University of Rhode Island

DigitalCommons@URI

Open Access Master's Theses

2015

The Effect of Caffeine Supplementation on Muscular Power in
Recreationally Trained College Aged Males

David John Sanders
University of Rhode Island, dsanders7@yahoo.com

Follow this and additional works at: https://digitalcommons.uri.edu/theses
Terms of Use
All rights reserved under copyright.

Recommended Citation

Sanders, David John, "The Effect of Caffeine Supplementation on Muscular Power in Recreationally
Trained College Aged Males" (2015). Open Access Master's Theses. Paper 679.
https://digitalcommons.uri.edu/theses/679

This Thesis is brought to you by the University of Rhode Island. It has been accepted for inclusion in Open Access
Master's Theses by an authorized administrator of DigitalCommons@URI. For more information, please contact
digitalcommons-group@uri.edu. For permission to reuse copyrighted content, contact the author directly.


https://digitalcommons.uri.edu/
https://digitalcommons.uri.edu/theses
https://digitalcommons.uri.edu/theses?utm_source=digitalcommons.uri.edu%2Ftheses%2F679&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.uri.edu/theses/679?utm_source=digitalcommons.uri.edu%2Ftheses%2F679&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digitalcommons-group@uri.edu




ii

ABSTRACT

Surface methods of electrical resistivity mnmeasurement
are used to detect a 1layer of salt-polluted groundwater
within a crystalline bedrock aquifer. Fractured, schistose
bedrock overlain by a 15ft (4.6m) thickness of jointed till
has been polluted by runoff from a storage facility for road
salt in Little Compton, Rhode Island. Conductivity
measurements in two bedrock monitoring wells on the site
confirm the existence of highly mineralized groundwvater in
the bedrock aquifer. Interpretations of two vertical
electrical sounding {VES) curves obtained. slightly
up—gradient topographically from the pollution source show
that a 160-177ft (49-54a) thickmness of bedrock is polluted
vhile the entire thickness of till is relatively unpolluted.
Interpretations of four other VES curves obtained slightly
down—-gradient from the pollution source show that the till
layer is polluated, but the polluted bedrock 1layer is
undetectable. #Where the till is polluted, the till's bulk
resistivity apparently is sufficiently reduced to suppress
the effect of a polluted bedrock layer. While the
suppression phenomenon is a major obstacle to the use of
resistivity methods in areas of surficial pollutiomn, in
outlying areas where high conceantrations of mineralized
groundwater have flowed more rapidly through the bedrock
aquifer than through the surficial aquifer, resistivity

methods may be more efficient than random drilliang for
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detecting bedrock pollution. The bulk resistivities
interpreted for polluted bedrock compare favorably - with
published laboratory measurements on rock samples. A
calculated bedrock formation factor of 77 is used in
conjunction with Archie®'s -law to obtain a quantitative
measure of the pollution. Two other resistivity nmethods,
horizontal profiling and AB rectangle wmapping, did not
provide conclusive evidence of bedrock pollution where the
overlying till was also polluted. However, an AB rectaagle
map over unpolluted till shows a resistivity contour pattern
similar to the fracture orientation observed in local
bedrock outcrops. With further research and the developament
of a computer program to perform the numerous calculations,
the AB rectangle method could prove to be an effective

method for the placement of bedrock monitoring wells.
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INTRODUCTION

Investigations of groundwater pollution in Rhode Island
and elsewhere are often limited to surficial aquifers in
unconsolidated sediments. Perhaps equally, if not more,
important at some sites is the flow‘ of pollqtants through
the underlying fractured bedrock aquifer. Subsurface
conditions can be such that polluted groundvwater flows from
the surficial aquifer into fractures in the bedrock. If the
fractures are sufficiently interconnected, the pollutants
may travel at a faster rate and at higher concentratioans
through the fracture network than through the surficial
aquifer. Thus, pollution in a bedrock aquifer can be more
of a threat than pollutiom in a surficial aquifer to wells
that tap both. PFrom an investigative viewpoint the flow of
pollutants in a bedrock aquifer tends to be less predictable
and more difficult to monitor tham the flow of pollutants in
a surficial aquifer. This 1is due to the irregular
distribution of void spaces in fractured bedrock amnd the
large scale at which permeability must be comsidered. With
a greater public awareness of the high susceptibility of
bedrock wells to groundwater pollution will come a greater
demand for methods to investigate this intriguing
hydrogeolegic problen.

