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ABSTRACT 

Geoelectical investigations of fractured bedrock aquifers have been performed in 

three main study areas: (i) Tiverton, R.I. As part of a Rhode Island Department of Envi­

ronmental Management study evaluating the hydrogeology of an area in which bedrock 

wells are contaminated with hydrocarbons. (ii) Johnston, R.I. as a part of a study 

conducted for Solid Waste Management Co., to evaluate the hydrogeology of the frac­

tured bedrock under a landfill. (iii) Presque Isle, Maine as a part of a study by the Geo­

logic Survey of Maine, to place a high yield well in bedrock for the purpose of irrigation. 

Remote sensing and geophysical methods were used to locate possible fracture zones in 

the three areas. Vertical electrical soundings, after Schlumberger, have been made over 

these suspected fractured zones. Other measurements have been made by the profiling 

and the AB rectangle method. 

Theory has been presented that links flow of fluids to flow of direct current through 

fractured rock. This theory results in an equation for predicting permeability from forma­

tion factors, k = a Fr (Katsube and Hume, 1987). Comparisons to hydraulic parameters 

have been made using the bulk resistivities of the bedrock, as interpreted in Schlumberger 

depth soundings, and formation factors, calculated with known ground water resistivities. 

The Johnston, RI study area showed a good relationship between permeabilities, 

predicted by the formation factor, and hydraulic conductivities, averaged from packer 

tests. This further resulted in the actual estimating equation of k = 7 53x10. 6F 1
•
08

. 

The Maine study area showed a good linear relationship between bedrock resistivity 

and well yield on a bilogarithm plot. This relationship keeps the general form of the 

equation presented. Although actual predictions of yield are not possible, area may be 

ranked from low to high potential yield. 
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Correlations were also made to seismic velocities of the bedrock in the Johnston 

and Tiverton, RI areas. These comparisons yielded interesting results, suggesting that in 

areas of wide ranging pore water resistivities; the bulk resistivity and not the formation 

factor may better describe the relative hydraulic characteristics of the bedrock. 

Methods have been suggested which would greatly improve and enhance the use of 

Schlumberger profiling and AB-rectangle techniques. This method involves selecting an 

optimal current electrode spacing using the depth sounding curve. The expected resistivi­

ties are calculated, using a computer program, for the AB-rectangle given the model 

interpretation from a depth sounding. These values are replotted on the depth sounding 

curve to view the effect of other layers on the measurement. An ideal size of the rectan­

gle may be found using this technique, giving better control of the inherent change in 

depth with this method. True anomalies may then be calculated by subtracting the value 

of the expected resistivity from the measured at the location. 

' 
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1.0 INTRODUCTION 

This investigation will evaluate surface geoelectrical methods for the study of frac­

tured bedrock aquifers. Water bearing fractured rock has a much lower value of electri­

cal resistivity than the nearly infinite value of unfractured rock. It is this contrast which 

could allow the electrical resistivity method to be used as a geophysical tool for the study 

of fractured bedrock aquifers. An objective of this study is to investigate the relationship 

between fluid and electrical flow through fractured rock, both in theory and in field 

investigations. 

Electrical resistivity techniques have been widely used in the study of unconsoli­

dated aquifers. Besides locating aquifers of adequate yield, the method has also been 

used to detect; (i) zones of ground water recharge (Page, 1968), (ii) contamination from 

septic tanks (Klefstad, et al., 1974), (iii) acid mine drainage (Merkel, 1972), and (iv) lea­

chate from landfills (Cartwright and McComas, 1968). Several researchers have 

employed the method to estimate the water transmitting properties of unconsolidated 

aquifers (Frohlich and Kelly, 1985; Kelly and Reiter, 1984; Kosinski and Kelly, 1981; 

Urish, 1981). Less experience has been gathered for aquifers in fractured bedrock (Ko­

walski and Sanders, 1983). 

The study of ground water involves the analysis of both unconsolidated and bed­

rock aquifers. Unconsolidated aquifers are better understood, as they vary in complexity 

only with their degree of heterogeneity. In exploring for ground water in fractured rock 

the problem is to find areas of maximum fracture frequency (Summers, 1972). Locating 

these areas is necessary for evaluating ground water flow within the bedrock. If fractures 

are sufficiently connected, pollutants may flow at faster rates and at higher concentrations 

through the fracture network than through the unconsolidated aquifer (Freeze and Cherry, 

1979). 
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Permeability of fractured rocks can vary by several orders of magnitude over short 

distances. Methods derived for determining the hydraulic characteristics of homoge­

neous, isotropic systems are unsatisfactory when applied to fractured rock systems. 

Exploring for groundwater in fractured rock depends on the ability to locate areas of high 

fracture density for the development of a well. Unless geological and geophysical meth­

ods are used, wells will be sited at random (Summers, 1972). The conventional method 

of installing numerous test wells is costly, time consuming and often produces a low 

yield well (Stollar and Roux, 1975). Geoelectrical soundings, when used in conjunction 

with other data, may partially replace this drilling by obtaining ground water information 

(Frohlich, 1974). 

Resistivity measurements have been completed in three main study areas. (i) Tiver­

ton, RI., as part of a Rhode Island Department of Environmental Management study 

evaluating the hydrogeology of an area in which bedrock wells are contaminated with 

hydrocarbons. (ii) Johnston, RI. as a part of a study conducted for Solid Waste Manage­

ment Co., to evaluate the hydrogeology of the fractured bedrock under a landfill. (iii) 

Presque Isle, Maine as a part of a study by the Geologic Survey of Maine, to place a high 

yield well in bedrock for the purpose of irrigation. Remote sensing and geophysical 

methods were used to locate possible fracture zones in the three areas. Vertical electrical 

soundings after Schlumberger have been made over these suspected fractured zones to 

study the vertical change of resistivity. Other measurements have been made with the 

profiling and the AB rectangle method (see Zohdy et al., 1974). These last two tech­

niques were used to map lateral changes in resistivities within depth ranges. Measure­

ments with these methods have been considered questionable due to uncertainties with 

respect to the depth of the investigation .. This study addresses these problems and 

presents new procedures for the interpretation of data particularly with respect to depth 

control. 
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Results of the resistivity interpretations were compared with other available and 

relevant data in the areas. In Rhode Island seismic refraction soundings have been per­

formed by Larry Hanson (1988). A thesis on bedrock hydrogeology using the magnetic 

and other methods was completed by Savarese (1987) in Tiverton. The Johnston site is a 

landfill in which many test wells have been drilled and logged with subsequent packer 

tests yielding hydraulic conductivity measurements. Some of the soundings were made 

over these wells. In Maine bedrock resistivities were compared to well yields. 
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2. FLOW THROUGH FRACTURED ROCK 

2.1 General Characteristics 

The main rock types dealt with in this study are limestones, pelites and granites. 

When characterizing the hydraulic capabilities of a bedrock unit we concern ourselves 

with the existing conduits through which water flows. These openings originate from 

two types of permeability. Primary permeability is related to voids which were created 

during the formation of the rock, and secondary permeability is related to fractures 

caused by stress. The rock types studied can differ greatly in the amount of primary per­

meability. However, when fractured the secondary permeability produces units with 

comparable hydraulic properties. 

Unfractured granite is nearly impermeable with permeabilities in the order of 104 

gal/day/ft2 c10·11 m/s) (Freeze and Cherry, 1979). Thus the most important influence on 

flow through granite is the degree of fracturing which is often related to regional tectonic 

stresses. Joints (fractures with no appreciable movement) may also form from contraction 

during cooling or expansion during the release of overburden stress. Those that form 

from stress release are known as sheeting joints which are subparallel to the surface 

topography. The aperture width of fractures may increase in exposed rock due to weath­

ering. However, ground water is usually saturated with silica obtained from the soil 

above unexposed rock (Freeze and Cherry, 1979). Weathering beneath the water table 

produces insoluble iron and aluminum oxides that can plug smaller fractures. 

The primary permeability of Paleozoic unfractured limestone and dolostone is also 

low, commonly less than 10·1 gaVday/ft2 (~ 10·1 m/s) (Freeze and Cherry, 1979). Second­

ary permeability, which greatly increases the flow network, is caused by fracturing, and 

by enlargement of fractures or bedding planes by calcite or dolomite dissolution. The 
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typically horizontal enlargement of bedding planes is more pronounced near vertical frac­

tures in which fresh water can circulate. Particularly in folded limestones, near-vertical 

fractures form along the crests of anticlines due to tensional stress within the folded 

layers (Freeze and Cherry, 1979). The zones of highest permeability are located at the 

intersections of the vertical and horizontal fractures. 

Though limestone and pelites do contain a disperse primary permeability, fracture 

conduits have a greater influence on the permeability of a sample. A fracture network is 

a much more efficient fluid conductor than a fine-grained intergranular network. There­

fore, in both rock types fracture flow is of primary concern. 

2.2 Theory 

The hydraulic conductivity K, is a property of both the fluid and the porous material 

through which the fluid flows. In theory these attributes may be separated into fluidity f, 

and intrinsic permeability k. 

K=kf (2.1) 

where f = pg/µ 

p fluid density 
g acceleration of gravity 
µ viscosity 

Geologists are concerned with permeability for numerous reasons. The manner in 

which fluids and gases flow through a rock impacts the rate of magma emplacement and 

crystalization, the transport of hydrocarbons to an oil or gas well, the migration of lea­

chates from waste disposal sites into an aquifer and, not the least of all, ground water 

flow to a well. Since permeability is a physical parameter of such importance, many 
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theoretical and experimental studies have been conducted to estimate it from more readily 

available rock properties. Approaches of these investigations can be divided into two 

categories. The first relates k to microscopic data on pore geometry. The second relates 

k to more easily measured properties such as porosity or electrical resistivity (Rothman, 

1988) 

For fluid flow through rock an empirical law has been developed that relates perme­

ability k, to porosity cp . This equation, known as the Kozeny Equation, is written as 

<1>3 
k=c­ sz 

0 

(2.2) 

where S0 is the specific surface area of the rock and c (=0.2) is an empirical constant 

(Wong, et al., 1984). 

The Kozeny-Carman equation relates more specific pore size parameters to perme­

ability. Derivation of this equation is thus critical to our understanding of permeability. 

Consider a section of rock (fig 2.1), where a fluid flows through a conduit. The flow 

velocity in the direction of/ is governed by Poiseulle's Law: 

where m 
b 
µ 

dP/d/ 

(2.3) 

hydraulic radius (ratio of the conduit volume to wetted perimeter) 
constant dependent on pore shape 
fluid viscosity 
pressure gradient along the conduit axis 

A tortuosity coefficient 't , may now be introduced where 't = d//dx. The pressure 

gradient may now be expressed in the direction of x as, 



Figure 2.1: A representative sample of rock with length X, containing a fracture con­

duit of length I. Where n is a measure of the spacing between conduits, d 

is the with of the conduit, A" is the cross sectional area of the conduit 

normal to the sample length X, and A1 is the cross sectional area normal to 

the conduit length /. 
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The total flow through the conduit is, 

(2.5) 

Where A, is the cross sectional area of conduit normal to flow direction. 

The permeability of the rock section (fig. 2.1) with cross sectional area A is defined 

as: 

- µ 
k - (q!A) (dP!dx) (2.6) 

Combining equations 2.3, 2.4, and 2.5 into equation 2.6 yields 

(2.7) 

Note that A1 = Ax I 't, where Axis the conduit area in a plane normal to the sample axis x. 

The porosity cp of a sample with isotropically distributed pores is then cp = AJA. 

Thus Equation 2.7 becomes 

(2.8) 

(Walsh and Brace, 1984). 

Porosity of more than one conduit can be expresses as <I> = 'tn d. 

Where n is the conduit density and dis the aperture width. This expression for porosity 

may be substituted into equation 2.8. The hydraulic radius m, as used in equation 2.3, is 

equivalent to d/2, for a unit wetted area 2d2
, and volume d3 (see fig. 2.1). For crack-like 

pores Walsh and Brace (1984) use a value of b = 3. Substitution in equation 2.8 yields: 

(Katsube and Hume, 1987). 

nd 3 

k=-
12't 

9 
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Expressions like equation (2.9) are often referred to as the "Cubic Law" for flow in 

a fracture. This equation was originally derived for an open fracture with smooth and 

parallel planer surfaces, for which t = 1. In equation (2.9) tis a variable of x. Usually 

fracture surfaces are rough and have some degree of contact. The validity of the Cubic 

Law, where fracture surfaces have some degree of contact and fracture widths are 

decreased under stress, was investigated by Witherspoon, et al. (1980), on rock samples 

of basalt, granite and marble. For all three rock types the law was found to be valid for 

rough surfaces with fracture widths that were changed under stress. Permeability was 

uniquely defined by fracture aperture and found to be independent of the stress history. 

Deviations from the ideal parallel plate model were accounted for by a roughness coeffi­

cient!, ranging from 1.04 to 1.65, yielding the relation: 

(2.10) 

Thus, the aperture width d influences more effectively k than the roughness coefficient.f. 

Tortuosity of a sample is for all practical purposes impossible to measure. It is 

therefor desirable to expand the theory to define relationships between k and the more 

easily measured electrical resistivity. 

2.3 Relation of fluid flow to electrical flow 

Many attempts to study flow through a fracture network have involved models 

based on electrical analogs (Greenberg and Brace, 1969; Kiraly, 1971; Shankland and 

Waff, 1974). The ratio of bulk resistivity of the rock to resistivity of the pore fluid is 

called the formation factor, F (Archie, 1942). 
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The empirical equation which relates F to porosity in sedimentary rocks, is known as 

Archie's Law: 

(2.11) 

where 
F Formation factor 

a,m Material constants 

Based on the results of the previous section (eqs. 2.2, 2.8), permeability of fractured 

rock may be estimated if porosity is known. Since surf ace resistivity surveys lead to a 

value of a bulk layer resistivity, a value for the formation factor can be obtained when the 

pore water resistivity is known (Barker and Griffiths, 1981). The pore water resistivity 

Pw is the inverse of the specific conductance, and is an easily measured ground water 

parameter. 

Most rock forming minerals are electrical insulators and also impermeable to fluids. 

Thus the electrical current flows through the same conduits as the fluids, and the bulk 

resistance is a function of the path length, size and number of the conduits. Hence an 

expression for the formation factor can be derived using the same model shown in fig 

(2.1). 

When all current is carried by the pore fluid, bulk resistivity is defined as 

Pbulk = Pw l/A1. For a sample of unit length l=l, the effective conduit length is 't. The 

total width of the conduits, and thus for a unit depth Ai, equals nd. Noting that the 

resistivity is independent of the current, pbulk = Pw -rind . Therefore, 

't 
F=­

nd 

11 
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Referring back to equation (2.9), it can be seen that both formation factor, F, and perme­

ability, k, are functions of n,d, and 't, hence k oc Fr. Katsube and Hume (1987) suggested 

the relation: 

k = aF-r (2.13) 

Walsh and Brace ( 1984) have confirmed the validity of this relationship for granitic 

rocks and report that r values must be between 1.0 and 3.0. Similar results have been 

found for samples from Atikokan, Ontario and the Whiteshell Nuclear Research Facility, 

Pinawa, Manitoba. Katsube and Hume (1987), report two values for r, 2.22 and 1.96, 

which fall within this range. 

The previous equations containing the formation factor are based on a non­

conducting matrix. If the matrix is a conductor with a resistivity, p m• then it also contrib­

utes to the electrical flow. For any number of materials in parallel, the reciprocal of the 

total resistivity equals the sum of the reciprocal of the individual resistivities. Hence, 

1 1 1 
-=--+-
Pb Ppore Pm 

(2.14) 

thus, 

1 1 Pw 
-=-+-
Fa F; Pm 

(2.15) 

where Fa= p b / p w, is the apparent formation factor 

and Fi = p pore/ p w, is the intrinsic formation factor. Note: p pore = p b for a non-conducting 

matrix. Thus the intrinsic formation factor can be calculated by solving equation 2.15 

and substituted into equations 2.11 and 2.13. 
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Still unaccounted for in these models is the "pocket porosity", which is the non­

connected "dead end" porosity. However, this pore space is insignificant to the flow of 

fluids and electrical current (Norton and Knapp, 1977). To accurately relate pore 

characteristics to resistivity would require a means to distinguish effective porosity from 

"pocket porosity". Johnson and others (1986) introduced a new geometric parameter 

which is an intrinsic measure of interconnected pore size and is directly related to trans­

port. This parameter A , with the dimensions of length, may provide the long sought link 

between electrical resistivity and permeability to flow of a viscous fluid. 

where 

2 _ J1 V\jlo(r )I 2dS 

A - Ji v''!'0(r)I 
2dVP 

(2.16) 

Microscopic potential for uniform pore fluid conductivity 
Surface area of pore space 
SQecific oore volume 
(x2+y2+z~)112 

Laplacian (,ilox 2 + o2/oy2 + a2/oz2) 

If V \j/ 0(r) is constant, independent of r, then 

2 
A 

oc = 
surface area of pore space 

pore volume 

2/ A, is an effective surface to pore volume ratio, analogous to hydraulic radius, where 

each area-volume is weighted according to v''l'o(r), dependent on location. This weight­

ing may eliminate contributions from those isolated pores. 
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Using this new pore parameter an expression for the effective conductivity of a porous 

medium, with a saturating fluid of conductance, a 1, has been derived. 

(2.17) 

where l: sis the interfacial conductivity. 

Another problem that needs to be addressed when considering the relationship of de 

current and hydraulic permeabilities is that of a matrix containing clay. Increased alter­

ation, such as chloritization, kaolinitization and serpentinization increases the surface 

conduction. The effect of disseminated clays on rock resistivity becomes increasingly 

important as the pore water conductance decreases. The contribution of the clay minerals 

to the surf ace conductivity is independent of the nature of the ionic solution, except for 

low ionic concentrations (Ward and Fraser, 1967). To examine how clay affects the con­

ductivity we must consider the double layer theory. Dry clay minerals usually contain 

charged impurities which are balanced by counter ions bound to the surfaces. However, 

once the pores are saturated, the hydrated counter ions become mobile within a layer of 

thickness h. Depending on the salinity of the pore water, the thickness of this layer is 

typically less than 40 A around the clay particle. Since the typical pore sizes are greater 

than 1000 A, the conductivity can be written as 

where density of counter ions per unit pore volume 
equivalent conduction per ion 

(2.18) 

if 2/ A replaces S!VP then this equation is identical to equation 2.16, because Qv = ns(SIVP) 

where ns is the surface charge density of the clay mineral and l: s = n/3 (Johnson et al., 

1986). 
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Finally, the problems that develop when pores approach 40 A must be discussed. It 

was mentioned above that the effects of clay particles are not explained by the equations 

for small pores and low fluid conductivities. Some interesting membrane effects can 

occur in rocks containing a few percent of clays. If the thickness h, of the hydrated cat­

ions in the double layer, is large compared to the pore width, the "cloud" of cations can 

partially block ionic solutions paths (Ward and Fraser, 1967). On application of an 

electrical potential, positive charge carriers easily pass through the cationic cloud but 

negative charge carriers, with larger ionic radii, are blocked and accumulate (Bear, 1972). 

Because of this, a surplus of both cations and anions occurs at one end of the membrane 

zone, while a deficiency occurs at the other end. This is because the number of positive 

charges can not deviate significantly from the number of negative charges at any one 

point in space due to the large electric fields which would then result. These ion concen­

tration gradients oppose the flow of the current, since the mobility of the anions is 

reduced (Ward and Fraser, 1967). 

The preceding theory suggests that a relationship exists for which a range of pre­

dicted permeabilities may be estimated from resistivity measurements. However, is will 

be difficult to verify permeabilities that are estimated from electrical resistivity 

measurements. Different methodes of measuring permeability do not reproduce the same 

value. Laboratory tests on samples, drawdown curves in test wells and packer tests affect 

different quantities of the subsurface environment. Neuzil (1986), for instances, states 

that insitu tests in low-permeable aquifers produce estimates that are restricted to the ime­

diate vicinity of the well. 
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3. METHODOLOGY 

3.1 Geoelectrical methods 

In making a geoelectrical survey a direct current is introduced into the ground 

through two electrodes, A and B. The potential difference is measured between a second 

pair of electrodes, Mand N (fig. 3.lb). Values of the apparent resistivity are calculated 

using the following equation. 

(3.1) 

where voltage between the potential electrodes 

I current input 

K geometric factor 

(3.2) 

where AM, AN, BM, BN Distances between electrodes (see fig. 3.1) 

If the measurement is made over a homogeneous isotropic material of infinite depth 

then p.is the true resistivity. For an inhomogeneous substratum the value of the apparent 

resistivity depends on the electrode spacings and the distribution of true resistivities in 

the subsurface. Standard symmetrical electrode arrays have been developed for which 

geoelectrical depth soundings depend on only two distance variables. A geoelectrical 

depth sounding is most useful over a horizontally layer substratum in which the resistiv­

ity changes mainly with depth. 
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Figure 3.la: Schlumberger depth sounding array. The current electrodes A and Bare 

seperated by the distance L, and the potential electrode M and N are sep­

erated by the distance b. 

Figure 3.1 b: Generalized four electrode array where the distances r, are the distances 

between the electrodes of the subscripts. 
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3.1.1 Depth Soundings 

Geoelectrical depth soundings were performed with the Schlumberger method. 

This array is characterized by the four electrodes being placed in a straight line with the 

potential measuring distance b, kept constant and small relative to the distance, L of the 

current electrodes (fig. 3. la). The sounding proceeds by forcing the current into greater 

depth with an increase of spacing L. The spacing in this case, b=2 ft, is kept constant 

until at large current electrode spacing, the potential becomes too small to measure. 

Because of the decreasing voltage across b=2 ft, the potential spacing was increased to 

b=8 ft. Measurements are taken at both forward and reverse current polarity to prevent 

corrosion of the electrodes. The apparent resistivity is plotted versus L/2 on a bi­

logarithmic plot. 

3.1.2 Mapping of resistivities 

The apparent resistivity is influenced by lateral as well as vertical changes of 

resistivity. Lateral changes of resistivity within a layer may have a variety of causes 

related to either lithologic or pore water conditions. Changes in the apparent resistivity 

may indicate porosity or permeability changes, clay (low) or sand (high) lenses, or the 

spreading of a pollution plume. The advantages gained by being able to map such fea­

tures with a surf ace geophysical technique are obvious. Most of the papers found in the 

literature related to the Wenner electrode array used for profiling, where the entire 

electrode array was moved along a profile (Klefstad et al, 1975; Fink and Aulenbach, 

1974; Merkel, 1972; Seitz et al, 1972; Hackbarth, 1971; Hemud, 1971; Warner, 1971; 

Cartwright and McComas, 1968). These papers had mixed conclusions on the ability of 

the method. The most frequently mentioned problems where the lack of geologic control 

and the inherent problem of nonuniqueness. 
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The Wenner array with its larger potential measuring distance, AM= MN= NB, is 

subject to more noise. Stray currents, either industrial or telluric, affect measurements 

made with a Wenner array to a greater degree than measurements made with a Schlum­

berger array. The Wenner array is more subject to near surface inhomogeneities. Mov­

ing of the potential electrodes increases the time required to make the measurement. 

Further it is the belief of the author that the moving of the current electrode presents 

problems by creating a new current distribution in the subsurface at every measurement. 

