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AsSTRACT

An applicatÍon of the Electrosc"t TM"y"tem \{as tndertaken at Èhe

Portage La Praírie landfil1 to evaluaÈe íts potentíal as a novel geo-

physícal tool. The ElecËroscan system is an Impedance Computed

Tomography technique capable of conpletely automatic data Ínversion

for the Ímaging of three-dimensíonal subsurface structures. A detailed

field study and geophysical survey were conducted to locate a suitable

experjmental site. Two electrode gríds $Iere constructed over a suspecÈ

contamínant plume, daËa were collected and imaged. Subsequently, Earth-

resístivity data, excavaLíons, soil logging, conductivity sampling and a

magneËometer survey vrere used to confirm subsurface impedance structures.

Electroscan is a trademark of QuanËic Electroscan Incorporated
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Chapter 1

INTRODUCTTON

The applicatíon of various geophysical methods has become a

valr¡able asset in the remote-sensing of conËamÍnant plunes. DistíncË

physical properties may be delíneated from the surface and yíeld

imporËanÈ subsurface ínformation before an extensíve drilling program

is r¡tdertaken. GeophysÍcal rnethods have proven to be fast and cost

efficíent. Ilowever, Ëhe prímary applicaËion has been in reconnaissance

sËudy with few attempts to fu11-y utilize the potential of Èhese meËhods.

Recent advances in the field of Imped ance CompuËed Tomography promise

to further extend the area of geophysical applicaËions to complete

t\^zo-, and three-dimensíonal ímagíng of subsurface struct.ures.

Imped4nce sËrucLures ereated in the subsurface by variaËíon of ion

concenËraËions ín the groundwater have made electrical inpedance-based

methods parËicularly suitable f or the detection of leachate plr-rnes.

Contaminants may be detected and traced using theÍr geoelectric

signatures at the surface. For over 50 years, the Earth-resistivity

meËhod with its four+lectrode confíguratíon has been ext,ensively

employed in a varíeËy of hydrogeologíc studies (eg. 4, B, 16. L7).

However, a nrunber of difficulties are assocíated with the ÍnÈerpretation

of geoelectric sígnatures.

-1-



Geoelectric signatures, or the response of subsurface impedance

structures to potential measuremenËs carríed out at the surface, are

highly object dependent and complex. This creates the equÍvalence

problem when the geoelectríc sígnature recorded may be representative

of more than one possible ímpedance sLructure. The interpretation of

the Earth-resístÍvity data collected t,hus becomes ambÍguous-with the

fítting of signatures to fíxed mathematical models dependenË on direcË

subsurface confirmatÍon and a Ëhorough understanding of the subsurface

geology.

Extensive studies have been conducted by varlous researchers

(eg. 1, 3, 5, 6, 10, L2, 14, 15, 19) on inversíon and imaging usùng

Eart,h-resístivíty data. It Ìras ímplied by at leasË one researcher (10)

that the limitations on the interpretaÈíon were limíted by the measure-

ment technique of the Earth-resisÈívíty method. The conventíonal array

consists of four electrodes spaced along a line wíËh t,wo íntroducing a

eurrent field ínto the subsurface and t,rnlo measuring the potenqial drop

along the line. Successíve measuremenËs are taken by moving or spacing

the electrodes along the líne. In thís sense, a number of one-dimensíonal

measuremerits are Ëaken to image a three-djmensÍonal electríc field. An

índeterminancy necessarily results in Ëhe attempt to ímage Ehe responses

for al1 but the símplesË strucËures.

Habberjam, (10), suggests that collecËing measurements perpendicular

to Ëhe line of the iniËial measuremenËs allows for more effective data

inversíon. To ext.end thÍs concept, measuring the entire potentíal field

ín an area and repeatíng the procedure over the same area f.or several

linearly independent currenË fields should result ín the necessary data

to image the subsurface ímpedence structures wíthout equivalence.

a
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l^lexler (20) has provided signíficant research into thís approach

of Impedance CompuËed Tonography and its potential for dírecL subsurface

imaging of imped:ance structures. An algorithm and system (Electroscan )

r¡as developed capable of solvíng the electríc field equaËÍon using

sufficíent sets of 1ínearly índependent potential measuremenEs at the

surface. This ís a novel and powerful approach to Impedance Conputed

Tomography since no assunptions are made regarding the exísting structure and

no mrathematÍca1 rnodels have to be used in the solutÍon. ConsequenËly,

the applicatÍon of Electroscan ín hydrogeologic landfill studíes

promises to provide a three-djmensional subsurface imaging sysËem far

more comprehensive than the convenËÍonal Earth-resísËívíty meËhod.

The landfill site chosen for the applicaËion of the Electroscan

syst,em is located ín the George Lake oxbo\^/. -a meander cut-of f along

the AssinÍboine River just south of Polrtage La Prairie, Manitoba

(see Figure I and 2). Geologic, geophysical and tomographic data were

collected for presentaËion ín this sLudy.

In ChapËer II of this thesis, the conventional Earth-resistívity

theory and the ElecËroscan system are reviewed. Some results of

previous experÍments with the Electroscan are díscussed in Chapter

IIT. Chapter IV covers the geology and sit,e history rátrevant to this

study. In Chapter V, the geophysícal work, the Elect.roscan study,

as well as subsequent subsurface sampling and a magnetomeLer survey

are presented. A discussion and evaluation of the experiment and the

obtaíned results may be found ín Chapter VI.

-4-
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Chapter II

GEOPHYSICAL THEORY

2,L INTRODUCTION

Tn this chapËerrthe basic concepts, method of data collection,

and data inversíon will be compared for t,he Earth-resistivitv and the

Electroscan approach. IË should be noted that the Earth-resístivity

method will be díscussed primarily in the scope of this comparíson.

For a broader coverage, the reader ís referred to more conprehensive

sources (eg. 10, 13). The patent process línits the discussion of

the Electroscan method to a condensed version of inlexler (20). A

more deËailed review of the algorithrn and system is currently not

avaílable.

2.2 EARTH-RESTSTIVITY

2.2.L CONCEPTS

' For the understanding of the princíp1es involved, the símplest

eleeLrode:arrangemenL, the Wenner array, ís most suítable. Four electrodes

are spaced equally along a line.' A constant current, (Low frequency Â.C.

or D.C.) ís injected through the outer electrodes while potential dropq are

measured across the inner electrodes (Fígure 3).

Gíven a half-space of homogeneous materíal, the poËentíal drop is

dírectly proporËíonal to Ëhe subsurface resistivíty (Rho). Multiplying

the potenÈial by the electrode spacing and a geometric factor (2 r for

the I,Ienner arra'r) gíves the unit resistívity of the half-space materíal

-6-



ín ohm-meters. If the half-space Ís ínfiníLe in extent, íts unit

resístivity may be calculated usíng any electrode separation and

various array confígurations (if the appropriaÈe geometric factor

is used for each array).

Bottery Current meter

Voltoge meler ï
ï

C¡ o P2 0 C2

\/ ¿¿
- --\--\/\/\/\r-
-- > ---"

j Resistivily Pt

I
I
t
I
t
I

Current flow through eorth

Iåggr"-å Earth-resístívity systen, source (lufooney, 1980)

If the half-space consísts of two layers of different resisËivitÍes,

it can easily be shown that as electrode separation is increased, fírst.

Ëhe top and then both layers determine the resístívity measured. l^ihíle

the close separatíon results will reflecË the resistivity of the upper

layer, wider separation results, gíve Ëhe apparent or bulk resistívíty

of both layers. Consider the example shor,rn in Figure 4.
JJIJJ

_ _- -¿î:
-ttlt \

i pr> p,

p

Físure 4. Current f 1ow with resisti.ve

P¡ o
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The greater resÍstivity of the lor"rer layer increases the

current densíty ín the upper layer, producing a potentíal drop

greaËer than for the infÍnite Ïialf-space result of the top layer.

Similarly, for a lower layer of lesser resistÍvÍty, the opposite

is true (see Fígure 5).

þ,l

P.t P,

Figure 5 Current fl-ow with conducti.ve layer at depth.

It can be shown that Ëhe data from such sírnple layered case

poËenËi-a1 measurements can be easíly ínterpreted by curve matchíng

(20) or oËher interpreËative techniques (eg. 31 5, 6, L4r 19).

Howeverrthe límit.at.ion ín this approach is íts assumptíon of a

layered mode1. From research on other geomet,ric structures (15)

símilar assumptions are necessary t.o achieve a uníque solutíon from

the ínversion of the Earth-resístívíty data.

AmbíguiÈy or equivalence occurs ín the solutíon whenever vertícal or

horízontal impedence boundaries are appro.ached or crossed. The same

chapges in current density necessary to achíeve a solutíon \^Iith a gíven

model create índeterminancy in the solution íf unmodelled impedance

stïuctures are excluded from the calculatíon. For the applicaËion

of Earth-resístívity to subsurface imagíng, it can be quíckl} realized

that the results obtajned depend on drílling, geologíc confirmation or

previous knowledge of the subsurface to produce useful ínformation.

-8-



2.2.2 DATA COLLECTION

The Earth-resÍsËÍvity techníque is conrnonly employed ín Èwo modes

of operatÍon, soundlng and profiling (see Fígure 6). Sounding or the

Reoding I

.t---v---
¿Jlr

V\Y
{l J, .ll, .ll¿

r
ô

cefiteô
^ ^

Reoding 2

o o o oo o
,\

þ

2er
I

enl
I

I
I

c

x
Cen'ter I

I

)i
x2 t

I

f igure 6_, Sounding (top) and prof i1íng (bottour).

identification of general layered st,ructures, is aceomplished by

measuríng potential drops after successively íncreasing elecËrode

separation. The data are then inverted, and the resistíviËies, depths

and thícknesses of the target layers resolved. Although thís method

ís effectÍve for símp1e geologic condítions, diffículties are en-

cotuntered r¡hen horizontal j-ÍIpedance boundaries are srgssed and

not recognLzed.

Profí1íng is done by choosing a suítab1e electrode separation,

usually after a target layer has been sounded, and moving the fíxed

-9-



arxay 1ateralIy across the terrain. The resistívity values c.ollect,ed

may be plotted agaínst distance to reveal horLzontal changes in sub-

surface ímpedarrce along the profile. Data from several parallel

profiles may be plotted on a map to give resístívity contours of the

covered area. One should be aware, hol'lever, that the measured values

are bulk or apparent resístivitÍes and not target layer resístívít.ies.

Changes of resistÍviËy ín any layer, especially the surface layer may

falsely indicate apparenË changes in the target 1ayer. ConsequenÈ1y,

the contoured data does not represenË a t\^lo dÍmensional image of any

target layer, but merely a contour of brilk resistívíty values integrated

from the surface Ëo the target layer or a depth dependent on electrode

separation.

2.2.3 DATA IN\ERSION

Numerous technÍ.ques have been developed for the int.erpretatíon and

ínversion of Earth-resistívíty data. The interpretatíonal techniques

consist of field plotting procedures r¿hich yield only rough and very

approxímate resístivity and depth approximat,Íons for mosË data using

simple layered models. These techniques are.not suitable for proper

data inversíon and will not be furËher discussed here.

Inversion techniques are solutions r,shich provide exact depths and

layer resisÈivitíes for collected data which fÍt the model and assumptions

made. Field data whích slíghtly deviates from the model rnay be fít \,üíth a

loss of accuracy in the solution. Data solutions which greatly deviate

from the model result ín erroneous fits and equivalence problems.

Inversíon techniques may be caËegorízed into curve fitting tables

and auËomaËj-c compuÈer aided ínversion. The former consísts of

- 10-



theoretícal response curves of layered modeLs (12) while the laËter

consists of iEeratíve solutíons based on various geometric models

(3, 5, 14, 15, 19).

ParËíal Imaging has been aËteÍpted by using perpendicular arrays

and cornbÍníng soundíngs and profiles. Although thís technÍque a11ows

the calculatíon of more complex Ímpedance structures, the effort re-

quíred provides only partial freedom from geomeËric models. Automatíc

ínversion and imagíng of unmodelle ímpedence structures has not

been accomplÍshed wíËh Ehe Earth-resístivity method.(1, I4,- 22).

2,3 IMPEDANCE COMPUTED TOMOGRAPHY

2.3.L CONCEPTS

Impedance Computed Tomography is relatively ne\^r Lo the 'field of

tomographic methods. X-ray computed tomography has been applied

actívely Ín medícal and industríal "pplícations Ëo image bone

strucLures or microfractures in steel members. Ultrasound tomograÞhy

has provided a useful ímaging technique for outliníng the fetus in a

mothert s womb. Until recently, Irnpedence Computed Tomography r+as largely

ignored, maínly due to iËs more complex theory and previous lack

of working algorithrns.

Impedance Computed Tomography ís based on the concept Ëhat any

geomeËric structure in the subsurface wÍl1 produce r:níqr:e current

distríbutíons for given electríc fields ínjecËed into Ëhe subsurface.

TheoreËicatLy, if a sufficienÈ nunber of potential drops are

measured and the necessary boundary conditions can be meË, a unique so-

luËion to current disËribuÈÍond in the subsurface of the strucÊure

should yield an impedance image.

-11-



This approach ís the reverse of Earth-resísÈivíty inversion since

suffícíent data are co11ec.Èed to solve the impedance strueËure

image rather than fÍtting limited data to a fixed model. FindÍng

the solution, however, Ís more difficult than in other Ëomography

methods. Since Ëhe current disÈributíon inslde an imped,¿gee strucËure

is a complex fr:nction of the electric fíeld, Ëhe currenË ínjections siËes,

object shapes, obJect locaËíon and resistivitÍes, the simple assumption

of ray-like path behavíour used in other tomographÍc techniques cannot.

be used for Impedance Computed Tomography. IË is apparent that at sone

poinü ín the irnagíng process a solution to the electric field equation

must be sought. The ElecËroscan sysËem and algorithn descríbed by

I^Iexler (20) utÍ1Ízes precisely Ëhis approach.

2.3.2 ELECTROSCAN SYSTEM

The Electroscan system, r¿hen used for three-dímensíonal ímaging

from the surface, employs a square grid of electrodes set up at the

surface. A currenË is injected through two elecËrodes while the

potent,ial drops at the other electrodes are measured with respecË to

zeto. Thus, a set of measurements for the elecËríc fíeld over the area

of interest is collected. This procedure is repeated for the same

current injected through several pairs of elecËrodes until a sufficient

nunber of two-dímensíonal, 1ínearly independent. potential measuremenËs

are collected. The impedärice strucLure of a subsurface cube consisting

of a nr¡nber of blocks wíth each edge equal to the elecËrode separation on

the surface grid is then solved.

The basic prínciple employed is that the sets of potentíal measure-

ments are charaeterísËic of the partícular conductívíty dístríbution under-

gror:nd. "By makíng a guess aË the conducËivity distribution, one måy
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Ehen calculate a potential distríbution throughout the region and,

in partícular, at the surface. Because the guess at the conductivíty

ís r:n1 ikely to correspond to what ü/as actual ly underground when the

measurements were taken, the calculated arld measured surface poEentials

will dísagree." (20) The El-ectroscan algorithm íteratively refines

the conducti.viËy estimaÊe by reducíng the srm of sqr¡¿rres devíation between

observed and predicted values until acceptable agreement, is achieved. At

this poÍnË, the actual impedence strucËures underground are assulred to

be known.