During the summer of 1982, the author énd a co—worker
initiated research into the flowv of pollutants throuagh

fractured crystalline bedrock (Kowalski and Sanders, 1983).



As a part of this research, some preliminary electrical
resistivity measurements vwere made at the Rhode 1Islaad
Debartment of Transportation State Garage in Little Coampton.
This facility in southeastern Rhode Island (figure 1) is the
town's storage site for road salt vhich is mixed with sand
and used during the winter months for deicing roadways. a
report by Kelly and Urish (1981) noted significant amounts
of dissolved salt vere draining from the site amd causing
contamination of the groundwater. In conjunction with this
report, two shallow bedrock monitoring wells (boreholes)
were installed at the site, both of which have indicated
sodium chloride pollution in the bedrock aquifer. The
resistivity measurements made in 1982 also suggested the
presence of mimeralized groundwatgr surrounding the site.
More resistivity measurements were made in April 1983, the

results of which are presented heree






RESISTIVITY METHOD FOR INVESTIGATING AQUIFER POLLUTION

>
Introduction to the Resistivity Method

No other physical property of earth materials can
display a wider range of values than electrical resistivity
(Van Nostrand and Cook, 1966; Zohdy et al, 1974). Hithin
the past century, a surface Jeophysical wmethod has been
developed that utilizes the variation imn resistivity from
one buried medium to another in order.to prospect for ore
deposits and fluid-bearing formations. This wmethod, the
resistivity method, has been applied to groundwater
exploration since World War II (Breﬁsse, 1963) and much has
been published to document its validity . More recently,
tvo versions of the resistivity method, horizontal profiling
and vertical electrical sounding (VES), have been employed
to locate and trace the movement of polluted groundwater
from waste disposal sites (Warmer, 1969; Stollar and Roux,
1975; Kelly, 1976; Urish, 1983).

Polluted groundwater from waste disposal sites, as well
as from salt storage sites, commonly contains higher
concentrations of ions in solution than the natural
groundwater surrounding the site. This increases. the
electrolytic conduction of electrical current through the

polluted groundwater. A direct electrical current can be



conducted through a possibly contaminated subsurface through
" two electrodes at the ground surface. With a measure of the
current and of the potential difference between two
additional colinear electrodes, the resistivity of the
subsurface can be calculated. If it can be determined that
lateral inhomogeneities in the subsurface matrix material
are not causing the variations in resistivity from omne
measuring point to another (Klefstad et al, 1975), the
variations in resistivity can be ascribed to effects of
groundvater pollution. Therefore, a low resistivity value
at a measuring point implies that the subsurface below that
point contains high conductivity polluted groundwater. In
this way areas of groundwater pollution can be delineated by
horizontal profiling or by another method to be introduced,
namely the AB rectangle method. Depths and layers of
pollution can be interpreted frém vertical electrical
soundings.

Twvo of the most commonly used electrode configurations
are the Wenner array (figure 2a) and the Schlumberger array
(figure 2b). For both configurations, the outer two
electrodes (A and B) deliver the curreant while the inner two
electrodes (M and N) measure the potential difference. The
difference between the two configurations is their spacing
between potential electrodes. For the FWenner array, the
separation between all four electrodes 1is equal and 1is
referred t§ as the a-spacing. PFor the Schlumberger array,

the current electrode separatiom is always at least five
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Figure 2. Electrode configurations for resistivity measurements



times greater than the potential electrode separationa
Since the distance between potential electrodes in the
Schlumberger array is .smaller than for the HNenner array at
the same - current elecﬁrode separation, the potential
difference (voltage drop) for the same current is also
smaller. This is usually cited as a disadvantage of the
Schlumberger array because a smaller value is sometines
measured less precisely than a larger one. However, the
smaller distance over which the voltage gradient is measured
tends to diminish effects from lateral inhomogemeities which
is seen 'as an advantage of the Schlumberger array. The
disadvantage of measuring smaller voltages is overcome by
the higher precision of modern measuring instrumeats.

Most subsurfaces consist of more tham one geoelectric
layer. A boundary between two geoelectiric layers is defined
by a change in bulk resistivity, which is the combined
resistive effect of the rock matrix and the material that
fills the void spaces. A ‘change in bulk resistivity,
therefore, may be caused by a change in the shape and
distribution of the void spaces in the rock matrixe. This
would likely result from a difference in 1lithology between
the two geoelectric layersa A change in bulk resistivity
may also be caused by a change in the saturation of the void
spaces or in the quality of the water in the void spaces.
Note, however, that the difference in bulk resistivity
between two layers is seldom attributable to a change in the

resistivity of the rock matrix itself. 1In effect, the bulk



resistivity of a saturated layer is .controlled by the
distribution and the quality of the water occupying the void
spaces (Zohdy et al, 1974).

