e CalAME! pClDtr ASD:( Ihs Ob.Phz C.,Phz pClDtr PSD% Ih. 
12 .4022 .4716 -17.3 0.0 8 -150.:1 193.4 228.:1 .S 0 
II .4:194 • :1286 -1:1. I 0.0 0 27:1.3 292.:1 -6.3 .0 8 
10 .63:17 .6412 -.9 0.0 I 369.7 3:13.:1 4.4 .8 1 
9 .786:1 .7896 -.4 S.O I 298.7 318.8 -6.7 .0 I 
8 .8884 .9074 -2. I 0.0 I 211.9 223.8 -:1.2 .8 1 
7 .9:121 .9691 -1.8 0.0 I 138.7 134.3 3.2 .0 1 
6 .9890 .9954 -.6 O.S I 84.2 7:1.6 10.2 .0 1 
:I 1.0089 1.0061 .3 8.8 I 47.6 "I. :5 12.8 .8 , 
.. 1.0169 1.0109 .6 0.0 I 23.6 22.6 ".0 ,0 , 
3 1.8172 1.8138 ... 8.0 I 11'1.7 12.:5 -17.2 .0 1 
2 1.8177 1.81"1 .3 8.8 I :1.6 7.3 -:)1,2 til I 
I J. 8192 It OI:lQ .4 arlt I • .1 I.' ata ,a I 
I) I,I)UI 1.11!9 ,4 CI.G 1 ... , ..... 10.5 .0 I 

-I 1.0232 1.~17" • 6 0.0 I ".8 ".9 -1.7 .j! 1 
-2 1.0272 1.0199 .7 0.0 I :1.4 :1.6 -4.6 .0 I 
-3 1.0304 1.0232 .7 0.0 I :1.:1 :1.6 -1.7 ' .0 I -.. 1.0398 1.0260 1.3 S.S I ".6 ..... 3.7 .0 1 
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LItlE I AVRA VALLEY a- . [I- I /I-I X-122. 

LOG10 fREQUENCY (Hz) 

-I 0 1 2 3 

3 I) 0 9 U 0 0 9 9 9 0 

6~~ + 
0 "" "C 

10 

tal L ... .,. ". 
c .-

-t." ~ :::::l -
I- - 2 .. ' .- .+., 1m H e .J '"' a. .!:" ~ :I: 
~ It , 

N ~ '!-' CJ . 
0 a. ." 

. 
.J m 1 .~.4 + 
('t) -CJ .",,' 

0 .. • ••• fo:::::f;·....... to .i.····:.f· .J .1 ••••••••••••••• " .,' 

... , ......... 
••••• v •••••• , 

0 ..... . • • 
-4 -2 0 2 4 6 8 10 12 

LOG2 fREQUENCY (Hz) 

CRL: HUllb.r or dhp.rllonl", 2 
rtx.d 

h.r Lallbda Rchlq P.O HI TI CI H2 T2 C2 
0 I.E-02 .00141 1.029 .014 I.OE+OO .838 .~66 2.8E-004 .900 
I I.E-02 .80129 1.031 .81~ 1.8E+00 .778 .~43 3.0E-004 .927 
2 I.E-03 .0012e 1.031 .ons I.OE+OO .791 .:5H 3.0E-004 .926 

F(t $td hyl.tlonl .7 1I.6 1:1.6 11.3 ".8 8.:5 2.1 

Co~~".'lon ".'flx I.eee 
.1?9 I.eee 
.103 .4:52 1. eoo 

-.1~:5 -.914 -.464 1.000 
-.1042 -.302 .02e .269 1.000 
.2" • 2~8 -.0:51 -.219 -.867 1.000 
.198 .:54:5 -.067 -.499 -.S63 .71S l.eee 

Fppar.nt R •• I.tlvity M.a.ur.d at I Hz Is 38.16 
Fppar.nt R •• I.tlvity Calcula,.d rroll Induct Iv. Coupling II :53.18 
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LINE I AVRA VALLEV, s-499', 97/99/99, LI99 

F Ob,fjt.l~ CIIfjllle....!llPI ASP:: Uu ObaPhz C.IPhz Petptr PSD% WU 
12 ... 92 ... 826 -29.9 9.9 9 -159.5 163.4 299.6 .9 9 
II .4594 .S287 -15.1 0.9 9 275.3 263.2 ..... .9 9 
19 .63S7 .6312 .7 9.9 I 369.7 342.1 7.S .9 I 
9 .786S .7917 .6 9.9 I 299.7 324.9 -e.7 .9 I 
8 .9884 .9981 -2.2 9.9 I 211. 9 238.2 -9.6 .9 I 
7 .9S21 .9732 -2.2 9.9 I 138.7 137. I 1.2 .8 1 
6 .9898 .9991 -1.9 9.9 I 8".2 7S.7 10.9 .8 I 
S 1.0989 1.9999 -.8 9.9 I 47.6 "8.8 loI.3 .9 1 .. 1.8168 1.9129 .4 9.9 I 23.6 21.9 7.2 .9 I 
3 1.9172 1.81"7 .3 9.9 I 10.7 12.9 -12.1 .9 1 
2 1.9177 1.91S6 .2 9.8 I S.6 7.1 -2S.9 .9 I 
I 1.8192 1.9164 .3 9.9 I S.I 4.9 3.9 .9 I 
9 1.9281 1.917" .3 9.9 1 ".9 4.4 9.6 .8 I 

-I 1.9232 1.9198 .4 8.9 I 4.9 ".9 -2.4 .9 I 
-2 1.8272 1.821S .6 8.9 1 S.4 S.6 -3.4 .9 I 
-3 1.9384 1.82"7 .6 9.9 I 5.S S.S -.6 .9 1 
-4 1.8398 I. 827 .. 1.2 9.9 I ".6 4.S 1.6 .9 1 
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LOGI0 FREOUENCY (Hz) 
-I o I 2 3 

3 o gee e gee e 
+ 

0 '0 
/0 

W L 

C 
::J 2 I-

",,, ••• ,,;t. 
4-'" •••• ~ 

,,,1" ~ ..... 
/,,,, .... 

:,' iI( ' •• )E 
,:"! • 

H e J a. 
L W a: (/) 

-ti' .... 
+,;:,' 

N a: 
Cl J: 
0 0-
J IS) + 
C"l Cl 

0 
J 

E'l ' 
-4 -~ 0 2 4 S a 10 12 

LOG2 FREOUENCY (Hz) 

CRL.I Humb.r or ~I.por.lon.· 2 
11-1 CI-.2' C2-.9 rlIC.d 

h.r L.a.bda Rch.q Re HI H2 T2 
0 I.E-02 .109'9 1.000 .too I. eoo 1.0E-03 
I I.E-02 .00391 1.069 .09' .76' '.2E-04 
2 I.E-03 .00093 1.000 .090 ."9 7.!lE-04 
3 I.E-04 .00046 1.079 .099 .'73 9.0E-04 
4 I.E-OS .00046 1.079 .e97 .• S72 9.0E-04 

Fct Std D.vlatlon. .4 2.6 1.9 3.3 

Corr.latlon HatrlIC 1.000 
.2'4 1.000 

-.033 -.086 1.000 
.177 -.226 -.712 1.000 

Fppar.nt R •• I.tlvlty H.a.ur.d at I Hz I. 3'.13 
Fppar.nt R •• I.tlvlty Calculat.d rro. Induct Iv. CouplIng I. "'.'3 
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L'UE I AVRA VALLEV, .-400', 07'09'88, LIOO 

F ObaA .. CaIA .. Pet Dtr ASD:C Uu ObaPhz CalPhz PetDI r PSD:C Uta 
12 .4192 .3942 9.3 0.0 0 126.7 109.9 14.8 .9 9 
II .3847 .4911 -4.3 0.0 9 128.8 184.4 -43.2 .0 0 
19 .4123 .442:S -7.3 0.9 9 332.1 291.1 12.3 .0 0 
9 .:S394 .:S329 1.0 0.0 1 421.0 397.0 9.1 .0 1 
8 .6991 .6793 1.6 0.9 I 379.9 39:S.8 -4.:S .0 1 
7 .8297 • 829:S -1.1 0.9 I 282.4 398.4 -9.2 .0 t 
6 .9084 .92:S7 -1.9 0.0 I 189.D 198.8 -4.8 .0 1 
:s .9:S96 .9716 -1.2 0.0 I 118.7 117.4 I. 1 .9 1 
4 .9862 .9922 -.6 0.0 I 71.3 68.1 4.:S .0 I 
3 .9996 1.0027 -.3 e,o I 42.7 .. O,~ ~.I .S I 
2 I, SUI I.sa, .. -.0 0.0 I 27,7 .".7 701 .0 I 
I I.lll iI l.e14' .I e,e I 1i.7 17.9 '4.3 .e I 
9 1.8210 I.eln .2 e.G 1 14.3 13.8 3.4 .0 1 