2.3.3 ELEMROSCAI{ AIGORITHM

trfexler, (2O), describes the ElecËroscan algoríthm in five steps.

The flow chart presented in Figure 7 may be referred to in Ehis con-

densed explanatÍon. The procedure is ínití41ízed by assr.uning the

elecËric field potentíals and current distríbution are for an ínfiníte

homogeneous half -space .

Step (1) consisËs of calculating the potentials and currenË for a

desired cube of theoret,ical blocks ín the subsurface. The procedure

involves the soluËion to the partial differential Poissonf s equation

for conËÍnuously ínhomogeneous media by applying the Neuman boundary

condit Íons.

The Neuman boundary conditions state that no current crosses.the

boundaries of t.he cube except where potentía1 measuremenbs are taken.

Sj-nce fÍve of the cube faces are in acËual contact wíth the remainÍng

subsurface region, the assunpËíon is made that the excised regíon is

sufficiently large ín exËent so that negligible current crosses those

boundaríes.

- 13-
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Fígure 7. Electrosôan f low chart, source (tr^Iexler, 1984)
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If the calculaËed poËentíals agree with those measured at the

surface vrithín acceptablà litir", the result may be output. However,

for the iniEiali¿ed conductiviÈies this wí11 not be the case, and the

calculation passes to the next step.

Step (2) consists of poÈenÈial calculatíons using the Diríchlet

boundary conditions. The measured voltages are used t,o cause a change

to the conductivíty dÍslrÍbution Ín order to tend towards the rrinimiza-.

Èion of the difference between Ëhe measured and calculat,ed surface

potent ials .

Step (3) estimates the conductivity distribution such that

approxímate compâËÍbí1ity r¡fith the Neunan and Diríchlet botndary con-

dÍtion Ís atËained. A leasË-square approach ís used to produce a

revised esÈimate of the conductivity.

Step (4). Using thê conducËivitíes calculated in the prevíous

step, step (1) is re-inítialized. In this iterative procedure, recursive

improvemenË is achieved. If the differences between the surface

potentíals and Èhe conductivities calculated are less than a pre-set

tolerance, or if by experience sufficíent iteraÈions are known to have

been perforrned, the process contínues to step (5).

Step (5) consists of outputtíng the final image data for processíng

and presentaËíon. The results consist of a calculated conductivity value

for each block ín the cube. Since the cube ís only of maÈhematícal and

not physical depth, the number of blocks in the cube depends on the depth

or leve1 to which calculations were performed in the algorithm.

The representation of the resulËs may consist of grey-plots for

each block and 1evel, contouring of each 1eve1, or three-dimensj-onal

relief plotting of selected conductiviËy blocks.
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SU}O.,fARY OF CHAPTER II

Sínce boÈh the ElecËroscan and the Earth-resístívity meËhods

are impedance-based elecËríca1 methods, their approach is similar buË

noü related. The Earth-resistívíËy rnethod measures onlv selectecl

one-dímensional poínts of the elecËric fíeld thus allor¿íng for símplified

visua.lízation of the resulËs before daÈa reduction. The advantage ís

that rough esÈj-mates and interpreÈatÍons can be made in the fiel-d while

daËa are being colleeted. However, the inadequate method of data

collectíon inËroduces the problem of equivalence duríng daËa inversion.

ConsequenÈly, the Earth-resisËivity method has limited potential for

complete Èwo- and Lhree-dimensional inpedence image reconstrucËíon.

The Electroscan method uses the proper theoretíca1 basÍs for

atËempting automatíc data inversion by utí1ízíng poËential drops measured

over t,he entire area of interest,. The algoríthm employed is a

powerful approach to Impedance Computed Tomography. Unlike the ínversíon

techniques used ín Earth-resístívity, the algorithm solves Poisson-iê

Equatíon for the electric field ín a recursive iËerative process using

símple boundary conditions. In thís approach, the problem of equivalence

ís amelÍorated, and a complete two- and three-djmensional impedance image

reconstruction ís perceivable.
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Chapter III

TEST AND MODEL TAT{K STT]DIES

3.1 INTRODUCTION

This study is the first applícaËion of the Electroscan system

in an uncontrolled geophysícal environmenË. Un1íke the laboratory studíes,

Ëåe irnpedânce structures Eo be Ímaged are unknown; therefore, it seems

r¿orthwhile to revíew the experjments and previous studies to gain a

better undersËanding of Lhe results which may be obtained with the

Electroscan system.

The review can be divided into three studies: those conducÈed by

T,{exler et al. f or the publicaËíon in reference (20), Ëhose subsequently

conducted by Mgrdel (11) (B.Sc. thesís), and those by Allard (2) (B. Sc.

thesis) .

3.2 I^IEXLER FRY AND NET]MAN STUDIES

Inlexler, Fry and ltreuman included mainly computer simulaËed as

well as poÈential measurements for two-dímensíonal imagíng. The

potential measurements T¡lere conducËed in an acrylic t,est tank. A

layer of water was used as Ëhe conductÍve host medj.um and objects

were placed ínt,o the Ëank. Measurements r¡rere taken through 64

elecËrodes along the tank periphery only. As shown in Figure B,

44 electrodes vrere used while Èhe remaining served as

currenË ínjecËíon sítes. Since each side of the tank features 16

electrodes, 256 logical blocks are formed. It was fourd that,

in general, the number of measurements required to image the region

.=17-



had to equal or exceed Ëhe nr¡nber of blocks to find a unique

conductivity value for each.

Fígure B. Ten excíËaÈion patterns for Ëhe Ëwo-
dimensional case

Figure 9 shor¿s a sËep frncËíon model which was imaged using computer

simulated measurements processed by Ëhe Electroscan algorithm. In the

relief plot shown, the sides appear as steep slopes raËher than stePs;

this, of course, is due to the coarse block uni-ts used' Reconstruction

of the step funetíon is shor,¡n for several stages ín the iteration of

Figure 10. It may be clearly seen thaË successive ÍrnprovemenË of the

image occurred wíËh íncreasing iterations.

I,lexler, (20), menËions that for excessive iterations, (1700) ' an

oscillatory response occufred. A1so, a defínite edge effect exísts -- the

sides and top of the st,ep funcËíons were, imaged as sloping faces. How-

ever, a competent. Ímage r¡Ias reconstructed.

Convincing results r¡/ere also obÈained usÍng measurements in the

acrylÍc test tank. A plastic jug and a metal canníster were placed in

the host medíum (water). In Figure 11, the imagíng process clearly re-

produced a'rough ouLline of the metal can and the plasËíc jug in the
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Relief and densíty plots of step function, source (I^Iexler, 1984)
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't; t'lî'¿

50 lteratlons
100 Íteratlons

500 iterations 1700 íterarions
Fieure 10. Relíef and densíty plots of step function irnage,

source (Wexler, 1984), (conductivity ratio 5:1)
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(a)

.¿

I¡

iri' ;;':i¿ i

(b)

Relief and ilogarithms density plot of tín can and plastic
jug image in test tank, source (l^lexler, 1984).

FÍgure 11.
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density plot (note that on Ëhe densíLy plot the plastíc jug depression

is more clearly visible by using the logarithmic display meËhod).

Finally, simulaÈed data r¿ere used for the subsurface model of

a conductÍve box by using surface measurements on1y. The box was

modeled in the centre of the subsurface host medium cube to be lrnaged.

The al-gorithm was Èhen used to process Ëhe sjmul-ated surface measurements

by a.ssrmíng four l,ayers r'.n the c.uhe with the box present i-n the mirldle

Ëwo. Although the image improved wiËh more íterations, the ímage was

not fulIy reconstTucted after 1700 recursions. The second layer clearly

showed the box whÍle the thírd layer showed only an elevated conducLivíty.

It Ëhus appears thaË Ëhe image patterns evolve from the top and migrate

dovm, and a large number of iterations are requi.red. Further, a conductiviËy

ttshadovrtt was.presenË on the fourth layer which, in the model, did not cont,aín

Ëhe box.

3.3 I'fÂW¡gt 'S THESTS

Mande.lr (11), continued the Lhree-dímensional subsurface imaging

study by processíng physical measurements. A grid of 64 electrodes in

an BxB array vlas used to image the subsurface regíon. The regíon vras

divided into fíníte elements or blocks for which the conductivíty was

calculated (Figure 12). Sínce the maximr:m number of blocks for whích

the conductívity can be calculated is determined by the nuinber of

measurements taken, only three, fotrr or fíve layers of blocks were

usually calculated.

Several excitatfsn paÈËerns \¡Iere tried to achieve a good current

distríbuËion for al1 current injection pairs used. The excítation

pattern of Figure 13 produced suitable results and wa's used for the Mandel,
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and Allard the.ses, and thÍs study.

For Lhe represenËatíon of Ëhe results, Mandel used grey-ploÈs

for each level of blocks, as wel-l as, numerícal artay results for

each block. ,Figure 14 shows the irnage of a plastÍc cube placed in

Èhe N-!ü corner of the Ëest tank. A rough outline (black) is vísible

of the low conductivíËy object in the hosË medium. However, sínce

only eight grey levels are avaj.1able, dÍscrimj-naËíon of blocks is

diffícult.

Useful conclusions about the behavíour of the algoríthm can be

obtained from Mandelts resulËs. For the plastic cube menËioned, the

tank was fÍ11ed with the host medj-u¡r to five block layers. The cube

was submerged to a depth of 1.6 blocks under the surface. The re-

suJ-ting images show Ëhat the impedance shape of the cube deteriorates

in levels 4 and 5 of the figure. Furthermore, irregularities in the

conductivity of the host mediun have been calculaËed whích do not exíst.

Mandel also poinËs ouÈ that all experimenËs shor¿ed discrepancies

in the Ëop layer. Sínce this phenomena is seen only in the physícal

measurement studies and noÈ the simulated data, the problem \¡ras traced

to an inaccuracy ín Ëhe measurements at Èhe strrface boundary layer. The

conductive "shadow" observed by Wexler (20) was agaín present beneath

objects of high conductivíties. In an experÍment with a highly con-

ductíve steel mortar shell submerged in water, horizontal "shadornrstt

\^7ere also present.

Generally, it was noÈed that Ëhe ímage qualíty increases with íteraËions,

wíth an optímun being reached between 40 to 120 iterations. Much higher

iËeratíons cause the Ímage Ëo deterioraËe. A1so, imagíng the same object

to three, four or five layers had little effect on hígher layers. Lastly,

all tests performed produced images of accept.able to good quality.
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3.4 ALLARD'S THESIS

Allard, (2), conducted experi:nrents in an aquifer test bed. This

seË-up consísted of a 6.25 m x 2.5 m x 0.45 m sand bed placed on a

concrete floor and surror¡rded by rígid side walls. To make the

experíment dynamic, a flow fíeld of fresh ü/ater was allowed to seep

through the sand.

IIsíng saLt soluË1ons, various plumes (slugs and continuous ínjectíon)

were Í.maged. The grid used consj.sËed of. a 64 electrode grid with a block

síze of 0.1 x 0.1 x 0.1 rn. The ímage calculatÍons r,rere carried out to a

depth of four and five block levels. Regrettably, the fifth level images

only to a depth of 0.5 m (theoretically) and, therefore, no deductíons at

greaÈer depths r,rere made. This would have been of considerable int.erest

in evaluatÍng the shadow effecË and the systems response to the layered

case (ie. saEurated sand overlying concrete).

Nevertheless, consisËently useable images of the plures were irnaged.

Figure 15 shows an example of a salt solutíon injected at the top left

corner of the grid. AfËer time, measurements were made and t.he data was

ímaged with the ElecÈroscan algorithm. An ímpedance plune, sma1l and

concentrated in level two and wíder but less concenËTated ís resolved

in the lower levels along the left side of the gríd.

As noted earlier, the discrepancies encounËered in the top layer

were again presenË in these experimenËs; clearly tþe surface layer dis-

crepancies are a characteristic of the algorithm. Also, iÈ was noted

that rrs)¡mmetricalrr shadows r^rere produced around t.he edges of each level .

These \¡rere attributed to edge effects due to the absence of acry1íc tank

wa1ls Ëo confine the current flow paths. However, the plurne ímages could

be easíly distinguíshed from the secondary conductívities of the shadows.
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3.5 SUMMARY OF CHAPTER ITI

A consíderable number of experÍments were conduct,ed by l^lexler eL a1 .,

Mandel and Allard. The images produeed for two- and three-dimensíonal

cases wÍth simulated and measured poËential are promising. Those images

based on si¡nulated data har¡e shown that a sloping effect ís introduced by

Ehe algoríËhm along hharp conductÍvity boundaries. Mandelrs thesis índi-

cates thaÈ Ëhe top layer of the Ímage shows considerable dÍscrepancies

betr¿een observed and expected values. This was attribuLed to measurement

inaecuracy. Also, afLer an optlmum nr¡nber of iteratíons are performed

(40 to 120), the image deteriorates. Allardrs r¡ork showed that unex-

plaíned symmetric'shadows nny åppear ín experi¡nents ín which the ín-

sulatlng walls are removed. However, acceptable images r,rere obtained

in these experiments which strongly reflect the impedr¿nce structures

to be resolved.
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Chapter IV

GEOLOGY AND SITE HISTORY

4.L INTRODUCTION

During the course of this field study at Portage La Prairíe, a

consíderable amount of information \,ras gathered on the geology per-

tinent to the landfil1. IË became readily apparent that although a

good regíonal understanding of the geology had been docunenËed, a

thorough knowledge of the George Lake area did not exíst.

In thÍs Chapter, the geologic and hydrogeologíc dat,a for this area

were compiled and complemented by a careful siËe ínvesÈígation and ínter-

pretat ion.

4.2 PORTAGE AREA GEOLOGY

Much of the Portage area, including the George Lake oxbovr ís -'-

situated on the allr¡¡ial outwash fan formed where the Assiniboine River

flows into the Manitoba Lowlands. In general, thís area consisËs of

Lake Agassiz basín clays overlaín by several meters of alluvial out-

wash sands and floodplain síIts. To the wesË, the area is bordered by

the ancient Assíniboine Delta as shown in Figure 16,

A study conducted by Lrlolowích and Tamburí (2I) shows that sediments

are eroded out of the delta sands by a classic back-cutting actíon of the

Assiníboine Ríver (Figure 17) and deposited again on the alluvial

fan. It was noted, due to the hígh sediment load, thaË extensive sandbar

formation occurs along thj-s reach of the river causing rapíd aggradatíon,

floodíng (controlled sínce L969 by the PorËage Diversion Darn), and unstable

meander activity.