The bulk resistivity of a gevelectric layer is
sometines referred to as the true resistivity of a layer or
sinply as the layer resistivity (Ri). Hhen a resistivity
measurement is takem, the resistivity wvalue that is
calculated is actually a weighted average of the true
resistivities of each geoelectric 1layer that the current
‘encounters. A resistivity value calculated from
measurements at the ground surface is therefore properly
termed an apparent resistivity (Ra).

The general formula for calculating the apparent
resistivity in ohm-feet (or ohm—meters) of a horizontally

layered subsurface is
Ra =KV /1 (n

vhere the geometric factor (K) is measured in feet (or
meters) , the potential difference (V) is nmeasured in
millivolts, and the direct current is neasured in
milliamperes. Referring to figure 2, the apparent
resistivity for the Wenner array is calculated for each

measurement by
Ra = (6.28 V / I) a . (2)

The apparent resistivity for the Schlumberger array is

calculated by



2 2
Ra = (3.14 V / I) (AB- /. 2)--= (BN -/ 2)  -. (3)
uN

The value of apparent resistivity is usually assigned to the

geometric center of the electrode configuration.

Horizontal Profiles

Lateral variations in apparent resistivity can be
detected using the horizontal profiling aethod. If tﬁo or
more horizontal profiles are performed parallel to each
other, a map of the areal variation in apparent resistivity
can be prepared. In horizontal profiling the equal spacing
between all four electrodes of the Wenner array {a—spacing)
is kept constant as the whole array is displaced for each
measurement. In practice when all the electrodes are of the
same type, only the trailing electrode needs to be
Wleap—-frogged" to the forward position as the array is moved
down a line. 0Of course, the cable connections umust be.
shifted accordingly for each measuremeant so that the current
will be passing through the correct electrodes. In this way
the apparent resistivity at the center point of each array
position can be calculated by equation 2.

If other lateral inhomogeneities in the suybsurface are

insignificant, the lateral inhomogenetiy produced by the
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variation in groundvater resistivity due to pollutiomn will
cause the variation of apparent resistivity along the
profile. For a single horizontal profile, the distance of
each center point from the original center point is plotted
versus the corresponding'apparent resistivity on a dgraphe
For several parallel profiles, each apparent resistivity is
plotted on a map of-the area at the location of the center
point. Contour 1lines are drawn connecting points of equal
resistivity. Positions of lower resistivity on either the
graph or the map indicate zones of more-mineralized
groundwater.

Zohdy et al (1974) recommend that at least two
different a-spacings should be used in making horizomtal
profiles. Preferably, the values for the coanstant
a-spacings are obtained from vertical electrical soundings
along the profile line. Several a-spacings are chosen on
the basis of the current electrode separation needed to
penetrate a desired depta (Kowalski and Sanders, 1983). In
an ideal 1laterally homogeneous subsurface, a certain
a-spacing will yield apparent resistivity values from a
constant depth, or more precisely a constant range of depths
that optimally contributes to the apparent resistivity
measured. However, at pollution sites the very
inhomogeneity that is to be measured - the lateral variation
of groundwater resistivity - will cause a change in the
depth range that is contributing. It therefore can be

stated that the greater the variatiom of appareat
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resistivity is along a profile 1line, the greater the
variation of probing depth will be. As can be seen,
horizontal profiling is generally a qunalitative method from

which oanly trends in the pollutiomn pattern can be discerned.

VYertical Electrical Soundings

General procedure

Vertical electrical soundings are performed over a
Stationary center point by systematically increasing the
distance between current electrodes along a line. Apparent
resistivity measurements are taken at successive logarithmic
intervals of current electrode separation. This results in
a depth investigation from &hich the various geoelectric
layer thicknesses and resistivities can be modeled. The
basis for VES interpretation is that as the current
electrode separation is increased, the probing depth will be
greater. 2Zohdy et -al (1974) point out that the increased
probing depth is actually caused by the increased distance
between current and potential electrodes.