-I 1.0266 1.0238 .3 0.0 1 11.7 11.7 .1 .0 I 
-2 1.029:S 1.0281 .1 0.0 1 9.0 10.:S -9.8 .0 1 
-3 1.0384 1.032:S .6 0.0 I 10.3 9.8 4.4 .0 I 
-4 1.0496 1.0368 1.2 0.0 I 8.9 9.3 -4.8 .0 1 
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l WE I ,WRA VAllE" . a-400' 07/09/88 LI00 . . 
LOGI0 FREOUENCY (Hz) 

-I 111 1 2 3 

3 0 9 €I e e 9 9 e 6 
O~ + 

0 
,... ........... :t ••• i!! 
"tJ 'f." '. ' •• 
to 

. t"'········~ w I. 

C .-
::l -
I- - 2 
H . - ., . 
ii e t,I, .... ,.",1 I 
l: W 

+-::., ~ 
a:'(J) ...... :: ... 
N a: .. ' 
l!) :t .. of···· ..•• 
0 a. If···· .' .J IS) 1 of':I.,m::::*:::::~::::: .. ::::; •. :::: .......................................................................... + 
(I') -l!) 

0 
.J 

.' 

0 . . 
-4 -2 0 2 4 6 8 10 12 

LOG2 FREQUENCY (Hz) 

CRL: Hu",be" of dlaperalona- 2 
11-1 C2-.9 flMed 

Iter La",bda Rchaq R0 HI CI H2 T2 
0 I.E-02 .00049 1.078 .087 .2~0 .~72 8.0E-84 
1 I.E-02 .9094~ 1.98~ .191 .21~ .'67 8.9E-94 
2 I.E-92 .00943 1.992 .112 .192 .'62 8.9E-IH 
3 1,& .. e2 .00042 l.e97 .122 .176 .S'8 8.eE-00i 
of 1.£-e2 .00aH •• 103 .131 .163 .S'S 7.9E-04 
:5 I.E-02 .00040 1.197 .139 .1'3 .:5:52 7.9E-04 
6 I.E-02 .009 .. 9 1.112 .... 6 .... lI .lI .. 9 7.9E-0" 

FC\ 8,d DIU! u! on. 8.e 18l1.0 208.2 19.2 3.lI 

Correlation Ha\rll< 1.009 
.999 1.900 

-.990 -1.900 1.000 
-.983 -.98" .984 1.900 
-."2" -.436 ... 32 .313 1.900 

Fpparent Rulst Ivl\y Heaaured a\ I Hz Is 3l1.13 
Fpparent Realstlvlty Calculated fro. Inductive CouplIng I. 48.16 
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LIHE I AVRA VALLEY, a-400', 07'09'88, LI00 

F ObiA. CaIA", pctDtr ASD% Uti ObaPhz CatPhz PCtlltr PSD% Uta 
12 ... 192 .300" 9.3 0.0 0 126.7 117.~ 7.2 .0 0 
II .3947 .3990 -3.7 0.0 0 128.8 193.~ -~0.2 .0 0 
10 .4123 .4422 -7.3 0.0 0 332.1 298.3 10.2 .0 0 

9 .~384 .~343 .8 0.0 I 421.0 390.~ 7.2 .0 I 
8 .6901 .6810 1.3 0.0 I 378.9 39~.6 -04.4 .0 1 
7 .8207 .9298 -I. I e.e I 292.4 3e6.7 -9.6 .e 1 
6. .9094 .92047 -1.8 0.0 I 189.b 197.~ -4.2 .0 I 
~ .9~96 .9701 -1.1 0.0 I 119.7 117.0 1.4 .9 I 
04 .9862 .9909 -.~ 0.0. I 71.3 68.3 4.2 .e I 
3 .9996 1.0018 -.2 0.0 I 42.7 41.0 4.0 .0 I 
2 1.0091 1.0038 .0 0.0 I 27.7 26.1 '.6 .0 I 
I I. el61 1.0142 .2 e.o I 18.7 18.2 2.9 .e I 
0 1.0210 1.0190 .2 0.0 I 14.3 13.9 2.' .0 I 

-I 1.0266 1.023~ .3 0.0 I 11.7 11.7 .2 .0 I 
-2 l.e29' 1.0279 .2 0.0 I 9.6 Ie." -0.9 .0 I 
-3 1.0384 1.0320 .6 0.0 I 10.3 9.9 '.3 .0 I 
-4 1.0496 1.0362 1.3 e.o I 9.9 9.3 -4.8 .0 I 
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L filE I AVRA VALLEV .... 00' 07"'89"'88 LI 00 ',- 0 

LOGleJ FRE~UENCY (Hz) 

-J 
'" 

J 2 3 . 

3 Q g e g e g Q e e~ 
+ 

0 
,..., , ............. 
'tI •... \ •.... to .... -'-

W L 01'- " .- . ~ 
0 -- .- \. 

:::I .' ~ ~ ... -- 2 .~ ~ .- ,,,' H e -I ... ~ 
a. '" .. :~~ .. , 19"'-. I!§ 
l: 
a:, w ... ::f.' 1)-.., Ul 
N a: .of' .' 
(!J :r .... , .. 
0 a. , ..••. i' ".-
-I CSl 

•••••• 1 .' 
+ 1 

... ",,;h:::::f.:: .•. :::::::::.,::: ............................................................................ 
(Y) 

.... 
(!J 
0 
-I 

.' 

0 - - I ._J~' -J_ .. _i _I l ,I - _I --' i i A .1 -i- .,- . 

-4 -2 13 2 4 6 8 113 l~ 

LOG2 FRE~UENCY (Hz) 

CRL: HUMber or dispersions. 2 
fixed 

J ",. Lllllbda Itchlq A0 Iii Tl CI H2 T2 C2 
a I.E-02 .0111'143 1.112 .146 1.0E+e0 .14' .'49 7.9E-04 .900 
I I.E-02 .00022 1.109 .142 J. OE+00 .142 • '76 7.3E-04 .861 
2 I.E-03 .00021 1.18e .140 1.IE+00 .143 .'80 7.2E-04 .860 
3 I.E-04 .00021 1.096 .11' 2.2E+00 .176 .'92 7.IE-04 .8'6 
'I I.E-03 .00020 1.093 .107 2.3E+00 .190 .'97 7.IE-04 .6'3 , I.E-03 .00020 l.u89 .099 2.'E+00 .20' .602 7.IE-04 .6" 

Fc\ S\d Deviations 9.4 299.8 999.9 318.2 14.9 4.0 2.' 