-30-



F
ß ,

B

r o - (D 3 o :. o E
T o

xF F

0

r

K

t(
F

k 
xK

F F F

F

l
F

k v

a

k
*k

I
I

Þ

û

B

I

,

k K

/ I
I I

n
a o 3 7 T

I m z I o z (o n

c) o

T (D ('' o c) (D 5 (D

Ì o ,u -{
_-

Þ
3c

¡
>

 r
r¡

r *Þ -)
o

¡¡
 r

rl
8Þ o 3c

, m o r o C
)

0 (D

ur
J 

Ø
oo

 
c¡

3O o.
o 

-r lf

o
ur

6
Io

rDø

cr
o

(D
f

oè c¡
 -

.
-if

cD

I U
J H I



STATION LOCATIONS

RUSSEL MINIOTA BRANDON
ROSSENDALE

HOLLAND I PORTAGE HEADINGLY

¡
U)
¡\)
¡

Ø
É.
UJJ
¡-- td
trJ >
ã t¡.1Jz<
- LrJ

6Øfur
sà
iæ
lrj

500

460

42c,

380

340

300

260

220 3
2
I

F-
Øo
:f

=(n460 400 360 320 280 24c 200 t60 t20 80 40 0

VALLEY DISTANCE FROM MOUTH ( Km )

Uplond Profile

1
Fon

Deep
Bosin
si

shoreff
¡rrS

o

reosh
orcIel

Neor
D

Alluviol

Neorshore
Itoic

Deep
Bosin
s¡n I

Volley Profile J

Neorshore
Delloic

Coorse
Deltoic

Oulwosh
Sond I
Grovel

Glociol
T¡II

Figure 17. River slope, source (llolowich & Tamburi,1985)



Figure 18 presents the álluvial geology and meander activj"ty ín

more detail. Gil1i1and (9) reports that during earlier

periods of aggtadatÍon on Ëhe alluvíal fan, \^IaËer f lowed north

into Lake Manitoba, noË east to the Red River. Accordingly, much of

the area around Portage La Prairie features a thick blanket of

all-uvial sand, overlaín by extensíve floodpl-ain síl-ts and e1ays.

Gil1Íland dívides the alluvÍal activity ínto early and late channel;

as can be seen from Figure 18, George Lake is a late channel deposit.

In hhis study, iÈ became apparent that the late channel deposits could

be further dívided into meander phases. A detailed air-phot,o ínÊer-

pretation showed that the svreep of the meander loops could be ídentifíed

for the later deposíÈs.

FÍgure l8b gives a detaíled visualízat|on of meander movement Ín Ëhe

1-ate deposits. Phase 1 represent.s the earlier meanders of

the lale deposibs while Phase 2 is the more recenË acËiviËy of the

AssíniboÍne River. From this interpret,ation, it was deduced that .t-he

George Lake area \¡ras reworked at least twíce by the late meanders.

It was also not.ed that the George Lake oxbow featrures an overly

sharp curvature andexcessive sandbar formation on the west límb. This

oxbow ís clearly deformed indicating material (clay)-rnuch more-resÍstive

to erosion, prevaíled east of the meander,

4.3 SITE HISTORY

The present landfíll, as shown in Fígure 19, completely covers

about fj-ve hectares of the north bend of Gdorge Lake. The totdl

height of the Ì¡raste and fill above grade ís approximately 15 m on

Ëhe south ramp.

Floodplain silËs are excavated ín a borrow pít on the meander flat

as cover and fill material for the landfíll operation. A srnall tríbutary
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draíns into the oxbow lake in the east limb. Along Provincíal Road

242, wlnjch leads souÈh past George Lake, 26 prívate resi-dences drar¿

r¡raËer from shallow wells seË into the allr¡¡ía1 sands.

In 1984 and 1985, t,wo consulting 'studies (17, 18) were concluded

for the Provínce of ManiËoba. It was reported that in at least some

of the we1ls, leachaËes from the landfill were contamínating ground

TÀ7Ater.

This landfíll has been operatíng in íts presenË locaËion since the

1930s. To assÍst in the understanding of the site, recent and hístoríc

air-photos of the_sÍte r¿ere compared. Figure 20 shows the George Lake

area ín 1948 and 1979. It shoul-d be noted that in 1948, \daste and fíI1

were deposíted directly ÍnËo the oxbow lake which at that t.íme covered

mosË of the norLh bend. IL was confÍrmed with an older resident in the

area Lhat, during floods (before construction of the Portage Diversion

Dam in L969), the meander límbs would be flooded with \¡rater. Clearly,

it may be assumed that early contaminanËs from the clÍsposed wast" t.t.

carried throughout the oxbor.¡ by advection 1n open T¡later' partícularly

those areas covered by the oxbow lake.

4 .4 1IYDROGEOLOGY

The hydrogeology of the area nray be best understood by examining the

grorrndwater level conËours ín Fígure 21 (reported by Gí11iland (9) ) . It

is evident that in the Assíniboine DelËa deposíËs (southeasË parÈ of

figure) a steep and well-defíned hydraulic gradíent follows the Èopography

and the ríver valley. 0n the alluvíal fan, groundwater flow direction becones

more íll-defined. It appears Èhat some gradients follow the direction of

the river while a general flow off the a11uvíal fan is evident. Tamburi
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(ora1, 1985) suggested that the groundwater flow fíeld for thís area

had not fully adjusËed to the nrunerous changes in ríver flow dj.rection.

A gradÍent from an old channel at Portage La Prairie thiough the site

sôuth Ëo Èhe AssinÍboine RÍver exísts.

Fígure 22 shows groundwater contours interpreted from water 1evels

reported by Slaine (17). In thj-s more detailed approach, it becores

clear that steep local gradients exist near the landfÍ11, flattening souËh

tov¡ards the river. IË appears that the elevated T¡raste mound has a

signÍfícant topographic effect on Ëhe groundwater gradíenÈs near the

landfil1.

Sínce coarse, permeable sands are underlaín by lake basin clays,

and overlain by less permeable floodplain sÍlts, the majority of the

groundwater flow ís expected in Ëhe sand uniË.

4.5 OXBOI^T GEO}ÍORPHOLOGY

One of the major irnpedarrce structures ín the subsurface are the

resístive dry sandbar soí1s. Extensíve sandbar format,ion occurred in:

Ëhe meander before the cut-off. Fígure 23 shows some of the more pro-

mÍnent sandbars identified from the air-pholos. IË is interesting to

note Ehat the agsidual channel is considerably wider ín the north bend.

Consequently, the channel depths. should be deeper in the narror^r part.

in the narro\¡r part. This, however, would result in only a mínor

difference ín depÈh after the cut-off occurred since thé thahreg would

normally slump and collapse or undergo progressíve infi11. 0n1y a slight

difference in-grain síze should be expected;ímpedance structure should not change.

Using the dril1 logs of the Provínce of Manítoba monítoring wel1s,

a general cross-sectíon of the oxbow vras constructed (Fígure 24) . 0n
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the easË síde of the oxbow, a silt and clay boundary was drawn Ín to

represenË t,he ínerodable material discussed in Sectíon 4.2. Tt is not

clear if these deposits extend down to basin clay or if a thín layer

of early sand underlies them.

The cross-section cl-early shor¿s how floodplain deposítíon

occurred at a much slor¡rer rate than the erosion of the r¿est limb.

The east limb was in posítÍon for a considerable lengËh of time since

aggradation ís nearly complete.

In the channel, Ëhe silt infill is of gïeater thiokness Ëhan the rest

of the depositÍonal area. This feature is believecl to be characterístíc

of the cut-off process. Duríng normal progressíon of the meander loop,

mosË of the thalweg is infill-ed with bedload sand on the point bar síde;

during the cut-off, silt or very fJ.ne sarrd'linfills the channel.

The composiËion of the sÍlË should be essentially Ëhe same in the

channel and in Ëhe floodplaín except for small dífferences in graún

síze. However, some organics, peats and swamp soíls (a11 reducíng'-

environments ín nature) may form duríng prolonged periods in those

areas covered by the oxbor¿ lake. As ímpedãrce structures, the sílt

may show signifÍcant increases in conductívity wíth fncreased moisture content;

t,he organics, if saËurated, may be extremely conductive.

Sandbars (FÍgure 25) are of saturation-dependenË conductivity.

The dry sands near t,he surface are of hígh resistivíty, as mentíoned.

't^IíËh pollutíon ., the conductívity is dependent on both saturation and

ion concenËratÍon. Saturated wíth clean \^raÈer, the conducËivity of the

sandbar r,¡í11 be less Ëhan sÍlt; saturated with leachate, the conductívíty

will be greater.
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4.6 GROI]NDI^IATER CONTAMINATION

A continuous conËaminant distrÍbut,ion throughout the area would

mean t,haË the plume could only be imaþed with respect to Ëhe other

soj.l uníËs. Ilowever, Figure 26 shows how conductÍvitíes of the

groundwater vary wíËh locatÍon. In general conducËivitj-es increase at and be-

neaËh the landfí1l and decrease as the distance from the landfill increases.

tr{hen examíning the conductivitiesr the reader should be aware that

the values by UMA and GLA are laboratory measurements of water samples,

r,¡hile the other values are field results. A YSI model 33 was used for

Ëhe field results. It was noted that fouling on the conducËivity probe

produced consistãrrtfy fow readings for higher conductivíËies. This

does not invalidate theír qualitatíve meaníng.

Contaminants leached. from Ëhe buried waste are assumed to enter the

groundwater uníË via two separate flow passages. The direct flow

passage is through permeable sandbars inËo the flow field ín the sands

beneath the floodplain silts. The less direct source is by slow-'seepage

of leachates Ëhrough Ëhe clayey silt channel fi1l.

Ílhile the sílt seepage is a conÈínuous process, the sandbar passâge

may conduct íncreased amornts of leachate during times of hígh infíltralifon

(eg. snowmelt). The primary passages in the sandbars are beliáved to lead

south along the west síde of George Lake. The channel bed is actually

the least active conductor since it feaËures the tlTi'¿kest si1 t layer.

Contamination of the silÊ around the landfill ís also likely, if only

to a lesser extent. LaËeral seepage in the silt is slow. However, clay

parËicles ín the soí1 attenuate Lhe contaminant,s wíth time by adsorpt,ion.

Soil and sí1t contamínation r^ras not assessed for this study.
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4.7 SUMMARY OF CHAPTER IV

A thorough r¡rderstandlng of the site geology tnras gaíned duríng this

study. The area consísts of basin clay overlain by sand and covered by

floodplaín sí1ts" Gror¡ndr¿ater flows south towa:rds the AssinÍboine

Ríver in Ëhe sand unít.

SiLe hístory shows that wasËe \,Ias hístorically deposited in the

oxbow lake. To date, Ëhe landfill covers fírre hectares and is up to 15 rn

hígh. Ìtrells in the area have been contaminaÈed by leachate from the

landfil1.

ConËaminants are bel-ieved to enter the groundwaËer vía two passages --

sandbars and seepage through silt.

-48-



Chapter V

PORIA,GE FIELD I^IORK

5.1 INTRODUCTTON

To locate a suÍtable síte for the Elect.roscan applicatíon, a

reconnaissance geophysÍc"í 
",rrrr.y was carríed out. To avoíd properËy

conflicts, a síte on the dry bed of George Lake was soughË.

After a sÍte with acceptable impedance responses was located,

t,wo grids of 64 electrodes each r¡rere seË up; one 1arge, one small .

The method of data collectíon of previous studies was followed to

minimize complication and to ensure compatibí1íty wÍth the Electroscan

computer program

After the data collection on the grids \¡ras cornpleted and Ëhe set-up

could be removed, sampJ-e holes were dug on both grids, soil logs ta_ken,

and groundwat,er conductívity measured. Finally, a magnetomeËer sutr/ey

was carried ouË to ensure no large ferromagnetic objects (such as car

bodies) were buried beneath the grids which might have inËerfered with

the data collected

5.2 GEOPHYSICAL EQUIP}ÍENT

For the reconnaíssance and the grid data collection, an exËended

sensitivity BISON 2350 resisËivíty meter was used. The uniË combines

a constant current generaËor with a manually balanced potentj.al measure-

ment circuitry. The current used consists of a low frequency.

20.5 millÍamperes source d.riven to a maximum 270 volts to overcome

contact resistance in dry soils.
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The potential measuremenL círcuíËry feaËures an íncreased

precísion measurement sv¡itch to ameliorate conËact resistance aË

the potenËia1 elecËrodes. Sínce all neasurements for thÍs study

were conducted in moist, conducLive soí1s, thís feature gave no

notíceable measurement improvement and Èhus rn¡as not furËher utilized.

For potenÈial measurements Laken at the most sensit,ive scale

(.001 rnultiplier) provisíons for balancing the contact resístance

of both potential electrodes hrere utilized. However, operation of

the equipmenË aL this scale proved difficult. In most jnstances when

workÍng !üith this_¡¡nsitivíty' which occurred frequenrly, after

balancíng the instrument,, considerable drift and noíse ¡¿ould cause

unconËro11able flucËuations in the readings. OfËen ít was impossible

to adjust the instrr¡nent at all. In addítion, poor correlatíons

existed between values read at thÍs scale and upper scales. To

achieve consisËency in the results, dl1 readings taken on the 64

electrode grÍds were collecEed using the .Ol scale. At Ëhís scale'-

the instrument was usual-ly well behaved and rrepeated measurenents

would yield consistent resulËs.

IÈ was believed, although it could noË be confirmed, Ëhat. contact

resístance and natural earth-currents were responsible for Ëhe erraËj.c

instrument behaviour at the .001 scale. It is proposed that a self-

potential exísts ín the subsurface at the site betwe.en the contamínated

r¡rater, the silË, and less contaminaÈed rnrater which af fects potenËial

measurements. This conclusíon is based on theanalogous existence of

measurable self-potentials between drilling muds and groundvrater ín

geophysícal bore hole logging.
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Finally, Ëhe readings obtaíned on the BISON 2350 are expressed

in current normalÍzed potenËÍa1s, íe (2 n V/I). Thís feature is

signÍfícant when the current electrodes are placed on hígh1y resis-

tive ground and the nominal current of. 20.5 nilliamperes carrrot be

achieved with the maximun voltage avaílable (270 volts) " In thj.s

case, the normalized potential sti1l produces an accurat,e result.

In thls study, this feature'had no bearÍng; all readings were

collected above 20 milliamperes.

To measure Ëhe groundtrater conductivity in the sample holes, a

YSI model 33 (a1so see Chapter IV) was used. ThÍs meter features a

temperatur./"orrarr"tivity probe, submersible ín r¡rater. At least three

conductÍvity samples Iüere collected and averaged for each

reading. It was noted that this instrument r,ras well behaved.

As menËíoned earlier, slight fouling of the probe \¡Ias experíenced.

All reported readíngs may be consídered low, with higher readíngs being

more affected. However, this does not. affect t.he patterns generaCã-d by ttre

readings and all comparative lnterpreËations are va1id. Little emphasis was

placed on quantítatfrie measurement since the Electroscan computer

program used produces unscal-ed conducËivities on1y.

The ínstrumenË used in the ferromagnetíc survey r^7as a SIMREX MF-2

flux-gate magnetomeËer. Thís unit features a readable sensitívity of
fI 10 gammas at a full-scale deflecËion of 500 gammas. This unit 

_is

vertically polarized and should be capable of locaËing survey stakes,

steel drums (near the surface) and larger ferromagnesian objects. The

instrument \¡ras base-stationed before and after the survev to

correct' for magnetíc drift
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5. 3 RECONIIAISSANCE GEOPHYSICS

A shown I'igure 27, two resistívity soundings and two profiles

lrere carried out ín the easË lÍmb of George Lake on August 30 and

*
September 9, 1984. Plots 1 and 2 are the response curves for

soundings Sl and 52 respectively.** The soundíngs were used to

determíne a suÍtab1e electrode spacÍng for profil-ing the desíred

targeË layer. It was decided Ëhat an electrode separatíon (A-spacing)

of abouË 18.3 m would besË represenË the sounding responses for the target layer.