If the current distribution is kept constant then any change in the apparent resistivity will 

be a result of changes below the potential measuring position and not new lateral effects 

encountered when the array is shifted. 

Geoelectrical profiling was accomplished using the Schlumberger AB profiling 

method. This technique uses the same equipment and basically the same array as for the 

depth sounding. While the current electrode spacing is held constant, the potential elec­

trodes are moved off center along the baseline, while the spacing b, is kept constant (see 

fig. 3.2b). 

The AB rectangle method deviates from the profiling technique only in that the 

potential electrode "stations" are also moved off the baseline forming an array of mea­

surements (see fig. 3.2a). These two techniques are used to measure lateral changes in 

the apparent resistivity, as opposed to the vertical layers modeled in the depth sounding 

method. This allows for the mapping of lateral subsurface influences on the electrical 

resistivity such as fracture zones and pollution plumes. 

Kunetz (1966) pointed out a disadvantage with this method of mapping in that the 

depth penetration varies if the potential electrodes are moved off center. This problem 

will be addressed in section 3.2. 
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Figure 3.2a: AB rectangle electrode configuration showing the typical dimensions of 

the potential measuring array. 

Figure 3.2b: Schlumberger profile configuration showing the similarity to the AB rect­

angle configuraticn. 
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3.1.3 Instrumentation 

The materials used are two metal current electrodes and two porous-pot non­

polarizable potential electrodes. A current is created using two 12 volt batteries wired in 

series to run a d.c. inverter with an output of 250 volts. This produces a maximum 

current of about 0.1 amp which is measured using a Sampson model 260 Multitester, and 

put into the ground through the current electrodes. The potential between the potential 

electrodes is measured using a Hewlett Packard 3468A Multimeter. In the dry season it 

is necessary to wet the current electrodes to insure good contact with the ground. 

3.2 Interpretation Methods 

3.2.1 Schlumberger depth sounding 

The purpose of interpreting the Schlumberger depth sounding curve is to find the 

resistivity-depth function assuming a horizontally layered substratum. Curves are inter­

preted in two steps: First the approximate resistivity-depth sequence is found by partial 

curve matching with two layer master curves and a set of auxiliary curves (Keller and 

Frischknecht, 1976). Second this starter model is refined by use of an indirect multilayer 

model program. Refinements are made by comparing the field curve to a multilayer 

model curve calculated by a computer program (Koefoed, 1979). Model and field curves 

are compared for optimal fit using standard deviation and goodness of fit statistics. The 

procedure ends when optimal values for these statistics have been reached. This method 

of interpretation is known as the indirect interpretation method. Indirect interpretation 

takes considerably longer than direct methods but offers the advantage of user interac­

tion, which also offers an insight into the layer response. 
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3.2.2 Profiling and AB rectangle 

The purpose of interpreting the profiling and AB rectangle data is to map lateral 

variations in resistivity within a certain depth range. Lateral changes of resistivity are 

mapped out within a rectangle at constant current electrode separations (see fig. 3.2). 

However, the depth of investigation changes as the position of the potential electrodes 

changes relative to the current electrodes. Therefore, a change in the apparent resistivity 

measured is also a function of the change in the true resistivity with depth. To obtain a 

value which relates solely to the lateral change requires that the vertical change be esti­

mated separately. 

Conventional methods were not found in the literature which show the lateral 

change of the apparent resistivity over a horizontally layered substratum. However, 

O'Neill and Merrick (1984), presented the theory for the calculation of apparent resistivi­

ties, given a model of horizontal layers, for any four electrode array (fig. 3.1 b ). It was 

then possible to write a computer program based on this theory which would calculate 

expected resistivities for both the profiling and rectangle arrays. The model for a hori­

zontal layer case is derived from a Schlumberger depth sounding. 

3.2.3 The theory of the electrical potential over a horizontally layered substratum. 

The electrical potential, V, caused by a direct current point source satisfies the dif­

ferential equation of Laplace: 

clv c?v ,?v 
-+-+-=0 
ax2 ay 2 az2 

(3.3) 

The rotational symmetry about the vertical axis through the current source suggests the 

use of cylindrical coordinates. 

24 



The Laplacian differential equation is then written: 

(3.4) 

Because of axial symmetry the potential is independent of 0 , hence, 

(3.5) 

This simplifies eqn. 3.4 to, 

(3.6) 

The partial differential equation 3.6 is solved by finding particular solutions. Solu­

tions of equation 3.6 are obtained by separation of variables r and z in the form: 

V(r,z) = U(r)W(z) (3.7) 

meaning that solutions are a product of two functions, one dependent on r, the other on z 

only. Thus, the partial differential equation 3.6 can be separated into two ordinary differ­

ential equations of the same order. 

Substituting eq. 3.7 into eq. 3.6 and dividing all terms by U W yields, 

(3.8) 

This equation is satisfied if, 

(3.9) 

and 
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(3.10) 

where A is an arbitrary real constant. 

The solutions to eq. 3.10 are well known as: 

(3.11) 

Differential equations of the type of eq. 3.9 have lead to the development of the theory of 

Bessel functions. In this case, the solution of eq. 3.9 can be written as, 

U=Clo(Ar) (3.12) 

where 10 is the Bessel function of order zero. 

Combining eqs. 3.11 and 3.12, we obtain as particular solutions of the differential equa­

tion (eq. 3.6) 

(3.13) 

where C and 'A, are arbitrary constants. 

Since any linear combination of solutions leads to a general solution of the differen­

tial equation, A extends from zero to infinity by allowing C to vary in dependence of 'A, 

as: 

(3.14) 

In this equation both <I> ("A) and'¥ ("A) are different functions of "A. 
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In order to proceed further it is convenient to write eq. 3.14 in a form which con­

tains a separate term for the potential that is generated by the single point source of inten­

sity I, located at the surface of the earth. This potential is, 

Pl V=----
2~ 

(3.15) 

where p 1 is the resistivity of the surface layer and I the current. Eq. 3.14 can then be 

written in the form of eq. 3.15 using the Lipschitz integral, 

(3.16) 

yielding 

(3.17) 

Thus, the general solution of the differential equation is, 

V = i~ 1-[e-AZ + 80.)e-AZ + X(A)ijJo(w)dA. (3.18) 

Where 8 (A) and X (A) are arbitrary functions of A.. Each layer from 1 ton has a separate 

solution of the form given in eq. 3.18 which is for the ilh layer: 

The functions 8 (A) and X (A) are determined by the boundary conditions: 

(1) Continuity of the electrical potential across boundaries. 
(2) Continuity of the vertical component of the current density across 

boundaries. 
(3) Since the resistivity of the air is infinitely high, at the surface the 

vertical component of the current density is zero, because of (2). 
(4) The potential must decrease with increasing z in the nlh layer. 
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The first boundary condition applied to layer i and i+ 1 implies: 

This equation can only be satisfied for all values of r if the integrands on both sides of the 

equation are equal, yielding, 

(3.20) 

Satisfying condition (2) the vertical component of the current density is equal to the 

derivative of the potential with respect to z divided by the resistivity of the layer under 

consideration. From equation (3.19) we obtain, 

Again, this equation can only be satisfied for all values of r if the integrands on both sides 

of the equation are equal, yielding, 

(3.21) 

To satisfy condition (3) we differentiate the expression for the potential in the first 

layer ( eq. 3.19) with respect to z and then set z = 0 to obtain the following equation, 

(3.22) 
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The first term in the integrand defines the field in a homogeneous earth. This primary 

field automatically satisfies the boundary condition. However, the last two terms of the 

integrand together define the effect of the boundaries. The vertical component of the per­

turbing fields must be zero at all values of r, including the point at which the current 

source is located. This can only occur if, 

8(A) =X(A) 

Condition (4) requires that in the deepest layer, n, the function X must be zero, 

otherwise the factor e+ A.z would increase the potential at increasing z. Thus, 

This set of equations are simultaneously solved to obtain e 1 ( A ). 

It is desirable to look at another function K1 ( A ); 

so that the expression for the potential becomes, 

(3.23) 

(3.24) 

(3.25) 

(3.26) 

where K1 ( A ) is known as the kernel function. Koefoed ( 1979) introduced another func­

tion, the resistivity transform, Ti ( A ), where, 

thus yielding, 

(3.27) 
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This resistivity transform is a function of the layer parameters only. Ghosh (1971a) 

showed that the relationship between the apparent resistivity function p a(x) and the 

resistivity transform T(y) is linear in nature. Thus it is possible to derive a set of filter 

coefficients needed to calculate p a from T (Ghosh 1971 b ). 

Kunetz (1966) first noticed the possibility of applying the method of digital linear 

filtering for the resistivity sounding interpretation. However, it was Ghosh (1970, 1971a, 

1971 b) who worked out and improved the method. The method is applicable because of 

the fact that the resistivity transform and the apparent resistivity functions are linearly 

related, thus the principle of digital filter theory can be applied to derive the apparent 

resistivity from the resistivity transform. 

The procedure is then to find values of the function T at a constant interval along 

the abscissa. The value of the function p a is then obtained as a linear expression of the 

function T. The coefficients of this linear expression are called the filter coefficients. 

The filter coefficients are values, sampled at a constant interval, of a sine function (sin 

xix), with the origins at each sample point. The amplitude and period of these functions 

is determined by the sampling interval. Thus, the basic problem is to determine this sam­

pling interval and the coefficients (Ghosh, 1971 b ). Fortunately filters have been pub­

lished for the arrays used in this study. 

Two Pascal programs have been written using the linear filter method. The first 

program after Koefoed (1979) for Schlumberger depth soundings and the second program 

for Schlumberger profiling and A-B rectangle methods. 
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For the Schlumberger depth sounding the potential difference for a homogeneous 

earth using a symmetrical linear electrode configuration is, 

L\v-2(p1)[-1 __ 1] 
21t s -b s +b 

(3.28) 

where s is half the current electrode separation, b is half the potential electrode separation 

and p is the resistivity of the homogeneous earth. Thus the expression for the apparent 

resistivity is found by solving for p and using values of L\ V and I, measured in a realistic 

non-homogeneous case. 

= (L\V) 2 (s2 -b2) 
Pa I ru (4bs) (3.29) 

For small values of b the expression (s2-b2)/(4bs) reduces to (s/4b). One finally can show 

that eq. (3.28) can be written in differential form as: 

-2ru 2av 
Pa=-1-as 

where for s = r, the expression (3.26) must be substituted for V yielding, 

(3.30) 

(3.31) 

Equation (3.26) and equation (3.31) are the basic equations solved in the two program. 

Both equations may be written as a convolution integral, by maRin:g the following substi­

tutions, 

x = ln(s) x = ln(r) 

y =-ln(A) y =-ln(A) 
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Yielding for the Schlumberger: 

Pasch1(X) = f~ T(y)f(x)dy (3.32) 

and for the potential: 

I l= V(r) =-
2 

T(y)f(x -y)dy(3.33) rcr _ 

These are solved by the convolution of the transform function with a filter function of 

form, 

f(x) = 11 [ exp (x)] exp (2x), For the Schlumberger and, 

f(x-y) = exp(x-y) 10 [exp(x-y)J, For the potential. 

This convolution may be expressed in discrete form as (Rijo, et. al., 1977) 

Iii 
p(y>aschl"" . L T(y -Tt) • C(Tt) 

1=-1t1 

for the Schlumberger and, 

I Iii 
V(r) =-

2 
_ I, T(lnr -Tt) · C(Tt) 

rcr ;=-"1 

for the potential, where 

Tli filter coefficient abscissae 
C(T)) digital filter coefficients 

n1 number of coefficients to the left of filter origin 
n2 number of coefficients to the right of the filter origin 

For the general case for any four-electrode array (see fig. 3.lb) 

(3.34) 

(3.35) 



For any measuring point i, 

where 

. I "1 
.1.V'=- I, T .c. 

27t. 1,/ ' 1=-n, 

For any array the apparent resistivity is given by equation 3.1 

(3.37) 

By Combining (3.36) and (3.1), the expression for the apparent resistivity as measured by 

a generalized four electrode array becomes 

"2 
I, T. C-. ,,, J (3.38) 

1=-n, 

The filter used in the computer program for the Schlumberger array was from Ghosh 

(1971), published in Koefoed (1979). The filter for the generalized array, (O'Neill and 

Merrick, 1984) was designed for the sampling rate of six points per decade. This filter 

was initially tested for the generalized array adopting the standard configuration of the 

Schlumberger, Wenner, and various bipole-bipole arrays. It was confirmed that this filter 

was applicable to any four electrode array. The programs written in this study were 

tested in comparison to master curve tables by Orellana and Mooney ( 1966) as shown in 

fig. 3.3. The "rectangle" program was tested using it to simulate a Schlumberger sound­

ing. 
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Figure 3.3: Comparison check of the computer program vs. master curves of a plot of 

apparent resistivity vs. half electrode spacing for a typical Schlumberger 

depth sounding. 
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3.2.4 Calculation of the apparent resistivity within the AB-rectangle for the horizontally 

layered case. 

For a constant separation of the current electrodes L, the depth penetration of a 

resistivity measurement varies, depending on the location of the potential electrodes MN 

relative to A and B (see fig. 3.2). Moving the potential electrodes MN towards A or B 

from a center position (as it is used in the Schlumberger sounding), decreases the depth 

penetration and thus increases the effect of shallower layers on the apparent resistivity. 

Moving MN perpendicular to AB away from the center, increases the depth penetration 

and thus increases the effect of deeper layers on the apparent resistivity. For any horizon­

tal layer model the change in the apparent resistivity within the rectangle as a function of 

the location of MN can be calculated. The horizontal layer model will be established 

from the interpretation of a Schlumberger depth sounding. 

This principle is demonstrated in an example. Fig. 3.4 shows a 3-layer curve with 

p1: unsaturated zone (10,000 n ft), p2: saturated zone (3,200 n ft) and p3: aquiclude 

(25,000 n ft). Say, the aquifer (p2) is the layer of interest, which causes a relative mini­

mum in the K-type curve (p1>p2<p3). At an optimal electrode separation of U2 = 20 ft 

layer 2 has a maximum influence on the apparent resistivity. If we are interested in the 

changes of p2 due to pollution of the aquifer (spreading of a plume from a point source), 

this would be observed with an AB-rectangle at an optimal AB separation of 40 ft (L/2 = 

20 ft). Lateral variations due to horizontal layering at varying depth penetrations are 

shown in fig. 3.5. The contours of constant resistivity are symmetric with respect to the 

center point of the rectangle. Approaching A or B (to the right or left) in fig. 3.5 

increases Pa due to the higher resistivity of the upper layer (p1). (compare with fig. 3.4) 

Moving perpendicular away from A or B (to the top or bottom of fig. 3.5) will also 

increase the apparent resistivity due to the higher resistivity of the third layer (p3). 
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Figure 3.4: Plot of apparent resistivity vs. half electrode spacing for the layer model 

shown. Note the ranges of the apparent resistivities within the AB­

rectangles of dimensions 4x10 ft, and 6x15 ft, and how these ranges relate 

to an apparent shift in the L/2 and therefor the depth penitration. 
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Figure 3.5: Contour plot of the expected resistivities within the 6x15 ft rectangle for 

the model presented in fig. 3.4. Note the bowl shape caused by the 

greater effect of the bordering layers of higher resistivity on the edges of 

the plot. 
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The smaller the rectangle at constant AB, the lesser the effect of p1 and p3 on the 

apparent resistivity. If the rectangles are too small, however, the method becomes less 

practical. Selection of the size of the AB-rectangle is a compromise between the number 

of observations possible for one AB-setup and the admissible influence of the layers 

above or below the target layer, which in this case is the aquifer. Also, the effect of vary­

ing depth penetration is large if the depth sounding curve shows large changes of Pa with 

respect to L/2. This is mostly the case with the steeply ascending branch due to highly 

resistive unfractured bedrock. 

The curve in fig. 3.6 is similar to the curve in fig. 3.4. In this case, however, we are 

interested in lateral resistivity changes in the bedrock. For the AB-rectangle method, 

therefore, an L/2 of 300 ft was selected. Plotting the expected resistivity values for a 

rectangle of size 120x200ft on the sounding curve shows the small influence of other lay­

ers. A contour map of the expected resistivities for this case was also plotted (fig. 3.7). 

This map shows a saddle indicating the effect of the slightly higher and lower resistivities 

about that point on the ascending branch of the sounding curve. In the case approaching 

A or B (to the right or left) in fig. 3.7 Pa decreases due to the lower resistivity of the upper 

layer (p2). (compare with fig. 3.6) Moving perpendicular away from A or B (to the top or 

bottom of fig. 3.7) will increase the apparent resistivity due to the higher resistivity of the 

bedrock at depth. 

The measurement and the interpretation is conducted in 5 steps: 

1. A geoelectrical depth sounding is conducted and interpreted for the deriva­
tion of the horizontal layer model. 

2. The choices of the optimal distance AB (or L) and the rectangle 
length and width are made. 

3. Calculation of the expected resistivity inside the rectangle due to the horizon­
tal layer case from step 1. or from adaitional depth soundings. 

4. Measurement of the apparent resistivity inside the rectangle. 

5. Sul;>tr;ic_tion of 3. form 4. yielding the residual resistivity due to lateral 
res1st1v1ty changes. 
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Figure 3.6: Plot of apparent resistivity vs. half electrode spacing for the 

layer model shown. Note the ranges of the apparent resistivities within 

the AB-rectangle of dimension 120x200 ft, and how these ranges relate to 

an apparent shift in the L/2 and therefor the depth penitration. 

42 



Ranges of Apparent Resistivities and 
Equivalent Electrode Spacing for 
AB Rectangle in Bedrock Layer 

.......... ...... -
E 
.c 
0 ........, 

...... 
C 
Q) 
~ 

0 
a. 
a. 
<l: 

1000 

[ depth [ resistivity 

J.5 1,400 

15.0 5JO 

t 15,400f 

Me-12 

10 100 

120x200 
Half Electrode Spacing [L/2] (ft) 

Fig. 3.6 

43 



Figure 3. 7: Contour plot of the expected resistivities within the 120x200 ft 

rectangle for the model presented in fig. 3.6. Note the saddle shape caused 

by the greater effect of the bordering layers of higher and lower resistivi­

ties on the edges of the plot. 
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3.2.5 Application of the AB rectangle method near a sanitary landfill. 

As part of a separate study an AB rectangle measurement was completed on the site 

of a landfill in Plainville, MA. A location plan of the area shows the measuring site rela­

tive to the landfill and other features (see fig 3.8). First a depth sounding was conducted 

and interpreted for a horizontal layer model (see fig. 3.9). In this area bedrock fractures 

and high permeability zones were expected, based on fracture trace analysis, which may 

facilitate the flow of leachates from the landfill. The current electrode spacing L of 400 

ft. was sufficiently large for a satisfactory depth penetration into the bedrock (see fig. 

3.9). Measurements were taken within an AB-rectangle with dimensions 80x200 ft. The 

expected apparent resistivity (due to horizontal layering) at each position was then calcu­

lated and subtracted from the actual measured value. 

Contours of the residual resistivities, as a result of this AB rectangle measurement 

are shown in figure 3.10. The most noticeable trend is the decrease in residual resistivity 

from south to north. The northern part of the rectangle has been affected by the downgra­

dient southward advance of the leachates from the landfill (see fig. 3.8). Further trends in 

this figure appear to be north-south linear crests and valleys. These features trend in the 

same general direction as lineaments and measured fractures which correspond to the 

local geology in the area. The highs might correspond to competent rock and the lows to 

fracture zones of higher porosity. Note that the main trend, believed to be from the lea­

chate, seems to flow into the suspected fracture zones from the landfill. 
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Figure 3.8: Sketch showing the placement of the AB-rectangle relative to the landfill, 

and hydraulic gradient, Plainville, MA. 
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Figure 3.9: Sounding curve with layer model interpretation used to calculate the 

expected resistivities within the AB-rectangle of dimensions 80x200 ft. 
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Figure 3.10: Contour map of anomalous bedrock resistivities within the AB-rectangle, 

Plainville, MA. Note the trend from low to high bedrock resistivity away 

from the landfill to the north. 

51 



Vl 
N 

Contours of Anomalous Bedrock Resistivity 
AB-Rectangle Methode 

Plainville, MA. 

t t· 200' i 
T

-1. 111 -19211 -1.171 ~ -1:468 - 32 ~l!I ~ -1174 ~ 

-~'c:tfJ -500--- ____ 
500

-----.soa_ "'-
~ 0 ~ 

l # ,#,#',f /!J l\" ~ 
'IY) --€"t4 / / ¥ / 27,l!I 1 tl4 \ 7~ 7¾] &~ ~ ~ -~62 

Fig. 3.10 

current electrode 
spacing 400' 

l 



3.3 Locating of soundings 

Additional supporting evidence for near vertical fractures is fracture trace analysis. 

This method is concerned with the mapping of lineaments. Lineaments are linear fea­

tures noticeable on aerial photos, satellite imagery, and other remote sensing maps. The 

features are from depressions in the topography, stream valleys, swamps, chains of lakes, 

or even tonal differences indicating different types of vegetation. Some formed from the 

ease with which the fractured rock is weathered in these zones, others are an indication of 

the moisture which can be associated which these zones. 

Fracture trace analysis does not provide information on the extent of subhorizontal 

fractures. Since these fractures are just as important to the flow network other techniques 

are needed to characterize and rank the potential within these zones. Drilling test wells 

over lineaments will provide much more of the needed information. However, drilling 

can be expensive and many wells may be required to locate the zones of highest potential. 

Geoelectrical depth soundings can provide information useful in substantially narrowing 

the number of wells drilled. 

Lineaments in this study had been previously mapped by others. Statistics were 

calculated and rose diagrams were plotted using software titled Fracture Analysis SQfi: 

~ by Rockware Inc. The program to digitize the lineaments from a base map for use 

with this software was modified by this author. This was written in IBM basic for use 

with a Huston Instruments HIPad tablet connected via the COMl: port. 
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4.0 RES UL TS AND DISCUSSION 

4.1 Aroostook Co., Maine 

The Maine Geologic Survey, under the state Department of Conservation, has been 

conducting a state-wide survey of both sand and gravel, and bedrock aquifers. A bedrock 

well was drilled for the hydraulic characterization of the bedrock in an effort to produce a 

high yield well for crop irrigation. Geophysics, conducted by Dr. R. K. Frohlich, D. 

Owen, M. Boland and T. Smith, was used to locate an optimal area for test wells. 

4.1.1 Geologic Setting and Lineament Analysis 

The study area extends over two fifteen minute quadrangles, the Mars Hill and Fort 

Fairfield, of the extreme northeastern corner of Maine (figure 4.1). Most of the bedrock 

in the area is a weakly metamorphosed calcareous sediment of middle Ordovician to 

early Silurian age. It is known as the Cary's Mill formation, which is overlain by youn­

ger petites of the Spragueville formation, localized to the northeast of this area. The 

structure of the region consists of northeast to north trending folds. There is also a major 

steeply dipping fault bordering the Spragueville formation trending north (Pavlides, 

1978). 