Correla\lon Ha\rlx I.ooe 
.99' I. eee 
.069 .821 I.oee 

-.99' -1.0eO -.820 I.eeo 
-.981 -.9ge -.703 .9ge 1.000 

.364 .383 • 164 -.380 -.49' I.oee 

.779 .020 .43e -.010 -.666 .66e I.eee 

'ppa ... nl 11 .. 11, hIlly H.aau,..d a' I Hz I, ".13 
fpparent Aeslulvl\y Calculat.d rroM Induc\lve CouplIng Is 40.31 
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LitlE I AVRA VALLEY, 3-400', 07,-09'-88, LIOO 

F ObaA .. ~ CaIA. Pc t 01 f ASO:: Iha ObaPhz CalPhz PctOlf PSO% llta 
12 .4192 .3:5:56 1:5.2 0.0 0 126.7 1:53.4 -21. I .0 0 
II .3847 .3923 .6 0.0 a 129.9 242.9 -89.6 .0 0 
10 .4123 .4394 -6.6 0.0 0 332.1 346.1 -4.2 .0 0 

9 .:1394 .:1146 -1.2 0.0 I 421. 0 411.8 2.2 .0 I 
8 .6901 .6902 -.0 e.a I 378.9 389.2 -2.7 .0 I 
7 .8207 .8271 -.8 0.0 I 282.4 29';.6 -:1.0 .0 I 
6 .9084 .9166 -.9 0.0 I 189.6 194.9 -2.9 .0 I 
:5 .9:196 .9635 -.4 0.0 I 118.7 119.0 -.3 .0 I .. .9862 .9869 -. I 0.0 I 71.3 71.3 .1 .0 I 

'3 .9996 .9996 -.0 0.0 I 42.7 43.i -I.~ .0 I 
2 l,eOVI I. O~7' aI 8.11 I 27. ? ar.' .a •• I 
I I.~UI 1.1'1134 ., 1'1'" I U.l' 18., "'1.3 .1'1 t 
e 1.0210 1.9182 .3 0.1! 1 14.3 104.2 .6 .9 I 

-I 1.0266 1.0226 .4 0.0 1 11.7 11.7 .2 .0 I 
-2 1.0295 1.0268 .3 0.0 1 9.6 10.3 -7.3 .0 I 
-3 1.0384 1.0309 .7 0.0 I 10.3 9.:1 7.4 .0 I 
-4 1.9496 I. 0349 1.4 0.0 I 8.9 9.1 -I. 9 .0 I 
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L "'E I AVRA VALLE", a-"~O~0~'--l,~O~7..:./.!0~9.:/~a~a~ .L=-I!..!0~0~ _________ .::D.:.--.!.1 -:'.:.:I-:..:3=--..::X:..;:-..:1..:2.::;2IA 

+ 
0 '0 

10 

W L 

C 
:J .... 
I-! e ...J a. '"' ::c w a: (J) 

N a: 
t!I J: 
0 a. 
...J CSl + 
(r'J 

t!I 
0 
...J 

-I 

3 

2 

0 
-4 -2 

LOGI0 fREQUENCY (Hz) 

012 

. 
0 2 4 6 

LOG2 fREQUE~ICY (Hz) 

CRL: Humb.r or dlsp.rslons- 2 
11-1 CI-.2S C2-.9 rlxed 

tt.r Lambda Rchsq R0 111 112 T2 
0 1.E-02 S.70409 1.000 .100 1.000 1.0E-03 
I 1.E-02 .02206 .963 .137 .647 1.2E-03 
2 1.E-03 .00036 1. lOS .127 .S66 1.6E-03 
3 I.E-0" .00022 1.104 .126 .:191 ,,:lE-03 
4 I.i-O!! .880U 1.ltl4 ,12' .UI 1.'1-02 

Fet Std D.vlatlons .3 1.9 1.3 2.4 

Corrll.,lon Ha'rlx 1.000 
.369 I.eee 

-.096 -.13S 1.000 
.17S -.24S -.70G 1.000 

Fppar,nt R.slstlvlty H.asur.d at I Hz Is 32.09 

8 

Fppar,nt R,slatlvlty Calculat,d rro. Induct Iv. Couplln; Is 42.97 

3 

10 12 
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L IIIE I AYRA YALLEY, .... 00', 07/09/99, LI00 

F OblAlllp CalA!!p Pc t DI r ASD% Uts Ob.Phz CalPhz Pet Dtr PSD% Hu 
12 .397e .3279 17." e.e 0 "69.:5 91.3 92.6 .0 0 
II .4399 .3369 23.2 0.0 0 245 ... 130.9 43.5 .0 0 
10 .4154 .3574 14.0 0.0 0 110.7 230.7 -100.4 .0 0 

9 .3906 .4062 -4.0 0.0 0 249.7 351.0 -40.6 .0 0 
9 .4939 .5093 -2.9 0.0 I 443.3 445.9 -.4 .9 I 
7 .6703 .6660 .6 0.0 I 419.9 43~.4 -3.7 .9 I 
6 .9199 .9215 -.3 0.0 I 309.3 330. I -7.1 .9 I 
5 .91 H5 .9192 -.9 0.0 I 200.5 210.9 -5.2 .9 I .. .9620 .9662 -.4 0.0 I 122.6 125.2 -2.2 .0 I 

'3 .9975 .9993 -.1 0.0 I 7".3 74~ I .2 .0 I 
2 1.0021 1.0007 .1 0.0 I 46.5 45.9 1.4 .0 I 
I 1.0126 1.909" .3 9.0 I 30.0 30.7 -2.2 .9 1 
0 1.0292 1.0167 .3 0.0 I 22.1 22.7 -2.6 .0 I 

-I 1.0292 1.0234 .5 0.0 I 19.1 19.5 -2.B .0 I 
-2 1.0349 1.0390 .5 9.9 1 16.0 16.2 -1.1 .9 I 
-3 I.OH3 1.0365 .7 0.9 I 15.2 14.9 2.5 .0 1 
-4 1.0590 1.0429 1.4 9.0 I 14.0 13.9 .9 .9 I 



-I 

3 

+ 
0 "tJ 

tIJ 

W I.. 

c::I 
::J 

2 t-
H e -l a. 
I: W 

LOGie fRE~UENCY (Hz) 

e 2 

_-'F 
-",;---

--oJ:' ,.:. 
, ... ::,' 

,',' 
~,"", .... " 

33" 

0- I 11-3 X-122,. 

:3 

a: tn 
N a: 
l!J :x: 
0 a. 
-l m + 
('I') 

CI 
0 
-l 

i""'~::::~ ... ::::.::.:~.::::'~':<"·""'"'''''''''''''' ................................................ . 
.,." 

,,' 
" o L-~~.'~~L-~~ __ J--J __ ~~ __ i--L __ L--L __ L-~ __ '----L-1 

-4 -2 2 4 6 B Ie 12 

LOG2 fRE~UENCY (Hz) 

CRL: Hu.b.r or dlap.ralona. 2 
11-1 C2-.9 rl".d 

Ilfr LaMbda Rchaq R9 ttl CI 112 T2 
9 I.E-92 .99923 1.19" • 12G .2~9 .~91 I.GE-1l3 
I I.E-92 .90923 1.193 .12' .2'3 .'91 I.GE-03 

'ct ltd D,vhtlon. 2.e '9.9 '''.7 4.' 2.e 

Corr.lallon Halrl" 1.999 
.993 1.999 

-.992 -.999 1.999 
-.9-18 -.9'2 .9'1 1.900 
- ... ,e -.0191 ... el .268 1.999 

Fpp.r.nl R •• I.llvlly H •• aur.d al I Hz II 32.09 
'ppar.nl R.al.llvlty Calculat.d rro .. lnductlv. Coupling I. 42.90 
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LI"E I AVRA VALLEY, .-400', 07'09'99, LI00 

F ObsA"'e CalAMe Pc \ 0 I r ASOl: IUs ObsPhz C.IPhz PuOt r PSOl: IIts 
12 .3970 .3201 17." 9.9 9 469.:5 01.8 02.7 .9 9 
II .4309 .3378 ~3.2 9.8 9 24:5.4 130.4 43.6 .8 8 
19 ... 1:54 .3:57:5 13.9 8.8 8 119.7 239 ... -180.1 .8 0 
9 .3906 .4061 - ... 8 9.9 9 249.7 3:59.9 -49.:5 .9 e 
0 .4930 .:5903 -2.9 9.9 I .... 3.3 4"".9 -.4 .9 I 
7 .6793 .6669 .6 9.9 I 419.0 43:5.4 -3.7 .9 I 
6 .0100 .021:5 -.3 9.0 I 399.3 339.2 -7. I .9 I 
:5 .911:5 .9192 -.9 9.9 1 299.:5 219.9 -:5.2 .9 I .. .9629 .9662 -.4 9.9 1 122.6 12:5.2 -2. I .9 1 

• 3 .997:5 .9884 -.1 9.9 I 74.3 74. I .2 .8 1 
a 1.0021 I. eOe? • 1 e.e I '" 015 411 •• 1.11 .111 I 
I 1.0124 1.90'" ,3 0.9 I 30.9 30.1 -2.2 .9 1 
9 1.0292 1.9166 .3 e.8 I 22.1 22.7 -2.6 .e 1 

-I 1.9292 1.0234 .:5 9.e 1 19.1 19.:1 -2.9 .9 I 
-2 1.0348 1.93ge .:5 9.9 I 16.0 16.2 -1.2 .0 I 
-3 1.0 .... 3 1.036:5 .7 0.0 I 1:5.2 14.8 2.4 .0 I 
-4 1.9:580 1.9428 1.4 0.9 I 14.0 13.9 .8 .0 I 
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llllE I AVRA VALLE" •• , 

LOGI0 FREQUENCY (Hz) 

-I e 1 2 3 

3 0- 9 9 0 0 0 9 e -----e-
+ , 
'"' Xl'······,,·· ~ 0 1J 
1\1 .. .,.,. \ ....... 