A need to inverE. the results díd not exisË since sufficient subsurface

data were available.

By inspection, sounding 52 showed conducEívities for the silt layer

(,below fu1l saturaËion) T^Ieïe around 600 micromhos/cm near the base of

the landfill. Also, the maxlmum response of 850 mícromhos/cm on the

sounding curve indicat,es that the target layer had a ttminimal" con-

ductívity of 850 micromhos/cm. The nearby monitoríng well sampled in

OcËober, LgB4 (Figure 26) shor¿ed the ground\,rater to conduct. 22OO *i"to-

mhos/cm (targeÈ layer) . IE is apparenÈ -bhát the nasp;onse curve would

require inversion if the target layer conduc¡ivity was unknown.

A 600 m long profile (P1, shown on Plot 3) vras run usíng 33 stations

from the edge of the durnp:souËhrin George Lake oxbow. The selected

electrode separaÈion of 18.3 m was used.

* All plots appended after text.

'å* For compatibility wíth the YSI conductivity meter and the Electroscan
results, all responses are expressed in conductívities on all p1ots.
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An inspection of the ploË allows several ínt.eresting obse:r¡atíons.

The edge of the landfill introduces a topographic effect (due to current

beíng draíned into the r^raste mor:nd), a culverË nearly the length of the

electrode separation prodúces rrbridgingt', and general noise of about

50 mÍcromhos/cm Ís evident (lj:kely due to lateral changes Ín soil

resisËance wiËh saËuration differences near the surface). IÌowever,

beÈween 90 m and 160 m south of the landfíll (add 30 m lo exact edge.

of fill), the bulk subsurface conductiviËy decreases from around 850

mícromhos/cm to roughly 600 micromhos/cm. A look at Fígure 26 shows

that thÍs correspondd Ëo a drop of 1180 micromhos/cm in the target layer.

A second profile (P2, shown on Plot 4) was carried out on September

15, 1984. No changes of conductivity in the channel were observedrbut

signíficant decreases in conductivítíes occurred as the elecËrodes \¡Iere moved

onto Ëhe dry sandbars on the west ríver bank. The conductívity break

located ü/íth the firsË profile was used as the imped atce strucLure to be

irnaged by the Electroscan' system.

Figure 28 shows hor,r the two electrode grids r¡Iere located in the

chànnel. For the J-arge grid, several lines !¡ere cut through the brush

on a sandbar which occupies Ëhe southr.¡est parË of the grid. The smal1

gríd was símpIy located in the open marsh.

The large grrd was gi-ven an electrode spacíng of. 12 m. Thís made

the grid 84 rn x 84 m wÍth each subsurface block layer represenLing a

12 m theoretj-cal depth uníË. The small gríd was chosen at a 3 m electrode

spacíng arrd 2I m x 21 m in síze with each blook layer a theoretical 3 m

thick. Both gríds were surveyed ínËo place.
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5.4 DATA COLLECTIO}I

For each gríd, 64r 90 cm long, one-half Ínch ror¡nd alumínum electrodes

were used. The elecËrodes Ì¡Iere pushed or hammered ínto the ground

wíth 10 cm exposed. A central control box was constructed and TEI'I

16 gauge multistrand (PVC Ínsulated) wíre connected from it to all

electrodes. To ensure good electrode contacË, the wires were fast.ened

to the elecËrodes wíth hose clamps and small screr^Is.

Before and after the col-lection of a data setr all electrodes

were checked for continuiÈy from the conËrol box (ie. electrical test

for darnaged wires). All grid measurements were also collected from

the box.

Conventional l,Ienner arrays and Electroscan type data were

collected on each grid. For the trnlenner arrays, only te¡ò A-Spacings

could be collected due to the dimensíons of the grids. For the large

grid, spacíngs of 12 m and 24 m were used; on the small grid, 3 m and

6 m spacíngs l,rere collected. Since the amount of arrays possible'on

the grid were limiËed, a complete _set of Wenner data could be measured

ín under two hours.

For the El-ecËroscan type data, the standard excitaüion pattern

(Figure 13) r¿íth 14 current ínput paírs used ín the earlíer studies

(11, 20) was employed here. However, a mínor change in the method of

potent.ial measurement vras necessary. The equípment used ín the test-

tank studíes consisted of a custom built círcuítry which collected

(by dígitized data acquisition) poËentíal measurements at each electrode

wíth respect to a reference zero potenÈial on the sr¿itchboard. The

BISON 2350 measures potentíal drops between two points only and not with

respect to an internal zero. Af ter oTal constirlbatíon wíËh tr^Iexler
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(20) it was decided that al1 measurenents could be made by using one

electrode as arbitrary zeto and measuríng all potential drops with

respect, Ëo it. Electrode nunber 36 r,ras chosen on boËh grids as

reference zeto. llexler (20) assured that thís procedure would be

fully compatible wíÈh the Electroscan algoriÈhn; later experiments

by Allard (2) confiraPd thfs.

A cønplete set of pobential measurèments for one grid took

approximately five hours to collect. All grid data was collected between

OcËober 12 and 15, 1984. As díscussed in Section 5.2, poor inst,rument

behaviour did not al1ow the most sensítíve scale (.001) on the Bison

equípmenË to be ""e¿. This made approximations of very small potentials

diffícult. For potentials around zero, the electrode poi-aríËy was always

reversed to double check for positÍve or negative current flow direction.

For discussion of the Inlenner and Electïoscan results (Plots 5 to

47), refer to Chap'cer VI.

5.5 SUBSUR-T'ACE SAI{PLING

A subsurface samplíng progr¿rm $ras undertaken on May 9, 1985 Ëo confirm

the existence'of the ímaged lmpedance strucEures. The program consisted of a

hired backhoe used to dig sampling holes ttrrough the channel fill to the saÈuraËed

bedload sand. below. A staínless steel well point \^ras Èhen pushed ínto

the sand layer and conductívity samples \n/ere extïacted at depEh. As

shown.í,n Figur e 29, eíght sample holes \,sere completed. Detaíled soíl

logs were kept (Appendíx A) and cross-secËions r¡rere constructed as

shown. Sample holes 1 Ëo 7 were all dug ín the channel while hole qight

rnraç loca,ted qn the sandbar deposit (,treed aqea).

It was ttot.'d Ëhat a thín1y bedded firm clay separates the silt from

the underlyíng sand (see Fígure 30, 31). The presence of' thís clay layer
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is assumed to be related to sedimentation of fine suspended parËícles

írrnedíately after Ëhe cut-off occurred. Except in the sandbar (see

Fígure 32), Ëhe clay forms a conËinuous low permeability blanket

overlyíng the bedload sands. It was felt that thfs substantiated

the theory of groundwaÈer conÈaminant passages t.hrough sandbars

proposed in Chapter IV.

The c-oarse bedload sands at depth were cl.early differentiated into

lighr yellow brown sand and dark grey sand. Since no apparenË dífference

in composítíon or grain size was noted, tl¡ro possíbilíties r¿ere considered:

a) the dífference'in colour indicates separate river phases.

b) The grey sand represents the reducíng environment. of pro-

longed submersion below the water table.

The latter possibilÍËy was deemed more likely. Sanpling Ëhe con-

duetiviËy above and below the grey sand showed no noÈable difference;

iË was concluded that the coarse sand (if saturated) could be t.reated as

one impedance strucÈure.

Although most of the silËy channel fill was located above the

groundwater table, and a continuous upvüard decrease in conductiviËy

and sat.uraËion exists, the unít was considered as one jmpedance

structure vertíeally. Thi-s asstrnptíon seems justífíed since the 90 cm

electrodes penetraLed most of this unít Èo achieve an average contact

resistance. Lateral changes in conductivity wil1, of course, affect measured

conductivíty. These may be due to saturation changes avtay from the

centre of the channel, as r¡re11 as, local soil contaminaËíon discussed

in Chapter IV.

The cross-section in Fígure 32 cl:eatLy shows how the sandbar pro-

trudes upward to the surface without Èhe presence of a cJay layer or a

silt channel fíll cover. The sand does however shov¡ characterísti:c r
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fíning upwards, rnedir¡n to fíne further up and fine to very fíne near

Ëhe surface.

As an impedance structure, the sandbar ís a significanË feature

for three reasons:

a) The saturation level decreases continuously from the water

table Ëo the surface, causíng a continuous decrease ín con-

ductivíty upwards.

b) Near the surface, the sands are drier and of relatively high

resistance. Consequentlyrthe electrode conEacË resistance is

higher in this part of the gríd Ëhan elsewhere. The electrodes

are no forrg.r síLuated in a homogeneous host.

c) Inf ilËrat.ion of precipíËatíon throWh the sand causes flushing

of conËami.nants dovrnward. This may cause"conductivíties of Lhe

groundwater to be greater at depth.

The groundwaÈer conducËivities for each hole may be read from

Fígure 29 and the respecËive cross-sections (Figure 30, 31, 32>. By

inspecËion, ít is apparent that conductivities in the targeË layer are

híghest to the north (close to 1andfi11) and lowest to the south (in

general). Conductívities are also higher beneaËh the sandbar (ho1e ,r:.ight)

than in the south part of the channel. For the sma1l gríd located in

the channel, conductivíties again are less to the souËh. A Ëotal con-

ductivity contrast ín the area s¿rmpled is greater than 2:1. By inspection

of Ehe measured conducti.vities in the monitoring wells (Figure 26), and

the results of reconnaíssance profile Pl (sectíon 5.3), Ehe sampled

conductívities prove to stand in good agreemenÈ. It ís evídent that

real imped.ance strucËures exíst beneaËh the study site.
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5.6 MagnetomeËer Survey

0n May 23, 1984 a magnetometer survey r¡ras conducted. IË was

thought possible thaÈ large meËal objects such as culverts or car

bodíes níght be buríed in the channel fil-l. From Lhe data obtained

(Figure 33), presence of large ferromagnetic objects is not evident"

5.7 SUMMARY OF CHAPTER V

Two electrode gríds ïrere set up in the locatíon suggesLed by a

reconnaissance geophysíca1 survey. Conventional l^Ienner and Electroscan

type data were collected. SubsequenËIy, a detaíled subsurface ínvesti-

gatíon was carried out beneath the síËe. IË was confirmed that sig-

nificant impedance structures are presenË in the subsurface. Ìühi1e

groundwater conductivíty varies by more than 2:1, signíficant impedance

sËructures exist in the foirm of sandbars and channel fi11. In general,

the contaminated groundwater forms the most conducEÍve impedence structure;

u.nsaturated sandbars form the least conductive ímpedance structure.-
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. Chapter VI

ELECTROS CAN RESTILTS

6.1 INTRODUSIION

This chapËer presents the resul'Es of the Inlenner and Electroscan

Llpe daÈa collected on the large and sma1l gríd. The

exísËÍng impedance strucËures described in ChapLer V, and the pre-

viously observed characËerist.ic of the algorÍthm in Chapter III were

used to assist, in-the ínterpretation and evaluatíon of the obtained

re sult s.

6.2 DATA PRESENTATION

The conventional Wenner data collecËed was hand contoured over

Ëhe grid areas. Separate plots were made for each A-dpacíng on

each grÍd. Some extrapolation was requíred for the larger A-spacing

since only a lÍmited nunber of points could be collected on each grid.

The reader is remínded that all conventional data is representative of

"bulk" conductívities only (see SécEÍon 2.I for discussion).

El-ectroscan type data nas processed on the computer facilities

of the ElecËrícaI Engíneeríng Department where prevíously all test-

tank data had been run. Dírect access to t.he computer program and

the algoriËhm was not possible.

It should be noted that the Electroscan type data was first put

Ínto an B x B matríx format with the top left hand beíng the potentíal

at electrode one and the bottom ríght beíng the potenÈial electrode 64.

Although t,he reverse of the gríd notatíon, this was the requested ínput

format. The output, as dísplayed on the contour plots is ídentical
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to lhe block poslÈÍons on the fÍeld gríds.

Since the 64 electrodes used círcr¡nscribe only 49 blocks for

each 1ayer, onLy that many blocks appear on each output. Each number

represents Ëhe calculated conductívíËy of a block, not an electrode.

The Electroscan computer programr although a workíng

algorithm, is still ín the experimental stage. For this reason,

some arbiËrary scaling factors wer:e used to fit the input data ínto

a suiËable magnitude f or the program. Accordingly, the obtaíned óutptrt

is ín unscaled conductívity values.

Since Èhe block size, or electrode separatíon, musË be considered

when calculaËing unit conductivities (not considered ín the Electroscan

program), the results on the cont.our plot for the larger and the smal1 grid

nere normalized. The normalízing factor used w¡as L2/3, based. on tÈe

difference in electrode separatÍons.

Consequently, all corltfulcËivitíes calculaËed by the Electroscan

program for the small gríd \,ùere rnultiplíed by 4. This should allcji¿ for

a dírect comparison of conducËivities on the two grids.

All contours of Èhe El-ectro"""rrt* results were prod.uced by an SAS

(statistical analysís system) plottíng program on a Xerox laser prínËer

at the Uníversity of ManiËoba couputÍng factlities. Although outpuÈ data

from each iËeratíon was available, only selected iteration results t,¡ere

ploËted. The presentat.íon of all data vrould have been vastly excessive

and of little inËerpretatÍonal va1ue. For all íteratíon results used

(20, 100, 200 iteratíons), one plot is included per block level

(computations to a depth of 4 and 5 levels were used).
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6.3 !ilENNER CONTOURS OF SMALL GRID

The I,Ienner conLours may be found on Plot 5 and Plot 6. PloË 5

shows the contouríng results for Ëhe 3 m electrode separat.ion on the

I^Ienner atray. Conductivities evenly íncrease east (top of page) to

the center of the channel

Given the srnall electrode spacing, tliís ploË is a good indicator of

the birlk conducEívíties ín the upperr sêï 120 cm, of the siJ.t zone

(electrodes are 90 cm). SoÍ1 moísËure is assr¡ned to be the conËrolling

factor of increased conducËÍvíty near the chânnel cenËre but soí1

contaminaÈion ís 19ualll plausíble.

In general, the conducËÍvities (565 mícromhos) compare uell to the

sounding 52 at that electrode spacíng (580 micromhos) (see P1.ot 2),

conducted in the channel ceriter, just north of the g¡ids.

Plot 6, the 6 m electrode spacing, shows nearly ídentical results.

The wider spacing wíth identícal results is a good indicator Ëhat the

bulk conduct,ivíty in the silt layer is changed only slíghtly wíth depth but

Ínote laËeral1y. The expected penetration depth for Ëhis spacing should

represent roughly t,he r-pper 2 m ín the sí1È layer.

6.4 ELECTROSCAN CONTOURS OF SI'ÍALL GRTD

The data collected on the small grid was run on the algoritiun for

200 iteratíons. The depth was computed to 4 block layers. Since the

block síze is 3 m, the depËh units should correspond to 0-3, 3-6, 6-9,

and 9-12 rn. Presented in Plots 7 to 18, are the 20th, 100th and 200th

recursion results.