The Schlumberger array is most frequently used for
performing vertical electrical soundings. As the curreant
electrodes are moved outward it is not necessary to move the

potential electrodes umnti] their spacing is 1/20 to 1/50 the
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spacing of the current electrodes (Koefoed, 1979). This
assumes that somewhere between these electrode ratios, the
potential difference will become so small that it can no
longer be measured due to the resolution of the measuring
instrument (voltmeter). Also, natural variations im the
electrical field of the subsurface may produce noise that
can interfere with the precise measurement of low voltages.
When this happens the potential electrodes cam be displaced
onptward from the center boint so that measurements of larger
values can be made. Measurements are made at both the o0ld
and the new potential electrode spacings while the current
electrode spacing is kept coanstant. This allows for the
adjustment of successive neasurements if necessary during-
the interpretation process.

The various apparent resistivities calculated by
equation 3 in the field are plotted for each current
electrode interval of a VES on a bilogarithmic graph. The
half-electrode separation (AB/2) is nmeasured along the
abscissq while the apparent resistivity i5 nmeasured along
the ordinate. The plot of all the apparent resistivities
yields as VES curve with one or more maxima and/or ainima
from which the subsurface geoelectric layering can be
interpreted.

Figure 3 shows generalized graphs of the two types of
curves encduntered at Little Compton. The portions of the
tvo curves denoted by the number 1 asyamptotically approach

to the 1left apparent resistivity and AB/2 values that are
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groundwater. Faults, meanwhile, generally occur as a zone
of faults and fractures which contains wmuch broken rock.
The development of joints and faults is associated with the
creation and relief of tectomnic stresses in the earth.

Sheeting is a type of fracture that most often occurs
in shallow igneous intrusive bodies such as granite plutons.
These lafge—scale fractures are generally parallel to the
topography and conforam to ihe shape of the .top Qf the pluton
(Spencer, 1977). It is thought that sheeting results from
the release of pressure caused by erosion of the overburden.
Sheeting fractures are effective in the lateral tramsport of
groundwatera.

Horizontal sheeting fractures are closely spaced near
the surface, but become more Hidely spaced at depth. They
are probably nonexistant several hundred feet below the
surface (Davis and De VWiest, 1966). The wmore—-vertical
joints are reported by Cushman et al (1953) to be spaced
usually 5 to 10 feet apart, but joint spacings may vary from
less that an inch to several hundred feet. Their number
decreases with depth owing to increased pressures which tend
to close fractures. Some faults or fault zomnes are assuned
to extend to the focii of earthquakes several miles beneath
the surface. However, most faults probably terminate before
such depths are reached. It can be concluded that most
large—scale fractures occur within the upper 300 feet of the
subsurface.

Many of the microscopic fractures are simply cracks
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than 1 percent total porosity-

The .width of fractures in crystalline rock affects the
volume of water that can be stored and poténtially
transported. fractures are generally less than 1/25 inch
(1mm) wide (Freeze and Cherry, 1979) though they nmay
certainly have a greater width (Davis, 1969). The width of
the fractures that comprise intergranular porosity may be
miniscule. Thus from the viewpoint of well yields, the
volume of water derived from intergranular porosity is
insignificant compared to the volume of water obtained. by
joint porosity. However, from the viewpoint of  the
electrical resistivity of saturated crystalline rock, the
wvater within the intergranular pore structures can be of
greater signifi&ance, as will be seen later.

Another factor that affects the porosity (and the
resistivity) of fractured crystalline rock is the geological
phenomenon of weathering. Of the two types of weatheriag,
chemical and mechanical, chemical veathering is primarily
responsible for the enlargement  of fractures in buried
bedrock. It results in the decomposition of certain
minerals that may be exposed along the fracture surfaces.
Elemenfs of a mineral may be leached and carried away in
solution by the groundwater. Davis (1969) gives a
hypothetical example of a pure quartz rock yielding
dissolved silica causing the increased width of a fracture
over a long period of time. The extent to &hich the

fracture wvidth increases 1is determined in part by the
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residence time of gioundwater in the fractures. If the
residence time is 1long, the groundwater will approach
saturation with the leached element and the widening process
will be slowved.

Elements are put into solution by another process of
chemical weathering called hydrolysis. Exposure to
groundwater can hydrate a mineral. Molecules of water are
exchanged with elements in the mineral which are in turn put
into solution and carried away by the groundwater. As a
result, the composition and structure is modified and a new
mineral is formed. An example is when a feldspar such as
orthoclase is altered to a clay mineral such as kaolinitea
Besides adding dissolved elements which slow the leaching
process of fracture widening, fracture widths can be
decreased by the expanded structures of the clays as a
result of hydrolysis {Zumberge and Nelson, 1976).