.' ~ '. ~ W L. ".1 _', - , . 
Cl - " " => " '0 '. I- - 2 f-

.,/ ~ ... 
""' S ..J ~ .. ' " ...., • .;.' I!l a. 

.of":" I!I I!I I: W a: .' . 
IJ) 

••••. I' ..... ~::./ N a: 

'" 
J: 

·0 a. "' .... .., .' 
.J (S) 1 <""·~"::· .. : .. ::::::7.: ......................................... _ .................. -. ............. + - f-
('t) 

'" 0 
.J 

e . I 

-4 -2 13 2 4 6 8 Ie 12 

LOG2 FREQUENCY (Hz) 

CRL: HUMb.r or dlsp.rslons. 2 
'Ix.d 

h.r LaMbd. Rchsq R0 til Tl Cl tl2 12 C2 
0 I.E-02 .00026 1. 103 .125 1.0E.00 .253 .591 1. 6E-03 .900 
1 I.E-02 .0002::1 1.104 .126 I,eEtee .2~4 ,~e, 1.6E-e3 .907 
2 1.1-03 .09025 1.107 .ue I.J!+OO .2045 • 58!! 1.61!-113 .967 

Fct Std D.vlatlon. S.9 138.6 149.2 14S.e 12.1 3.3 2.8 

Correlation tlatrlx 1.000 
.999 1.000 

-.eI7 -.1::13 1. e00 
-.991 -.999 .133 1.800 
-.964 -.99::1 .224 .991 1.808 

.259 .271 -.199 -.263 -.404 l.e08 

.763 .826 -.S21 -.812 -.a84 .S26 1.080 

Fpp.r.nt Resist lulty H ••• ur.d at I Hz Is 32.09 
Ppp&r.nt R .... t Ivl\y C.lcul~t.d rrolll InductIve Coupling Is 43.91 
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F Ob.R .. CaIR .. PctDlf RSD% IHs ObsPhz C.IPhz Pc t DI f PSD% .'U 12 .3979 .3316 16.:5 9.9 9 469.:5 79. I 83.3 .9 9 
II .4389 .3491 22.:5 9.9 0 24:5.4 133.6 4:5.6 .9 9 
10 .41:54 .3:596 13.4 9.9 9 119.7 223.:5 -191.9 .9 9 
9 .3996 .496:5 -4.1 9.9 9 249.7 344. I -37.9 .9 0 
8 .4938 .:5967 -2.6 9.9 I <443.3 442. I .3 .9 I 
7 .6793 .6647 .8 9.9 I 419.8 436.6 -4.9 .13 I 
6 .8188 .8221 -.4 13.9 I 398.3 331. 7 -7.6 .13 I 
!5 .911!5 • 92B!5 -1.13 13.13 1 2BB.!5 211.2 -:5.3 .13 1 
4 .96213 .9672 -.:5 13.13 I 122.6 124.8 -1.9 .13 I 

• 3 .987:5 .9889 -. I 0.13 I 74.3 73.6 .9 .9 I 
2 1.13921 1.913113 • I 9.13 I 46.:5 4:5.4 2.3 .9 I 
I 1.13126 1.13139:5 .3 13.13 I 39.13 30.4 "1.3 .13 I 

13 1.13292 1.13167 .3 B.B I 22.1 22.S -1.9 .0 I 
-I 1.9292 1.13234 .S 13.13 I 18.1 18.4 -1.6 .0 I 
-2 1.13346 1.1331313 .:5 13.13 I 16.0 16.2 -1.2 .13 I 
-3 1.13<443 1.1336:5 .7 13.13 I 1:5.2 14.9 2.13 .13 I 
-4 1.9se9 1.13429 1.4 13.13 I 14.9 14.9 .9 .13 I 
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L!"E I AVRA VALLEY, .-0100', 071'091'88, LIOO 

LOGI13 FREQUENCY (Hz) -. 9 • 2 3 
I . 

3 

+ 
0 "0 

to 

W 
L 

0 
::J 

2 I-
I-f E ...J 
0-
l:: W a: (J) 

N a: 
CI :z: 
'0 0-
...J IS) + 
C'l CI 

0 
..J 

o gee e e e 6~ ......... ,.. 

~to/'·· "' •••••• )11 .. " ' .. 
.~ -'. ,- " .s· ~ '" 

.:::s. • •••• .,.. ", ".::.. " 
;/';" G fa ....... 

..... ., .... ~~ .... 
,.. ..... " .' 

~""~:::: .. ::::::::::"::......... .................................................................. . 

,,' 
,.,1 

13 L--i __ ~ __ L-_~.~ __ -L __ L-~ __ -L __ L-_~.~~-L __ ~~~-L __ ~~ 

-2 2 6 

LOG2 FREQUENCY (Hz) 

CRL: HUMb.r or dllp.rllonl- 2 
11-1 CI •• 2~ C2-.9 rlH.d 

L •• bd. 
I.E-02 
I.E-02 
I. E-03 
I.E-04 

Rchlq 
.023"1 
.0010& 
.0001& 
.00016 

RO 
1.000 
1.114 
1.12:1 
1.12~ 

Fe' $ld P,vl.,lon. .3 

111 
.100 
.I~I 

.147 

.146 

1.7 

~orr.latlon l1atrlH 1.000 
.4261.000 

112 
1.000 
.~77 
.646 
.64:1 

1.6 

-.198 -.113 I.eoo 
.212 -.229 -.799 

T2 
I.OE-03 
2.4E-03 
2.3E-03 
2.3E-03 

2.3 

I. eoe 

Fppar.nt R.III,lvlty H.a.ur.d at I Hz II 31.09 

8 

Fppar.nt R •• lltlvlty Calcula,.d (rom Inductlv. CouplIng II 43.83 

113 12 
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LINE I AVRA VALLEV, a.~OO', 07/09/88, LlaO 

F Ob.A"~ CaIA", PctDlf ASD:: Uta ObaPhz CalPhz PctDlf PSD:: Uti 
12 .3942 .2498 36.6 0.0 0 -1462.9 98.3 106.2 .0 0 
II .449:1 .2:174 ~2.7 0.0 0 974.6 1:10.9 84.:1 .0 0 
10 • "" 79 .2736 38.9 0.0 0 420.6 2~9.~ 40.7 .0 0 
9 .3662 .3114 1:1.0 0.0 0 182.2 30:1.7 -111.7 .0 8 
8 .3:147 .3948 -11.3 0.0 0 474.9 514.1 -8.3 .0 0 
7 .:1398 .:1425 -.6 0.0 I !5~8.6 !5~7.7 .2 .0 I 
6 .7343 .724:1 1.3 0.8 I 4:11.1 4:1:1.7 -1.0 .0 I 
!5 .9617 .9673 -.7 0.0 I 301.9 309.8 -2.6 .0 I 
4 .9373 .9447 -.8 0.8 I 187.6 188.4 -.4 .0 I 

. 3 .976~ .9810 -.:1 0.8 I 113.9 III. I 2.:1 .0 I 
~ .9971 .9997 -.3 8.0 I 68.7 1i7.1 2.4 .8 I 
I I.ell~ l.e114 .0 e.e I 42.~ 43.2 -1.1 .8 I 
0 1.0199 1.0289 -.1 0.0 I 29.8 30.:1 -2.2 .0 1 

-I 1.8281 1.0292 -. I 0.0 I 23.1 23.7 -2.7 .0 1 
-2 1.8377 1.8372 • I 0.0 I 21.1 20.1 ".8 .0 1 
-3 1.0489 1.0 .... 9 .4 0.0 I 1S.7 18.0 3.9 .8 I -.. 1.06:1:1 1.0:124 1.2 0.0 I 15.6 16.6 -6.2 .0 I 
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LOGI0 FRE~UENCY (Hz) 

-I o 2 3 

o Q 0 0 0 0 0 ~ • 

~ ~''''''''''''':k' '" )c ..... ~ ,. ' . . ~ ", 
s'-- .... ," ~ " . .:= -" 

i':- '. 
.,::.' tt., • 

.~.;.' 1ft QJ .' . 
••• ,,,.:.... ""~Ia. Ia 

..•.• f· ..•• .. 
,.. ..... " .' 