The fírst layer in each iteratíon (Plots 7, 11, 15) shows large

changes in conductiviËy withín the grid atea. From the Ï^lenner results

above, and. the knowledge of the silt layer, only srnall changes in
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conductivítÍes should exist. Therefore, the top layer appears

erroneous. :

The second layer (Pl-ot 8, 20 iterations) shows a rÍdge of higher

conductívity towards the centre of the channel. This, to some degree

corresponds to the I^Ienner results obËained for the silt layer; con-

ductivitíes are generd.lly l-ower Ëo the west and higher towards the

east 
"

The reeonnaissance geophyscical prof íle (Plot 3), and the gror:ndr,¡ater

conducËivÍties sampled,indicate a conductivity decrease to the south of

this grid. Since this layer represenËs a depth of 3 - 6 meters, the

observed gto,rrrar"ier differences should appeaï; Èhey do not.

DepÈh layer 3 and 4 (Plot 9, 10) shor¿ a contínuation of t,he paËtern

observed ín layer 2. Since the al1uvia1 sands are underlaín by basin

clay, a more uniform conducËiviiy distribuÈion was expected. A shadow

effecc (discussed in Chapter III) appears to exist for these deeper

layers.

Judgíng from the high conductivity values observed after 100 and

200 iteratÍons, and the lack of recognizeable conductivíty patterns,

the recursion appears to shor¡ deËerioration. Interpretatíon of Plots

11 to 18 is not useful. rÈ appears Ëhat excessívely hígh values for

individual blocks \¡rere computed after 200 iËeratíons.

6.5 T'JENNER CONTOURS OF LARGE GRID

The I'Ienner contours may be found on Plot 19 and 20. pl-oÈ L9

shows the conËouring results for 12 m spacing; PLot 20 Í.or 24 m

spacíng.
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Several ímportanË conductiviËy features may l¡e observed on bot,h

plots. For the 12 m spacing, a clear outline of the low con-

ductivíty sandbar is shown on Ehe southwesË part of Lhe grid (top

of page is east). I,lhen conpared to the grid location map, Fígr:re

28, íL also becomes evÍdent how the narrowing channel (narrowíng to

the south) Ís reflected in the east part of the plot.

A comparison -r¡j-th the subsurface conduct.ivities sarnpled shows

good correlation with the bulk conducËivíËies of the Inlenner data. The

high conductivi-ty observed beneaËh the sandbar is not reflected on thís

plot. This is easily attributable to the l.orv surface conductivity of

the sand. o.r"rfyirrg it. A masking of the conductivity ín Ëhe ground-

vTater is observed by collecting the bulk conductivíËÍes; thi.s results

in a strong reflecËion in soÍl moisture variations and less reflection

of deeper features.

The 24 m spacing trnlenner shows a sjmilar contour pattern. Again,

the sandbar ís clearly evident. A1so, the groundwater conductivítl-es

sampled are even more strongly reflected ín this plot.

6.6 ELEqTROSCAN CONTOURS OF LARGE GRID

The large grid was imaged using a computaLíona1 depth of 4 (plots

2r to 32) and 5 (Plots 33 to 47) layers. Sínce rhe block size is L2 m,

Ëhe depth units should correspond ro 0-12, L2-24, Zh-36 and 36-48 m

(also 48-60 for 5 layers). rt can Ëherefore be e:pected that layers

3, 4 and 5 would image the basin clays. Conductivities should be quite

homogeneous for Ëhis underlyíng sediment.

By inspectj.on of Plots 21, 22r 23,24 (ímage after 20 iterations),

a low conductivity area is clearly developed in the southwest (top of

plots ís east) corner of the grid. on the first and second layer, Ëhis
-70-



clearly corresponds to the sandbar located in that part of the

grid. However, Ëhis feature carries ínto all lower layers a1-

Ëhough at a s¡naller amplítude. It appears that thÍs is the same

"shadowt' effect noted by Wexler (20) in earlier studíes.

The maÍn feature on Ëhese plots is a hÍgh eonductivity.

structure in Ëhe cenLre of the grid. This feature is not, explained

by knowledge of'the subsurface. The greatest conductÍvity peak is

locaÈed in the cenËer of layer 2 (PLot 22). Inlith over 35000

conductivity unfËs, thís block should be 11 tÍmes more conducËive

than background;-:1í" is not deemed likely.

Plots 25 to 32 show honr the images deteriorate $rith hígher

it,eraÈions. Conductivíty contrasts of 2O:1 are generated (Pl-ot 30)

ín layer 2 with a low conductivity for layer 1 and shadow con-

ductivÍties at depth.

For those results írnaged to a depth of 5 layers (Plots 33 to 47)

several observations hTere made. For 20 iËerations, the results are
'.

nearly identical to the 4 layer computatÍons; af.ter 100 recursions,

however, the results have more strongly deteriorated. Starting from

layer 2 downward, íncreasingly large and fíctitíous conductivÍty peaks

are created. In subsequenË iterations, the Íncreased conductivity appears

to "carryt' Ínto the next lower layer.
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6.7 DISCUSSÐON OF RESIILTS

6.7.L OBSERVATIONS

The geophysical results obtained r¿ith the Electroscan system are

quite dlfferent frcm the result,s ,of earlíer experÍmental work. Com-

parison and inspectÍon of these results allows a nr¡nber of valuable

observations to be made on the behaviour and characteristics of this

ínaging system.

1) Images are construcËed f ron the top dor,rn, layer by layer, wit.h
successíve iteraËions.

2> Image errors inËroduced ín an upper layer are carried into lonrer
layers during subsequent iteratíons.

3) The first layer is consistently of poor quality in all images
usíng physfcal measuremenÈ data, buË not when using computer
simulat,ed data"

4) Shadows of conductiviLy features in the upper layers of an
Ímage appear in all subsequent levels even if the subsequent
levels are of consÈant conductivity.

5) IlorízonËal shadows para11e1 to highly conductive objecËs can
occur on some images..

6) Symmetríc shadows occur in the corners of some images usíng.-
aquifer test bed data.

7) I,Ihen using physical measurement daËa, the ímaging process
diverges before a suffÍcient number of iterations have been
completed to ful1y reconsËruct the image.

In an attempt to identify the orígin of Ëhese observations, it

becomes apparent that the overall Ímage qualíty using sjmulated data

is excellent, using test tank data it is good, usíng aquifer test, bed

data it Ís fair, and using field data it is poor. This decrease in

i.mage quality is associated wiËh an íncrease ín shadows, a deterioraËion

of the fírst layer and a consíderable decrease in the amount of

successful iterations before divergence. The nature of Ëhís decrease

ín ímage quality appears to be related to decreasing measurement data

quality.
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6.7.2 DATA QUALTTY

The observations of this study appear to show that dáta

quality Ís the primary facLor controlling image quality. Before

real ímprovemenËs in the Ímage quality can be made, ít is

essenËial to identify the causes of poor data quality. In Ëhis

study, the main causes were equipmenü limiËatÍons, and geophysical

facËors which affect Ëhe poÈential measuremenËs in the field.

The linritations of the earth-resistívÍty equipment are related

to the grid geometry. Contrary to coriventj-onal earth-resistivíty

measurements, the m_ajority of measuremenËs on the Electroscan gríd

are carríed ouË away frcrn the major current path. The potentíal

drops which need to be measured accurately become exceedingly small

for the instrument precision available and force most of the measure-

ments below 10 per cent, and mäny below one per cent of fu1l scale.

Somewhat greater precision could be obtained at the mosË sensit,i-ve

scale, buË as poínted ouË in Sectíon 5.2 above, errat,ic meËer

flucËuatj.ons made reading this scale impossible_, and even with íts

use, Èhe precisÍon of Ëhe equípment is stil1 inadequate.

In addítíon to the equípment ljmitations, changes Ín the mathe-

matical boundary conditions, complex i-mpedance structure and geoelectríc

phenomenon disÈinguish the field study from the laboratory tesËs. These

factors which are characËeristic of the geophysical testíng environmenE

âre suspected to be a major cause for the 1or¡¡ data and image quality.

The change in the boundary condition results from the absence of the

infínitely resistive cube boundaries of the acrylic tesË tank

mathematical boundary condition of the Electroscan algorithms, the

Neuman Boundary Condition, assumes no current flor¿ across the cube
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boundaries to occur, but, in the field, sma1l amounts of current do

cross the imaginary cube boundaríes. Even íf the net currenË ín-

flow and outflow are balanced, some edge distortion is likely to

occur. The syrnnetrÍc shadows observed ín the tesË tank irnages and

the concentríc nature of Ëhe field images may be evidence for thís

conditÍon.

The complex impedance structures do not affecË Èhe measurement

accuracy, buË they do place an increased demand on measurenent pre-

cision. The impedance contrast of these structures ís less Ëhan 3;1

at the Portage sj.te with several smaller contrasts to be detected.

since the PorËage siËe is not untypical of other disposal sites,

increased measuremenÈ precision may be essential to delíneate the

complex structures at such sites.

LasËly, geoelecLric phenomenon may have a signifícant effect on

measurement accuracy and,data quality. Equipment. manufacÈurers and

researchers (i0) (12) have reporËed on the effect of jmbalanced --

elect,rodes, contact resistance and natural earth current,s on earth-

resistivity measurements. NaËural earth currents are the likeIy cause

for the meter fluctuatíons at the most sensitíve sca'l e as menÈioned above.

The currents may be present wherever natural potential differences exist;

for example bet\deen Ëhe contamínant plume and clean groundwater, or be¡-

r¿een differentially saÈurated soil horizons. In the field of electric

bore hole loggíng, natural earËh currents between the drilling muds and

some formaËions are in the tens of mi1livo1Ës. Poor contact between the

soil and the electrodes or an imbalance in the electrode cont,act due t.o

lateral varíations in soíl conductívity and saEuraÈíon further contribute

Lo innacuracy in the measurements.
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It is apparent that the factors ínfluencing data qúality are

numerous and their effect, on image quality is substantlal. Although

little can be done about the complexity of geophysical impedance

structures, equipment capabilitíes may be improved and geoelect,ric

phenomenon redueed. The ínfluence of missing boundary conditíons is

something which may require consÍderation in the Electroscan system.

It is, ¡reverLheless, c1e¿r that arr Ímproved Íruage qualiEy will orrly

resulÈ from improved daËa qualíty.

6.7.3 TMPROVTNG DATA QUALTTY

Data quality may be ímproved by eiËher compensating for geophysícal

infLuences or extending equipment capabilities. Compensating for geo-

physíca1 influences is difficult since this iinplies quantifying geo-

electric phenomen.on and measuring such facËors as natural earth currents.

The great,er potenÈial for data qualiËy líes in technical advances of

equipment capabilítíes.

The earËh-resístivÍLy equipmenÈ used in thís study has been on

Ëhe market for over 25 years and does not represent state of t.he art

technology. Present equipment ís capable of much extended precision

and accuraey by rnultiple dígítal data collectÍon, and ímproved

electronic compensaËfon for imbalanced electrode c_ontact. Implementing

such equÍpment may already produce much improved image quality.

Further ímprovemenL may be possíb1e by ímplementing such experÍmental

techniques as phase locked frequency multíplexing. Thís would a11ow

complete fi1Èeríng ouË of natural earth current,s and substantially

íncreasÍng the speed of data collection by collectíng símultaneous

measurement.s.
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Clearly, the major advances wíll come from the application of

more sophisticated data collection methods whích wí11 provide the

necessary baseline daËa for resolving the complex geophysical

ímpedance sËrucËures. Such technologically advanced methods are

essential Íf the ElecËroscan system is Ëo be used for geophysÍcal

jmag ing.

6.8 CONCLUSION

The Portage la Prairie fÍeld study was Ëhe first applicatj-on of

the Electroscan rmaging system in a geophysícal testing envirorunent.

This testíng environment was subsËantia11y more complex, and

accord.ingly produced much lower quality images than previous

laboratory experimenËs. However, valuable observaÈions made on

ühe nature of the tesÈing envíronment and the resulËs obtained

indicate that consíderably Ímproved results are attainable.

The íntention of the study r¡ras to Ímage the Ímpedance structure-

of an existíng pollutíon plume from the adjacent portage landfi11

síLe. The two electrode grids used to collect the potential

measurements \^rere Ëheref ore set up above Èhe plume fronË r,rhich

was located wíth conventional geophysíca1 techníques. After the

ElecËroscan data was collect.ed, a,detailed subsurface investigation

was carríed out. Thís ínvestígaËi.on, which consisted of earth-

resistÍvity measurenents, sample holes, r¡rater conductivity measuïements,

and a magnet,ometer survey, confirmed the exístence and locaËion of the plume

front and revealed a síËe geology much more complex than anticipated.

The Electroscan images derived from the two electrode grids are

of poor quality. Although the images show distinct zones of elevated
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conductivitíes, the delineatíon of the polluËion plume or the

identíficatÍon of the complex site geology is not readily possible.

Five major discrepancies obscure and characËerize the ímage qualíty.

1) The imagíng process diverged before 100 iterations were

reached. Earlíer sËudies using simulated measurement data have

shown that over 1000 íterat,íons are required before even simple

objects are fully reconsËructed. This suggests that the complex

images obtained from Lhe field daËa were not developed before divergence

occurred. Poor quality of the field data appears to be the cause of

this divergence.

2) The top layer of the i.uraged cube appears distorted in all

images and is generally not representative of exísti-ng impedance

structures. Thís problem was also observed ín earlier studies and

r^ras associated with measurement error. This study suggests that con-

tacÈ resistance at the elecËrodes and other geoelectric phenomenon may

contribute to the dístort.ion.

3) Shadows of highly conducËive sËructures r¡Iere of ten observed on

images from earlier studies. The complexity of the source structure

and the poor ímage qualíty do not allow these shadows Èo be identified

in the field results. Shadows are likely to be hídden on the images;

however, no explanation of theír origin rsas found in thÍs study.

4) All Í:nages obtained from this study are distinctly concentric in

nature with a rise in conductivity towards the image center. The absence

of a physícal impedance boundary around the írnaginary cube faí1s the

Neuman boundary condition in Ëhe ElecËroscan algorithm and ís held

responsible for this inrage defíciency. A change in the boundary con-

dition or a compensation for t.he current losses across the boundary

may allevíate Ëhe problem.
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5) Due to the experímental nature of the Electroscan algorithm,

the conductivity values are ín unscaled units. Although thís has no

direct ÍmpacË on image qualíty it makes direct correlatÍon of the

ímages to rüatetr sample conduct,ivíties impossible" Scaled values

should be available in the future.

The divergence of Ëhe imaging process, the distorted top layer and

Ëhe conducËívíty shador¿s appear to be associated with poor data quality.

The source of the poor daËa quality in thÍs field study was caused by

inadequate equipment capabilities for the size and geometry of the grid,

and the presence of naËural earËh curr,ents and other geoelectríc phe-

nomenon. These factors suggesË that the field data is of consÍderably

lower quality than prevÍous laboratory data and responsible for the

poor image quality.

I^Ihíle the boundary condition is a mathematical problem, the

equipmenÊ límítations and geoelectríc phenomenon are geophysÍcal.

PresenË state of Lhe art technology and avaílab1e equipmenË are

capable of greatly reducing, if not eli.minaËíng, the geophysical

problems encountered. Provided sjmílar achievements are possible

in handling the boundary condiËion, a considerable ímprovement in

image quality is lÍkely.