The geophysical study began with a map of lineaments for the area. Lineaments 

aided in the sighting of measurement locations. Lineaments in this area had been pre­

viously mapped by the Maine Geologic Survey (figures 4.2 and 4.3.). These lineaments 

were later digitized and statistically interpreted (figures 4.4a and 4.4b). The statistics for 

both quadrangles show similarities for the total number and length of lineaments and 

their averages. The Mars Hill Quadrangle shows three predominant lineament trends: N 

40-50 W; N 0-10 W; and N 40-50 E. 
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Figure 4.1: Location map showing the two quadrangles, Mars Hill and Fort Fairfield, 

within the state of Maine. 
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Figure 4.2: Location of the geoelectrical soundings in relation to the lineaments in the 

Mars Hill quadrangle. Lineaments were taken off a map provided by the 

Maine Geological Survey. 
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Figure 4.3: Location of the geoelectrical soundings in relation to the 

lineaments in the Fort Fairfield quadrangle. Lineaments 

were taken off a map provided by the Maine Geological 

Survey. 
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Figure 4.4a: Rose diagram showing the trends of the lineaments within the Mars Hill 

Quadrangle based on percent length of lineaments. 

Figure 4.4b: Rose diagram showing the trends of the lineaments within the Fort Fair­

field Quadrangle based on percent length of lineaments. 
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With a shift of 10 degrees the three trends are preserved on the Fort Fairfield Quadrangle. 

Lineaments on this quadrangle, however, are scattered over a wider azimuthal range. The 

lineaments N 0-10 W are parallel to the strike of the regional anticlines. 

4.1.2 Resistivity Soundings 

The geophysical survey consisted of 32 geoelectrical depth soundings and was con­

ducted over two summers 1986-87. Almost all soundings have been interpreted using a 

four layer model of AA-type or HA-type. These type curves correspond to layered 

sequences of relative resistivity changes (see appendix 4). Examples of these types are 

shown in figure 4.5. Sounding Me-22 represents an AA-type curve with a layer resistiv­

ity sequence of p 1 < p 2 < p 3 < p 4. whereas Me-29 is an HA-type curve with a sequence 

p 1 > p 2 < p 3 < p 4. The initially high resistivity of the HA-type is due to the unsaturated 

zone above the water table. The AA-type curves can have two hydrogeologic interpreta­

tions. The first interpretation is that the saturated zone is at the surface, possibly due to a 

recent rain. The second interpretation is that the water table is in the bedrock, where the 

saturated bedrock has a higher resistivity than the overlaying unsaturated sediments. 

Again the goal of this study was to locate possible sites for the drilling of high yield 

test wells in bedrock for the purpose of crop irrigation. This made it advantageous for 

the farmers to have our work performed on their land. One such site was suggested by 

professor Forbes of the University of Maine at Presque Isle. This site was also attractive 

to us because of nearby swamps and springs and the mild suggestion of a N-S lineament 

(Forbes, pers. communication). 

A total of six geoelectrical depth soundings were completed in this area (see fig. 4.6 

and appendix 4). Layer model resistivities are shown in Figure 4.7. 
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Figure 4.5: Typical sounding curves within the study area. Me-22 is an AA type and 

Me-29 is an HA type. 
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Figure 4.6: 

• 

Location of depth soundings in relation to the AB-rectangle, Presque Isle, 

Maine. 
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Figure 4.7: Layer models for the soundings made in the vicinity of the AB-rectangle, 

maintaining the relative positions with respect to the rectangle. Note the 

position of the soundings with the low bedrock resistivities. 
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These models have been positioned relative to their actual field locations (fig. 4.6). As is 

easily seen the lowest bedrock resistivities occur in soundings Me-7 and Me-8. To fur­

ther investigate this area of lower bedrock resistivity an AB rectangle measurement was 

performed. The current electrode spacing of L/2=500 ft., was chosen to focus the 

measurements within the bedrock layer. Figure 4.6 shows the location of the rectangle in 

relation to other depth soundings made in the area. Since the measurements were made 

to the west of the sounding line Me-25, the array actually covered half of a typical rectan­

gle. The contours of anomalous bedrock resistivity show a relative low in the south­

western corner (fig 4.8). This is a significant resistivity low relative to the area to the 

north and east. This low is supported by two depth soundings made within 

approximately 200ft of the southwestern corner of the rectangle. Figure 4.7 shows the 

layer models of Me-7 &8 which have low resistivity layers at the same depth that a high 

resistivity bedrock layer is shown for the model of Me-25. 

The bedrock resistivity low could be due to a greater depth of the bedrock, contamina­

tion of the groundwater, or a more fractured bedrock to the southwest. The depth to bed­

rock modeled for this area was confirmed by the digging of a trench (Owen, 1987). The 

low being caused by a more fractured zone of the bedrock is supported by the N-S 

lineament crossing the area. Although, this site was not the first choice for the placement 

of a well, based on this information I feel confident that drilling in the southwest corner 

of this AB-rectangle will produce a well with a higher yield relative to the surrounding 

area. 
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Figure 4.8: Contour map of anomalous bedrock resistivity for the Presque Isle AB­

rectangle. Note the low situated in the southwest comer corresponding to 

the low bedrock resistivities as seen in the geoelectrical depth soundings 

is figure 4.7. 
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Fig. 4.8 
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4.1.3 Correlation of Resistivity to Bedrock Parameters 

As previously presented theory has shown, bedrock resistivities may be used to esti­

mate porosities and permeabilities. Many water conductivity measurements were made 

and it was determined that a uniform value of 500 µ S/cm was characteristic of the 

uniform pore water in the bedrock. This provided a value for pore water resistivity of 

65.6 Q ft (20 Q m), from which apparent formation factors were calculated. Intrinsic for­

mation factors were calculated using equation 2.14, with a value of 25,000 Q ft (7,620 n 
m). for the matrix resistivity. This value represents the the resistivity of the unsaturated 

zone interpreted from sounding Me-27a. The sounding is located on a hill over outcrop­

ping bedrock. This value was assumed to be characteristic for the matrix resistivity of the 

bedrock in this area. The resistivity of this unsaturated zone is the highest found in the 

study area. 

Porosity values were estimated from the intrinsic formation factors with Achie's 

Law (eq. 2.11). Values for constants a,m where obtained from laboratory work on simi­

lar rock types found in the literature (Keller and Frischknecht, 1976). 

1.) 

2.) 

a= 0.55; 

a= 1.20; 

m = 1.85 

m = 1.88 

dolomite-limestone 

siliceous limestone 

These values were used to estimate a range of possible porosities between cp 1 and cp 2 in 

table 4.1. 

Permeability estimates were made in the same manner using equation 2.13. Con­

stants used here are from Katsube and Hume (1987) determined experimentally for two 

fractured granites of the Canadian Shield. 

1.) 

2.) 

a= 2.51xl0 7
; 

a= 3.31xl0 6
; 

r = 2.22 

r = 1.96 
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YES# 

1 

2 

3 

4 

5 

6 

7 

8 

11 

12 

13 

14 

15 

16 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

27a 

28 

29 

30 

31 

32 

Table: 4.1 Geoelectrical Parameters, Presque Isle, ME. 
Column 1: Depth sounding number 
Column 2: Bedrock resistivity 

p. (Q fl) GPM 

2,000 

1,700 

7,000 5.0 

2,100 

1,500 

2,400 

8,000 

7,400 

3,200 102.0 

6,400 120.0 

20,000 6.8 

10,000 6.0 

9,000 

2,500 300.0 

5,000 82.0 

11,000 

25,000 1.0 

25,000 

5,000 

23,000 

4,600 

9,000 20.00 

8,000 

7,500 20.00 

25,000 

20,000 

2,100 

2,000 

2,S00 

2,500 

Column 3: Well yield (gallons per minute) 
Column 4: Apparent formation factor 
Column 5: Intrinsic formation factor 
Column 6(1: Permeability estimate after Katsube & Hume (1987) 
Column 8/C): Porosity estimates after Archie (1942) 

Fa Fi kl k2 c:p 1 c:p2 

30.49 32.67 10921.70 3565.49 0.11 0.17 

25.91 27.47 16042.50 5006.63 0.12 0.19 

106.71 139.25 436.98 207.97 0.05 0.08 

32.01 34.43 9722.88 3217.64 0.11 0.17 

22.86 24.07 21515.26 6487.70 0.13 0.20 

36.58 39.77 7056.87 2424.69 0.09 0.16 

121.95 166.38 294.29 146.69 0.04 0.07 

112.80 149.81 371.48 180.19 0.05 0.08 

48.78 54.61 3490.13 1302.26 0.09 0.14 

97.56 124.07 564.60 260.76 0.05 0.08 

304.88 917.43 6.65 5.17 0.02 0.03 

152.44 228.83 145.06 78.55 0.04 0.06 

137.20 196.12 204.30 106.29 0.04 0.07 

38.11 41.58 6393.66 2222.36 0.09 0.14 

76.22 91.49 1110.22 473.72 0.06 0.10 

167.68 265.00 104.73 58.92 0.04 0.06 

381.10 2304.15 0.86 0.85 0.01 0.02 

381.10 2304.15 0.86 0.85 0.01 0.02 

76.22 91.49 1110.22 473.72 0.06 0.10 

350.61 1510.18 2.20 1.95 0.Ql 0.02 

70.12 82.84 1383.99 575.49 0.07 0.11 

137.20 196.12 204.30 106.29 0.04 0.07 

121.95 166.39 294.29 146.70 0.0S 0.07 

114.33 152.52 3S7.03 173.99 0.0S 0.08 

381.10 2304.1S 0.86 0.85 0.01 0.02 

304.88 917.43 6.6S S.17 0.02 0.03 

32.01 34.43 9722.88 3217.65 0.11 0.17 

30.49 32.67 10921.70 3S6S.S0 0.11 0.17 

38.11 41.58 6393.66 2222.36 0.09 0.14 

38.11 41.58 6393.66 2222.36 0.10 0.15 
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These are the only values for these constants which could be found in the literature. 

Again a range was calculated between k1 and k2 (table 4.1). 

These values of porosity and permeability, in table 4.1, are tentative at best. This is 

due to the lack of specific knowledge about the rocks and therefore their constants critical 

for the estimating equations 2.11 and 2.13. In order to prove that these values are even 

partially related to the actual parameters it must be shown that the basic relationships in 

the predicting equations are true. Both equation 2.11 and 2.13 are of the same form. 

These equations may be simplified to the form of a line by taking the logarithm of both 

sides. A bi-logarithm plot should then show a linear trend. Therefore, if the theory is 

correct, a plot of the logarithm of the intrisic formation factor versus the logarithm of the 

porosity or the permeability will produce a straight line. 

Before this comparison can be made it is necessary to have the values of porosity or 

permeability with which to compare to the bedrock resistivity. Porosity and permeability 

are parameters seldom measured in domestic wells. However, the yield of the well is 

almost always determined. Minimizing somewhat the changing depth factor from well to 

well by pointing out that yield decrease at depth, then yield should be a function of both 

the permeability and the porosity of the formation. As part of the Maine Survey's study, 

data on yield in the area had been mapped. Some depth soundings were made in close 

proximity to these wells so that a comparison could be made (table 4.1). 

A graph was then prepared of bedrock resistivity and yield in 10 wells located very 

near soundings (fig. 4.9). This graph does show a good relationship between the loga­

rithm of these two parameters as suggested by the theory. The trend shown on the graph 

has a correlation coefficient of -0.73, as calculated by standard linear regression 

techniques. 
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Figure 4.9: Plot of bedrock resistivity versus well yield, Aroostook Co., Maine. The 

correlation coefficient is -0.73. 
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Results of this study lead Frohlich et al. (1988), to suggest a site for the drilling of a 

high yield bedrock well based on the lowest bedrock resistivities. The test well termi­

nated at 200 ft (70m) and produced a yield of 100 GPM (6.3 x 10-3 m3/s). 

4.2 Johnston, Rhode Island 

The Solid Waste Management Corporation has been conducting a survey to evalu­

ate the hydrogeology of fractured bedrock under the Central Landfill in Johnston, RI (fig. 

4.10). This study has been headed by the engineering firm of Goldberg Zoino and 

Associates, who contracted Dr. R. K. Frohlich, Dr. D. W. Urish and the late Dr. J. J. 

Fisher, to perform geophysics and lineament analysis to locate fracture zones in the bed­

rock. The study was assisted by Joe Savarese, lineaments; Larry Hanson, seismic; and 

Mike Boland, geoelectrics. The purpose was to suggest three sites in which to drill deep 

bedrock wells to monitor any contaminant transport within the suggested fracture zones. 

4.2.1 Geologic Setting and Lineament Analysis 

The study was located about the Landfill (fig 4.11) on the North Scituate Quad­

rangle. The bedrock in the area is a hypersolvus granite known as the Devonian Scituate 

Pluton, with a radiometric age measured at 370 my (Hermes and Zartman, 1985). The 

Scituate Granite is bordered to the east and northeast by the Proterozoic metadiorite asso­

ciated with the Esmond Plutonic Suite and the Late Proterozoic Blackstone Series 

(Quinn, 1971). The northwestern edge is bordered by Esmond Granite, the 

Carboniferous Bellingham Conglomerate, the Precambrian Absalona Gneiss, and the 

Woonasquatucket Shists. 
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Figure 4.10: Location map showing the study areas in Rhode Island. 

1. Johnston - centered at the Central Landfill 

2. Tiverton - centered at Florence ave. 
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Figure 4.11: Location map of the Central Landfill, Johnston RI. with lineaments 

mapped by Joesph Savarese. 
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Fig. 4.11 
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Figure 4.12: Rose diagram showing the trends of the lineaments within 

the area of the Central Landfill based on percent length of 

lineaments. 
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The Esmond Granite and Bellingham Conglomerate are interpreted to be in fault contact 

with the Scituate Granite (Hamidzada, 1988 and Quinn, 1951). The Scituate Granite con­

stitutes an 'A' type granite, typical of an anorogenic, extensional tectonic regime (Dan­

forth, 1986). 

There is one major lineament in the area visible on landsat imagery. This lineament 

is of most concern because it passes through the Scituate reservoir and the Central Land­

fill. It strikes N 40-50 E which is one of three major trends (fig. 4.12). The northwest 

trend may be associated with ductile shear zones which strike N 30-40 W, and dip 

northeast and are exposed to the northeast of the landfill (Hamidzada and Hermes, 1984). 

They describe another set of shear zones which could fit the north trend. These shear 

zones are near the southeast end of the Scituate Reservoir, striking N 0-5 W. There are 

also dolorite dikes striking N 0. These dikes are characteristic of those produced by 

magmas in intraplate zones of tensional igneous activity which could have occured dur­

ing Mesozoic rifting along eastern North America during the opening of the Atlantic 

(Hermes et al, 1984). The northeast trend could relate to a fault described by Hamidzada 

(1988), near the Rt. I 295 - I 195 interchange. This near vertical fault has a 4 ft. wide 

zone of gouge and was measured by Hanson (1988) at N 30 E, 74 W. 

The surficial geology, though of minor importance to this study, is complex in the 

area. Most of the visible surface that has not been removed is a deposit of ground 

moraine (till). A glacial fluvial deposits (outwash) is present and a glacial channel is 

mapped to the west of the landfill in the Cedar Brook valley (Robinson, 1961 ). 

4.2.2 Resistivity Soundings 

A total of ten geoelectrical depth soundings were conducted for this study (see 

appendix 2). The locations of these soundings are shown in figure 4.13. 
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Figure 4.13: Location of depth soundings Clf, and seismic soundings S (Hanson, 

1988), Johnston, RI. 
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The sounding curves with layer model interpretations along with the sounding data are 

located in appendix 3a and 3b. Sites for these soundings were selected on the basis of the 

fracture trace analysis, a gravity survey and a map showing contour lines of hydraulic 

head from a report by Goldberg & Zoino (Frohlich et al, 1987). Most of the interpreted 

models have a thin top layer with resistivities that indicate the top soil moisture condi­

tions. High resistivity indicates dry soil and low resistivities prevail during the moist 

season. Unique for this study is that the area has had many test wells drilled, providing 

much data for comparison and evaluation of the geoelectrical method. The next few 

paragraphs discuss the interpreted layer models and how those models relate to features 

uncovered by other geologic or geophysical methods 

Soundings Clf-1 and 2, were conducted away from any wells and near one of the 

major mapped lineaments. Depths to bedrock coincide well with those from seismic 

refraction interpretations (Hanson, 1988). The low bedrock resistivities between 6000 

and 8000 Oft to a depth below 200 ft (Clf-1) and 80 ft (Clf-2) suggest fratured bedrock. 

The decrease in bedrock resistivity from 8000 n ft to 6000 n ft further supports the 

effect of a fracture zone which is closer to Clf-2. 

Sounding Clf-3 was located near a well that was recommended on the basis of this 

study: WE87-M3. The depth to bedrock is 53 ft as measured in the well. A low resistiv­

ity of 3900 n ft extends from 59 to 250 ft. This zone coincides with four permeable 

zones interpreted on the basis on tube waves delineated by surface to hole seismic 

techniques. This seismic work was performed by Weston Geophysics for Goldberg 

Zoino and Associates. Below 250 ft the resistivity increases to 5400 n ft which is evi­

dence of further fracturing though less than the section above. The high resistivity layer 

of 8500 n ft above the fractured zone is probably a compact till that may form a 

confining layer. 
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The most noticeable feature of sounding Clf-4 is the very low apparent resistivity of 

680 n ft betweeen 10 and 140ft. This is due mainly to the low pore water resistivity of 

30 n ft as measured in well WE87-M2. It was also noted in this sounding that it was 

impossible to distinguish between a layer that was logged as boulder till and the top of 

the fractured bedrock. This is due to the fact that the bedrock is probably highly frac­

tured and that the low resistivity of the pore water is such a good conductor. The 

resistivity rises strongly below a depth of 140 ft, suggesting a compact and less fractured 

bedrock. The fractured nature of the bedrock above this is supported by the core logs. 

However, the well penetrated only to a depth of 151 ft, which leaves no support for a 

continuation of compact rock beneath. 

Sounding Clf-5 shows an unusually low bedrock resistivity. No logs were available 

for this well for comparison. The packer tests do indicate the highest permeabilities of 

the area. Shallow and relatively compact bedrock was measured in sounding Clf-6. 

Packer tests indicate low permeability except for the very first packer interval. This 

could be due to an inadequate seal of the top packer. Therefore average hydraulic con­

ductivities were also calculated minus the first packer in hope to get as characteristic a 

value of the hydraulic conductivity of the bedrock as possible. 

A sounding that was made close to the landfill, Clf-7, is believed to be located over 
'i<\. 

the major northeast trending lineament. This curve shows a bedrock bulk resistivity of 

1200 Q ft with a high pore water conductance in well WE87-10. This corresponds to a 

high bedrock permeability. Clf-8 is located adjacent to this sounding and shows a high 

resistivity off the lineament indicating a decreasing fracture frequency and a more com­

petent bedrock. 
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Sounding Clf-9 and Clf-10 suggests a sequence of high and low resistivities to a 

depth below 300 ft. The strong variations of the apparent resistivity versus U2 make 

these sounding curves look different from the others. It is very likely that lateral inhomo­

geneities influence these variations. 

To evaluate the accuracy of the electrical resistivity method in this area and to meet 

concerns of equivalence, common in most geoelectrical studies, a plot of depth to bed­

rock from sounding models to well logs was made. This was to confirm that the models 

can accurately predict the depth to bedrock. Figure 4.14, shows an excellent, one to one 

relationship between these two measurements. The graph has a correlation coefficient of 

0.99 and standard deviation of 0.42. 

4.2.3 Correlation of Resistivity to Bedrock Parameters 

Porosities and permeabilities were estimated in the same manner as discussed in 

chapter 4.1. 35,000 n ft (7,620 nm) was used for the matrix resistivity. This value rep­

resents the the resistivity of the unsaturated zone interpreted from sounding Clf-6. As 

before this sounding was located over outcropping bedrock. This value was assumed to 

be characteristic for the matrix resistivity of the bedrock in this area. These values along 

with data from soundings is presented in table 4.2. In this study we were able to com­

pare permeabilities from Katsube and Hume (1987) with hydraulic conductivities 

obtained from packer tests. A graph of this result is shown in figure 4.15. One point on 

the graph had the average hydraulic conductivity calculated without the first 5 ft packer 

interval. This is because this first interval was extremely high and uncharacteristic of the 

rest of the well. It is believed that the packer may not have had a good seal near the 

bedrock-overburden interface. 
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Figure 4.14: Plot of depth to bedrock, measured in a well vs. interpreted from geoelec­

trical depth sounding. The correlation coefficient is 0.99. 
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Column 1: 
Column 2: 
Column 3: 
Column 4: 
Column 5: 
Column 6: 
Column 7: 
Column 8: 

Resistivity Seismic 
Sounding Profile 

clf-1 s-1 

clf-2 s-2 

clf-3 s-3 

clf-4 s-4 

clf-5 s-28 

clf-6 s-15 

clf-7 s-25 

clf-8 s-35 

clf-9 s-10 

clf-10 s-9 

Table: 4.2 Geoelectrical Parameters, Johnston, RI 

Depth sounding number 
Seismic profile number (Hanson, 1988) 
Monitonng well number 
Depth to bedrock from the Resistivity model 
Depth to bedrock from the seismic model (Hanson, 1988) 
Depth to bedrock from well data • 
Bearock resistivity 
Bedrock seismic velocity (Hanson, 1988) 

Well# Resistivity Seismic Well Bulk 

om~ D{ft)hs D(ft~ Re(sistivt)ity n -ft 

19.00 20.00 8,000 

19.50 16.00 6,000 

WE87M3 19.00 24.00 53.00 8,500 

WE87M2 10.00 24.67 9.5till, 29 680 

WE85-6 20.00 35.00 21.00 2,000 

WE87-17 2.00 3.65 1.65 9,500 

WE87-10 10.00 6.50 8.95 1,200 

WE87-l 1 2.00 5.21 2.53 8,000 

WE85Ml 15.00 25.00 13.50 9,000 

WE85-18 5.50 6.69 6.70 5,200 

Column 9: Pore-water resistivity 
Column 10: Average hydraulic conductivity (minus first packer interval) 
Column 11: Average hydraulic conductivity (entire bedrock section) 
Column 12: ApP.arent formation factor 
Column 13: Intrinsic formation factor 
Column 14: Permeabilin!,rstirnates after Katsube & Hume (1987) 

(a= 3.31xl0, r = 1.96) 
Column 15: Porosity estimates after Archie (1942) 

(a= 1.85, m = 0.55) 

Seismic Pore Water K K F, Fi k 
Ve(los;)ity Re (sistivti )ty W; AVE 

ft/s Q-ft (fr/yr) (am2) 

12,112 3.21 3.59 

12,970 3.21 3.59 

15,400 219.00 19.35 18.34 38.81 51.26 1474.5 

9,333 30.00 56.98 51:50 22.67 23.12 7021.2 

9,173 469.00 75.89 83.39 4.26 4.52 172090.0 

15,070 410.00, 4.45 48.30 23.17 31.80 3759.0 

8,840 9.00 7.80 55.12 133.33 138.06 211.5 

11,477 22.00 3.53 4.75 363.64 471.39 19.1 

12,228 137.00 16.49 14.52 65.69 88.43 506.4 

14,088 800.00 51.47 44.77 6.50 7.63 61670.8 

<p 

0.10 

0.13 

0.33 

0.13 

0.04 

0.01 

0.o7 

0.26 



Figure 4.15: Plot of the average hydraulic conductivity versus the permeability esti­

mated by the geoelectrical depth sounding after Katsube and Hume 

(1987). 
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As seen in figure 4.15 two of the points stretch the scale beyond which a relation­

ship may be distinguished. Those two points are data from sounding Clf-10 and Clf-5. 