~::::~::::::::::::::::":: .......................................................................... . 

3 

+ 
0 '" 

'C 
10 

W .... 
. -0 -:J - 2 l- . -M f! oJ a.. ..., 

:r: w a: In 
N a: 
l!) J: 

·0 a. 
...J IS) I + ... 
('Y') 

l!) 
0 
...J 

o il ~ I 

-4 -2 o 2 4 6 8 10 12 
LOG2 fREQUENCY (Hz) 

CRLI HUlllb,r or dllp,rllonl- 2 
11-1 C2-.9 rlK.d 

h.r LaMbda Rchaq Ra HI CI H2 T2 
a I.E-e2 .eaal7 1./2' .146 .2'" .64' 2.3i-93 
1 1.1-02 .80917 1.124 • 104<4 .254 .6046 2.3E-03 

Fct Std D.vlatlona 3.6 ~7.1 62.a ~.~ 2.6 

Corr.latlon HatrlK I.eee 
.997 I. eae 

-.996 -.999 I. eee 
-.9~7 -.9~6 .9~~ I. eaa 
-.4Ia -.436 .428 .199 I :eaa 

Fppar.nt R.alatlvlty H.aaur.d at I Hz la 31.09 
Fppar.nt R.alatlvlty Calculat.d rroM Inductlv. Coupling la 43.7~ 
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lft/~ f "V~" VItLL!V. a-40a'. 811'991'89. Ll9a 

F ObIA,. CaIA,. PetDlr ASD% Ull OblPhz C.IPhz Pet DI r PSD% Uti 
12 .3942 .2:501 3f;.5 0.0 0 -1462.9 89.6 196.1 .0 9 
II .H9:5 .2:576 42.7 9.9 9 974 ... 1:59.2 84.6 .S a 
19 .4479 .2737 38.9 S.9 9 420.6 248.7 40.9 .9 S 
9 .3662 .311:5 1".9 S.O 0 192.2 395.2 -III." .0 S 
8 .3~47 .3947 -11.3 9.9 8 0174.9 :513.9 -9.2 .0 S 
7 .~398 • ~424 -.6 S.S I ~48.6 5017.6 .2 .S I 
6 .7343 .7245 1.3 S.S I 4~1.1 "~~.7 -I.S .S I 
5 .8617 .9674 -.7 S.S I 381.9 3S9.8 -2.6 .0 I 
4 .9373 .9447 -.tl S.S I 197.6 le9.4 -.4 .S I 

'3 .9764 .9811 -.5 0.e 1 113.9 III. S 2.5 .S I 
2 .9971 .9997 -.3 S.S I 69.7 67.S 2.4 .e I 
I 1.9116 1.9116 .8 S.S I 42.7 43.2 -1.1 .S I 
9 I.S199 1.92S9 -.1 S.9 I 29.9 39.5 -2.2 .9 I 

-I I. S281 I. S292 -.1 O.S I 23.1 23.7 -2.7 .S I 
-2 1.9377 1.9372 • I S.S I 21.1 29.1 4.8 .9 I 
-3 1.9499 I.S449 .4 9.9 I 18.7 18.9 3.9 .9 I 
-4 1.9655 I. S524 1.2 9.S I 1~.6 16.6 -6.2 .9 I 



345 

llflE I AVRA VALLEY. a-"OO' 07/09/88. Lloa 

LOGI0 FREQUENCY (Hz) -. B I 2 3 

o e e e e e e ~ 
v~ 

~ ......... i". 

.•.....•... \ ... ~ ..... ~ ...... . 

3 I-

+ 
0 

,.. 
'tl 
." 

W L. 

(:) .-
::l --l- .- 2 

I' 
i,:1 

.' ". ,i',- ...... 

.':' 

••••• I' •• :::~;:-. 
,.. ..... 1 .. ···... • ••• 

..,,,:: ........ :::::: .. ::: .......... .. 
......... . ............. . 

.f' I •• , . ' . . " ...... '. •••• I I 0~~~ __ L-~~ __ ~~ __ ~~~ __ ~~~~~~~~~~ 

H e ...J ....,. 
a. 
L w a: In 
N a: 
I.!) J: 
'0 a. 
.J (S) 1 + 
('Il -I.!) 

0 
.J --

-4 -2 0 2 4 6 8 10 12 

LOG2 FREQUENCY (Hz) 

CRL: HUMber or dispersIons. 2 
rllCed 

Iter LaMbda Rchsq RO til TI CI 112 12 C2 
0 I.E-02 .00019 1.124 .144 I. OE+OO .2:14 .646 2.3E-03 .900 
I I.E-02 .00018 1.121 .141 9.9E-01 .2:19 .6:13 2.3E-03 .89:1 
2 I.E-03 .00017 1.103 .114 8.9E-01 .323 .671 2.3E-03 .892 
3 I.E-03 .0001:1 1.089 .090 8.7E-01 .409 .690 2.3E-03 .888 
4 I. E-04 .00014 1.073 .061 I.IE+OO .:59:5 .727 2.2E-03 .870 
:5 I.E-O:l .00012 1.07:5 .0:19 I.OE+OO .:599 .729 2.2E-03 .864 
6 I.E-O~ .00012 1.07:5 .0:59 I.OEt08 .:599 .729 2.2E-03 .864 

Pet Std Devlulo"s .4 13.0 12.6 1l.9 2.:5 2.8 1.3 

CorrelatIon HatrllC I.GOO 
.792 1.800 
.069 -.236 1.088 

-.803 -.983 .142 1.000 
-.:571 -.72:1 .378 .669 1.008 
.~61 .221 -.243 -.165 -.7U I. eee 
.4'7 .75. -.lIse -.tUe -.827 .see I.oee 

Fpparent ResIstIvIty l1e aaured at I Hz Is 31.09 
FI>parent Re~lu Ivhy Calculated rro .. InductIve Coupll n9 Is 34.47 
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LIHE I AVRA VALLEY, .-"99', 97'99'99, LI99 

F Ob.AIII~ C.IAhI~ PetDI' ASD% Uta OblPhz C.IPhz Pet Dtr PSD% 1<It I 
12 .3942 .2346 49.:5 9.9 9 -1462.9 97.6 196.7 .9 9 
II ..... 9:5 .2426 46.9 9.9 9 974.6 179.2 92.:5 .9 9 
10 .4479 .261:5 41.~ 9.9 0 420.6 292.:5 32.9 .0 0 

9 .3662 .30:56 loS.5 9.9 11 102.2 424.& -132.7 .9 9 
9 .3!547 .3968 -11.9 0.0 0 474.9 !537.9 -13.3 .0 0 
7 .5399 .:5465 -1.4 9.0 I 549.6 :559.:5 -.4 .9 I 
6 .7343 .7229 I.~ 9.9 1 4:51. I 4:52.8 -.4 .9 I 
:5 .8617 .8630 -. I 9.9 I 391.9 31t.4 -3.1 .9 I 
4 .9373 .9429 -.0 9.9 I 187.6 192.9 -2.3 .8 I 

. 3 ,9764 .9817 a,' e.1l I 113.9 113. :I .5 .B I 
2 ,'971 1.1l009 -.4 0.0 I 68.7 67.3 2.0 .0 I 
I I. 0116 1.9119 -.0 0.0 I 42.7 42.4 .7 .9 I 
0 1.0199 1.9201 -.9 0.0 I 29.8 29.8 .1 .0 I 

-I 1.9281 1.0281 -.9 0.9 I 23.1 23.9 -3.3 .0 I 
-2 1.0377 1.1l367 .1 0.1l I 21.1 20.9 1.0 .0 1 
-3 1.0499 1.1l4:5:5 .3 0.0 I 18.7 18.:5 1.1l .Il 1 
-4 I. 06:5!5 1.0:537 I. I 0.0 I 15.6 15.7 -.8 .Il I 



3 

+ 
0 "C 

10 

-I 

LOG10 fREQUENCY (Hz) 

012 3 

oeeeeee~ 
"" •• ....... ·Iii·:.I ... ~ ... ~... . ............... . 