The ElecÈroscan system is undoubÈedly a powerful and unique

approach to geophysical imaging. Its merit lies ín the símplicity

of obtainíng a fully three-dimensional subsurface ímage using only

surface potential data. Its deficiency lies in the demand placed on

measurement precision and accuracy whích ís required to obtaín a use-

ful image. Clearly, if Ëhe laËter can be overcome, the Electroscan

system provídes a major achievement in hydrogeologic subsurface in-

vestigations and contamÍnanË studies.
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Plot 7
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Plot 9

COND UCTIVITY CONTOURS O F ELECTROSCAN DAÏA
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CONDUCTIVITY CONTOURS OF ELECTROSCAN DATA
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COND UCTIVITY CONTOURS O F ELECTROSCAN DATA

PORTAGE, SMALL GRID,FOUR LE VE LS
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Plot 12

COND UCTIVITY CONTOURS O F ELECTROSCAN DATA
PORTAGE, SMALL GRI D, FOUR LE VE L S
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Plot 13

COND UCTIVITY CONTOURS O F ELECTROSCAN DATA
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Plot 14

COND UCTIVITY CONTOURS O F ELECTROSCAN DATA
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CONDUCTIVITY CONTOURS OF ELECTROSCAN DATA
PORTAGE, SMALL GRI D,FOUR LE VE LS
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CONDUCTIVITY CONTOURS OF ELECTROSCAN DATA

PORTAGE, SMALL GRI D, FOUR LE VE LS

Plot 16
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CONDUCTIVITY CONTOURS OF ELECTROSCAN DATA

PORTAGE, SMALL GRID,FOUR LE VE LS
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Plot 18

COND UCTIVITY CONTOURS O F ELECTROSCAN DATA
PORTAGE, SMALL GRI D, FOUR LE VE LS

PHI-KRPPR ITERÊTI0NS PERFORIlED=200 DEPTH UNIT:4
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Plot L9

WENNER PARTIAI. C ONTOU RS - LARGE GRID - A=12 M
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Plot 20

WENNER PARTIAL CONTOURS LARGE GRID A=24m
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PLot 21

COND UCTIVITY CONTOURS O F ELECTROSCAN DATA
PORTAGE, TARGE GRI D, FOUR LEVELS
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PLot 22

CONDUCTIVITY CONTOURS OF ELECTROSCAN DATA

PORTAGE, LARGE GRI D, FOUR LEVELS
PHI-KÊPPÊ ITERÊTI0NS PERF0RIlED=20 DEPTH UNIT=2
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Plot 23

CONDUCTIVITY CONTOURS OF ELEC]ROSCAN DATA

PORTAGE, LARGE GRI D, FOUR LEVELS
PHi-KÊPPR iTERÊTI0NS PERF0R11ED=20 DEPTH UNIT=3
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PLot 24

COND UCTIVITY CONTOURS O F ELECTROSCAN DATA
PORTAGE, LARGE GRI D, FOUR LEVELS
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CONDUCTIVITY CONTOURS OF ELECTROSCAN DATA

PORTAGE, LARGE GRI D, FOUR LEVELS
PH I -KÊPPÊ I TERÊT I 0NS PERF0RIlED= 1 DD DEPTH UN I-l= 1
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PLot 26

CONDUCTIVITY CONTOURS OF ELECTROSCAN DATA

PORTAGE, LARGE GRI D, FOUR LEVELS
PHI-KÊPPÊ ITERFTI0NS PERF0RIlED:1C0 DEPTH UNIT=2
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PLor 27

COND UCTIVITY CONTOURS O F ELECTROSCAN DATA

PORTAGE, LARGE GRI D, FOUR LEVELS
PHI-KFFPq ITTRRTI0NS PERF0RMED=100 DEPTH UNIT=3
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Plot 28

CONDUCTIVITY CONTOURS OF ELECTROSCAN DATA

PORTAGE, LARGE GRI D, FOUR LEVELS
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COND UCTIVITY CONTOURS O F ELEC]ROSCAN DATA
PORTAGE, LARGE GRI D, FOUR L EVELS

PH I -KÊPPR I TERÊT I ONS PERFORNED =ZDO DEPTH UN I T= 1
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Plot 30

COND UCTIVITY CONTOURS O F ELEC]ROSCAN DATA

PORTAGE, LARGE GRI D, FOUR LEVELS
PH I -KRPPÊ I TERFT I 0NS PERF0RI"lED=200 DEPTH UN I T=2
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Plot 31

COND UCTIVITY CONTOURS O F ELEC]ROSCAN DATA

PORTAGE, LARGE GRI D, FOUR LEVELS :
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Plot 32

CONDUCTIVITY CONTOURS OF ELECTROSCAN DATA

PORTAGE, LARGE GRID, FOUR LEVELS
PHl-KÊPPÊ ITERÊTI0NS PERF0RIlED=200 DEPTH UNIT:4
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COND UCTIVITY CONTOURS O F ELECTROSCAN DATA

PORTAGE,LA RGE GRI D, FIVE L EVË LS

Plot 33
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PloË 34

COND UCTIVITY CONTOURS O F ELECTROSCAN DATA
PORTAGE,LARGEGRI D, FIVE LEVELS

PHI-KÊPPR ITERFTIDNS PERF0R11ED=20 DEPTH UNIT=2

ê---Pt 

-t-55-\b-bì--

/r'----
--r\\

-/4- . -_¡

t, t-r,

ii/ ?

I(

\
f

\
t

t \
I \

-t'---

I

4

c

2B'7 785 --- IZB3?.219 _2771 _3275
CONÏOURS ]N UNSDÊLED CÛNDUDTIVITY UNITS

TOP OF PFGE iS EÊST

LEDEND I KÊPPR

Z

-1 13-

-- 
1781



COND UCTIVITY CONTOURS O F ELEC]ROSCAN DATA

PORTAGE,LARGE GRI D, FIVE L EVE LS

Plot 35
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COND UCTIVITY CONTOURS O F ELECTROSCAN DATA
PORTAGE,LARGE GRI D, FIVE L EVELS
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COND UCTIVITY CONTOURS O F ELECTOSCAN DATA

FORTAGE,LARGE GRI D, FIVE L EVËLS

Plot 37
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Plot 38

COND UCTIVITY CONTOURS O F ELECTROSCAN DATA
PORTAGE,LARGE GRI D, FIVE L EVELS
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PLot 39

CONDUCTIVITY CONTOURS OF ELECTROSCAN DATA
PORTAGE,LARGE GRI D, FIVE L EVËLS
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PloË 40

COND UCTIVITY CONTOURS O F ELECTROSCAN DATA
PORTAGE,LARGE GRI D, FIVE L EVELS
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COND UCTIVITY CONTOURS O F ELEC]ROSCAN¡ DATA
PORTAGE,LARGE GRI D, FIVE L EVELS

Plot 41
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PIot 42

COND UCTIVITY CONTOURS O F ELEC]ROSCAN DATA

PORTAGE,LA RGE GRI D, FIVE L EVE LS
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Plot 43

CONDUCTIVITY CONTOURS OF ELEC]IIOSCAN DATA

PORTAGE,LARGE GRI D, FIVE L EVËLS
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CONDUCTIVITY CONTOURS OF ELEC]ROSCAN DATA

PORTAGE,LA RGE GRI D, FIVE L EVE LS
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Plot 45

COND UCTIVITY CONTOURS O F ELECTROSCAN DATA
PORTAGE,LARGE GRID, FIVE L EVELS

PHI-KÊPPÊ ITERÊTIûNS PERF0RIlED:200 DEPTH UNIT=3

4

c

45
50
qq

2
2D
?o

0749
6927
3105

82808 . B0
268986 . B5

144868.15
331046.20

CONTOURS IN UNSCÊLED CONDUCTIVITY UN]T5

TOP OF PHGE IS Ef,ST

-\- -*-

\

I

I

I
I

I\\

LEGEND: KRPPÊ

-124-



COND UCTIVITY CONTOURS O F ELEC]ROSCAN DATA
PORTAGE,LARGE GRI D, FIVE L EVELS

Pl-ot 46

PHi-KRPPF ITERf,TIDNS PERF0RMED=200 DEPTH UNIT=4

4 6

C

- 6504.45
63784 .50

121064.55

25597 . B0
82877 . B5

44691. i5
101971.20

CONTOURS IN UNSCÊLED DONDUCTlVITY UNITS

TOP OF PRGE IS ERST

,"-tt../\/\/\

I

t

I

I

I

LEDEND: KRPPR
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PLoE 47

COND UCTIVITY CONTOURS O F ELEC]ROSCAN DATA

PORTAGE,LARGE GRI D, FIVE L EVELS
PHI-KÊPPÊ ITERRIl0NS PERF0RllED=200 DEPTH UNIT=5

A b

C

2094.'7
i9282.0
36469 .3

7823.8
25011 .1

1)trE.) aì
i JrJJ¿ . J

307 4D .2

CONTOURS IN UNSCRLED CONDUCTÏVITY UNITS

TüP ÛF PRDE ]S ERST

-r26-
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t
t
t
t
\
\
1

I

f

I
f

I
t

T
(
I
I
I
I

,
I

--aé

\

\

\
\

r

I
\
\
\

LEGEND: KRPPR



APPENDTX A

SAMPLE HOLE LOGS
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SAMPLE IIOLE 1

DEPTH

0-20cm

20 - 100 cn

f00 - 110 crn

110 - 365 cm

CONDUCTIVITY SAMPLES

CO}TDUCTIVITY

990
1000
1000

APPENDIX A

SAMPLE HOLE LOGS

SOIL DESCRIPTION

Silty organíc copsoíl, black strampy peat.

Grey moÈtled clayey sí1Ë' even dístributÍon
of rust stains in 1 - 3 cm spots, sofÈ, some

fine sand.

Thinly bedded grey c1ay, medíun consistency,
medirrn to high plastÍcity.

Medíun to coarse grained sand, li-ight yellow
brown in upper part, grey ín lower part.
SaËurated to above grey sand.

TBMPERATURE CORRECTTON CONDUCTIVTTY

Q25C (rni cr omho

6.0
4.5
4.0

1.530
1.600
I .610

AVERAGE:

t_515
1600
r 610

r57 5

-r28-



SAI'{PLE HOLE 2

DEPTH

0-20cm

20 - 105 cm

105 - 110 cm

110 - 300 cm

CONDUCTIVITY SAI,ÍPLES

CO}IDUCTIVITY

I 090
I 090
109 0

1"570
1.570
1.600

LTLT
LTTL
L744

SOIL DESCRIPTION

SílËy organíc topsoíl, black- sr^laÍPy peat

Grey moLtled clayey silt,
before

rust spoÈs as

Thín1y bedded grey clay, medium consístency,
medium to hígh plasËiciËy

ì4edium to coarse grained sand. LÍght yellow
brown in upper part, grey in lower parË.
Saturated to above grey sand.

TEMPERATURE CORRECTION CONDUgIIVITY
@25 C (micromhos)

5
5

4.5

AVERAGT: 1722

-,129-



SA}ÍPLE HOLE 3

DEPTH

0 100 cm

100 - 170 cm

L70 - 220 cm

220 -

CONDUCTIVITY SAI'ÍPLE S

CONDUCTIVITY

1200
115 0
t320

SOIL DESCRIPTTON

Topsoil and swampy peat with black organic
clay.

Dark grey Èo black organÍc clayey síIt wiËh
some brown stáining

Grey, meditrn to coarse sand

Sand point drive to 360 cm

TEMPERATURE CORP.ECTION CONDUCTIVÏTY
G25C (micr omho s)

5.5
7.0
9.0

1.555
1.500
r .420

1866
L7 25
LB7 4

AVERAGE: TB2I

-1 30-



SAI{PLE HOLE 4

DEPTIT

0-70cm

70 - 140 cm

140 - 145 cm

I45 - 175 cm

L75 - 300 crn

CONDUCTIVITY SAT'{PLE S

CONDUCTIVTTY

790
790
790

SOIL DESCRIPTION

Organic topsoil and swampy peat, silty

Grey moÈt1ed clayey silt, rust
(as before)

spots

(mícromho s) . -

TEMPERATURE

Thinly bedded grey c1ay, medium consístency'
medíum to hÍgh plasticÍty

Light yellow brornrn sand, medium Eo coarse
graÍn síze

Grey, medir¡n to coarse sand

CORRECTION CONDUCTIVITY

9.0
7.0
7,0

25C

r.420
1.500
1 .500

IL22
1 105
1170

AVERAGE: 1159
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SA}ÍPLE HOLE 5

DEPTH

0-20cm

20 - 110 cm

110 - 140 cm

140 - 170 cm

170 - 300 crn

CONDUCTIVITY SÆÍPLES

CONDUCTIVITY

600
620
680

SOIL DBSCRIPTION

Organíc black topsoil

Grey mottled clayey silt' rusË stains
(as before)

ThÍnly bedded grey c1ay, plastic, soft
to medium consistencY

LÍght brown yellow sand, medium Lo coarse
graíned

Dark grey sand, medir¡n to coarse grained

TEMPERATURE CORRECTION CONDUSI IVITY. -

@2sc (micromhos)

7.0
11.5
15 .5

i.500
r. 335
t.2r7

900
828
828

AVERAGE: 850

-L32-



SAMPLE I]OLE 6

DEPTTi

0-30cm

30 - 120 cm

L20 - 130 cm

130 - 160 cm

160 - 260 cm

CONDUCTIVITY SAMPLES

CO}IDUCTIVITY

6 20 ,t*
590 **
620
610

SOIL DESCRTPTTON

Organíc black topsoil and swampy peat

Grey mottled clayey sí1t, rust stains
(as before)

Thinly bedded grey clay, plasËíc, soft
to medium consistencY

Light yellow brown sand, medir¡m to coarse
graíned

Grey, mediust to coarse sand

TEMPBRATURE CORRECTION* CONDUCIIV]TY
G25C (micrornho s)'-

3.0
3.0
7.0
6.0

1.650
1 .650
1.500
1.530

IO23
974
930
933

AVERAGE z 965

Sampled in bottom of excavatíon directly
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SAMPLE HOLE 7

DEPTIT

0-20cm

20 - L00 cm

100 - 115 cm

SOIL DESCRIPTION

Organic topsoil' black swampy peat,

Grey motËled clayey silt' rust stained
(as before)

ThÍnly bedded grey clay, plastic, soft
to medium consistencY

Light yel1ow brown sand, medírrn grained

Grey, medium to coarse sand

TEMPERATURE CORRECTION CONDUCIIVITY
@25C (mícromhos)--

115

t45

- 145 cm

- 320 cm

CONDUCTIVTTY SAI,IPLES

CONDUCTIVITY

760
750
780

1.570
1.570
1.530

1193
11 7B

11 93

5

5

6

AVERAGE: 1188

-r34-



SAI{PLE HO].E 8

DEPTH

0-20crn

20-50cm

50 - 250 cm

250 -

COITDUCTIVITY SAMPLES

CONDUCTIVITY

SOIL DESCRIPTION

Organic topsoí1, black sí1ty loam

Brown sandy silt

Light yellow brown sand, fíning upward
from medium sand at the bottom to fine
and very fine sand at the toP

Grey, medír:m to coarse sand

TEMPERATURE CORRECTION CONDUCTIVITY
@25C ( m:icr omho s)

890
910
900

1.570
1.650
i .650

5

3

3

r397
L502
1485

AVERAGE: L46I
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APPENDIX B

ELECTROSCAN FIELD DATA
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POTENTIÀL MEÀSUREMENTS FOR SI'IALL GRID
oCToBER 14,1984

ELECTRODE
LOCÀTION

CURRENT
I NPUT

CURRENT NORMÀLI ZED
OUTPUT POTENTIÀL

(2 pr vh)

CURRENT NORI'IÀLI ZED

OUTPUT POTENTIAL
Q ?1 vh"t

CURRENT
I NPUT

CURRENT NORIIÀLI ZED
OUTPUT POTENTIÀL

(2 pr v/r)

21,9700
0.5200
4.9670
2.4850
1 . 3090
0.7610
4.0890
2.3640
1 .3860
0.8120
0,5200
0.3530
1.4130
1 ,0210
0.6880
0. {380
0.3070
0.2190

-0.2630
-0. 1 {30
0.0000
0.0650
0.0940
0.0960

- r .6980
- 1 .0830
-0.6060
-0.3260
-0.1760
-0.0910
- 1 .9040
-1.0350
-0.5790
-0.3090
-5. 5740
-0.23s0

57

57
51
s7
57
5t
57
Ê7

57
57

57
57
57
57
51
57
57
57
51
57
c?