These points have the highest values for pore water resistivity which could be the cause 

for this deviation. When the plot is re-scaled a good linear trend appears. There is one 

point on this trend which also seems not to fit. This point from Clf-8 has a low pore 

water resistivity. The effect that the pore water resistivity has on this relationship was 

addressed in chapter 2.3. These predictive equations are believed not to be valid for 

extremes in pore water resistivity. Further discussion on this element will be made in the 

following chapter. 

Actual coefficients for the permeability predicting equation 2.13, have never been 

reported for formation factors measured on the surf ace. Using equation 2.1, with values 

p = 1 g/cm3, g = 9.78 m/s2
, µ = 1.005 centipoise at 20° C, values for hydraulic conductiv­

ity were transformed into values of permeability (see table 4.3). The logarithm of this 

data was plotted vs. the logarithm of the intrinsic formation factor. Plotted were the five 

points which fitted the previous linear trend best. (fig. 4.16). This plot shows a good lin­

ear relationship with a correlation coefficient of 0.98. The slope of this trend is -1.08 and 

the y-intersept is -11.80. 

The coefficients for the estimating equation 2.13 are now determined to be r = 1.08 

and a= 7.53 x 10-6• As noted in chapter 2.3, Walsh and Brace (1984) report that r must 

be within the range 1 to 3. Also the value for a falls between the two values used by 

Katsube and Hume (1987). 

k = 7 .53x 10---6 p-1.os [am2J (4.1) 

note: am2 = atto(meter)2 = 10-18 m2 
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I.O 
-..J 

Resistivity 
Sounding 

clf-3 

clf-4 

clf-5 

clf-6 

clf-7 

clf-8 

clf-9 

clf-10 

Well# 

WE87M3 

WE87M2 

WE85-6 

WE87-17 

WE87-10 

WE87-ll 

WE85Ml 

WE85-18 

Table: 4.3 Geoelectrical Parameters, Johnston, RI 

Column I: 
Column 2: 
Column 3: 
Column 4: 
Column 5: 
Column 6: 
Column 7: 
Column 8: 

K. 
(ft/yr) 

18.34 

51.50 

83.39 

48.30 

7.80 

4.75 

14.52 

44.77 

Depth sounding_number 
Monitoring well number 
Actual hydraulic conductivity (ft/Yr) 
Actual hydraulic cond~tivity (rn/s) 
Actual permeability (m~) 
Logarithm of the A:ctuaf ~rmeability 
Logarithm of the Intrinsic fonnation factor 
Permeabili!YfStimates after Katsube & Hume (1987) 
(a= 3.3lxl0, r = 1.96) 

(~s) 
[x I 0-] 

(~ 
[xlO-4

] 

Lo~k. (m 

1.77 1.82 -13.74 

4.98 5.12 -13.29 

8.06 8.28 -13.08 

4.67 4.80 -13.32 

0.75 0.77 -14.11 

0.43 0.47 -14.33 

1.40 1.44 -13.84 

. 4.33 4.45 -13.35 

LogF; 
(~ 

[xlO-4
] 

1.71 0.147 

1.36 0.702 

0.65 17.209 

1.50 0.375 

2.14 0.021 

2.67 0.002 

1.95 0.051 

0.88 6.167 



Figure 4.16: Plot of the permeability of the bedrock versus the formation factor, John­

ston RI. The correlation coeficient is 0.98. 
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4.3 Tiverton, Rhode Island 

Several bedrock wells in Northeastern Tiverton, Rhode Island (fig.4.9), have been 

contaminated with petroleum hydrocarbons since November 1984. The impacted wells 

are located in the southwest portion of the Fall River Quadrangle. The study, performed 

for the Water Resources Division of the RI Department of Environmental Management, 

determined that ground water in the bedrock aquifer was polluted with #2 fuel oil with 

dissolved concentrations of up to 3600 mg/L. The URI Department of Geology was con­

tracted to study the hydrogeology of the area using their remote sensing and geophysical 

techniques (Frohlich and Fisher, 1988). Assisting in this study were: J. Savarese (1987, 

hydrogeology), L. Hanson (1988, seismic refraction) and this author, geoelectrics. 

4.3.1 Geologic Setting and Lineament Analysis 

The area is underlain by coarse-grained, pink to gray Bulgarmarsh Granite, 

(Quinn,1971). This granite, a member of the Fall River Pluton, intruded and crystallized 

during the Precambrian (Zen, 1983). Above the granite, is a cover of poorly sorted till 

with an average thickness of 20 ft (Allen and Ryan, 1960). This till contains boulders of 

granite derived locally from the Bulgarmarsh granite. The clay component of the till may 

originate from the shales of the Narragansett Basin to the north. 

Lineaments mapped by Savarese (1987), and lineament orientations, expressed in 

percent of total length were determined and plotted on a rose diagram (fig 4.17a). This 

diagram shows a strong, major trend of Nl5°-30°W. Because of its dominance other 

trends are suppressed. A histogram of the data (fig. 4.17b ), however, shows the minor 

trends of N65°E, N20°E, N05°E and N45°W. These trends were field checked by measur­

ing the orientations of approximately 300 fractures in the area. A contoured stereo net 

(fig. 4.18), was then constructed. The strike directions of the measured fractures coincide 

with the lineaments shown in fig. 4.17. 
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Figure 4.17a: Rose diagram showing the trends of the lineaments 

within the Tiverton, RI. area based on percent length of 

lineaments. Lineaments mapped by Joseph Savarese, 

(1987). 

Figure 4.17b: Histogram showing the trends of the lineaments within 

the Tiverton, RI. area based on percent length of lineam­

ents. Lineaments mapped by Joseph Savarese, (1987). 
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Figure 4.18: Stereo contour plot of poles to fracture planes, Tiverton, RI. Based on 

300 measurements. 
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4.3.2 Resistivity Soundings 

Eight geoelectrical depth soundings after Schlumberger were completed in this 

study area (fig. 4.19 and appendix 3). All but three of the soundings were interpreted 

using a two layer model. The three remaining soundings show a dry layer of soil above 

the water table. Apparent resistivities for the bedrock range from 4,000 to 50,000 n ft 
(Table 4.4). All soundings showing bedrock resistivities below 10,000 n ft are located 

along a lineament that is expressed on the ground surface as an elongate swamp (Saver­

ese, 1987). Frohlich et al. (1988), conclude from the interpretation of ground magnetic 

data that this is a 30 to 40 m wide fracture zone dipping 70° -80° to the east. The 

suggestion that this lineament is the surface expression of a fracture zone is further sup­

ported by low seismic bedrock velocities (table 4.4), which decrease along this zone by 

approximately 20 % of the compact velocity of 16,000 ft/s (Hanson, 1988). 

4.3.3 Correlation of Resistivity to Bedrock Parameters 

Sjogren et al. (1979) found a correlation between seismic velocity and RQD-factors 

for crystalline rocks in Sweden. They also suggested a correlation between permeability 

and RQD-factor. Hanson (1988) showed on the Central landfill also a correlation 

between seismic velocity and RQD-factor. Because of a relation between permeability 

and formation factor, a correlation is expected between seismic velocity and formation 

factor. 

Before relationships between resistivity and seismic velocity can be tested, we can 

compare how these two methods independently measure depth to bedrock (DTB) (fig. 

4.20). This plot shows an identity line with only three points differing by more than a 

few feet in DTB. A linear regression computed on DTB seismic vs. resistivity shows a 

correlation coefficient of 0.78. 
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Column 1: 
Column 2: 
Column 3: 
Column 4: 
Column 5: 
Column 6: 

Resistivity 
Sounding 

fl-1 

fl-2 

fl-3 

fl-4 

fl-5 

fl-6 

fl-7 

fl-8 

Table: 4.4 Geoelectrical Parameters, Tiverton, RI 

Depth sounding number 
Seismic profile number (Hanson, 1988) 
Depth to bedrock from the Resistivity model 
Depth to bedrock from the seismic model (Hanson, 1988) 
Bedrock resistivity 
Bedrock seismic velocity (Hanson, 1988) 

Seismic Resistivity Seismic Bulk 
Profile Defiths Defiths Resistivity 

( l) ( l) < n -ft) 

s-2 6.50 6.50 8,000 

s-2 5.00 6.50 12,000 

s-2 9.50 6.50 6,000 

--- 25.00 --- 50,000 

s-1 13.15 11.00 20,000 

s-4 6.50 8.80 4,000 

s-3 9.52 6.50 19,000 

--- 8.60 --- 8,500 

Seismic 
Velosity 

(ft/s) 

13,350 

13,350 

13,350 

---

16,250 

11,000 

15,900 

---

Column 7: 
Column 8: 
Column 9: 
Column 10: 

Column 11: 

Pore Water 
Resistivity 

< n -ft) 

54.67 

65.60 

59.64 

79.00 

79.00 

72.89 

82.00 

72.89 

Pore-water resistivity 
Apparent formation factor 
Intrinsic formation factor 
Permeability estimates after Katsube & Hume (1987) 
(a= 3.31xHf, r = 1.96) 
Porosity estimates after Archie (1942) 
(a= 1.85, m = 0.55) 

F. F; k 

146.25 215.34 88.49 

182.92 305.19 44.68 

100.67 129.14 241.06 

640.20 --- ---
-

256.08 583.09 12.56 

54.90 62.36 1004.25 

228.92 459.05 20.07 

116.60 156.58 165.25 

<p 

0.04 

0.03 

0.05 

---

0.02 

0.08 

0.03 

0.05 



Figure 4.19: Location of Tiverton study area. Geoelectrial soundings 

are labeled Fl, and seisrni_c soundings S. 
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Fig. 4.19 Tiverton, RI 
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Figure 4.20: Plot of estimated depth to bedrock, seismic versus geoelectrical sounding. 

The line drawn represents an identity line since the two should be equal. 

109 



~ .._. -...__,, 

(I) -0 
\... 

0... 

(.) 

E 
en 
(I) 

{/) 

30 

20 

10 

Estimated Depth to Bedrock 
Johnston and Tiverton, RI 

• 

0 -F..,.-.......,..,........,..,.....,...,..,l'"T"T""T"T'T"T"T"T.,..,...~rT"T""r-TTTT"TT'T"T~rT"T"M"T"T"T""T"i 

0 5 10 15 20 25 

Resistivity Sounding (ft) 

Fig. 4.20 

110 



The standard deviation of the difference between OTB interpreted from these two meth­

ods amounts to 5.0 ft. This is an expected deviation, given the accuracy of both methods 

(note the scatter in fig. 4.14, in which resistivity was compared to the actual depth). 

Seismic refraction and elecnical depth sounding interpretation produce similar depths to 

bedrock which agree with borehole data. 

As mentioned in chapter 2.3 the logarithmic function of the formation factor should 

be linearly related to the logarithm of porosity and permeability, and thus to the logarithm 

of bedrock velocity. Figure 4.21 shows seismic velocities versus apparent formation fac­

tors on a bilogarithmic scale. While the data are widely scattered, one set (black points) 

shows a linear trend indicated by the least squares' regression line. Points that do not 

follow this trend are characterized by extreme pore water resistivities. The group to the 

top left (clf-3,5,6,10) has pore water resistivities of 219 Qft and greater. Points to the 

bottom right ( elf-7 and 8) have pore water resistivities of 22 Qft or less. All data about 

this trend have pore water resistivities that lie between these extreme values. 

The theory discussed in chapter 2.2 suggests clay effects, though constant within a 

range of conductivities, may alter the values of formation factor, when dealing with high 

and low pore water resistivity. It is well known that the relationship between ionic con­

centration and conductance is linear up to the point when the solution becomes so con­

centrated that ionic mobility is resnicted. Charged clay particles within a fracture have 

the effect of increasing this concentration and further resnicting ionic mobility by the 

creation of the double layer. Thus, for high specific conductances (low resistivities) the 

measured pore water resistance does not account for the total resistance of the pore, 

which is higher under these conditions. This leads to a higher value for the formation 

factor than would be consistent with equations for hydrogeologic parameters. This could 

explain the shift to the right of points Clf-7 and Clf-8 in fig. 4.21. 
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Figure 4.21: Plot of apparent formation factor versus seismic velocity, Johnston and 

Tiverton, RI. Soundings marked by x had high pore water resistivities, 

those marked by o had low pore water resistivities relative to the points 

about the line. 
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Also noted in section 2.2 is that equation 2.17, is invalid for high pore water resistivities. 

The theory for the effect of low pore water conductivity is complex, particularly if clay 

effects are concidered. 

The added conduction of the clay particles themselves is also not accounted for in 

the apparent formation factor. Thus, the bulk resistivity must be divided by what would 

amount to a lower resistivity for the pore system. This would have the effect of increas­

ing the formation factor, thus, shifting those points to the right. If this bit of digression 

means anything, then using formation factors with extremely high or low pore water 

resistivities can decrease the inherent correlation between these two parameters concider­

ably. A plot of seismic velocity versus bulk resistivity was made to see if the relationship 

became better defined (fig. 4.22). Replacing apparent formation factors with bulk 

resistivities produces a better correlation with seismic velocities, which includes points of 

extreme pore water resistivities. 

From these observations, it would appear that in dealing with an area with an 

extreme variability in pore water resistivity, the bulk resistivity, and not the formation 

factor, better describes the relative hydraulic characteristics of the bedrock. 

A geoelectrical profile after Schlumberger was also completed in the Tiverton area. 

This profile supports the interpretation of a fracture zone located roughly perpendicular to 

Florence Ave. Profile Fl-1 p shows the relationship of resistivity to the actual bedrock 

profile as shown in Savarese (1987), (fig. 4.23). It should be pointed out that profiling 

and AB-rectangle measurements show larger and sometimes discontinuous lateral varia­

tions than depth sounding data taken with increased electrode separations. 
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Figure 4.22: Plot of bedrock resistivity versus seismic velocity, Johnston and Tiverton, 

RI. 
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Figure 4.23: Geolelectrical profile Fl-1 p shown in relation to the geologic profile by 

Savarese (1987). 
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5. SUMMARY 

This study has presented the theory, the methodology and practical examples for 

using direct current resistivity to estimate the water transmitting properties of fractured 

bedrock. 

5.1 Theory 

The theory presented is an up to date summary relating electrical resistivity to 

hydraulic parameters. It was the authors intent to have this theory in this paper to help 

those who are not already f arniliar with it. This background information is crucial in the 

understanding that the relationships found are based on actual physical properties. It has 

been shown that the logarithm of permeability in fractured rock is inversely related to the 

log function of the formation factor. The effects of fracture frequency, fracture tortuos­

ity, roughness and degree of weathering on the formation factor have been discused. 

5.2 Methodology 

The methods used in this study have also been presented. The main tool used in the 

field studies has been the geoelectrical depth sounding after Schlumberger. This is a 

common technique and has been presented only to clarify the specific procedures and 

interpretation techniques used by the author. 

A second method, the AB-rectangle technique, has also been presented. This tech­

nique has been presented because it allows for many more measurements to be made spa­

tially over an area in substantially less time than multiple depth soundings. However, in 

the past this method was not able to give "true" apparent resistivity changes within a 

layer. This was due to the relative change in the depth penetration of the measurement as 

the potential electrodes were moved. Though this method was not used extensively in 

this study, procedures have been developed and presented to aid future studies for which 
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the AB-rectangle would be useful. Simply put the procedure includes a method to focus 

the measurements within a layer and "filter" out the effect of the change in measurement 

depth. The measurement and the interpretation is conducted in 5 steps: 

1. A geoelectrical depth sounding is conducted and interpreted for the derivation of 
the horizontal layer model. 
2. The choices of the optimal distance AB (or L) and the rectangle length and width 
are made. 
3. Calculation of the expected resistivity inside the rectangle due to the horizontal 
layer case from step 1. or from additional depth soundings. 
4. Measurement of the apparent resistivity inside the rectangle. 
5. Subtraction of 3. from 4. yielding the residual resistivity due to lateral resistivity 
changes. 

5.3 Field Studies 

Fifty depth soundings were completed to analyze the theory relating electrical 

resistivity to fluid flow through fractured bedrock. Comparisons have been made with 

available information believed to characterize flow in two separate study areas (Johnston, 

RI and northeastern Maine). Relationships have been demonstrated which are specific to 

each study area, but which can be applied in a broad sense elsewhere. These relation:­

ships have been predicted by theory of both flow of fluid and electrical current through 

fractured rock. 

In the Maine study area bedrock resistivity was compared to yields in domestic 

wells. This relationship proved not to be significant enough to predict well yields. How­

ever, apparent resistivity of the bedrock was used to locate areas of potentially higher 

well yield. Although actual predictions of that yield are not possible, a relative ranking 

from high to low in an area is possible (fig. 4.9). 

In the Johnston study area a relationship between hydraulic conductivity and pre­

dicted permeability, after Katsube and Hume (1987), was suggested (fig. 4.16). Although 

this relationship lacks sufficient data to be statistically valid, it again shows that a general 
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ranking from low to high values in an area is possible. Coefficients calculated for this 

relationship correspond to the lower limit of the range, 1 < r < 3, in equation 2.13, pres­

ented by Walsh and Brace (1986). It should be further noted that permeability estimates 

were compared to hydraulic conductivity found by averaging packer intervals in a well. , 

It is not known whether this is an accurate characterization of the bedrock aquifer. It 

would have been preferred if more conventional, yet more inconvenient, pumping tests 

were run on these wells. 

Eight soundings were completed near wells. Another eight were completed next to 

complementary seismic refraction profiles. This allowed for the evaluation of the 

resistivity depth sounding method to accurately characterized the bedrock layer given the 

inherent problem with equivalence. Depth sounding interpretations were all made with­

out the above mentioned prior information. Comparisons between the depth to bedrock 

as interpreted by the depth sounding to the actual depth to bedrock and that measured by 

seismic refraction were good (fig. 4.14, and fig. 4.20). This is due to accurate interpreta­

tions of, in most cases the final asymptotic branches, which characterize the bedrock. 

Comparison to another method of characterizing aquifers, that of seismic velocity, 

shows some very interesting results. Suggested in figure 4.20 is the possible dependence 

of this relationship on a range of pore water resistivities. This range of pore water resisti­

vities was 22< Pw< 220 Q ft, or 150 <aw< 1,500 µ S/cm. It appears, comparing fig. 

4.21 to fig. 4.23, that in an area of inhomogeneous pore water resistivities, the apparent 

resistivity is a better parameter to rank sites than would be the formation factor of the 

bedrock. 

Two computer programs totaling 2,580 lines of code were written. These programs 

provide for storage, interpretation, and presentation of all geoelectrical methods in use by 

the Department of Geology (URI). The interpretation procedures in the first program 
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were rewritten from Koefoed (1979). These procedures in the second program were 

developed using general theory, and linear filters found in Merrick and O'Neill (1984). 

The programs were written in Turbo Pascal for IBM PC's with parallel printers accom­

modated by PC DOS, and HP plotters using the COMl: port. The implementation of 

these programs has been checked by comparisons to master curve sets by Orellana and 

Mooney (1966) and by, comparison to an older version of the depth sounding interpreta­

tion program, and by evaluation of a depth sounding using both the first and second pro­

grams to obtain equal results. These programs speed interpretation and presentation of 

geoelectrical data and also provide the option of storage that will facilitate use of new and 

old data in the future. 
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6. CONCLUSION 

The geoelectrical depth sounding has proved a useful tool in evaluating the hydro­

geology of three areas. Attempts were made producing good results with the direct com­

parison of bedrock resistivity to hydrogeologic parameters. It was not the intent of this 

study to suggest that the geoelectrical depth sounding method could replace exploratory 

drilling and in-hole hydraulic testing. However, drilling into bedrock is costly and the 

results of this study show that good estimates of the hydraulic conductivity may be made 

between wells for which the hydraulic condu.;tivity has been calculated. 

The limitations of AB Rectangle and Schlumberger profiling techniques have been 

minimized. It must be pointed out that, in fractured bedrock, resistivity highs and lows 

may be due to other than changes in the porosity and permeability. Since all interpreta­

tions are made based on the layer model from a depth sounding, deviations from this 

model will cause anomalous resistivity values. For instance, if the depth to bedrock 

increases, this will produce an resistivity low. Changes in the pore water resistivity will 

also change values without indicating changes in the hydraulic characteristics of the bed­

rock aquifer. However, both of these observations may be useful in placing a monitoring 

well. Hanson (1988) has indicated a relationship between depth of bedrock and degree of 

fracturing in a glaciated area. High pore water resistivities may indicate contamination of 

aquifers from salt water intrusion or non-organic pollutants. Therefore, resistivity lows 

located with the profiling or AB rectangle techniques are worth investigating even if not 

directly related to changes in porosity and permeability. 
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In final conclusion it has been found that: 

1. Electrical resistivity measurements can aid in the siting of bedrock produc­
tion or monitoring wells. 

2. Electrical resistivity measurements can provide good estimates of the 
hydraulic conductivity between existing bedrock wells with known hydrau­
lic conductivities. This is extremely valuable for subsequent placing of 
monitoring wells and groundwater modeling of an area. 

3. These methods can also aid in verifying buried fracture zones as seen on 
areal photos or satellite imagery which may be geologically significant to 
the regional structure. 
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APPENDIX la. 

Computer Methods 
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COMPUTER METHODS 

Programs written, in Pascal, for these interpretation are; "Sounding", and "Rectan­

gle". The first program is a data collection, storage, and interpretation routine for the 

Schlumberger resistivity depth sounding. The interpretation procedures were actually 

rewritten from the language of Fortran in Koefoed (1979). This is an interactive program 

that has prompts that allow anyone to enter error free data when using the program for the 

first time. The program allows for data to be entered to either include or not, forward and 

reverse measurements. Final draft data sheets are produced in either mode. These sheets 

are best when the program is used with the letter quality printers. 

The second half of the first program is a graphing routine to produce final draft 

plots on a HP 7475 plotter. The only important information that is needed to run this 

program, which is automatically started by the first program, is the "Dip Switch" settings 

on the plotter itself. Just follow the settings for the HP Basic, which are explained in the 

manual for the plotter. The program draws single or multiple plots. It can also use two 

scales for the resistivity (ordinate axis), 100 - 30,000 or 1,000 - 300,000, for those rare 

curves with resistivities over 30,000. You will be asked to input the model at the end of 

the plot. Confusing here might be the thickness on the last layer. This is the depth to 

which you "feel" the sounding has reached. These plots are to the scale of the master 

curves for easy reinterpretation using the auxiliary point method. 

The second program "Rectangle", was written to analyze AB Rectangles or Schlum­

berger profiles. The program produces data sheets for final copies (tab. 3.3) and can 

export data files specifically designed for easy import into other plotting software. The 

program calculates resistivities from a horizontal layer case. These values differ spa-
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tially, forming a surface resembling a saddle function, as seen in a typical model case. A 

contour map can then be prepared plotting the difference between the measured apparent 

resistivity and the resistivity calculated by the program at that point. 

Almost all of the figures created for this study were done so on the computer draft­

ing package AutoCAD. The contour maps mentioned about were created using Surfer, a 

contouring package. These maps may be written to a .dxf file easily readable by 

AutoCAD. Note that AutoCAD may only read one .dxf file into a drawing. If you must 

import more than one create a new drawing import the .dxf file into it then insert that new 

drawing into your destination drawing by using the insert (Block) command. 