W t-

O 

".1 '\ .... 
.s:s' ••••. 

.:1" 
~ ... 2 
t-f e .J 
0. 
l: W a: UJ 
N a: 
I,!) :r 
0 0. 
...J IS) + -('I') 

I,!) 

.'. ... :~:., 
...... ~:/ .... " .' .... ,.:. ..' 

t: .... :h .... ,.: ... 
.................... ::::., ........................................................... . 

0 
...J 

-4 -2 o 2 4 6 8 

LOG2 fREQUENCY (Hz) 

CRL: Humber or dispersions. 2 
11-1 CI-,a~ Ca-,9 flx.d 

IUr LAllbda 
0 I.E-02 
1 1.1-12 
2 I.E-03 
3 I.E-e .. .. I. E-03 

Rchsq 
,06790 
• il2l11 
.00093 
.13131322 
.00022 

RO 
t.oee 
I.IU 
1.139 
1.132 
1.132 

1.000 
... 07 

-.260 
.247 

111 
.loa 
.Ice 
.169 
.163 
.163 

2.0 

1.000 
-.207 
-.207 

112 
I,OOe 
• Dot 
.703 
.149 
.747 

1.3 

1.000 
-.733 

12 
1,91;-0. 
if,U-U 
2.0£-03 
2.9E-03 
2.9E-03 

2.1 

1.000 

Fpparent ResistIvIty l1easured at I Hz Is 30.39 
Fpparent R.slStlvlty Calculat.d fro. Inductlv. Coupling la 42.18 

III III 
III 

III 

10 12 

34'/ 
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l.ItIE J flVRfl VflLLEY, ".4"8', 87 "89 ... aa~ L J 0a 

F ObsA"e CaIA .. Pc, DI r ASDlI u,. ObsPhz CalPhz pctDlr PSDlI Uts 
12 .2401 .117~ :11. I 0.0 0 -60".~ 189.7 131.2 .0 a 
II .2132' .126' ~~.2 0.0 a -1099.2 3a\).~ 127.6 .0 0 
10 .31'" .1460 :53.7 0.0 0 1402.9 461.7 6701 .0 0 
9 .3293 • 1891 42.6 0.0 0 9 J:s. 9 642.7 21.2 .9 9 
8 .306:5 .2767 9.7 0.0 8 647.0 766.9 -19.S .0 8 
7 .4234 .4273 -1.0 0.0 I 762.2 764.7 -.3 .0 I 
6 .6369 .6261 1.7 0.9 I 621.9 631.0 -I. :5 .9 I 
:5 .7991 .9933 -.6 0.0 I 429.7 436.0 -1.7 .9 I 
4 .9022 .9097 -.9 9.9 I 269.9 267.6 ., .0 I 
3 .9S79 .9613 -.4 0.0 I 162.0 1:57.\) 3.1 .0 I 
2 .9977 .9870 " 0.0 I 9:5.0 93.2 1.9 .0 I 
1 1.9935 1.9023 • I 9.9 I 59.9 59.2 1.2 .8 I 
8 1.9139 1.9137 -.1 0.0 I 39.4 39.:5 -2.9 .0 I 

-I 1.0248 1.823:5 .1 8.9 I 27.8 29.6 -6.3 .8 I 
-2 1.9389 1.8326 -.2 8.8 I 22.6 24.2 -7.8 .0 I 
-3 1.9433 I. a'U:5 .2 0.0 I 22.6 21. I 6.:5 .0 I 
-4 1.0:596 1.8~99 .9 8.0 I 19.9 19.2 3.1 .9 I 
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LIHE I AVRA VALLEY .-4SS' S7'S~'88 LISS ! ! ! I)- I 11-5 X-122 .. 

LOGJ0 FR£QUEtICY (Hz) 

-I e J 2 3 

(} ~ 
3 e e e e e-e-~ ;I( 

311 ........ ~ . 
+ .. ~"... . ....... 311 
,... ~. . .... 

0 ' '. 'tI ,f '" ,., .,., .... 
W L "s:" ••••• .-Q - ~I' 
:J - 2 

.. ::. 
l- .- r ,..;~:., H e -l 
0-

..... i'· " I .' , 
l: W 

t'''::~::::~:.:.:':;:::>::::: ....................... _ ..... _ ............... 
a: (J) 

N a: I!§ 
I!§ <.!l J: 

C> 0-
III -l (S) 1 + 

M - \ . <.!l ...................... 0 
-l 

, " 

.~ " 

0 
-4 -2 0 2 4 6 8 10 12 

LOG2 FREOUENCY (Hz) 

CRt: Humber or dispersions- 2 
11-1 C2-.9 rlxed 

her L.mbd. Rehsq Ra HI CI H2 T2 
0 I.E-a2 .ea023 1.132 .165 .2se .747 2.9E-03 
I I.E-a2 .Oea23 1.ll3 .166 .2018 .747 2.~E-a3 

Fe\ Std Devl.tlona 5.1 74.1 81.7 7.3 2.2 

Correla,lon HUrix I.eaa 
.9~8 I.eea 

-.997 -.999 I.eee 
-.978 -.977 .976 I.aaa 
-.186 -.214 .2e6 .046 I.eee 

Fpp.rent Reslstlvl,y He •• yred a' I Hz Is 3e.3~ 
Fpp~ren~ R,sI4~lvl\V C.I'4'I'f~ from Ind4~~luf C04pllnv II ~2,~1 
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F ObsAIII CaIA. Pet Dtr ASD% l.us Ob,Phz CalPhz pctDlr PSD% Uu 
12 .2401 .1173 :51.1 e.0 0 -604.:1 189.7 131." .0 e 
II .282:1 .1264 :1:1.3 0.0 0 -le89.2 391.:1 127.7 .9 9 
19 .31:14 .14:19 :13.7 e.9 9 1492.9 462.6 67.9 .0 0 
9 .3293 .1891 42.6 0.0 0 81:1.9 643.3 21.2 .0 0 
8 .396:1 .2767 9.7 9.e 9 647.0 767.2 -IEI.6 .9 9 
7 .4234 .4275 -1.0 9.9 I 762.2 764.8 -.3 .e I 
6 .6368 .6261 1.7 0.9 I 621.8 631.9 -1.:1 .9 I 
5 .7981 .8933 -.6 9.9 I 428.7 "36.9 -1.7 .9 I 
4 .ge2~ .9077 ".8 e.e I 268.9 a6l'.11 .IS .e I 
a .91119 .9613 -... G.G I 142 •• 151.0 3. I .0 I 
2 .9877 .~819 • I 9.0 I 9!S.9 93.2 1.9 .0 I 
I I.Oe3:1 l.ee23 .1 0.0 I '9.9 59.2 .. I .0 I 
0 1.0139 1.0137 -.1 0.0 I 30.4 39.:1 -2.9 .9 I 

-I 1.9249 1.923:1 .1 9.9 I 27.8 29.6 -6.3 .9 I 
-2 1.0309 1.0326 -.2 0.9 I 22.6 24.~ -7.0 .9 I 
-3 1.0433 I.e .. " .2 e.9 I 22.6 21.1 6.:1 .9 I -.. 1.9:196 1.9:190 .9 e.9 I 19.8 19.2 3.1 .9 I 



L 1I1E I AVRA WILLE'( .-oIee' 07"09,88 L100 

3 

+ 

-1 

LOGIe! fREQUENCY (Hz) 

012 

o e e ~ e 0 d -e-..., ............. )I( '"" .. +.... :. ........ . 

3 

0 "D 
I!J 
L 

.~.. " 
......... . . ......... . 