57
57
57

57
ct
Êt

57
57
57
tt
57
57

2

7

11

12
13
14
18

19
¿u
21
1a
11

26
27
)9
to
30
31

34
35
36
37
38
39
42
+l
44
Áq

45
47
51

54
Êo

63

1 6. 680
22.560
1 5. 540
2.822

-4.959
17,770
16.410

7 ,964
t.t5t

-3.363
-9.338
15, 170
4.743
3.21 4
0.786

-1.890
-4.020
-5.264

1 .530
0.980
0.000

-1.181
-2.043
-2 .480
0.400
0. 152

-0.308
-0.825
-1 lQO

-1.4'1 4

-0.196
-0.39s
-0.638
-0.879
-0.241
-0.733

I
I
I
I
I
8
I
I
8

I
I
I
I
I
I
I
I
I
I
I
8

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

50
5U

50
50
50

5C

50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
qn

50
50
50
50
50
qn

50
50
50

64
64
64
64
64
64
64
64
64
64
64
64
64
64
64
64
64
64
64
64
64
64
64
64
64
64
64
64
64
64
64
64
64
64
64
64

55

55

55
55
55
55

55

55
55
55

lf
55
55

55

55
55
55

55
55
55

55
55

0.4190
24.6300
0.7 470
r,{l5u
3,1180
6.5030
0.2530
0.4940
0,9110
1 ,7840
3.2280
5 . 2310
0.1390
0.2s80
0.4710
0.8020
1 ,2210
1 ,7330

-0.0680
-0.0430
0.0000

-0.0650
-0. 1510

-0.1980
-0.2750
-0,4200
-0.7330
-1.2990
-2.0950
-0.4140
-0.6730
-1.1700
-2.1310
-0.3360
-5.9380

ELECTRODE
LOCÀTI ON

CURRENT
I NPUT

CURRENT
I NPUl

CURRENT
OUTPUT

NORI'IÀLI ZED

POTENTT ÀL
(2 Pt v/tl

2

1

11

12
13
14
18
19
20
21

22
a1

26
21
28
,o
30
31

34
35
36
)1

38
39
42
43
44

^c
{b

5t
52

54
58
63

10
10
10
'1 0

10
10
10
10
10
10
'r 0

10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
r0
10
10
10

15
lc
l5
15
l)
15
15

15

15
i5

t5
15
15
r5
15
'1 5

15

t!
t5
t5
t5
15
15
15
IJ
15

-0.4740
-1 .0280
-0.4150
-0.6 1 50
-0.8800
-1.1050
0.2350

-0.1 i00
-0.5520
-0.9820
-1.3570
-1.5910
0.7930
0.4380

-0.4070
-1.1{50
-1 .7920
-2.22i 0

t5

15
tÉ

2

1

0

-t
-2
-3

5

3

0

-2
-5
-8

4

0

-2

1 740
441 0

0000
6140
9700
71 00
8500
4690
57 50
1460
1870
0220
9850
8870
221 0

-t37-
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POTENTIÀL MEÀSUREMENTS FOR SMÀLL GRID
ocroBER 14,1984

ELECTRODE
LOCÀTION

2
7

1t
t¿
13
't4

18
19
20
21

22
)1

26
)1
28
29
30
31

34
J5
36
31
38
JY
42
43
44
45
46
47
ct

52
53
5{
58
53

CURRENT
I NPUT

CURRENT
OUTPUT

NOR}IÀLI ZED
POTENTI ÀL
12 Pt v/r)

CURRENT
I NPUT

CURRENT NORI.IÀLI ZED

OUTPUT POTENTIÀL
() Þ1 rt/1\

9
9
9
9
9
9
9
9
9
9

9
9
9
9
9

9
9
9
9
9
9
9
9
9
9
9
9
9

9
q
q

9
9
9
9
9

49
49
49
49
49
49
49
49
49
49
49
49
49
49
49
49
49
49
49
49
49
49
49
49
49
49
49
{9
49
49
49
49
49
49
49
49

56
s6
5b
56

56
56
56
56
56
56
56
56
55
56
56
56
55
55
56
56
56
56
56
56
5b
56
s6
56
56
56
56
56
56
56
55

s.8570
4.3740

11.0900
1 9.8900
1 2. 6400
6. 261 0

-4. 1 490
1.8810
4,7710
4.5550
3,1750
1 .8480

-8.0720
-1,2770

1 .0940
1,6720
1 .3950
1 .0030

-4.5090
-1 .3320
0.0000
0.5760
0.6170
0. s200

-1.1240
-0.8130
-0.0 1 40
0. 1 280
0.2300
0.2940

-n ¿qqn
-0, 1 000
0.0140
0.0880

-0.3520
0.0940

11.1100
-0.2850

s.5050
2. 1 660
0. 5500

-0.1560
I 

" 
9920

3.7590
1.5160
0.2620

-0.52r0
-1 .0260

3"8210
2.1450
0.8210

-0.2600
-1.0310
-1.7000

1,4450
0.7600
0.0000

-0.9310
-1.9120
-3. 0270

0.41 70
0.0070

-0.5810
-1,4600
-2.8630
-5. 3670
-0.3670
-0 .8240
-1 .6320
-3.2180
-0.2710
-4.5250

0.3690
1 5.5500
0.65s0
1 .5050
3.3650
7.3070

-0. r 460
0.3 r 20
1 . 0940
2.5360
5.0800

10.5600
-0.7460
-0, 1 440
0.5910
1 ,5820
2.8540
4.5670

-1.8870
-0.8840
0.0000
0.8480
1 . s630
2.2390

-3.6670
-1,7220
-0. s380
0,2470
0.7480
1.1440

-2. 1 000
-0.8180
-0. 1 040

0.3570
-3.7820
0.3190

lb
tb
16
tb
16
16
16
tb
16
16
tb
16
tb
16
tb
16
r6
tb
tb
15
tþ
16
16
16
r6
16
16
16
16
16
16
16
16
tb
tb
tb

ELECTRODE
LOCÀTION

CURRENT
I NPUT

CURRENT
OUTPUT

NOR}.IALI ZED
POTENTI ÀL
Q Pr v/r')

CURRENT
1 NPUT

CURRENT
OUTPUT

NORHÀLI ZED
POÎENTI ÀL
(2 Pt v/rl

2

7

11

12

13

14
18
19
20
21

22

26
27
ta
29
30
31

34
35
36
31
38
20

42

44
{5
46
47
51

52
53
54
58
63

4
4
4

4
4
4

4

4

4

{
4

4

4

4
4
4
4
{
4

4

4

4

4

4

4

4
4

4

4

4

4

4
4

25
25
25
25

25

25

25
¿3
25
25

25
25

25

25
25

ac

40
40
40
40
40
{0
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
{0
40
40
40
40
40

bl
61

6r
6l
51

bi
bl
61
bt
bt
bt
61

bt
bt
61

bi
bt
6l
61
bt
bt
61

61
61

bl
61

61

61

6l
61
bl
6l
bl
61

61
bl

0.5710
1 . 6860
0.6470
0.8600
1 .2490
1 .8100
0.4340
0.5510
0.8210
1 .3760
2 .21 90
3.5780
0.2980
0.3550
0.6160
1 ,27 40
2.6080
s.3820
0,0310

-0. 1 340
0 . 0000
0.7140
0.2590
7.0580

-0.4000
-0.8840
-1.3160
-1.0460
0.6480
3.6900

-1,7340
-3.4410
-4.9460
-1.9260
-0,8450
-0.8080

-1 38-



POTENTIÀL MEÀSUREMENTS FOR SI,IALL GRID
0cT08ER 14,1984

ELECTRODE
LOCÀTI ON

2

7

11

12
tt

1{
18
19
20
21

23
26
27
a9
,o
30
3t
34
?Ê

36
37
38
39
42
43
44
45
46
41
cl

52
53
54
58
bJ

CURRENT
I NPUl

CURRENT
OUTPUT

32
32
32
32
1a

3¿
1)

11

J¿
32
32
7a

32
11

32
J¿

32
32
32
32
32
32

32
32
32
32
32
32

2t
3¿
32
32
32

NORI.IÀLI ZED
POTENTI AL
(2 Pr v/rl

2.9280
7.5160
5.4460

I 1 .3000
1 8.4600
1 0.5300

'| .1710
2.3960
3.66r0
4. 1 000
1 .5790

-4.2640
0.4980
0.9t30
1.1430
0.53s0

- 1 .6850
-7.6630
0.0630
0.1230
0.0000

-0.7190
-2.2680
-5.0780
-0. 1 660
-0.2250
-0.4080
-0.8960
-1.6430
-2.5890
-0. 3800
-0.5160
-0.7850
-1.2140
-0. 34{0
-0.8710

CURRENT
I NPUT

71

11

33
33
33
33

33
33

33
33
33
33
33
33
11

33

71

33
33

33

33
JI
33
33

CURRENT
OUTPUT

60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
bu
50
60
60
60
60
60
60
60
60
60
60

NORMÀLI ZED

POTENTIÀL
12 Pr vhl

5

5

5

5

5

5
ç

5

5

5

5

5

5

q

5

5

5

0.8150
-0.0700

1.1100
0 .6290
0.2600
0.0420
3.0 r 40
1 ,7240
0.7990
0.2280

-0.0950
-0.201 0

5.3060
2 .3260
0.8180

-0.0090
-0.29s0
-0. 3540
7,2110
1 ,8570
0. 0000

-0.6700
-0. 7060
-0.6010
2.9510

-0.38 1 0
-1.8340
-1.8440
- 1 .4000
-0.9410
-2.9800
-5. r 700
-3.7790
-2.0690
- 1 .7090
-1.3860

----- PATTERN =11

NORMALI ZED

POTENT] ÀL
\2 PI v/t\

-1,748
-25.420
-3 ,177
-6 ,417

- 14,500
-20.750
-0 .886
-1,119
-3. r 53

CURRENT
I NPUT

CURRENT
OUTPUT

ELECTRODE
LOCÀTI ON

CURRENT
I NPUT

CURRENT
OUTPUT

NORI'IALI ZED
POTENTIÀL
(2 Pr v/r)

6

6

6

6

6

6

6

6

6

6

6

6
6
6
6
6
6

6
6
6

6
6

6

6

6

6

6

6

6

6

6

6

6

6

6
6

-= ,lñ

-6,612
-5,254
-0.445
-^ otÊ
-1,381
-1 ,962
-2. 100
-i.740

0.068
0.031
0.000
0.141
0,241
0.249
0.450
0.748
1 .222
r .948
2 .462
2.028

2.226
4.202
5. / r I

0 .841
5.908

62
62
62
62
62
62
62
62
62
62
52
62
52

62
62
6¿
62
62
62
62
62
62
62
52
62
62
62
62
62
62
62

62
h¿

2r.9500
1.9910

21.7600
1 4.5200
6. 291 0
2.9900
{ .8020
6. 1 120
5.07{0
3,1110
1 ,8010
0.9920
1 . 7090
2.11{0
1 .9730
1 ,3700
0.8s00
0.4940

-0. 1 400
-0. 1 480

0.0000
0.0470
0.0760
0. 0750

-1,7530
-2. 1 680
-1 .1 440
-1..0890
-0.6480
-0.3630

-3,7820
-2.0930
-1.0810
-5.5490
-0.7600

59
59
59
59
59
59

s9
59
59
59
<ô

s9
59
s9
59
59
59
59
Êo

59
59
ly
59
59
59
59
59
s9
59
59
59
59
59
59
qq

2

7

11

12
IJ
14
18

19
20
21
))
23
26
27
28
29
30
31

34

'E
36
37
38
20

42
43
44
45
46
47
5l
52
53
54
5ö
63

3

3

3

3

3

3

3

3

3

3

3

3

J

3

3

3

3

3

3

3

3

3

3

3

3

3

3

3

3

3

J

3

3

3

3

3
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POTENTIAL HEASUREMENTS FOR SI.IALL GRID
oCToBER 14,1984

ELECTRODE
LOCÀTI ON

¿

1

1'l

l3
14
18
19
20
¿t
1a

23
26
27
28
29
30
31
34

36
tt
38
39
42
43
44
45
46
47
JI
5¿
53
51¡

58
63

CURRENT
I NPUT

17
17
11
17
17
17
17
17
17
17

17
17
17
11
17
17
17
'17

11
17
17
17
17
17
17
17

17
17
17
17
17
17

CURRENT
OUTPUT

24
24
24
24
24

24
24
24
24
24

24

24
24
24
24

24
24

24
24

24
24
24
24
24
24
24
24
2l
24

NORMÀLI ZED
POTENT I ÀL
(2 Pt vfi)

CURRENT
I NPUT

4l
41

41
41

41

41

41

41

41
41

41

41
41
41
41

41

4l
41

41

41
41

41

41
41

{l
4l
41

41

41

4l

{1
41

41

41
41

CURRENl
OUTPUT

NORMALI ZED

POTENTI AL
12 Pr v/r)

3.591
-5.907
3.24s
0.343

-1 "847
-4 "7 44
1 1 .670
3.793
0 .526

-1,81 5
-4.926

-12.260
7 ,166
2.961
0.399

-1.495
-3.716
-7 .588
2,716
1 .253
0"000

-1.2r 1

-2. 51 1

-3.964
0 .875
0.373

-0.221
-0.931
-1.574
-¿. rbl
-u. ub /
-0.357
-0.745
-1.1{6
-0.073
-0. 934

0.0810
- 1 .0260
0. r 090

-0.3 1 50
-0.7860
-1,1460

1.1130
0.5150

-0. 1 750
-0.8960
- 1 .5020
-2.1310

2.0640
0 . 9650
0.0210

-0.9940
-2.0630
-3. 1 530

4.2150
1.5130
0.0000

-1.2430
-2.8850
-s.3 1 80

s. 3660
1 . 7850
0. 0570

-1 .3950
-3.3210
-7,3 1 60

1 ,2340
-0.0840
- 1 .2430
-2.9360

1 .8460
-, ott^

48
48
48
48
48
48
48
48
48
48
48
48
48
48
tö
48
48
48
48
48
48
to
48
48
4g
48
48
48
90
48
48
48
48
48
48
48
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POTENTIÀL I'TEÀSUREI'{ENTS FOR TARGE GRID
ocroBER 13,1984