The stereo plot for Tiverton was created using STEREO by Rockware, Inc. This 

plot was imported into AutoCAD by reformatting the drawing in GRIDZO by Rockware, 

as a script file an calling it up in AutoCAD as the same. The lineaments were digitized 

into FAS, software also by Rockware, using a digitizing routine I modified for the Huston 

instruments HiPAD. The program is stored on the departments main student computers 

hard drive. The Title is Digitize and its written in IBM basica. 
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APPENDIX lb. 

Listing of the Depth Sounding Program 
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DEPTH SOUNDING PROGRAM 

program sounding (input,output,diskfile); 

(*$I GRAPH.P*) 
{$U+} 

const pi = 3.1415927; 

type 
taray = array[l..5, 1..100] of real; 
wastary = array[l..100] of real; 
sterioray = array[l..200] of integer; 
symblaray = array[l..200] of string[3]; 
dataray = array[l..5,1..100,1..4] ofreal; 
charl2arr = array[l..12] of char; 
strary = array[l..5] of string[20]; 
string20 = string[20]; 
regrec = 

record 
ax, bx,cx,dx,bp,si,di,ds,es,flags integer; 
end; 

var project : string[20]; 
locat string[30]; 
oper strary; 
prof string[8]; 
date string[lO]; 
ra,l,yhat,dev : taray; 
b wastary; 
potelc,a : integer; 
potnum : sterioray; 
modl : char; 
outfile,diskfile : text; 
cnprog,sies : file; 
volt,amp : dataray; • 
n,meas,ml,count : integer; 
filename : string[lO]; 
save,graph,inptype : char; 
pos,kr : taray; 
reverse,view,zofo : char; 
mn,s,th : wastary; 
f,xl,x2,y,bo : real; 
t,resist,thick : wastary; 
num,nu,m : integer; 

plott : char; 
Port,Baud,StopBits,DataBits,Par: Integer; 
Message: String[80]; 
xz,yz,xz 1,yzl ,i,j,pen,q,r,u,layers,curve,curv : integer; 
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xx,yy ,mult,xp,yp,depth : real; 
scale,model : char; 
ylayer,layres,layer,labl : wastary; 
return : text; 

type 
String19=String[l 9]; 

Type 
_RegisterSet=Record case Integer of 

1: (AX,BX,CX,DX,BP,DI,SE,DS,ES,Flags: Integer); 
2: (AL,AH,BL,BH,CL,CH,DL,DH: Byte); 

end; 
_ParityType=(None,Even,Odd); 

var 
_Regs: _RegisterSet; 
InError,OutError: Array [1..2] of Byte; 

procedure _Intl 4(PortN umber ,Command,Parameter: Integer); 
{ do a BIOS COM driver interrupt } 

begin 
with _Regs do 
begin 
DX:=PortNumber-1; 
AH:=Command; 
AL:=Parameter; 
Flags:=0; 
Intr($14,_Regs); 

end; 
end; 

procedure SetSerial(PortNumber,BaudRate,StopBits,DataBits: Integer; 
Parity: _ParityType); 

{ Set serial parameters on a COM port } 

var 
Parameter: Integer; 

begin 
case BaudRate of 

110: BaudRate:=0; 
150: BaudRate:=1; 
300: BaudRate:=2; 
600: BaudRate:=3; 
1200: BaudRate:=4; 
2400: BaudRate:=5; 
4800: BaudRate:=6; 
else BaudRate:=7; { Default to 9600 baud} 

end; 
if StopBits=2 then StopBits:=1 
else StopBits:=0; { Default to 1 stop bit } 
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if DataBits=7 then DataBits:=2 
else DataBits:=3; { Default to 8 data bits } 
Parameter:=(BaudRate Shl 5)+(StopBits Shl 2)+DataBits; 
case Parity of 

Odd: Parameter:=Parameter+8; 
Even: Parameter:=Parameter+ 24; 
else; { Default to no parity } 

end; 
_Intl4(PortNumber,0,Parameter); 

end; 

Function SerialStatus(PortNumber: Integer): Integer; 
{ Return the status of a COM port } 

begin 
_Int14(PortNumber,3,0); 
SerialStatus:=_Regs.AX; 

end; 

procedure _OutPortl(C: Byte); 
{ Called by Write to Aux or Usr when assigned to COMl } 

begin 
while (SerialStatus(l) and $30)=0 do; 
_Intl4(1,l,C); 
OutError[l]:=OutError[l] Or (_Regs.AH and $8E); 

end; 

procedure _OutPort2(C: Byte); 
{ Called by Write to Aux or Usr when assigned to COM2 } 

begin 
while (SerialStatuS(2) and $30)=0 do ; 
_Int14(2,1,C); 
OutError[2] :=OutError[2] Or (_Regs.AH and $8E); 

end; 

Function _InPortl: Char; 
{ Called by Read from Aux or Usr when assigned to COMl } 

begin 
_Int14(1,2,0); 
_InPortl :=Chr(_Regs.AL); 
InError[l]:=InError[l] Or LRegs.AH and $8E); 

end; 

Function _InPort2: Char; 
{ Called by Read from Aux or Usr when assigned to COM2} 
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begin 
_Intl 4(2,2,0); 
_InPort2:=Chr(_Regs.AL); 
InError[2]:=InError[2] Or (_Regs.AH and $8E); 

end; 

procedure _AssignPort(PortNumber: Integer; var InPtr,OutPtr: Integer); 
{ Assign either Aux or Usr to either COMl or COM2} 

begin 
if PortNumber=2 then 
begin 
OutPtr:=OfsL OutPort2); 
InPtr:=Of s(_InPort2); 

end 
else { Default to port 1 } 
begin 
OutPtr:=OfsL OutPortl ); 
InPtr:=Of s(_InPort 1 ); 

end; 
InError[PortN umber]: =0; 
OutError[PortNumber] :=0; 

end; 

procedure AssignAux(PortNumber: Integer); 
{ Assign Aux to either COMl or COM2 } 

begin 
_AssignPort(PortNumber,AuxlnPtr,AuxOutPtr); 

end; 

procedure AssignUsr(PortNumber: Integer); 
{ Assign Usr to either COMl or COM2} 

begin 
_AssignPort(PortNumber,UsrlnPtr,UsrOutPtr); 

end; 

Function Binary(V: Integer): String19; 

var 
I: Integer; 
B: Array [0 .. 3] of String[4]; 

begin 
For I:=0 To 15 do 

if (V and (1 Shl (15-I)))<>0 then B[I Div 4][(I Mod 4)+ 1]:=' 1' 
else B[I Div 4][(1 Mod 4)+ l]:='0'; 

For I:=0 To 3 do B[l][0]:=Chr(4); 
Binary:=B[0]+' '+B[l]+' '+B[2]+' '+B[3]; 

end; 
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procedure resmodel; 

begin 
writeln(' Do You wish to include a model '); 
repeat 
read(model); 
until model in ['y' ,'n']; 
if model= 'y' then 
begin 

clrscr; 
writeln(' Input the Number of Layers'); 
readln (layers); 
depth:= 0; 
for r := 1 to layers do 
begin 

writeln (' Input the thickness of Layer ',r); 
readln (layer[ r]); 
writeln('Input the Resistivity of Layer ',r); 
readln (la yres [ r]); 

end; 
writeln(usr,' sm; '); 
if scale =' 1 'then 
begin 

writeln(usr,' sp3;pa1000, 1250;pd; '); 
for u := 1 to layers do 
begin 

depth:= depth+ layer[u]; 
ylayer[u] := ((ln(depth)/ln(l0))+l)*lOOO; 
if u = layers then 
begin 

writeln(usr,'pa' ,ylayer[u]:7:2,', 1250; '); 
writeln(usr, 'pa' ,(ylayer[u]-30):7:2,' ,1175; '); 
writeln(usr, 'pa' ,(ylayer[u]+50):7 :2,', 1050; '); 
writeln(usr,'pa' ,ylayer[u] :7:2,', 1000; '); 

end; 
if u < layers then 
begin 

writeln(usr, 'pa' ,ylayer[u] :7:2,', 1250; '); 
writeln(usr,'pa' ,ylayer[u] :7:2,', 1000; '); 

end; 
writeln(usr, 'pu;di0, l;cp-1,l;lb' ,layres[u] :6:0, '"0; '); 
writeln(usr, 'pu 1000, 1250;pd'); 

end; 
end; 
if scale = '2' then 
begin 

writeln(usr,'sp3;pa1000,2250;pd;'); 
for u := 1 to layers do 
begin 

depth :=depth+ layer[u]; 
ylayer[u] := ((ln(depth)/ln(l0))+l)*lOOO; 
if u = layers then 
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begin 
writeln(usr, 'pa' ,ylayer[u]:7 :2,' ,2250; '); 
writeln(usr, 'pa' ,(ylayer[u]-30):7:2,' ,2175; '); 
writeln(usr, 'pa' ,(ylayer[u]+50):7:2,' ,2050; '); 
writeln(usr, 'pa' ,ylayer[u]:7:2,' ,2000; '); 

end; 
if u < layers then 
begin 

writeln(usr, 'pa' ,ylayer[u]:7:2,' ,2250; '); 
writeln(usr, 'pa' ,ylayer[u]:7:2,' ,2000;'); 

end; 
writeln(usr, 'pu;di0, l;cp-1,l;lb' ,layres[u] :6:0,'"0; '); 
writeln(usr, 'pu 1000,2250;pd '); 

end; 
end; 

end; 
end; 

procedure graf; 

var ab,b,bb : integer; 

begin 
a:=0; 

b :=0; 
bb :=0; 
writeln(' Input y the scale you want'); 
writeln(' 1 for 100-30,000'); 
writeln(' 2 for 1,000-300,000'); 
repeat 

readln(scale); 
until scale in [' 1 ','2 ']; 
writeln(usr,chr(27), '.@'); 
writeln(usr, 'ip 355,710, 10365,6920'); 
if scale = '1' then 
begin 
WriteLn(U sr, 'pa;dt"O;sc 1000,5000, 1000,3477'); 
if modl = 'y' then resmodel; 
writeln(usr,'spl;palOO0,l000;pdl000,3477,5000,3477,5000,1000,1000,1000;pu;'); 
mult := 1; 
for xzl := 1 to 4 do 
begin 

mult := mult * 10; 
for xz := 1 to 10 do 
begin 
xx:= (ln(mult*xz)/ln(l0))*lO00; 
writeln(usr,'pa' ,xx:7 :2,' ,' ,1000,'; '); 
writeln(usr, 'xt; '); 

end; 
end; 
mult := 1; 
for yzl := 1 to 3 do 
begin 
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mult := mult * 10; 
for yz := 1 to 10 do 
begin 

yy := (ln(mult*yz)/ln(lO))*lO00; 
if yy < 3478 then 
begin 

writeln(usr, 'pa' ,1000,', ',yy:7:2, '; '); 
writeln(usr, 'yt'); 

end; 
end; 

end; 
writeln(usr, 'dt"O;pa 980,940;lbl "0; '); 
writeln(usr, 'pa 1954,940;lb10"O; '); 
writeln(usr, 'pa 2940,940;lb100"O; '); 
writeln(usr, 'pa 3905,920;lb 1000"0; '); 
writeln(usr,'pa 940,lOOO;lblOO"O; '); 
writeln(usr, 'pa 940,2000;lb1000"O; '); 
writeln(usr,'pa 940,3000;lb 10000"0; '); 
writeln(usr,' sp 1 ;si0.24,0.32;pa 2000,820; '); 
writeln(usr, 'lbHalf Electrode Spacing [L/2] (ft)"O; '); 
writeln(usr,'pa 910,1400;di0,l;lbApparent Resistivity (ohm-ft)"O;'); 
writeln(usr,'di;sp2;pa 1260,3800;si.3,.41 '); 
writeln(usr, 'lbGeoElectrical Depth"O; '); 
writeln(usr, 'lb Sounding After Schlumberger"O; '); 
writeln('Please Hit a Key When Plotting Stops'); 
repeat 
until keypressed; 

writeln(usr, 'sp3;si;pa1500,3700; '); 
writeln(usr,'lbProject : ',project,'"O'); 
writeln(usr, 'pa1500,3620; '); 
writeln(usr, 'lbLocation : ',locat, '"O'); 
writeln(usr, 'pa1500,3540; '); 
writeln(usr, 'lbOperators:"O'); 
for ab:= 1 to (a-1) do 
begin 
write(usr,'lb ',oper[ab],', "0'); 
end; 
writeln(usr,'lb ',oper[a],'"O'); 
writeln(usr, 'pa3500,3620; '); 
writeln(usr,'lbProfile: ',prof,'"O'); 
writeln(usr, 'pa3500,3540; '); 
writeln(usr, 'lbDate : ',date,' "0'); 
writeln(potelc,' ',potnum[l]); 
clrscr; 
writeln(' Hit any Key to Plot Data'); 
repeat 
until keypressed; 
pen:= 3; 
for i := 1 to potelc do 
begin 

pen:= pen+ 1; 
writeln(usr,' sp4;smo'); 
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if i = 2 then writeln(usr,'smx'); 
if i = 3 then writeln(usr,'sm*'); 
for j := 1 to potnum[i] do 
begin 
xp := ((ln(l[i,j])/ln(lO))+l)*lO00; 
yp := ((ln(ra[i,j])/ln(l0))-1)*1000; 
writeln(usr,'pa' ,xp:7:2,' ,' ,yp:7:2,'; '); 
writeln(usr, 'pd;pu '); 
writeln (l[i,j] ,ra[ i,j] ); 

end; 
end; 

end; 
if scale= '2' then 
begin 
WriteLn(Usr, 'pa;sc 1000,5000,2000,4477'); 
if modi= 'y' then resmodel; 
writeln(usr,'spl;pa1000,2000;pd1000,4477,5000,4477,5000,2000,1000,2000;pu'); 
mult := 1; 
for xzl := 1 to 4 do 
begin 

mult := mult * 10; 
for xz := 1 to 10 do 
begin 

xx:= (ln(mult*xz)/ln(l0))*lOOO; 
writeln(usr 'pa' xx·7·2' '2000 '·')· , , .. ''' '' ' 
writeln(usr, 'xt; '); 

end; 
end; 
mult := 10; 
for yzl := 1 to 3 do 
begin 

mult := mult * 10; 
for yz := 1 to 10 do 
begin 

yy := (ln(mult*yz)/ln(lO))*lO00; 
if yy < 4478 then 
begin 

writeln(usr 'pa' 1000' 'yy·7·2 '·')· , , ' ' ' • • ' ' ' 
writeln(usr, 'yt'); 

end; 
end; 

end; 
writeln(usr, 'dtAO;pa 980, 1940;lb 1 AQ; '); 
writeln(usr,'pa 1954,1940;1b1QAO; '); 
writeln(usr,'pa 2940, 1940;lb lOQAO; '); 
writeln(usr,'pa 3905, 1920;lb100QAO; '); 
writeln(usr, 'pa 940,2000;1b100QAO; '); 
writeln(usr, 'pa 940,3000;lb lOO0QAO; '); 
writeln(usr,'pa 940,4000;lblOOOQOAO; '); 
writeln(usr,' sp 1 ;si0.24,0.32;pa 2000, 1820; '); 
writeln(usr, 'lbHalf Electrode Spacing [L/2] (ft)AQ; '); 
writeln(usr, 'pa 910,2400;di0, 1 ;lbApparent Resistivity ( ohm-ft)AQ; '); 
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writeln(usr,'di;sp2;pa 1260,4800;si.3,.41 '); 
writeln(usr, 'lbGeoElectrical Depth"O; '); 
writeln(usr, 'lb Sounding After Schlumberger"O; '); 
writeln(usr, 'sp3;si;pa1500,4700; '); 
writeln('Please Hit a Key When Plotting Stops'); 
repeat 
until keypressed; 

writeln(usr,'lbProject : ',project,'"O'); 
writeln(usr, 'pa1500,4620; '); 
writeln(usr,'lbLocation : ',locat,'"O'); 
writeln(usr, 'pa1500,4540; '); 
writeln(usr, 'lbOperators:"O'); 
for ab := 1 to (2) do 
begin 
write(usr,'lb ',oper[ab],', "0'); 
end; 
writeln(usr,'lb ',oper[3],'"O'); 
writeln(usr, 'pa3500,3620; '); 
writeln(usr,'lbProfile: ',prof,'"O'); 
writeln(usr, 'pa3500,4540; '); 
writeln(usr, 'lbDate : ',date,' "0'); 
writeln(potelc,' ',potnum[ 1 ]); 
clrscr; 
writeln(' Hit any Key to Plot Data'); 
repeat 
until keypressed; 
pen:= 3; 
for i := 1 to potelc do 
begin 

writeln(potelc ); 
pen:= pen+ 1; 
writeln(usr,'sp4;smo'); 
if i = 2 then writeln(usr,'smx'); 
if i = 3 then writeln(usr,'sm*'); 
writeln(usr,'sp4;sm*'); 
for j := 1 to potnum[i] do 
begin 

xp := ((ln(l[i,j])/ln(l0))+ 1)*1000; 
yp := ((ln(ra[i,j])/ln(l0))-1)*1000; 
writeln(usr,'pa' ,xp:7 :2,' ,' ,yp:7 :2,'; '); 
writeln(usr, 'pd;pu '); 
writeln(l[i,j],ra[i,j]); 

end; 
end; 

end; 
end; 

procedure resmodel2; 
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begin 
writeln(' Do You wish to include a model '); 
repeat 
read(model); 
until model in ['y' ,'n']; 
if model= 'y' then 
begin 

clrscr; 
writeln(' Input the Number of Layers'); 
readln (layers); 
depth:= 0; 
for r := 1 to layers do 
begin 

writeln (' Input the thickness of Layer ',r); 
readln (layer[ r]); 
writeln('lnput the Resistivity of Layer ',r); 
readln(layres[r]); 

end; 
writeln( usr, 'sm; '); 
if scale=' 1 'then 
begin 

writeln(usr, 'sp3;pa1000, ',(1150+ 150*curve),'; '); 
for u := 1 to layers do 
begin 

depth :=depth+ layer[u]; 
ylayer[u] := ((ln(depth)/ln(10))+1)*1000; 
if u = layers then 
begin 

writeln(usr,'pd;pa' ,ylayer[u]:7:2,' ,' ,(1150+ 150*curve), '; '); 
writeln(usr,'pa' ,(ylayer[u]-20):7:2,' ,' ,(1100+ 150*curve), '; '); 
writeln(usr, 'pa' ,(ylayer[u]+30):7:2,' ,' ,(1050+ 150*curve),'; '); 

writeln(usr,'pa' ,ylayer[u]:7:2,' ,' ,(1000+ 150*curve),';pu;pa' ,(ylayer[u]+ 100):7:2,' ,' ,(105 
0+ 150*curve), ';lb' ,prof, 'AO;'); 

writeln(usr, 'pu;pa' ,(ylayer[ u]-
400):7 :2,' ,' ,(1050+ 150*curve),';lb',layres[u]:6:0, 'AO;'); 

end; 
if u < layers then 
begin 

writeln(usr, 'pd;pa' ,ylayer[u]:7:2,' ,' ,(1150+ 150*curve),'; '); 
writeln(usr, 'pa' ,ylayer[u]:7:2,', ',(1000+ 150*curve), '; '); 
writeln(usr, 'pu;pa' ,(ylayer[u]-

400):7:2,' ,' ,(1050+ 150*curve),';lb' ,layres[u]:6:0,'AO; '); 
end; 
writeln(usr,'pulO00,' ,(1150+ 150*curve),'; '); 

end; 
end; 
if scale ='2' then 
begin 

writeln(usr,' sp3;pa1000, ',(2150+ 150*curve ), '; '); 
for u := 1 to layers do 
begin 

depth :=depth+ layer[u]; 
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ylayer[u] := ((ln(depth)/ln(lO))+l)*lO00; 
if u = layers then 
begin 

writeln(usr,'pd;pa' ,ylayer[u]:7:2,' ,' ,(2150+ 150*curve), '; '); 
writeln(usr,'pa' ,(ylayer[u]-20):7:2,', ',(2100+ 150*curve),'; '); 
writeln(usr,'pa' ,(ylayer[u]+30):7:2, ',' ,(2050+ 150*curve),'; '); 

writeln(usr, 'pa' ,ylayer[u]:7:2,',' ,(2000+ 150*curve), ';pu;pa' ,(ylayer[u]+ 100):7:2, ', ',(2 
050+ 150*curve ), ';lb' ,prof,' "0; '); 

writeln(usr, 'pu;pa' ,(ylayer[ u]-
400):7 :2,' ,' ,(2050+ 150*curve),';lb' ,layres[u]:6:0, '"0; '); 

end; 
if u < layers then 
begin 

writeln(usr,'pd;pa' ,ylayer[u]:7:2,' ,' ,(2150+ 150*curve), '; '); 
writeln(usr, 'pa' ,ylayer[u]:7:2,' ,' ,(2000+ 150*curve),'; '); 
writeln(usr, 'pu;pa' ,(ylayer[ u]-

400) :7 :2,' ,' ,(2050+ 150*curve ),';lb' ,layres[ u] :6:0,' "0; '); 
end; 
writeln(usr, 'pulO00,' ,(2150+ 150*curve), '; '); 

end; 
end; 

end; 
end; 

procedure graf2; 

var a,ab,b,bb : integer; 

begin 
a :=0; 
ab :=0; 
b:=0; 
bb :=0; 
clrscr; 
writeln('Input the# of the curve on this plot? (1) first, (2) second, ect. '); 
readln( curv ); 
curve := curv-1; 
clrscr; 
writeln(' Input y the scale you want'); 
writeln(' 1 for 100-30,000'); 
writeln(' 2 for 1,000-300,000'); 
repeat 

readln( scale); 
until scale in[' 1 ','2']; 
writeln(usr,chr(27),' .@'); 
writeln(usr, 'ip 355,710, 10365,6920'); 
if scale = ' 1' then 
begin 

writeln(U sr, 'pa;dt"O;sc 1000,5000, 1000,3477'); 
writeln(usr, 'spl;palO00, lOOO;pdl000,3477,5000,3477 ,5000, 1000,1000,lOOO;pu; '); 
if modl = 'y' then resmodel; 
writeln(usr,' sp 1; '); 

if curv = 1 then 
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begin 
mult := 1; 
for xzl := 1 to 4 do 
begin 

mult := mult * 10; 
for xz : = 1 to 10 do 
begin 

xx:= (ln(mult*xz)/ln(l0))*lOO0; 
writeln(usr 'pa' xx·7·2'' 1000 '·')· ' ' . • , , ' ' ' ' 
writeln(usr 'xt· ')· 