,.- -., W 
c:I 
::J 2 I-
H e -.J 
a. 
1: w a: (J) 

N a: 
.l!J ::r: 

Q a. 
-.J lSI + 
C') 1-' 

0 
-.J 

0 
-4 -2 

,fI' 
.s,$ 

-II:' 
,':' 

oj.':" 
,_' " 

,rt,- " 

0 2 
LOG2 

4 

FREQUE~ICY 

6 8 

(Hz) 

CRL: lIuMber or dispersions- 2 
rllCed 

I t,r I..rnbda Rchsq Re MI 11 (;1 M2 T2 

" 1.1,02 .eon, 1.133 .IU 1.91.00 .2048 .7 .. 7 2.9£-1)3 
1 I.E·02 .e0025 I. 135 .168 I.OE+1l8 .245 .743 2.9E·03 
2 I, i-.,3 ,061024 1.149 .182 I.~£tile .224 .736 2.9£·03 
3 1.1!-i13 .001l22 1.146 .173 2.9£+00 .236 .?'41 2.9£·03 
4 1. E-03 .00021 1.136 .1'2 2.7E+00 .269 .7'0 2.9E-03 , 1. E-03 .00019 1.125 .129 3."E+09 .329 .776 2.9E-03 
6 I.E-O" .00018 1.120 .113 ".7E+00 • 371 • 795 2.9E-03 

Fel Sld Devlallons 7.0 109.8 39': •• 107.' 11.2 2.2 

(orrela\lon Ha\rllC 1.000 
.993 •• 006 
.9'4 .917 1.000 

-.990 -.999 -.909 1.000 
-.977 -.989 -.886 .988 1.000 

.091 .077 .037 -.073 -.2el 1.0ee 

.7" .809 .567 -.8.0 -.8'13 .299 

Fpparent Resistivity Heasured at 1 Hz Is 39.39 
Ftlparent Resl st Ivl tv Calculated rroM Inductive Coupling Is 36.39 

10 12 

C2 
.9110 
.903 
.901 
.899 
.89' 
.997 
.877 

2.0 

1.0ee 

351 
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LINE I AYRA YALLEY, .-400', 07'09'88, LI00 

F ObsA .. C.t.IA", pctDtr ASD% Ilts ObsPhz CalPhz Pc, Dt r PSD% Uta 
12 .2401 .1102 154.1 0.0 0 -604.15 188.4 131. 2 .0 0 
II .28215 .1189 157.9 0.0 0 -1089.2 317.6 129.2 .0 0 
10 .3115-1 .139:5 :5:S.8 0.0 0 1492.0 496.3 601.6 .0 0 
9 .3293 .18:19 43.15 0.0 0 8115.9 679.8 16.7 .0 0 
9 .306:1 .2776 9.4 0.9 0 641.0 797.9 -21.9 .0 0 
7 .4234 .4294 -1.4 0.0 I 762.2 769.:1 -.8 .0 I 
6 .6369 .6245 1.9 0.9 I 621.9 629.9 -1.3 .0 I 
15 .7991 .799:1 -.2 a.9 I 4213.7 438.-1 -2.3 .0 I 
4 .9022 .90901 -.7 0.0 I 268.9 272.0 -1.1 .0 I 
.3 .9:179 .9629 -.:S 0.0 I 162.0 160. I 1.2 .0 I· 
2 .98n .98915 -.2 a.0 I 9:1.0 94.0 I. I .0 I 
I 1.003:S 1.0043 -.1 a.o I 159.9 157.4 2.6 .0 I 
0 1.0130 1.0144 -.1 0.0 I 39.4 39.0 I. I .a I 

-I I. 0240 I. 0231 .1 0.0 I 27.8 29.1 -1.2 .0 I 
-2 1.9309 1.9314 -.0 9.9 I 22.6 23.4 -3.15 .0 I 
-3 1.0433 1.0409 .3 9.0 I 22.6 21.2 6.2 .9 I 
-4 1.9596 1.0499 I.a a.o I 19.8 20.1 -1.3 .0 I 
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LINE I AVRA VALLEY a 49A' 97'99'88 LlaO . • . 
LOGie FREOUEt/l:Y (Hz) 

-I e I 2 3 . 
3 Q e g g g g . 

+ ~ II:! ~ 

~ 
II:! II:! 

0 
,... 

" .' ..... 
III ,:1-'" ••••• l!' II :.I 

w L .:!' •••• 
0 .- ##::~. 0 "" :J -
I- - 2 ..•. II 'II. 

H .- ... /' ~ .J E 
a. '"' ~.' ~ ·Z·. 
I: W .... ~ .... ~::::.... ..:::::-~ a: Ul 
N a: "!" ...... I··· .. '+' ••.. 
t.!l J: 
0 a. ...................... :: ........................ , ................. 
.J (S) 

................................................ + - I 
('I') 

t.!l 
0 
.J ,.. 

.' 

13 
-4 -2 13 2 4 6 8 Ie 12 

LOG2 FREQUENCY (Hz) 

CFlL: NUMb.r or dlap.ralona- 2 
11-1 CI-.2~ C2-.9 rtx.d 

It.r LaMbda Rchaq RO 111 112 T2 
9 I.E-92 .97104~ 1.909 .199 1.990 1.9E-93 
I I.E-02 .96667 1.102 .187 .192 I. 2E-92 
2 I.E-93 .99447 I. 13~ .18~ .0480 04.2E-03 
3 I.E-94 .9OIH 1.132 .170 .~16 ~.3E-03 
04 I.E-9:5 .90137 1.133 .171 .~27 ~.IE-93 
~ I.E-06 .99137 1.133 .179 .~2~ ~.IE-93 

Fc\ S\d D.vla\lon. 1. " ~.6 ".3 7 ... 

Corr.la\lon l1a\rlx 1.00" 
.496 1.990 

-.166 -.178 1.009 
.116 -.3O~ -.688 1.990 

'~p.~'nt ft'll.tlul'~ H, •• u~.d ., I HI 16 It." 
~pplr.n\ R.ala\lvl\y ~.Icula\.d rroM tn~ut'lv~ COupllno t. 47.~3 
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F ObsAI\I~ CaIAIII~ Pc,Jllf ASDl: U's ObsPhz CalPhz PctDI f PSDl: U,s 
12 .0126 .3691 ~~.7 9.9 9 7g0.3 34.2 9~.~ .9 0 
II .9171 .3639 69.3 9.9 9 271.2 ~3.2 e9.4 .9 9 
10 .9239 .3701 ~~. I 9.0 0 -92.7 9~.9 192.7 .9 9 
9 .666~ .3916 42.7 9.e 9 -2044.6 14 I. I 1~7.7 .9 9 
8 .~9n .496~ 19.9 9.0 9 -270.6 227.e 182.1 .e 9 
7 .3963 .4625 -16.7 o.e 0 ~7.6 333.4 -478.8 .0 0 
6 .~399 .~726 -6.4 9.9 1 384.e "04.2 -5.3 .0 I 
5 .7276 .7265 .2 9.0 1 366.5 375.5 -2.5 .0 I .. dl~71 .86es .7 £I.e , 259.9 273.6 -5.3 .0 1 
:) .9 .... 9 .9385 .7 0.0 1 168.6 173.0 -2.6 .0 I 
2 .9845 .9763 .8 9.9 I 101.6 105.9 -3.4 .9 I 
I 1.0023 .9963 .6 0.0 I 61.5 65.5 -6.6 .0 I 
0 1.0171 1.0094 .8 0.0 I 41.9 43.9 -7.0 .0 I 

-I 1.9293 1.9201 .8 o.e I 28.7 32.2 -12.3 .0 I 
-2 1.0367 1.0299 .7 0.9 I 23.0 25.9 -12.8 .0 I 
-3 1.9432 1.9390 .4 0.0 I 22.6 22.4 1.0 .e I 
-4 1.0543 1.0479 .6 0.0 I 24.5 20.1 17.8 .0 1 
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£I- I "-0 X-I 22,1. 

3 

+ 
0 

,... 
"0 

'" W c.. ... 
Q -:::l 

-I 

LOGII3 FREt)UENCY (Hz) 

012 

G egg 9 g~~ , ........ '\' .. . 
.'4.:11 •••• .:*"., t ..... ~ !it 

.:' " •• I • 

3 . 