ELECTRODE
LOCÀTION

CURRENT
INPUT

CURRENT
OUTPIJT

NOR}.IÀLI ZED
VOLTÀGE

Q Pr vh)

CURRENT
I NPUT

CURRENT NORMÀLI ZED

OUTPUT VOLTÀGE
(2 Pr v^l

2
7

1'f
12
tl
14
18
19
)n
21
))
23
26
27
28
29
30
3l
34
35
36
1a

38
39
42
43
44
45
46
47
5l
52
5J
5{
58
63

0.1510
5. 71 30
0.r7't0
0.2110
0.2900
0.5680
0.1210
0. 1 380
0. 1 730
0.2110
0.3010
0.5380
0.0830
0.0950
0. 1 000
0. 1 250
0. 1 500
0.1710
0.0470
0.0170
0.0000

-0.0s00
-0.0800
-0.0940
-0.0170
-0.0s90
-0.0850
-0. 1 460
-0.2050
-0.3420
-0.0950
-0.1330
-0.2 1 30
-0.3950
-0.0870
-1 ,77 10

64
64
64
64
64
64
64
64
6{
64
64
64
64
64
6,1

64
64
64
64
64
64
64
64
64
64
64
64
64
64
64
64
64
64
64
64
64

5/
57
57
57
57
51
57
57
57
57
Êt

57
57
Ê1

57
51

57
57
57
57

R]

57
Ét
ct

57
57
R7

57
57
57

57

.6940

.1920

.4540

.31 40

.2350

.1940

.3930

.2940

.2340

.1930

.1590

.1410

.1670

.r510

.1 380

.1250

.1140

.1 100

.0900

.0690

.0000

.0280

.0690

.0810

.2580
,1830
,1210
.0790
.0090
.0240
. 3210
.1980
.1250
.081 0

.2120

.0720
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POTENTIÀL I.IEÀSUREI.IENTS FOR LARGE GRID
ocroBER 13,1984

CURRENT
I NPUT

CURRENT NORMALI ZED

OUTPUT VOLTÀGE
(2 Pt vfi)

ELECTRODE
LOCATION

ELECTRODE
LOCÀTION

CURRENT
I NPUT

CURRENT
OUTPUT

NORI,fÀLI ZED
VOLTAGE

Qilvh)

CURRENT
I NPUT

tb
16

CURRENT
.I NPUT

CUiìhENT
OUTPUT

CURRENT NoRI*|ÀLI ZED

OUTPUT VOLTÀGE

12 Ft vft],

9

A

20
21

22
23
26
27
a0

29
30
31
34
35
36
71

38
39
42
43
44
45
46
47
Êl

Ê)
53
54
58
63

2

1

11

12
IJ
14
18
19
20
21
)')
23
¿h
27
28
29
30
31

34
35
36
37
38
39
42
43
44
45
46
47
cl
5¿
5J
54
58
63

10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
r0
10
10
10
10
10
10
10
10
10
10
10
10
10
'10

10

15
r5
lc

l5
15
15
15
rc
tt
l5
15
t5

15
15
IE

15
15
lc

l)
15

1.1980
-5.9020

0.9870
0"1430

-0. 4760
-7.. 38 1 0

0 .8960
0 .4540
0. 1 100

-0.3490
-2.4280
-7. 1 {40

0 .2940
0.2030
0.0740

-0. 1 980
-0.53 1 0
-0.7950
0.r660
0.1 250
0 .0000

-0. 1 220
-0.2140
-0. 2800

0. 1 230
0.0940

-0 .0070
-0. 1110
-0.1610
-0.2010

0.0470
-0.01 40
-0.0960
-0. 1 340

0 .0660
-0.1550

-0.0140
-0. 1 790
-0.0470
-0.0810
-0.1210
-0. 1 680

0 .0650
0 . 0190

-0.0790
-0. 1 340
-0. 1 850
-0.2350

0.1310
0.0880

-0.0500
-0. 1 530
-0.2410
-0 .2940
0.3010
0.2170
0.0000

-0.1950
-0.4050
-0.4990

0. ?960
0. 4370
0. 0980

-0.2780
-0. 7650
-1.4120
0.7890
0.1310

-0,3400
_l E?ln

1.0310
-1.7730

55
55
55
55

55
55
55
55
55
55
55
55
55
55
55
55
55
55
55
55
55
55
55

55
55
55
55
55
55
55
55
55
55
55

49
49
49
49
49
49
49
{9
49
49
49
49
49
49
49
49
49
49
49
49
49
49
49
49
49
49
49
49
49
49
49
49
49
49
49
49

50
50
50
5U

50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
5U

50
50
50
50
5U

50

9
9
9
9
9
9
9
9
9
9
9
9
q

9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9

5b
56
56
56
56
56
56
56
5b
s6
s6
56
56
56
s6
56
56
56
56
5b
5b

56
55
56
56
56
56
56
56
5b
5b
56
56

55

tJ. / rbu
-0.0020
0.4150
0.24s0
0. 1 170
0.0340
0 .6780
0.3450
0.1970
0.0910

-0.0700
-0.1400

0.3400
0.2300
0. 1 250

-0. 0230
-0.1490
-0,2290
0.2030
0. 1 430
0.0000

-0. 1 360
-0,2710
-0 .4060

0, 1 370
0.0860

-0.0930
-0.2160
-0.3940
-0.8320
-0.0420
-0. 1 370
-0.2690
-0.5340

0. 01 50
-1.0580

16
16
tb
tb
r6
16
'16

tb
tö
16
tb
tb
15
tb
16
16
16
tb
16
16
tb
16
tb
tb
16
16
16
16
16
tb
16
16
16
15

NORMÀLI ZED
VOLTÀGE

12 Pr vh')

0. 1 0900
2. 1 0800
0.1 5300
0 .23000
0. 36700
0.93700

-0.01500
0.09900
0.1 8900
0.31700
0.69600
3.09900

-0. 1 2800
-0.02500

0.11000
0.23500
0.41300
0.74800

-0. 29500
-0. 1 7400

0 .00000
0. 1 2600
0.23900
0.33500

-0.54800
-0.26600
-0.1r000
0.07100
0,16000
0.22300

-0.34200
-0 . 1 5900
-0.00800

0. 1 0900
-0.66100
0. 1 4200
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POTENTIÀL HEÀSUREMENTS FOR LARGE GRID
ocroBER 13,1984

CURRENT
INPUT

CURRENT NOR¡IÀLI ZED
OUTPUT VOITÀGE

e pt v/tt.
ELECTRODE
LOCÀTION

CURRENT
I NPUT

CURRENT NORMÀLI ZED

OUTPUT VOLTÀGE

Q Pr vh)
2

7

11

12

13
1{
18
19
ti
21
22
23
¿b
a1

28
29
30

34

36
37
38
39
t2
43
44
{5
46
47
51
5¿
53
5{
58
63

2

1
'I 

1

12
17

14
18
l9
20
at

22
aa
ac

21
2B
)a
30
JI
34
J5
36
JI
38
?q

42
{3
44
45
46

cl

52
53
54
58
53

4
4
4
4
4

4

4
4
{
4
4
4
{
4

4
4
4
4

4
4
{
4
t-
4
4
4

4

4
4
4
4

4
4
4

40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
{0
40

0
0

0
a

1

0
-0

0

0
0

0

0
-0
-0
-0

0
0
0

-0
-0

0
0
0
0

-0
-U
-0
-0

0
0

-0
-0

0

0

-0
0

25
25
25

25
25
25
25
25
25
25
25
25
¿5
¿5
25
25
25

ac
)q

¿5
¿5
25
25
25
1a

¿5
25
25

25
¿5

0.2550
0.3030
0.3560
1.05r0
3.3320
1.2620
0.2000
0.2410
0.2910
0 .2990

-0.1410
-2. 0580

0.1430
0. 1 420
0. 1 170

-0.0150
-0. s090
-6.0570

0 . 0880
0 .081 0

0.0000

32
32

J¿
32
32
32
32
32
J¿
32
32
32
32
1t
32
32
32
32
32
32
32
32
32
32
32
32
32
32

32
11

32

32
J¿

.32200

.35600
,74500
.76500
. 1 7800
..{7700
. 29400
. 1 8800

"42100
" 
43000

.38800

.32200

.25100

.21 600

.06100

.25900

.27200
,24700
.45200
.25700
" 00000
. 1 6700
.20400
.21600
.29900
.20600
.13500
.08200
. 1 9700
. 1 8400
.21 1 00
.04200
.02800
.11200
.22s00
. 1 0500

bt
bl
bl
61

bt
6l
61
bl
bt
61

61

61
61

51

6l
6l
61
61

61

6r
bt
bt
bI
61

bl
bl
61

bl
bt
61

61

61

61

bt
bt
61

0. 1 190
0.2650
0.1390
0.1660
0 .2090
0.261 0
0. 1 060
0 .1230
0. 1 540
0.2080
0 

" 
3070

0.4830
0. 071 0
0.0870
0.1200
0.1940
0.3800
1 .2460

-0.0510
-0.0640

0. 0000
0. 0930
0.3s20
2. 1 540

-0. 0960
-0. 1 430
-0.1970
-0 .2060
0. 1 100
0.7140

-0.2510
-0. 5780
-1 .0900
-0.4590
-0. 1 ?00
-0.1050

ELECTRODE
LOCÀTI ON

CURRENT
I NPUT

CURRENT NORI{ÀLIZED
OUTPUT VOLTÀGE

Q il v/t)
CURRENT
INPUT

CUIìRENT NORI.IALI ZED
OUTPUT VOLTÀGE

12 Pr vh')

5

5

5

5

5

5

5

5

5

5

5

5

5
5

5

5

5

.2050

.0760

.2020

.1600

.1 130

.091 0

.3310

.232A

.1530

.1010

.0660

.0170

.6100

.2810
,1{80
.0700
.0100
.0290
.8900
.2310
.0000
.0970
.1070
.0990
.3910
.0150
.2530

-0. 1 070
-0.2950
-1.0950

0.0680
0 . 0180

-0.0610
-0. 1 230
-0;2090
-0.3270
-0.0210
-0.0740
-0.1210
-0.1710
-0.0050
-0. 1 790

60
60
60
60
60
50
60
60
60
60
60
50
60
50
60
60
60
60
60
60
50
60
60
60
60
50
60
50
60
60
60
60
60
60
60
60

33
33
11

33
33
33
33
33
33
33
33
33

33
33
33
JJ
33
33
33
33
IJ
33
?2

33
33
33

33
33
33
33
33
33
33
33

-r43-

-0.2580
-0. 1 950
-0.1540
-0.5040
-1.1310
-0.6430
-0.3060
-0. 1 900
-0.2050



POTENTIÀL I.IEÀSUREUENTS FOR LÀRGE GRID
oCToBER 13,1984

ETECTRODE
r0cÀTI0N

¿

7
11

12
13
14
18
19
20
21
22
23
26
27
28
29
30
31

34
J5
36
37
38
39
42
43
44
45
46

51
3¿
5J
54
s8
63

ELECTRODE
L0cÀTt0N

CURRENT
I NPUT

CURRENT
I NPUT

CURRENT
OUTPUT

NORMÀLI ZED
VOLTAGE
(2 Pr v/t)

CURRENT
I NPUT

CURRENT
I NPUT

CIJRRENT

OUTPUT

NORI.IÀLI ZED
VOLTÀGE

Qilvhl

CURRENT NORI.IÀLI ZED

OUTPUT VOLTAGE
(2 Pt v/r)

59
59
59
59
Êo

59
59
59
59
59
qq
qq

s9
59
59
59
co

59
s9
s9
59
59
59
59
59
59
59
59
59
59
59
59
59
59
59
59

24
24

2E

24
24

24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
)ô.

24
24
24
24
24
24

2
7

'I 
1

1)
1t

14
18
19
)t\
21
22
¿J
26

28
,q

JU
JI
JT
35
36
37
Jð
2A

42
Â?

44
45
46
47

5¿
53
54
58
63

3

3

3
2

3

J

3

3

3

3

3

3
I

3

I
3

3

3

3

3

3
1

J

3

3

3
2

1

3

3

3

J
J
3

2 .01 60
0.3150
2.1510
1 .0660
0. {960
0..3560
0 .4200
0 .4860
0 .4400
0 .3460
0 .2860
0 .2480
0.2080
0.2260
0.2140
0 .2050
0. 1 980
0.1870

-0.0090
-0. 0340

0.0000
0.0450
0.0970
0. 1130

-0,2120
-0 .2950
-0.2500
-0.1510
-0.0330

0.0330
-1.1570
-0.6590
-0.2810
-0. 1 450
-1.1660
-0.0990

-0.3260
-4,6170
-0.3510
-0.5010
-1 .5940
-5. 0460
-0.2330
-0 

" 
2700

-0.3360
-0.4730
-0 . 6500
-0. 5240
-0.1610
-0.1 680
-0.1790
-0 .2040
-0.2260
-0.2110
-0 .0990
-0.0510

0 .0000
0 .0800
0 .0990
0.0s20
0.0160
0.0880
0.1710
0.3130
0.3870
0.3080
0, 1 700
0.31 20
0.8010
1 .6540
0 .1220
1 .2200

62
62
62
62
h¿
62
62
62
62
62
62
62
62
62
62
62
62
62
b¿
6¿
62
62
62
62
6¿
62
62
62
62
62
62
62
6¿
62
62
6¿

CURRENT
OUTPUT

NORI,IALI ZED
VOLTAGE

12 Pt vh.\

17
17
17
17
17
17
17
17
17
17
17
17
17
11
17
17
17
17
17
17
17
17
17
17
17
17
17

11

11
17
17
17
tt

0.3370
-0.5720

0 .231 0
0.0550

-0.r750
-0.5780

0.9510
0.2800
0 .0620

-0.1980
-0.7940
-7.4600

0. {780
0.21{0
0.0s80

-0. 1 850
-0.5960
-2. 6950

0.2580
0.1560
0.0000

-0.1500
-0.2850
-0.4700

0.1800
0. 1 140

-0.01 10
-0. 1 300
-0.21 00
-0.2800
0.0750

-0.0260
-0.1160
-0.r810

0.0880
-0.1960

41

41

41

41

41

{l

41

41
41

{1
41

41

41

41

41
41
41
41

4',1

41
41

41

41

41

41

41

41

41

41

41

41

41

41
41
41

0.0410
-0.2050
0.0600

-0.0730
-0.1 320
-0. 1 980
0. 1 520
0.0940

-0.0530
-0. 1 480
-0.2350
-0.3110
0.2610
0. 1 420

-0.0180
-0. 1 660
-0.2950
-0.4430
0. s680
0.2500
0.0000

-0. 1 840
-0,41 10

-0.8840
0 .8620
0.2680
0.0320

-0,2010
-0.4600
- 1 ,4900

0.2130
0.0160

-0. 1 940
-0.4190

0.2950
-0.5430

48
48
48
48
48
48
48
48
{8
48
48
48
48
48
48
48
48
48
,18

48
48
48
48
48
48
48
48
48
48
çö
48
48
48
48
48
48
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