' ' ' end; 
end; 
mult := 1; 
for yzl := 1 to 3 do 
begin 

mult := mult * 1 0; 
for yz := 1 to 10 do 
begin 

yy := (ln(mult*yz)/ln(lO))*lO00; 
if yy < 3478 then 
begin 

writeln(usr,'pa' ,1000,' ,' ,yy:7:2, '; '); 
writeln(usr, 'yt'); 

end; 
end; 

end; 
writeln(usr, 'dt"O;pa 980,940;lbl "0; '); 
writeln(usr, 'pa 1954,940;lb10"O; '); 
writeln(usr,'pa 2940,940;lb100"O; '); 
writeln(usr, 'pa 3905,920;lbl()()()AO; '); 
writeln(usr, 'pa 940, 1000;lb100"O; '); 
writeln(usr,'pa 940,2000;lb1000"O; '); 
writeln(usr, 'pa 940,3000;lb1Q()()()AO; '); 
writeln(usr,' sp l;si0.24,0.32;pa 2000,820; '); 
writeln(usr, 'lbHalf Electrode Spacing [L/2] (ft)"O; '); 
writeln(usr, 'pa 910, 1400;di0,l;lbApparent Resistivity (ohm-ft)"O; '); 
writeln(usr,' di;sp2;pa 1260,3800;si.3,.41 '); 
writeln(usr, 'lbGeoElectrical Depth"O; '); 
writeln(usr, 'lb Sounding After Schlumberger"O; '); 
writeln('Please Hit a Key When Plotting Stops'); 
repeat 
until keypressed; 

writeln(usr, 'sp3;si; '); 
writeln(usr, 'pa1500,3620; '); 
writeln(usr,'lbLocation : ',locat,'"O'); 
writeln(usr, 'pa3500,3620; '); 
writeln(usr,'lbDate : ',date,'"O'); 
writeln(potelc,' ',potnum[ 1 ]); 
clrscr; 
writeln(' Hit any Key to Plot Data'); 
repeat 
until keypressed; 
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end; 
pen:= 3+(curv-l); 
for i := 1 to potelc do 
begin 

writeln(usr, 'sp' ,pen, ';smo'); 
if i = 2 then writeln(usr,'smx'); 
if i = 3 then writeln(usr,'sm*'); 
for j := 1 to potnum[i] do 
begin 

xp := ((ln(l[i,j])/ln(lO))+l)*lOOO; 
yp := ((ln(ra[i,j])/ln(l0))-1)*1000; 
writeln(usr, 'pa' ,xp:7:2,' ,' ,yp:7:2, '; '); 
writeln(usr, 'pd;pu '); 
writeln(l[ i,j] ,ra[ i,j] ); 

end; 
end; 
writeln(usr,'sm ;pa' ,(xp+ 100):7:2,' ,' ,(yp+50):7:2,';lb' ,prof,'"O'); 

end; 
if scale= '2' then 
begin 
WriteLn(U sr, 'pa;sc 1000,5000,2000,4477 '); 
writeln(usr,'spl;pa1000,2000;pd1000,4477,5000,4477,5000,2000,1000,2000;pu'); 
if modi = 'y' then resmodel; 
writeln(usr,'spl;pa1000,2000;pd1000,4477,5000,4477,5000,2000,1000,2000;pu'); 

if curve = 1 then 
begin 

mult := 1; 
for xzl := 1 to 4 do 
begin 

mult := mult * 10; 
for xz := 1 to 10 do 
begin 

xx:= (ln(mult*xz)/ln(lO))*lO00; 
writeln(usr, 'pa' ,xx:7:2,' ,' ,2000,'; '); 
writeln(usr, 'xt; '); 

end; 
end; 
mult := 10; 
for yzl := 1 to 3 do 
begin 

mult := mult * 1 0; 
for yz := 1 to 10 do 
begin 

yy := (ln(mult*yz)/ln(lO))*lO00; 
if yy < 4478 then 
begin 

writeln(usr,'pa', 1000,', ',yy:7 :2,'; '); 
writeln(usr, 'yt'); 

end; 
end; 

end; 
writeln(usr, 'dt"O;pa 980,1940;lb1"O; '); 
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writeln(usr,'pa 1954,1940;lb1QAO; '); 
writeln(usr,'pa 2940, 1940;lb100/\Q; '); 
writeln(usr,'pa 3905,1920;lb100QAO; '); 
writeln(usr, 'pa 940,2000;lbl000/\Q; '); 
writeln(usr,'pa 940,3000;lblOOOQAO; '); 
writeln( usr, 'pa 940,4000;lb 1 00OOQAO; '); 
writeln(usr,' sp 1 ;si0.24,0.32;pa 2000, 1820; '); 
writeln(usr, 'lbHalf Electrode Spacing [L/2] (ft)/\Q; '); 
writeln(usr, 'pa 910,2400;di0,l;lbApparent Resistivity (ohm-ft)/\Q; '); 
writeln(usr, 'di;sp2;pa 1260,4800;si.3,.4 l '); 
writeln(usr, 'lbGeoElectrical Depth/\Q; '); 
writeln(usr, 'lb Sounding After Schlumberger/\Q; '); 
writeln(usr, 'sp3;si;pa1500,4700; '); 
writeln('Please Hit a Key When Plotting Stops'); 
repeat 
until keypressed; 

writeln(usr, 'pa1500,4620; '); 
writeln(usr, 'lbLocation : ',locat, '/\Q'); 
writeln(usr, 'pa3500,4620; '); 
writeln(usr, 'lbDate : ',date,' /\Q'); 
writeln(potelc,' ',potnum[l]); 
clrscr; 
writeln(' Hit any Key to Plot Data'); 
repeat 
until keypressed; 

end; 
pen:= 3+(curv-1); 
for i := 1 to potelc do 
begin 

writeln(potelc ); 
writeln(usr, 'sp' ,pen, ';smo'); 
if i = 2 then writeln(usr,'smx'); 
if i = 3 then writeln(usr,'sm*'); 
writeln(usr, 'sp4;sm*'); 
for j := 1 to potnum[i] do 
begin 

xp := ((ln(l[i,j])/ln(lO))+ 1)* 1000; 
yp := ((ln(ra[i,j])/ln(l0))-1)*1000; 
writeln(usr,'pa' ,xp:7:2,' ,' ,yp:7:2, '; '); 
writeln(usr, 'pd;pu '); 
wri teln(l [i,j] ,ra[i,j] ); 

end; 
end; 
writeln(usr,'sm ;pa' ,(xp+ 100):7:2,' ,' ,(yp+50):7:2,';lb' ,prof,'/\Q'); 

end; 
end; 

procedure chan; 
begin 

clrscr; 
writeln('You must know tum on the HP 7475a plotter, with the proper'); 
writeln('dip switch settings. Follow the setting for the HP Basic. '); 
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writeln('The program will then ask whether or not this is to be a '); 
writeln('multiple plot. The lay out is slightly different for the '); 
writeln('two kinds or plots, so it may be desirable to plot a single'); 
writeln('using the multiple option. If this is a multiple plot then'); 
writeln('when the plotting is through simply leave the plotter be '); 
writeln('and run the program again. '); 
writeln; 
writeln; 
writeln(' Hit any key to continue '); 
repeat 
until keypressed; 

{ Write('Enter port number: '); 
Read.Ln(Port);} 
port:= 1; 
AssignUsr(Port); 

{ Write('Enter baud rate: '); 
ReadLn(Baud);} 
baud := 9600; 

{ Write('Enter stop bits: '); 
ReadLn(StopBits);} 
stopbits := 2; 

{ Write('Enter data bits: '); 
ReadLn(DataBits);} 
databits := 8; 

{ Write('Enter parity (0=none, l=even, 2=odd): '); 
Read.Ln(Par);} 
par:= 0; 
SetSerial(l,Baud,StopBits,DataBits,_ParityType(Par)); 
clrscr; 
writeln(' Will this be a multiple plot?'); 
repeat 
readln(plott); 
until plott in ['y' ,'n']; 
if plott = 'y' then 
begin 

graf2; 
resmodel2; 

end; 
if plott = 'n' then 
begin 

graf; 
resmodel; 

end; 
end; 

procedure direct; 
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var 
regs : regrec; 
dta : array [1..43] of byte; 
mask : charl2arr; 
namr : string20; 
error,l,count : integer; 

begin 
textcolor(5); 
count:= 0; 
fill char( dta,sizeof( dta),0); 
fillchar(mask,sizeof(mask),0); 
fillchar(namr ,sizeof (namr) ,0); 
writeln('Directory for Data Disk'); 
writeln; 
regs.ax:= $1a00; 
regs.ds := seg(dta); 
regs.dx := ofs(dta); 
MSDos(regs); 
mask:='????????.???'; 
regs.ax := $4e00; 
regs.ds := seg(mask); 
regs.dx := Of s(mask); 
regs.ex := 22; 
MSDos(regs); 
error := regs.ax and $ff; 
I:= 1; 
if (error= 0) then 

repeat 
namr[i] := chr(mem[seg(dta):Ofs(dta)+29+i]); 
I:= I+ 1; 

until not (namr[l-1] in['' .. '~']) or (1>20); 
namr[0] := chr(l-1 ); 
while (error= 0) do 
begin 

error:= 0; 
regs.ax := $4f00; 
regs.ex := 22; 
MSDos(regs); 
error := regs.ax and $ff; 
I:= 1; 
repeat 

namr[i] := chr(mem[seg(dta):Ofs(dta)+29+1]); 
l:=1+1; 

until not (namr[l-1] in [' ' . .' ~']) or (i>20); 
namr[0] := chr(l-1); 
if (error= 0) 

then write(namr,' '); 
count:= count+ 1; 
if count = 5 then 
begin 
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count:= 0; 
writeln; 
writeln; 

end; 
end; 
textcolor(14); 

end; 

procedure datafile; 

var i,j,k,h,t: integer; 

begin 
clrscr; 
h :=0; 
writeln('Input the name of the data file. ******. ***'); 
readln(filename ); 
assign (diskfile, filename); 
rewrite (diskfile); 
writeln(diskfile,a); 
writeln( diskfile,reverse ); 
wri teln( diskfile,potelc ); 
for t:= 1 to potelc do 
begin 

writeln(diskfile,potnum[t]); 
end; 
writeln( diskfile,project); 
writeln(diskfile,locat); 
for i := 1 to a do 
begin 

writeln(diskfile,oper[i]); 
end; 
writeln( diskfile,prof); 
writeln( diskfile,date ); 
for i := 1 to potelc do 
begin 

for j := 1 to potnum[i] do 
begin 
h := h +1; 
if reverse= 'y' then 
begin 

write(diskfile,h:5,b[i]: 10:3,l[i,j]: 10:3,volt[ij, 1]: 10:3,amp[i,j, 1]: 10:3,volt[i,j,2]: 10:3,amp[ 
i,j,2]:10:3); 

writeln(diskfile); 
end; 
if reverse= 'n' then 
begin 

write(diskfile,h:5,b[i]: 10:3,l[i,j]: 10:3, volt[i,j, 1]: 10:3,amp[i,j, 1]: 10:3); 
writeln(diskfile); 

145 



end; 
end; 

end; 
close (diskfile); 

end; 

procedure titles; 

var i : integer; 

begin 
writeln(' Input the Name of the Project (max 20 char.)'); 
readln(project); 
writeln(' Input the Location of the Project (max 30 char.)'); 
readln(locat); 
writeln(' Input the Profile Designation (max 8 char)'); 
readln(prof); 
writeln(' Input tht Date of the Sounding (30 MAR 87)'); 
readln(date); 
repeat 
i:=i+l; 
writeln(' Input the Name of the Operator ',i: 1); 
readln( oper[i]); 
until oper[i] = "; 
a:= i-1; 

end; 

procedure initialize; 

var i,j,k : integer; 

begin 
meas:= 0; 
clrscr; 
if zofo = 'u' then 
begin 
writeln('You will be asked for the# of potential electrode seperations. '); 
writeln('This the total number of different b/2 s used in the sounding. '); 
writeln('It does not matter whether or not measurements were made at all'); 
writeln('the b/2 locations. (example measurements were made at both '); 
writeln('b/2 = 1 and 4, the last measurements were not made at b/2 = 1, '); 
writeln('enter the value 2'); 
writeln; 
writeln('The program will then ask if you want to enter forward or reverse'); 
writeln(' data. The program accounts for both, it just simply averages the'); 
writeln('values if this is choosen. If there are sharp contrasts between '); 
writeln('forward and reverse measurements you may want to create two files'); 
writeln('of just forward and then one of just reverse measurements. '); 
writeln; 
writeln; 
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end; 
writeln('How Many Potential Electrode Seperations Were There?'); 
readln(potelc ); 
writeln('Do you Wish to include Forward and Reverse Data? (y,n)'); 
repeat 

readln(reverse); 
until reverse in ['y' ,'n ']; 
clrscr; 
if zofo = 'u' then 
begin 
writeln('If a mistake is made in the data input simply correct yourself'); 
writeln(' at the next data point. Most mistakes are fixable latter in '); 
writeln('the program. If this is not the case then saving the file and'); 
writeln('then using a simple text editor (ex. Norton Commander or the '); 
writeln('Turbo Pascal editor) may save retyping of large files. '); 
writeln; 
writeln('Enter all measurements made at b/2[1], then type Os when '); 
writeln('measurements run out. This will bring you back to enter a new'); 
writeln('b/2[i] seperation if required '); 
writeln; 
writeln; 
end; 
for i := 1 to potelc do 
begin 

writeln; 
writeln; 
writeln('input the B/2'); 
readln(b[i]); 
writeln; 
j :=0; 
repeat 
j := j + 1; 
meas := meas + 1; 
clrscr; 
writeln('Measurement Number ',meas); 
writeln; 
writeln; 
writeln('input the L/2'); 
readln(l[i,j]); 
writeln; 
write('lnput the Forwad Voltage' ,j:2,' '); 
readln(volt[ij, 1]); 
writeln; 
if reverse= 'y' then 
begin 

write('lnput Reverves Voltage' ,j:2,' '); 
readln(volt[i,j,2]); 
writeln; 

end; 
write('Input the Forward Current' ,j:2,' '); 
readln(amp[i,j,1]); 
writeln; 
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if reverse= 'y' then 
begin 

write('lnput Reverse Current' ,j:2,' '); 
readln( amp[i,j ,2]); 

end; 
until l[i,j] = O; 
j:=j-1; 
meas := meas -1; 
potnum[i] := j; 
clrscr; 
write(chr(7)); 
writeln(' Starting A New Potential Seperation'); 
writeln; 

end; 
end; 

procedure help (var 
b:wastary;l:taray;volt,amp:dataray;potelc:integer;potnum:sterioray;reverse:char); 

var i,j,check,z,meas : integer; 
view ,hard : char; 

begin 
z :=0; 
meas:= 0; 
clrscr; 
if zofo = 'u' then 
begin 
writeln('This routine allows you to correct mistakes in the data. '); 
writeln('lt will list the data entered. You Then change the data '); 
writeln('according to the measurement numbers '); 
writeln; 
writeln; 
end; 
writeln(' View These Values On The Screen (s) or Printer (p) ?'); 
repeat 

readln(view); 
until view in ['s' ,'p']; 
if view= 'p' then 

assign ( outfile,'lst: '); 
if view= 's' then 

assign(outfile, 'con:'); 
if reverse = 'n' then 
begin 

writeln(outfile,' Meas # B/2 L/2 U I' ); 
writeln( outfile,' --------------------------------------------- '); 

end; 
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if reverse= 'y' then 
begin 

writeln(outfile,'Meas # B/2 L/2 U for I for U rev I rev'); 
writeln(outfile,'---------------------------------------------------------------'); 

end; 
for i := 1 to potelc do 
begin 

for j := 1 to potnum[i] do 
begin 

meas := meas + 1; 
if reverse = 'n' then 

writeln(outfile,meas:5,b[i]: 10:1,l[i,j]: 11 :3,volt[i,j,1]: 11 :3,amp[i,j, l]: 11 :3); 
if reverse= 'y' then 

writeln(outfile,meas:4,b[i]: 10:3,l[i,j]: 10:3,volt[i,j, 1]: 10:3,amp[i,j, 1]: 10:3,volt[i,j,2]: 1 
0:3,amp[i,j,2]: 10:3); 

if view= 's' then 
begin 

check := meas div 20; 
if check > z then 
begin 

writeln('note any mistakes and hit any key to continue'); 
repeat 
until keypressed; 
z := z + 1; 
clrscr; 
if reverse= 'n' then 
begin 

writeln(outfile,' Meas# B/2 L/2 U I' ); 
writeln( outfile,' --------------------------------------------- '); 

end; 
if reverse= 'y' then 
begin 

writeln(outfile,'Meas # B/2 L/2 U for I for U rev I rev'); 
writeln(outfile,'---------------------------------------------------------------'); 

end; 
end; 

end; 
end; 

end; 
end; 

procedure calculate (var b:wastary;l:taray;volt,amp:dataray); 

var i,j,k,x,ab,ac,check,c : integer; 
voltav,ampav : real; 
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begin 
k:=0; 
X :=0; 
ab:= O; 
ac :=0; 
clrscr; 
if zofo = 'u' then 
begin 
writeln('The program will now show you the final data and measured '); 
writeln('resistivities. To have a quality copy use a letter quality '); 
writeln('printer or select NLQ using the pannel mode of your printer. '); 
writeln; 
writeln('If you select Graph the data sheet will also print and when '); 
writeln('all else is finished a plot of the data will be drafted on '); 
writeln('the HP 7475a plotter. '); 
writeln; 
writeln; . 
end; 
writeln(' View The Results On The Screen (s) or Printer (p) or Graph on Plotter (g)?'); 
repeat 

readln(view); 
until view in ['s','p','g']; 
if inptype = 's' then titles; 
if view in ['p','g'] then 
begin 

assign( outfile, '1st:'); 
writeln(outfile,'GEOELECTRICAL DEPTH SOUNDING AFrERSCHLUM-

B_ERGER'); 
writeln(outfile,'PROJECT : ',project); 
writeln(outfile, 'LOCATION : ',locat); 
write(outfile,'OPERA TORS: '); 
for c := 1 to a-1 do 
begin 

write(outfile,oper[c],', '); 
end; 
write(outfile,oper[a]); 
writeln( outfile ); 
writeln(outfile,'PROFILE : ',prof); 
writeln(outfile,'DATE : ',date); 

end; 
if view= 's' then 

assign( outfile,' con:'); 
if reverse= 'n' then 

begin 
writeln( outfile ); 
writeln(outfile); 
writeln( outfile ); 
writeln( outfile ); 
write(outfile,' Meas# 
write(outfile,' U I 
writeln( outfile ); 

B/2 
RHO'); 

L/2 '); 

write( outfile,' ----------------------------------------- '); 

150 



-

write( outfile,' ---------------------------- '); 
writeln(outfile); 

end; 
if reverse= 'y' then 

begin 
writeln( outfile ); 
writeln( outfile ); 
writeln( outfile ); 
writeln(outfile); 
writeln(outfile,'Meas # B/2 L/2 U for I for U rev I rev RHO'); 
writeln(outfile,'------------------------------------------------------------------------------'); 

end; 
for i := 1 to potelc do 
begin 

for j := 1 to potnum[i] do 
begin 
x:=x+l; 
if reverse = 'n' then 
begin 
ra[i,j] := pi/(2*b[i])*(sqr(l[i,j])-sqr(b[i]) )*(volt[i,j, 1 ]/amp[i,j, 1 ]); 
writeln(outfile,x:8,b[i]: 15: 1,l[i,j]: 13: 1,volt[i,j,1]: 12: 1,amp[i,j, 1]: 12: 1,ra[i,j]: 12: 1); 

end; 
if reverse= 'y' then 
begin 

voltav := (volt[i,j, 1] + volt[i,j,2])/2; 
ampav := (amp[i,j,1] + amp[i,j,2])/2; 
ra[i,j] := pi/(2*b[i])*(sqr(l[i,j])-sqr(b[i]))*(voltav/ampav); 

writeln(outfile,x:3,b[i]: 11: l,l[i,j]: 10: 1,volt[i,j,1]: 11 :3,amp[i,j, 1]: 11:3,volt[i,j,2]: 11 :3,am 
p[i,j,2]: 11 :3,ra[i,j]: 11 :2); 

end; 
k:=K+l; 
if view= 's' then 
begin 

check := k div 20; 
if check = 1 then 
begin 

writeln(' 
repeat 

hit any key to continue'); 

until keypressed; 
clrscr; 

if reverse= 'n' then 
begin 

writeln( outfile ); 
writeln( outfile ); 
writeln(outfile); 
writeln( outfile ); 
write(outfile,' Meas# 
write(outfile,' U I 
writeln( outfile ); 

B/2 L/2 
RHO'); 

'); 

write( outfile,' ----------------------------------------- '); 
write(outfile,' ---------------------------- '); 
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writeln(outfile); 
end; 

if reverse= 'y' then 
begin 

writeln( outfile ); 
writeln( outfile ); 
writeln( outfile ); 
writeln( outfile ); 
writeln(outfile,'Meas # B/2 L/2 U for I for U rev I rev RHO'); 
writeln(outfile,'------------------------------------------------------------------------------'); 

end; 
writeln( outfile ); 

k:=0; 
end; 

end; 
end; 

end; 
writeln('Do You Want To Save This Data? (y,n)'); 
repeat 

readln(save); 
until save in ('y' ,'n']; 
if save = 'y' then 
begin 

datafile; 
end; 

end; 

procedure change (var 
b:wastary;l:taray;volt,amp:dataray;potelc:integer;potnum:sterioray;reverse:char); 

var save,dumb 
i,j ,k,n,meas 

begin 
repeat 
meas:= 0; 
dumb:='-'; 