- 2 I-
H e 

..::::~' 0 ""'1
1 ••• ;s. IH ::~ 

.. <t""):/ I .;:::;::::: .. .J 
a. --.. 
x: W II: III 

II: 
.... ~.. .... -r!: 

'!' ...... I· .... :f ... . N J: l!) 
0 a. 
.J (S) 1 + -(Y) 

l!) 
0 
.J 

..... ·.· .. :.:::::::7 ................................... _ ............ _ ........... _ ..... _ ..... _ ..... . 

LOG2 FREOUENCY (Hz) 

CRL: HUMber or dlaperslons- 2 
11-1 C2-.9 rlxed 

fur Lalllbd. 
o 1 •• -02 
I I.E-e~ 

Rclllq 
.eol"!! 
.eeH:I 

Fct Std nevlatlons 

IHl 
1.13' 
1.131 

2e.3 

I.eee 
.999 

-.999 
-.999 
-.~29 

HI 
.110 
.169 

64:1.2 

I.eee 
-1.aae 

-.999 
-.242 

CI 
.2110 
.2:54 

762.6 

I.eee 
.998 
.234 

32.0 

I.aae 
.13e 

Fpparent Reslstlvltv He.sured .t I Hz Is 29.73 

Ta 
!I.IE-93 
:I.IE-a3 

7.9 

I.eea 

Fpp.rent Resls,lvlty Calcul.ted rroM Inductive Couplln9 I. 47.17 

. 
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LIHE I AVRA VALLEY, .·~OO·, 07'09'88, Llee 

, Obi AMp CAIA!~Dtr ASD% Uti ObllPhz CalPhz Pc c Dt r PSD~ Uta 
12 .8126 .3600 :5:5.7 a.0 a 758.3 33.8 9:5.:5 .0 0 
II .9171 .3637 60." e.o 0 271.2 :52.8 80.:5 .0 0 
10 .8238 .3698 :5:5. I 0.0 0 -n.7 8:5.6 192.3 .e e 
9 .6665 .3813 42.8 0.0 0 -244.6 1011.0 157.6 .0 0 
8 .:5077 .4061 20.0 0.0 0 -276.6 227.2 182.1 .0 0 
7 .3963 ... 623 -16.6 0.0 0 :57.6 333.9 -479.8 .0 0 
6 .:538e .:5726 -6." 0.0 I 38".9 "0~.7 -:5.4 .0 I 
:5 .7276 .7266 .1 0.0 I 366.:5 37:5.7 -2.:5 .0 I 
4 • 8671 .8609 .7 0.1'1 I 2:59.9 273.:5 -:5.2 .e I 
3 .9 .... 9 .9386 .7 e.e I 168.6 172.9 -2.:5 .e I 
2 .98 .. :5 .9763 .8 e.0 I lel.6 10:5.1'1 -3.3 .0 I 
I l.e023 .9962 .6 e.o I 61.:5 6:5.5 -6.5 .8 , 
8 1.0171 1.0894 .8 0.e , 4'.8 43.9 -7.8 ,e , 

-I 1.0283 1.0280 .8 e.o , 29.7 32.2 -12.4 .9 t 
-2 1.0367 1.0297 .7 0.0 I 23.0 26.e -12.9 .8 , 
-3 1.8432 1.0390 .4 e.o I 22.6 22.4 1.0 .8 I 
-4 l.e543 1.0479 .6 e.o I 24.5 20.1 17.8 .8 I 
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Lilli J flYf/R VRLLiY, .... 00', 07,'09/88, Llee 

+ 
0 

,.. 
"tl 
to 

W L. 

'-C -::J -.... '-I-t e -' a. ..... 
I: W a: Ul 
N a: 
L7 J: 
0 a. 
-' IS) + -(Y) L7 

0 
-' 

3 

2 

1 

"'1 

LOG J 1:1 fREQUEtlC'( (Hz) 

012 
I 

3 

~ Q Q Q Q 0 ~ 

".\ ...... ,.,- ""-
,.~ ", lIE M ..... '''''' 

.-fl
IIII

' ~ 1I!l······ .•. lIE 
oj.,::;' ~ 

••••• I ...... ~:::::··· • .,.. •• -•• -•• -. -

+ ............ '1' .' " ...... , ............... :,,::: ... . 
.... 

.................... 
...................... 

. 

, ..... ,. 

o ~~ __ ~ __ L-~ __ ~. __ -L __ ~_~, __ L-~ __ ~ __ ~ •• _ •• ~., •• _ •• _ •• ~ •• _ •• _ •• ~ ••• ~ •• _ •• ~.~~ __ ~ 
-4 -2 o 2 4 6 8 10 12 

LOG2 FREQUENCY (Hz) 

CRL: HUMber or dl.per.lon.- 2 
t lIced 

her La",bda Rch.q RO til TI CI 112 T2 C2 
0 I.E-02 .00164 1.131 .168 1.0E+eO .254 .526 5.IE-03 .900 
I I. E-02 .00096 1.142 .187 1.IE+00 .261 ... 61 6.0E-93 .999 
2 I.E-03 .00094 1.196 .263 2.2E+00 .171 .44':1 5.8E-03 .981 
3 I.E-03 .00079 1.193 .239 3.IE+00 • 191 ,451 5.£IE-93 .984 
4 I.E-03 .00075 1.1';7 .195 4.5E+00 .239 .472 5.8E-03 .975 
5 I.E-03 .00869 1,142 .148 6.7E+90 .326 .003 0.8E-03 .907 
6 I. E-03 .00062 1.144 .134 9.3E+00 .377 .520 5.8E-03 .937 

fct Std DeViation. 21.6 387.9 999.9 336.5 33.8 5.1 4.8 

Correlation tlatrlM I.ooe 
.997 I.eeo 
.991 .978 I.ooe 

-.992 -.999 -.968 1.000 
-.984 -.993 -.9157 .9U I. e"" 

.111 .114 .063 -.115 -.2"6 
I. """ • 754 • 791 .677 -.805 -.042 .492 I.ooe 

Fpparen\ ne.1 a\ I vi ty tle.lured at I Hz II 29.73 
Fppal'ent Re.l.l Ivl ty Calculated rro .. Inductive Coupling I. 48.27 
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LItlE I AVRA VALLEY, .-499', 97"99"88, Lleo 

F Ob.A .. ~ CaIA .. Pc \ DI f ASD:: I~\ • ObsPhz CalPhz Pc\Dlf PSD:: UU 
12 .9126 • 3991 :11.0 0.0 0 7:19.3 1:1.7 97.9 .0 0 
II .9171 .3992 :l6.S 0.0 e 271.2 20.7 O~." .0 0 
10 .9238 ... 01:1 :11.3 0.0 0 -92.7 :12.8 IS7.0 .0 0 

<;I .666:1 .4070 38.9 0.9 0 -244.6 97.0 139.7 ,0 0 
9 .:50n ... 219 16.9 0.0 0 :-276.6 173.6 162.7 .0 0 ., .3963 .462:5 -16.7 0.0 0 S7.6 2&:5.7 -396.0 .0 0 
6 .:5380 .:5:590 -3.9 0.0 I 384.0 387.7 -1.0 .0 I 
:I .7276 .7174 .. 4 0.0 I 366.~ 30e.2 -~.9 .B 1 
4 .8671 .867S -.8 e.a 1 2!!9.' 287.9 -le.4 .0 I 
3 ....... .9!!1!! ",.7 e.o 1 168.6 176. I -4.4 .a I 
2 .90"S .9870 -.3 0.0 I 101.6 101.6 .0 .0 I 
J 1.0023 J.0028 -.9 B.a I 61.!! 68.8 2.S .a I 
e 1.0171 1.9122 .S 0.9 I 41.0 38.7 ·S.6 .0 I 

-I J .9283 1.9202 .9 9.9 I 28.7 28.6 .3 .0 J 
-2 J.9367 1.928" .8 9.0 J 23.0 24.4 -6.9 .9 I 
-3 1.9432 1.9374 .6 9.9 I 22.6 23.0 -1.8 .0 I -.. 1.0:143 1.0473 .7 0.0 I 24.:5 22.8 7.0 .0 I 
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