: char; 
integer; 

writeln('Do you wish to change a value? (y,n)'); 
readln( dumb); 
if dumb= 'y' then 
begin 

write('enter the number of the measurement to change '); 
readln(n); 
for i := 1 to potelc do 
begin 

for j := 1 to potnum[i] do 
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begin 
meas:= meas+ 1; 
if meas = n then 
begin 

writeln; 
writeln('Changing Measurement' ,meas:2); 
writeln; 
write(' enter the new L/2 '); 
read(l[i,j]); 
writeln; 
write('enter the new Forward Voltage ',n:2,' '); 
readln(volt[i,j,3]); 
volt[i,j,1] := volt[i,j,3]; 
writeln; 
if reverse = 'y' then 
begin 

write(' enter the new Reverves Voltage ',n:2,' '); 
read(volt[i,j,2]); 
writeln; 

end; 
write('enter the new Forward Current',n:2,' '); 
read(amp[i,j,1]); 
if reverse= 'y' then 
begin 

writeln('enter the new Reverse Current ',n:2,' '); 
read(amp[i,j,2]); 

end; 
end; 

end; 
end; 

end; 
until dumb in ['n']; 
calculate(b,l, vol t,amp ); 

end; 

procedure inpdata; 

var i,j,k,h,r,c : integer; 
dr char; 

begin 
j :=0; 
k :=0; 
a:=0; 
clrscr; 
writeln(' Do You Wish A Directory? (y,n)'); 
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repeat 
readln(dr); 

until dr in ['y' ,'n ']; 
if dr = 'y' then direct; 

writeln; 
writeln ('input the file name. *****.***'); 
read(filename); • 
assign (diskfile, filename); 
reset ( diskfile ); 
clrscr; 

readln( diskfile,a); 
readln( diskfile,reverse); 
readln( diskfile,potelc ); 
for h := 1 to potelc do 
begin 
readln(diskfile, potnum[h]); 

end; 
readln( diskfile,project); 
readln( diskfile,locat); 
for c := 1 to a do 
begin 
readln( diskfile,oper[ c]); 
end; 
readln( diskfile,prof); 
readln( diskfile,date ); 
for i := 1 to potelc do 
begin 

for j := 1 to potnum[i] do 
begin 
if reverse = 'y' then 
begin 

read( diskfile,h, b[i] ,l[i,j] ,volt[i,j, 1 ],amp[i,j, 1] ,volt[i,j,2] ,amp[i,j ,2]); 
readln( diskfile ); 

end; 
if reverse = 'n' then 
begin 

read( diskfile,h,b[i] ,l[i,j] ,volt[i,j, 1 ],amp[i,j, 1 ]); 
readln( diskfile ); 

end; 
end; 

end; 
close( diskfile ); 

end; 

procedure statistics(var l,ra:taray;th,s:wastary;potnum:sterioray;potelc,count:integer); 

var i,j,k,d,n,az,c : integer; 
slope,sumy ,sumys,sumyh,sumyhs,ssdev : real; 
sumdev,sumdevs,corr,sst,ssr,stddev: real; 
reply : char; 
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begin 
sumdev := O; 
surndev := O; 
surnys := O; 
surny := O; 
surnyh := O; 
sumyhs := O; 
for i := 1 to potelc do 
begin 
for j := 1 to potnum[i] do 
begin 
k:=0; 
d:=0; 
repeat 

k:=k+l; 
if l[i,j] < th[k] then 
begin 
n := n + 1; 
slope:= (s[k]-s[k-1])/(th[k]-th[k-1]); 
yhat[i,j] := (l[i,j]-th[k-l])*slope+s[k-1]; 
dev[i,j] := (ra[i,j] - yhat[i,j]); 
sumdev := sumdev + dev[i,j]; 
sumdevs := sumdevs + (dev[i,j]*dev[i,j]); 
surnyh := sumyh + yhat[i,j]; 
sumyhs := sumyhs + (yhat[i,j]*yhat[i,j]); 
sumy := surny + ra[i,j]; 
sumys := sumys + (ra[i,j] * ra[i,j]); 
d := 1; 

end; 
if k = rn then d := 1 

until d >=1; 
end; 
end; 
ssdev := surndevs - ((sumdev * sumdev)/n); 
sst := surnys - ((sumy * sumy)/n); 
ssr := surnyhs - ((sumyh * sumyh)/n); 
corr := sqrt(ssr/sst); 
assign(outfile, 'con:'); 
writeln(outfile,' Model#' ,count:2); 
writeln( outfile ); 
writeln(outfile,' Layer Resistivity Thickness'); 
writeln( outfile ); 
for az := 1 to num do 
begin 
writeln( outfile,az:8,resist[az]: 15:2,thick[az]: 14:2); 
end; 
writeln( outfile ); 
writeln(outfile,' goodness of fit = ',corr:8:5); 
stddev := sqrt(abs(ssdev/(n-1))); 
writeln(outfile,'standard deviation= ',stddev:8:5); 
writeln; 
writeln(' Do You Wish To Have This Printed? (y,n)'); 
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readln(reply); 
if reply= 'y' then 
begin 
assign( outfile, '1st:'); 
writeln( outfile,' Model # ',count:2); 
writeln( outfile ); 
writeln( outfile,' Layer Resistivity Thickness'); 
writeln( outfile ); 
for az := 1 to num do 
begin 
writeln( outfile,az:8,resist[az]: 15:2,thick[az]: 14:2); 

end; 
writeln( outfile ); 
writeln(outfile,'goodness of fit = ',corr:8:5); 
stddev := sqrt(abs(ssdev/(n-1))); 
writeln(outfile, 'standard deviation= ',stddev:8:5); 
writeln( outfile ); 
writeln('Would you like the model curve printed out? (y/n)'); 

repeat 
readln(modl); 

until modl in ['y' ,'n ']; 
if modl = 'y' then 
begin 

assign( outfile, '1st:'); 
writeln( outfile ); 
writeln( outfile ); 
writeln(outfile,' Model#' ,count:2); 
writeln( outfile ); 
writeln(outfile,' L/2 resistivity'); 
writeln( outfile,' ---------------------' ); 
writeln( outfile ); 
for c := 1 to ml do 
begin 

writeln( outfile,th[ c]: 10:2,s[ c]: 10:2); 
end; 

end; 
end; 

writeln; 
writeln(' Hit any key to see plot and any key to return from the plot'); 

end; 

procedure plotmodel( s, th :wastary; m 1 :integer); 

var x5,x6,y5,y6,y7 ,y8,i,n : integer, 

begin 

for i := 1 to ml do 
begin 
x5 := round(ln(th[i])/ln(l0)*lO0); 
y5 := round((ln(s[i])/ln(l0)-2)*78.26087); 
y7 := abs(y5-180); 
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x6 := round(ln(th[i+ l])/ln(lO)*lOO); 
y6 := round((ln(s[i+ l])/ln(l0)-2)*78.26087); 
y8 := abs(y6-180); 
for n := 1 to 10 do 
draw(x5,y7,x6,y8,3); 
end; 
repeat 
until keypressed; 

end; 

procedure plotdata(l,ra:taray;potnum:sterioray;potelc:integer); 

var i,j,x9,y9,y10 : integer; 

begin 
for i := 1 to potelc do 
begin 
for j := 1 to potnum[i] do 
begin 
x9 := round(ln(l[i,j])/ln(l 0)* 100); 
y9 := round((ln(ra[ij])/ln(l0)-2)*78.26087); 
ylO := abs(y9-180); 
draw(x9-2,y10-2,x9-2,y10+2,2); 
draw(x9-2,y10+2,x9+2,y10+2,2); 
draw(x9+2,y10+2,x9+2,y10-2,2); 
draw(x9+2,y10-2,x9-2,yl0-2,2); 
plot(x9 ,y 10,2); 
end; 

end; 
end; 

procedure startplot; 

var x,x3,x4,mult,yl,y2,y3,y4 : integer; 

begin 
graphcolormode; 
palette(2); 
textcolor(l ); 
draw(0,0,300,0, 1 ); 
draw(0,0,0, 180, 1 ); 
draw(300,0,300, 180, 1 ); 
draw(O, 180,300,180, 1 ); 
mult := 1; 
for x3 := 1 to 3 do 
begin 

for x4 := 2 to 10 do 
begin 
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x := round(ln(mult*x4)/ln(IO)*IOO); 
draw(x, 177,x, 180, 1 ); 

end; 
mult := mult * 1 O; 

end; 
mult := 1; 
for y3 := 1 to 2 do 
begin 
for y4 := 2 to 10 do 
begin 

y2 := round(ln(mult*y4)/ln(10)*78.26087); 
if y2 < 200 then 
begin 
y 1 := abs(y2- l 80); 
draw(O,yl ,3,yl, l); 

end; 
end; 
mult := mult * 10; 

end; 
end; 

procedure transform(y,x 1,x2:real;resist,thick:wastary ); 
var k,i : integer; 

u,a l ,a2 : real; 
begin 
bo := resist[num]; 
fork:= 1 to num-1 do 
begin 
i := num-k; 
u := thick[i]/y; 
if (5-u) > 0 then 
begin 
al := exp(u); 
a2 := (al-1/al)/(al+l/al); 
bo := (bo+a2*resist[i])/( 1 +a2*bo/resist[i]); 

end; 
if (5-u) < 0 then bo := resist[i]; 

end; 
end; 

procedure instruct; 
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begin 
writeln('This is the interpretation part of the program. You will first '); 
writeln('be asked how many layers in you model. Do not worry for you '); 
writeln('can change this for the next model. If you do change the number'); 
writeln(' of layers the print might look funny until you fix the thickness'); 
writeln('of the layers. The program calculates the standard deviation '); 
writeln(' and a goodness of fit. The smaller the std. dev. the better, '); 
writeln('however it is relative to the measured range of resistivities. '); 
writeln('The goodness of fit is best at 1.00. These statistics are '); 
writeln('calculated for every point of data within the specified range. '); 
writeln('This range must not exceed the range of measured V2 points. '); 
writeln('To clear the graph and continue hit any key '); 
writeln; 
writeln(' Hit any Key to continue '); 
repeat 
until keypressed; 
end; 

procedure ghosh; 

var j,m,d,e,c,ca : integer; 
q : real; 
cont,parm : char; 

begin 
if zofo = 'u' then instruct; 
count:= O; 
repeat 

count := count + 1; 
clearscreen; 
m:=0; 
f :=1.3335214; 
writeln('input the number of layers'); 
readln(num); 
if count > 1 then 
begin 
repeat 

writeln(' Layer Resistivity Thickness'); 
writeln; 
fore:= 1 to numdo 
begin 
writeln( c:8,resist[ c]: 15:2,thick[c ]: 14:2); 
end; 

writeln; 
writeln; 
writeln('Would you like to change a layer parameter? (y/n)'); 
repeat 

readln(parm); 
until parm in ['y','n']; 
if parm = 'y' then 
begin 
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writeln; 
writeln('enter the layer# to change '); 
readln(ca); 
writeln('input the resistivity of layer ',ca: 1); 
readln(resist[ca]); 
if ca < num then 
begin 

writeln('input the thickness of layer' ,ca:1); 
readln(thick[ca]); 

end; 
if ca = num then 
begin 

thick[ca] := 0; 
end; 

end; 
until parm = 'n'; 
end; 
if count < 2 then 
begin 
for j := 1 to num do 
begin 

writeln('input the resistivity of layer ',j: 1); 
readln(resistU]); 
if j < num then 
begin 

writeln('input the thickness of layer' ,j:1); 
readln( thickU]); 

end; 
if j = num then 
begin 

thick[j] := 0; 
end; 

end; 
end; 
writeln('input the range you wish calculated eg. ( 4 500) '); 
writeln; 
writeln(' Do Not exceed range of measured values '); 
readln(x 1,x2); 
y := xl/822.8; 
for j : = 1 to 34 do 
begin 

transform(y ,x 1,x2,resist, thick); 
t[j] := bo; 
y := y * f; 

end; 
nu := round(x2); 
repeat 

m:=m+l; 
transform(y ,x 1,x2,resist, thick); 
t[35] := bo; 
y := y*f; 
s[m] :=42*t[l]-103*t[3]+ 144*t[5]-211 *t[7]+330*t[9]-574*t[l 1]; 
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s[m] :=s[m]+ 1184*t[13]-3162*t[l5]+ 10219*t[l 7]-24514*t[l9]; 
s[m] :=s[m]+ 18192*t[21]+6486*t[23]+ 1739*t[25]+ 79*t[27]+200*t[29]; 
s[m] :=(s[m]-106*t[31 ]+93*t[33]-38*t[35])/l 0000; 
for d := 1 to 34 do 
begin 

t[d] := t[d+ l]; 
end; 
th[m] := xl; 
xl := th[m]*l.3335214; 
until th[m] > x2; 

ml:= m-1; 
statistics(l,ra,th,s,potnum,potelc,count); 
startplot; 
plotdata(l,ra,potnum,potelc ); 
plotmodel(s,th,ml); 
textmode; 
writeln('Do you wish a new model ? (y/n)'); 
repeat 
readln( cont); 
until cont in ['y', 'n ']; 

until cont= 'n'; 
end; 

procedure start_res; 

begin 
assign ( outfile,'lst: '); 
clrscr; 
if zofo = 'u' then 
begin 
writeln('Input may be entered interactively from the screen or'); 
writeln('from any file created by this program. The file must'); 
writeln('be in the current directory (or on the same disk) as '); 
writeln('the program. You will be able to get a listing of '); 
writeln('files in that directory before the program asks for '); 
writeln('the name of the input file.'); 
writeln; 
writeln; 
end; 
writeln(' Input on Screen (s) of File (f)'); 
repeat 

readln(inptype ); 
until inptype in ['s','f']; 
if inptype = 's' then 
initialize 
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else 
inpdata; 
help(b,l,volt,amp,potelc,potnum,reverse); 
change(b,l,volt,amp,potelc,potnum,reverse); 
writeln; 
writeln('Do You want to see the plot?• (y,n)'); 
repeat 
readln(graph); 

until graph in ['y', 'n ']; 
if graph= 'y' then 
begin 

startplot; 
plotdata(l,ra,potnum,potelc ); 
textmode; 
ghosh; 
if view = 'g' then 
begin 

assign(cnprog, 'geophys.chn '); 
chain(cnprog); 

end; 
end; 
if view = 'g' then chan; 

end; 

procedure menu; 

begin 
writeln(' 
writeln(' 
writeln(' 
writeln; 
writeln; 
writeln; 

Welcome to GeoPhysics III.'); 
This Program was designed by M. Boland for Data Calculation'); 
and Storage for Input to Subsiquent Plotting Software'); 

writeln(' You Have The Following Choices So Far'); 

Resistivity Depth Sounding '); 
Data Storage (d)'); 
Use w/ instruction (u)'); 

writeln; 
writeln(' 
writeln(' 
writeln(' 
writeln(' 
writeln(' 
repeat 

Plot Model on Res. Plot (m)'); 

read(zofo ); 
until zofo in ['d' ,'u' ,'m']; 
ifzofoin ['d','u'] then start_res; 
if zofo = 'm' then 
begin 

'); 
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modl := 'y'; 
chan; 

end; 
end; 

begin 
clrscr; 
menu; 
end. 
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APPENDIX le. 

Listing of the AB-rectangle Program 
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AB-RECTANGLE PROGRAM 

program rectangle (input,output,diskfile ); 

{ Calculates actual resistivitys given a homogeneous layered 
model. It Uses a filter by O'Neill and Merrick (1984) to 
map the composite resistivity transform to apparent 
resistivities for any four electrode array. 

However, this algarithm is for uniform arrays of rectangular 
potential measurements. Including linear Profiles. } 

type thrdim = array [1..18,1..10,1..4] of real; 
mesdim = array [1..18,1..10,1..2] of real; 
twodim = array [1..40,1..40] of real; 
onedim = array [-25 .. 50] ofreal; 
chadim = array[l..5] of string[20]; 

var xmax,ymax,xshift,yshift : integer; 
xint,yint,12,i,j ,num,a integer; 
r,volt,amp thrdim; 
k,tr,mucka,ra,res : twodim; 
thick,resist,t,s,n onedim; 
locx,locy,bo,y,shift,b2 : real; 
mcfly,reverse,view,inp,plot : char; 
outfile,diskfile : text; 
project : string[20]; 
locat string[30]; 
oper chadim; 
prof,filename : string[9]; 
date string[ 10]; 

procedure input; 

{ To manually input values from keyboard } 

begin 
writeln('input b/2'); 
readln(b2); 
writeln; 
writeln('input V2'); 
readln(l2); 
writeln; 
writeln('input the maximum measurement distance along the x-axis'); 
readln(xmax); 
writeln; 
writeln('input the maximum measurement distance away from the x-axis'); 
writeln; 
readln(ymax); 
writeln; 
writeln('input the interval between measurements on the x-axis'); 
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readln(xshift); 
writeln; 
writeln('input the interval between measurement away from the x-axis'); 
writeln(' NOTE: MUST BE A TLEAST A VALUE OF 1 '); 
readln(yshift); 
xint := round(xmax/xshift) + 1; 
yint := round(ymax/yshift) + 1; 

end; 

procedure inpdata; 

{ To input previously saved data } 

var i,j,k,h,r,a : integer; 
dr : char; 

begin 
j := O; 
k:=0; 
a :=0; 
clrscr; 
writeln; 
writeln ('input the file name. *****.***'); 
read(filename ); 
assign (diskfile, filename); 
reset (diskfile); 
clrscr; 
read.In( diskfile,reverse ); 
readln(diskfile,xmax); 
read.In( diskfile,ymax); 
read.In( diskfile,xshift); 
read.In( diskfile,yshif t ); 
readln(diskfile,b2); 
readln(diskfile,12); 
readln( diskfile,project); 
readln(diskfile,locat); 
repeat 
a:=a+l; 
read(diskfile,oper[a]); 
until oper[a] = "; 
read.In( diskfile ); 
read.In( diskfile,prot); 
readln(diskfile,date); 
xint := round(xmax/xshift) +1; 
yint := round(ymax/yshift) + 1; 
for i := 1 to (2*xint-l) do 
begin 

for j := 1 to (2*yint-1) do 
begin 

if reverse= 'y' then 

rea~~~lskfile,i,j, volt[i,j, 1] ,amp[i,j, 1], volt[i,j,2] ,amp[i,j,2] ,ra[i,j] ,res[i,j]); 
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end; 
if reverse = 'n' then 
begin 
read(diskfile,i,j,volt[i,j, 1],amp[i,j, 1 ]); 
readln( diskfile ); 

end; 
end; 

end; 
close(diskfile); 

end; 

procedure kvalues; 

{ To compute primary K values } 

var x,y : real; 
ij : integer; 

begin 
for i := 1 to xint do 
begin 

x := xmax - (xshift*(i-1)); 
for j := 1 to yint do 
begin 

y := ymax - (yshift*(j-1)); 
r[i,j,1] := sqrt(sqr(y)+sqr(l2-x-b2)); 
r[i,j,4] := sqrt(sqr(y)+sqr(l2+x-b2)); 
r[i,j,2] := sqrt(sqr(y)+sqr(l2-x+b2)); 
r[i,j,3] := sqrt(sqr(y)+sqr(l2+x+b2)); 
k[i,j] := 2*3.14159/((1/r[i,j, 1])-(1/r[i,j,2])-(1/r[i,j,3])+(1/r[i,j,4])); 

end; 
end; 

end; 

{ The Quad procedures calculate the other k values 
Using the simitry of the array } 

procedure quad2(var mcfly : char); 

var n,i,j : integer; 

begin 
n:= 0; 
for i := (xint +l) to (2*xint-1) do 
begin 

n := n+2; 
for j := 1 to yint do 
begin 

if mcfly = 'k' then k[i,j] := k[i-n,j]; 
if mcfly = 'r' then mucka[i,j] := mucka[i-n,j]; 

end; 
end; 

end; 
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procedure quad3(var mcfly : char); 

var n,i,j : integer, 

begin 
for i := 1 to xint do 
begin 
n :=0; 
for j := (yint + 1) to (2*yint-1) do 
begin 

n := n+2; 
if mcfly = 'k' then k[i,j] := k[i,j-n]; 
if mcfly = 'r' then mucka[i,j] := mucka[i,j-n]; 

end; 
end; 

end; 

procedure quad4(var mcfly : char); 

var nx,ny ,i,j : integer; 

begin 
nx :=0; 
for i := (xint +1) to (2*xint-1) do 
begin 

ny :=0; 
nx := nx + 2; 
for j := (yint + 1) to (2*yint-1) do 
begin 

ny := ny +2; 
if mcfly = 'k' then k[i,j] := k[i-nx,j-ny]; 
if mcfly = 'r' then mucka[i,j] := mucka[i-nx,j-ny]; 

end; 
end; 

end; 

procedure transform(a:integer,y:real;resist,thick:onedim); 

{ To calculate the resitivity Transform } 

var k,i : integer; 
u,al,a2,kab,kbc,tprime,tbc : real; 
kcd,tcd,tbcd : real; 

begin 
u := exp(y); 
kab := (resist[2]-resist[ 1 ])/(resist[2]+resist[ 1 ]); 
tprime := resist[l]*((l-exp(-2*thick[l]/u))/(1 +exp(-2*thick[l]/u))); 

if num = 2 then 
bo := resist[l]*(l +kab*exp(-2*thick[l]/u))/(l-kab*exp(-2*thick[l]/u)); 

if num = 3 then 
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begin 
kbc := (resist[3]-resist[2])/(resist[3]+resist[2]); 
tbc := resist[2] * ( 1 +kbc*exp(-2 *thick[2]/u) )/( l-kbc*exp(-2 *thick[2]/u) ); 
bo := (tprime + tbc)/(1 + (tprime*tbc/(resist[l]*resist[l]))); 

end; 
if num = 4 then 
begin 

kcd := (resist[ 4]-resist[3])/(resist[ 4]+resist[3]); 
tcd := resist[3] *(1 +kcd*exp(-2*thick[3]/u))/(l-kcd*exp(-2*thick[3]/u)); 
tbcd:= (tprime + tcd)/(1 + (tprime*tcd/(resist[2]*resist[2]))); 
bo := (tprime + tbcd)/(1 + (tprime*tbcd/(resist[l]*resist[l]))); 

end; 
end; 

procedure ghosh; 

var m,j,d,e,g,h,v : integer; 
q,f ,x : real; 
cont : char; 

begin 
m:=0; 
f := 0.3837642; 
shift := -0.046339794; 
writeln('input the number of layers'); 
readln(num); 
for j := 1 to num do 
begin 

writeln('input the resistivity of layer' ,j: 1); 
readln(resist[j]); 
if j < num then 
begin 

writeln('input the thickness of layer' ,j:1); 
readln( thick[j]); 

end; 
end; 
for g := 1 to xint do 
begin 

x := xmax - (xshift*(g-1)); 
for h := 1 to yint do 
begin 

for a:= 1 to 4 do 
begin 

for j := -25 to 10 do 
begin 

n[j] := shift + j*f; 
y := ln(r[g,h,a])-(n[j]); 
transform(a,y ,resist,thick); 
tr[j,a] := bo; 
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end; 
end; 
for v:= -25 to 10 do 

begin 
t[ v] := (tr[ v, 1]/r[g,h, l])-(tr[ v ,2]/r[g,h,2])-(tr[ v,3]/r[g,h,3])+(tr[ v,4]/r[g,h,4]); 

end; 
m := 1; 

s[m] :=0.00039053314*t[-25]-0.0010087715*t[-24]+0.0018339484*t[-23]-0.00223724 
33*t[-22]; 

s[m] :=s[m]+0.0026864314*t[-21]-0.0024139139*t[-20]+0.002685288*t[-19]-0.00182 
92607*1[-18]; 

s[m] :=s[m]+o.0024492093*t[-17]-0.00082138589*t[-16]+0.0024664738*t[-15]+0.00 
069159672*1[-14]; 

s[m] :=s[m]+0.0032120792*t[-13]+0.0032357338*t[-12]+0.0055210545*t[-l l]+0.008 
0328605*1[-10]; 

s[m] 
:=s[m]+0.0l 1157895*t[-9]+0.017713717*t[-8]+0.023921121 *t[-7]+0.037878738*t[-6]; 

s[m] 
:=s[m]+0.05186661 *t[-5]+0.080094716*t[-4]+0.11087382*t[-3]+0.16458964*t[-2]; 

s[m] :=s[m]+o.22063809*t[-l]+0.29147621 *t[0]+0.29934872*t[l]+o.1586253*t[2]; 
s[m] :=s[m]-0.32349971 *t[3]-0.53249164*t[4]+0.51481121 *t[5]-0.19282817*t[6]; 
s[m] 

:=(s[ m ]+0.051125704*t[7]-0.0126355*t[8]+o.0028267073*t[9]-0.00040198125*t[l 0]); 
mucka[g,h] := (s[m]*k[g,h]/(2*3.1415)); 

end; 
end; 
end; 

procedure initialize; 

var i,j,k : integer; 

begin 
clrscr; 
writeln('Do you Wish to include Forward and Reverse Data? (y,n)'); 
repeat ,.., 

readln(reverse ); 
until reverse in ['y','n']; 
clrscr; 
for i := 1 to (2*xint-1) do 
begin 
for j := 1 to (2*yint-l) do 
begin 

clrscr; 
writeln('Measurement Number ',i:2,' ,' ,j:2); 
write('Input the Forwad Voltage' ,j:2,' '); 
readln(volt[i,j, 1]); 
writeln; 
if reverse = 'y' then 
begin 
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write('Input Reverves Voltage' ,j:2,' '); 
readln(volt[i,j,2]); 
writeln; 

end; 
write('Input the Forward Current' ,j:2,' '); 
readln(amp[i,j,l]); 
writeln; 
if reverse= 'y' then 
begin 

write('Input Reverse Current' ,j:2,' '); 
readln(amp[i,j,2]); 

end; 
end; 

end; 
end; 

procedure help (var volt,amp:thrdim;reverse:char); 

var i,j,check,z,meas : integer; 
view ,hard : char; 

begin 
z :=0; 
meas:= O; 
clrscr; 
writeln(' View These Values On The Screen (s) or Printer (p) ?'); 
repeat 

readln(view); 
until view in ['s' ,'p']; 
if view = 'p' then 

assign (outfile,'lst: '); 
if view= 's' then 

assign(outfile, 'con:'); 
if reverse = 'n' then 
begin 

writeln(outfile,' Location U I' ); 
writeln(outfile,' ------------------------ '); 

end; 
if reverse= 'y' then 
begin 

writeln(outfile,'Location U for I for U rev I rev'); 
writeln( outfile,' -------------------------------------------- '); 

end; 
for i := 1 to (2*xint-1) do 
begin 

for j := 1 to (2*yint-1) do 
begin 
meas := meas + 1; 

if reverse= 'n' then 
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writeln(outfile,i:2,j:2,volt[i,j, 1] :8:3,amp[i,j, 1 ]:8:3); 
if reverse= 'y' then 

writeln(outfile,i:2,j:2,volt[i,j, 1]: 10:3,amp[i,j, 1]: 10:3,volt[i,j,2]: 10:3,amp[i,j,2]: 10:3); 
if view= 's' then 
begin 

check := meas div 20; 
if check > z then 
begin 

writeln('note any mistakes and hit any key to continue'); 
repeat 
until keypressed; 
z:=z+l; 
clrscr; 
if reverse= 'n' then 
begin 

writeln(outfile,' Location U I' ); 
writeln( outfile,' ---------------------------- '); 

end; 
if reverse= 'y' then 
begin 

writeln(outfile,'Location U for I for U rev I rev'); 
writeln(outfile,'--------------------------------------------'); 

end; 
end; 

end; 
end; 

end; 
end; 

procedure change (var volt,amp:thrdim;reverse:char); 

var save,dumb char ; 
i,j,k,x,y : integer; 

begin 
repeat 
dumb:='-'; 
writeln('Do you wish to change a value? (y,n)'); 
readln(dumb); 
if dumb= 'y' then 
begin 

write('enter the number of the measurement to change (x,y) '); 
readln(x,y); 
writeln('Changing Measurement ',x:2,' ,' ,y:2); 

write(' enter the new Forward Voltage ',x:2,' ,' ,y:2,' '); 
read(volt[x,y,1]); 
writeln; 
if reverse= 'y' then 
begin 
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write(' enter the new Reverves Voltage ',x:2,' ,' ,y:2,' '); 
read( volt[ x,y ,2]); 
writeln; 

end; 
write('enter the new Forward Current' ,x:2,' ,' ,y:2,' '); 
read(amp[x,y,1]); 
writeln; 
if reverse= 'y' then 
begin 

write(' enter the new Reverse Current ',x:2,',' ,y:2,' '); 
read(amp[ x,y ,2]); 
writeln; 

end; 
end; 

until dumb in ['n']; 
end; 

procedure datafile (var res,ra:twodim;volt,amp:thrdim;revers:char); 

var i,j,k,h,t,a : integer; 

begin 
clrscr; 
h :=0; 
a :=0; 
writeln('Input the name of the data file. ******. ***'); 
readln(filename ); 
assign (diskfile, filename); 
rewrite ( diskfile ); 
writeln( diskfile,reverse ); 
writeln(diskfile,xmax:8); 
writeln(diskfile,ymax:8); 
writeln(diskfile,xshift:8); 
writeln(diskfile,yshift:8); 
writeln(diskfile,b2:5:2); 
write In( diskfile,12:5); 
writeln(diskfile,project); 
writeln( diskfile,locat); 
repeat 
a:=a+l; 
write(diskfile,oper[a],' '); 
until oper[a] = "; 
writeln( diskfile ); 
write In( diskfile,prof); 
writeln( diskfile,date ); 

for i := 1 to (2*xint-1) do 
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begin 
for j := 1 to (2*yint-l) do 
begin 
if reverse= 'y' then 
begin 

write(diskfile,i:3,j :3,volt[i,j, 1]:10:3,amp[i,j, 1]: 10:3); 
write(diskfile,volt[i,j,2]: 10:3,amp[i,j,2]: 10:3,ra[i,j]: 14:3,res[i,j]: 14:3); 
writeln(diskfile); 
end; 
if reverse = 'n' then 
begin 

write(diskfile,i:3,j:3,volt[i,j, 1]: 14:3,amp[i,j,1]: 14:3); 
writeln(diskfile); 

end; 
end; 

end; 
close (diskfile); 

end; 

procedure calculate (var volt,amp:thrdim;mucka:twodim); 

var i,j,h,x,a,ab,ac,check : integer; 
voltav ,amp av : real; 
save : char; 

begin 
h :=0; 
X :=0; 
a :=0; 
ab :=0; 
ac :=0; 
clrscr; 
writeln(' View Toe Results On The Screen (s) or Printer (p) ?'); 
repeat 
readln(view); 

until view in ['s','p','g']; 
if view in ['p','g'] then 
begin 

assign ( outfile, '1st:'); 
writeln(' Input the Name of the Project (max 20 char.)'); 
readln(project); 
writeln(' Input the Location of the Project (max 30 char.)'); 
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readln(locat); 
writeln(' Input the Profile Designation (max 8 char)'); 
readln(prot); 
writeln(' Input tht Date of the Sounding (30 MAR 87)'); 
readln(date); 
repeat 
a:=a+l; 
writeln(' Input the Name of the Operator ',a:1); 
readln(oper[a]); 
until oper[a] = "; 

end; 
if view in ['p','g'] then 
begin 

writeln(outfile,'GEOELECTRICAL A-B RECTANGLE METHOD'); 
writeln(outfile, 'PROJECT : ',project); 
writeln(outfile, 'LOCATION : ',locat); 
write(outfile,'OPERATORS: '); 
repeat 
ab:= ab+ 1; 
write(outfile,oper[ab],', '); 
until ab = a-2; 
write(outfile,oper[a-1]); 
writeln( outfile ); 
writeln(outfile,'PROFILE : ',prof); 
writeln(outfile,'DATE : ',date); 

end; 
if view= 's' then 

assign( outfile, 'con:'); 
if reverse= 'n' then 

begin 
writeln( outfile ); 
writeln( outfile ); 
writeln( outfile ); 
write In( outfile ); 
write( outfile,' Location 
write(outfile,' U I 
writeln( outfile ); 

'); 
RHOapp Residual'); 

write(outfile,' -----------------------------------------'); 
write( outfile, '---------------------------- '); 
writeln( outfile ); 

end; 
if reverse= 'y' then 

begin 
writeln( outfile ); 
writeln( outfile ); 
writeln( outfile ); 
write In( outfile ); 
writeln(outfile,' Location U for I for U rev I rev RHO (meas) 

Residual'); 
writeln(outfile,'--------------------------------------------------------------------------------'); 

end; 
for i := 1 to 2*xint-1 do 
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-

begin 
for j := 1 to 2*yint-1 do 
begin 

locx := xmax-((i-l)*xshift); 
locy := ymax-((i-l)*yshift); 
X := X + 1; 
if reverse = 'n' then 
begin 
ra[i,j] := k[i,j] *(volt[i,j, l]/amp[i,j, 1]); 
res[i,j] := mucka[i,j]-ra[i,j]; 
writeln( outfile,locx:6:0,lo-

cy: 6:0,volt[ i,j, 1]: 14: 1,amp[i,j,1]: 14: 1,ra[i,j]: 14: 1,res[i,j]: 14: 1); 
end; 
if reverse= 'y' then 
begin 
voltav := (volt[i,j, 1] + volt[i,j,2])/2; 
ampav := (amp[i,j,1] + amp[i,j,2])/2; 
ra[i,j] := k[i,j]*(voltav/ampav); 
res[i,j] := mucka[i,j]-ra[i,j]; 

write(outfile,locx:4:0,locy:5:0,volt[i,j, 1]: 10:2,amp[i,j, 1]: 11 :2); 
write(outfile,volt[i,j,2]: 11 :2,amp[i,j,2]: 11 :2,ra[i,j]: 11 :2,res[i,j]: 14:2); 
writeln( outfile ); 

h := h + 1; 
end; 
if view= 's' then 
begin 

check := h div 20; 
if check = 1 then 
begin 

writeln(' hit any key to continue'); 
repeat 
until keypressed; 
clrscr; 

if reverse= 'n' then 
begin 

writeln(outfile); 
writeln( outfile ); 
writeln( outfile ); 
writeln( outfile ); 
write(outfile,' Location '); 
write(outfile,' U I RHO Residual'); 
writeln(outfile); 
write( outfile,' ------------------------ '); 
write(outfile,'----------------------------'); 
writeln( outfile ); 

end; 
if reverse= 'y' then 

begin 
writeln( outfile ); 
writeln( outfile ); 
writeln( outfile ); 
writeln( outfile ); 

176 



writeln(outfile,'Location U for I for U rev I rev RHO Residual'); 
wri teln ( ou tfile,' -------------------------------------------------------------------------------- '); 

end; 
writeln( outfile ); 

h:=0; 
end; 

end; 
end; 

end; 
writeln('Do You Want To Save This Data? (y,n)'); 
repeat 
readln(save); 

until save in ['y' ,'n']; 
if save= 'y' then 
begin 
datafile(res,ra, volt,amp,reverse ); 

end; 
end; 

procedure lotusfile ( var res,ra:twodim; volt,amp: thrdim;revers:char ); 

var i,j,k,h,t,a : integer; 

begin 
clrscr; 
h:=0; 
a:=0; 
writeln('Input the name of the data file. 
readln(filename ); 
assign (diskfile, filename); 
rewrite ( diskfile ); 

for i := 1 to (2*xint-1) do 
begin 

for j := 1 to (2*yint-l) do 
begin 

locx := xmax-((i-l)*xshift); 

****** ***')· . ' 

locy := ymax-(G-l)*yshift); 
write(diskfile,locx:5:2,locy:5:2,mucka[i,j]:14:3); 
writeln(diskfile); 

end; 
end; 
close (diskfile); 

end; 
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begin 
writeln(' Input data from (s)creen or (f)ile ? '); 
repeat 
readln(inp); 
until inp in ['s','f']; 
if inp = 'f' then inpdata; 
if inp = 's' then 
begin 
input; 
initialize; 

end; 
help(volt,amp,reverse); 
change( volt,amp,reverse ); 
kvalues; 
mcfly := 'k'; 
quad2(mcfly ); 
quad3(mcfly); 
quad4(mcfly); 
for i := 1 to (2*yint-1) do 
begin 
for j := 1 to (2*xint-1) do 
begin 

write(k[j,i] :6:0,' '); 
end; 
writeln; 

end; 
ghosh; 
mcfly := 'r'; 
quad2(mcfly); 
quad3(mcfly ); 
quad4(mcfly); 
fori := 1 to (2*yint-l) do 
begin 
for j := 1 to (2*xint-1) do 
begin 

write(mucka[j,i]:8:2,' '); 
end; 
writeln; 

end; 
calculate(volt,amp,mucka); 
writeln(' Do You Wish To Save This For a Plot Of Resisduals? (y,n) '); 
repeat 
readln(plot); 
until plot in ['y' ,'n']; 
if plot= 'y' then lotusfile(res,ra,volt,amp,reverse); 
end. 
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APPENDIX 2 

Depth Sounding Curves with layer model interpretations, 
Johnston, Rhode Island 

see header for profile number and location 

179 



...
...

 
00

 
0 

.J
~

O
O

O
O

 
--

.1
 

.j.
J 
~
 I E
 

.c
 

D
 >
­

.j.
J 

•r
-1

 

>
 

-r
l 

.j.
J U
) 

•r
l ~1

 
a:

 
.j.

J C
 

Q
J c.
. 

ltJ
 

C
. 

C
. 
~
 1 

J 
00

0 

•I
--

•I
--

•I
--

0 0 0 
1,

9,
 

1 

G
eo

E
le

ct
ri

ca
l 

D
ep

th
 

So
un

di
ng

 
A

ft
er

 
Sc

hl
um

be
rg

er
 

Pr
oj

ec
t 

: 
C

en
tr

al
 

L
an

df
ill

 
L

oc
at

io
n:

 
Jo

hn
st

on
 

R
.I

. 
pe

ra
to

rs
: 

Fr
oh

lic
h,

 
B

ol
an

d 

0 
0 

0 

l:l
 

l:l
 

l:l
 

l:l
 

l:l
 

l:l
 

l:l
 

0 
0 

0 
0 

0 
0 

ID
 

tO
 

"'
 

~
 

l:l
 

0 

I:
) 

10
 

10
0 

l:l
 

0 
l:l

 

0 
B

 Pr
of

ile
 

D
at

e 

l:l
 

m
 

0 

~\
 

C
L

F-
1 

19
 

JU
N

 
87

 

H
a 

1 
f 

E
le

ct
ro

de
 

Sp
ac

in
g 

[L
/2

] 
10

00
 

(f
t)

 



...... 
00 ...... 

GeoElectrical Depth Sounding After Schlumberger 

--. i.(~000 
.µ .J. 
.... .l. 
I J. 
E l 
.c I 
o T 

.l. 
I >, I 

~ I 
> -•r-t I 
.µ I 
-~ I 

I 
~ 1.CkOO 
a: ± 

I 

~ ± 
~ ~ 

Project : Central Landfill 
Location : Johnston A. I. 
Operators Frohlich, Boland 

s e e (:) 

(:) e "' (:) (:) 
(:) "' I:) 

e 
ffi 

(:) 
e 

e 

Profile CLF-2 
Date 19 JUN 87 

§ 8 

c. I -----7 
Cl I r---i----;;--1 ~ --- 0 \ 

~l~-- :0101 g1~1 g) "'"' , , l g I :g g , , & , ru • ' ,000 
: ~ ' ' ' ' 1 O (ft) 

i Q I I 

Half Electrode Spacing [L/2] 



,__. 
00 
N 

! 
! 

....,. :10000 

.µ ..:. 
4-

1 -E .:_ 
.c I 

0 J. 

: 
~ i 
..µ -: 
.,; I 
> ! 

•rl I 
.µ i 
(f) I 

•rl 
m I 
Ql :1!100 

(I .l. -
.µ i 
C 
Cl) -
c.. l (0 ; 
a. 
a. 
<t I 

! -

:1QO 

GeoElectrical Depth Sounding After Schlumberger 

-

-g I 
0 

I 

to l I ,qi 

Project : Central Land~ill 
Location: Johnston A.I. 
Operators Frohlich, Boland 

(:) 

(:) 

e 
(:) 

(:) 

(:) e 
e ~ 

~ 

e (;) (;) 0 

0 
e 

0 I~-~ .~.I .... 0 
ru 
(T) 

I 
:10 :100 

Half Electrode Spacing 

e 
0 

(:) e 

Profile 
Date 

e 

e e 

0 

0 

(:) 

ll_)\; 

CLF-3 
20 JUN 87 

:1000 

[L/2] (ft) 

--, 

---+-+--~ 



...
.. 

00
 

w
 

G
eo

E
le

ct
ri

ca
l 

D
ep

th
 

So
un

di
ng

 
A

ft
er

 
Sc

hl
um

be
rg

er
 

Pr
oj

ec
t 

C
en

tr
al

 
L

an
df

ill
 

L
oc

at
io

n 
Jo

hn
st

on
 

A
.I

. 
O

pe
ra

to
rs

: 
Fr

hl
ic

h,
 

B
ol

an
d 

Pr
of

ile
 

D
at

e 
C

L
F-

4 
20

 
JA

N
 

87
 

--
.. 

1.
0.

00
0 

.µ
 

: 
~
 

I 
I 

I 

~ 
t 

o 
T

 
~ 

I ;I ~1
-

1/
) 

•r
l ~ 

i 
I 
00

 
cc

 I
 

~
 

I:)
 

ffi
 

(:
) 

(:
) 

I:)
 

I:)
 

l:l
 

~
 

I 
.µ

 
-

C
 

1 I I 
-

--
--

--
·-

-·
-·

·-
···

~
 

I
-~

 
·7

--
--

--
--

O
 

! 
C

l\ 

(:
) 

l:l
 

l:l
 

I:)
 

(:
) 

(:
) 

o:
 

0.
 

[D
i 

C
l, 

o.
 

I.O
 

LO
! 

C
l 

.. 
[D

 
• 

C
\J

 
l 

C
l 

, 
: 

I 
1 

m
 

. 
1!

h.
Q

__
_ 

.l 
...

...
 ._

._
...

.._
 __

 
~

--
--

~
--

-.
 

-
-

1 
10

 
10

0 

H
al

f 
E

le
ct

ro
de

 
S

pa
ci

ng
 

(L
/2

] 

I:)
 

I:)
 

10
00

 
(f

t)
 

I 



GeoElectrical Depth Sounding After Schlumberger 
Project . Central Landfill . 
Location : Johnston A. I. Profile : CLF-5 
Operators: Frohlich, Boland, Savarese Date . 24 JUN 87 . 

--- 1 .µ 0000 

'I- .!. 
I .!. 
E l 

E i (:) (:) (:) (:) (:) (:) 

»I 
G 

0 
..... 

~ t 
00 
.+:>, (:) 

(:) 

•ri i 
~ 14000 

(:) a: ! 
I 

.µ T 
C -

~ + (:) 

it (:) 
(:) 

(;) 
I 
1-
i 0 0 0 I 0 o I 

0 0 I 

1 
CD N 

1 10 100 (:) 1000 

Half Electrode Spacing [L/2] (ft) 



+
 

f1
1°

00
 

I E
 

.C
 

l 
0 

.j.
 

...
.. 

>
-

.µ
 

...
...

 
·r

l 
00

 
>

 
V

I 
•r

l .µ
 en

 
•r

l en
 

C
D

 1.
Q

.O
O

 
a:

 
.µ

 
C

 
(l

) C
. 

IO
 

C
. 

C
. 

<
( 

t i~
 1 

G
eo

E
le

ct
ri

ca
l 

D
ep

th
 

So
un

di
ng

 
A

ft
er

 
Sc

hl
um

be
rg

er
 

0 
I 

0 
I 

0 
I 

-~
 I

 Pr
oj

ec
t 

: 
C

en
tr

al
 

L
an

df
ill

 
L

o c
at

 i
on

 
: 

Jo
hn

st
on

 
A

. I
. 

O
pe

ra
to

rs
: 

Fr
oh

lic
h,

 
B

ol
an

d,
 

Sa
va

re
se

 

0 
(:

) 
(:

) 

0 

0 

0 
(:

) 
(:

) 
(:

) 
(:

) 
(:

) 
(:

) 
(:

) 

0 0 lO
 

O
l 

10
 

••
 

10
0 

Pr
of

ile
 

C
L

F-
6 

D
at

e 
: 

24
 J

U
N

 8
7 

8 
C

l)
 

C
l)

 
8 

0 
(;

) 0
8 

0 

8\
 

0 
' 

.~
 

) 

H
al

f 
E

le
ct

ro
de

 
Sp

ac
in

g 
[L

/2
] 

10
00

 
(f

t)
 



-00 

°' 

I 
I 
I 

T 
I 
i 

--.. 1.0.000 
.µ ..!. 
~ ! 

I I 
E ; 
.c T 
0 ' 

l 
>-
.µ i •rl 

> I 
·rl 
.µ 
en 

•rl 
en : 
Ol 10.00 
a: ..:.. I 

.µ J: 
C J_ 
ID l 
t. I 
ro -'-
a. i 

a. l ~1 
.... 
! 
I 

11).a 
1 

GeoElectrical Depth Sounding After Schlumberger 
Project : Central Landfill 
Location: Johnston A.I. 
Operator: Frohlich, Boland, Hanson 

I:) 
I:) I:) I:) 

I:) I:) 

I:) 
I:) 

o I 
~ I 
lO I 

+---+-+ I II I I I 
10 

I:) 
I:) 

I I 

I:) 

0 6 

I:) 
I:) 

I 

I 
0 0 I 
(T) ru I 

I I ,t,1 
100 

ffi 

Half Electrode Spacing 

I:) 

Profile 
Date 

~ 9 8 
I:) I:) 

CLF-7 
01 JUL 87 

·--··----, 
0 { 
0 \ 
(\J '· 

I I ,2, I I I I I 

1000 

[L/2] (ft) 



...... 
00 
-...J 

GeoElectrical Depth Sounding After Schlumberger 

i 
.l. 

I 
--.. 1!l000 
.µ ..;. 
\j- .J.. 
I .:.. 
E i 
.c ! 
0 .... 

>- i .µ ~ 

•rl 

> I 

·rl t 
.µ . 
(fJ : 

•rl i 
(fJ I 

Q 1!~00 
0: ..;_ 

.µ "7 
C -+ 
Q.) ! 
L. j 

co 
a. 
Q. -
'<!I 

i 

0 
Lrl 
:n 

?reject 
Location 
Operators: 

0 
e 

e 
Q 

Central Landfill 
Johnston R.I. 
Frohlich, Boland, Hanson 

(:) 0 0 

0 

e 
(;) 

e 

e 

(;) 
0 0 

Profi!e 
;:Jate 

13 
0 

(;) 
(;) 

·-·-·-7 
o ! o l en, 
0 I O ' en\ 

CLi='-8 
01 JUL 87 

Lrl I o : en 
. , 0 , m I en ) 

~QO I I I I I -t-f-+-.--4-------,~~,_--+-~- ....... -+-f---·+---+---4-!.+-+..J+l..+-l:+--
1 10 iOO 1000 

Half Electrode Spacing [L/2] (ft) 

-7 

·+- I I I I I 



....... 
00 
00 

GeoElectrical Depth Sounding After Schlumberger 
Project : Central Landfill 
Lo cat ion : Johnston R. I. 
Operator: Frohlich, Boland, Hanson 

?refile 
Jate 

CLF-9 
01 JUL 87 

------·--··-· 
' i 

i 
.l 

:jj' :1.~000 
q... T 
I :: 
E ' 
.c T 
0 -__, 

>- ! 
.µ 
·rl 

> ' 
·rl 
.µ 
(I) 
•rl 
en ! 
Cl 1.0.00 
a: ..!. 

..i. 
i 

.µ ... 
C l 
QJ ..,. 
(. 
co -
Cl 
Cl 

' l 
<C i 

0 

0 

0 0 
0 

0 0 
0 

0 t:l el 
0 

6 
0 
0 

e ~ 
e @ 0 
0 

I 
l ; ... 

i 0 

I 0 
0 

I C\J 
1.Q.O 

~------0---.-1--0- .....------0-,-------~-z j' 
0 0 0 0 \ 
(TJJ 0 (TJ 0. 
,..,i; Cl .,.. C\J') 

-➔~--,.__...._ _____ -+-'---+-~'P-.-f~t-t-f----t----f·--+-·-+--t--➔-~ -=-.J-l-----'>--l--+-+--4-4··-t-·I 

1 :10 100 • 1000 

Half Electrode Spacing [L/2] (ft) 



APPENDIX 3 

Depth Sounding Curves with layer model interpretations, 
Tiverton, Rhode Isalnd 

see header for profile number and location 
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APPENDIX4 

Depth Sounding Curves with layer model interpretations, 
Aroostook Co. Maine 

see header for profile number and location 
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