Also counteracting the widening of fractures amnd the
creation of new fractures by leaching is the coating of
fracture surfaces with insoluble metallic oxides. These
tend to clog the smaller fractures (Davis, 1969) and
insulate the minerals from further 1leaching. Such stains
can be seen on fracture surfaces in bedrock cores from water
vells.

Mechanical weathering does mnot occur at present in
bedrock at depth. Certainly, fractures in bedrock outcrops
currently exposed to the atmosphere at the surface are

enlarged by mechanisms such as root growth and freeze—thaw
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action. Mechanical weathering may, however, bhave occurred
in bedrock that is now buried by glacial drift during the
time when the continental glécier or glaciers that covered
New England existed. The extent of mechanical weathering in
the bedrock of Southern New England during the Pleistocene
is disputed (Feininger, 1971) and will be discussed further

in the section on the geology of the Little Compton site.

Pollutant Flow in Crystalline Bedrock Aquifers

Most of the flow of groundwater 1in a crystalline
bedrock aquifer oecurs in the interconnected joint.
fractures. Although the intergramular fractures may coantain
groundwater, it is essentially static due in part to the
force of atomic fields at the fracture surfaces (Davis,
1969).. The result is that the flow of groundwater through
the fractures in a crystalline bedrock aquifer is gn a
larger scale than, for example, is the flow of groundvater
through a well-sorted, gquartz-sand aquifer. This suggests
that if the established principles of groundwater flow in a
granular medium are to be applied to a fractured medium, a
much larger volume of the fractured medium must be
considered (Freeze and Cherry, 1979). As 1long as the
fracture spacing is sufficiently dense within this volune,
the blocks of material between the fractures, which at this

enlarged scale are relatively solid, are proportiomnal to the
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grains of sand in the granular mediun.

Benedini (1976) refers to the emnlarged scale as the
scale of homogeneity; a fractured bedrock aquifer,
therefore, has a larger scale of homogeneity than a
sedimentary surficial aquifer. This concept is useful since
the empirical (Darcy) flow equations were derived from flow
through a representative volume of granular material that
wvas large enough to bé considered homogeneous, instead of
through the individual éore spaces which are not homogeneous
in size or shape. Certainly there are probleas with
measuring the flow of water through fractures in rock
samples (Witherspoon, 1981). Therefore, rather than having
to consider the flow through individual fractures im a
crystalline bedrock aquifer, the flow equations for granular
materials can be transferred to the bulk flow of groundwater
through a representative volume of bedrock at an appropriate
scale of homogeneity. The only pitfall in transferring
these equations to bedrock is the possibility of
nonlinear-laminar £flow or turbulent flow through
exceptionally wvide fractures, in vwhich cases the Darcian
flov equations would be invalid (FPreeze and Cherry, 1979).

In an earlier section, eguation 7 was preseanted to
calculate the average linear velocity of pollutants flowing
through fractured bedrock. This is an example of a flow
equation tﬁat is valid for both granular media amd fractured
media assuming a sufficient scale of homogeneity for each.

By analyzing this equation, it should be noted that the
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inverse relationship between porosity and average linear
velocity can result in significantly higher velocities in
low ©porosity bedrock aquifers than in higher porosity
surficial aquifers. Hence, as vwas pointed out in the
introduction, bedrock pollution can be more of a threat to
vells remote from a pollution source than surficial
pollution. The process by‘uhich pollutants are transported
by the bulk flow of groundwater is. known as advection.
Thus, the rate of the advection process is equivalent to the
average linear velocity of the groundwater.

When considered at their respective scales of
homogeneity, the paths of groundvater flow through
representive volumes of a sand aquifer and a fractured
bedrock aquifer are probably equally tortuous. However,
wvhen both aquifers are compared to each other at an
intermediate scale, the paths in a sand aquifer will appear
much more tortuous than the relatively direct fracture patias
of a bedrock aquifer. It is easy to visualize in this way
how advection can cause pollutants to travel farther at the
same average linear velocity through a fractured medium thaa
through a granular medium over the same time period.

Hydrodynamic dispersion tends to dilute the
concentration of pollutants as well as to retard the
advection of pollutants through a fracture network (Freeze
and Cherry, 1979). Two processes of hydrodynamic dispersion
are important in fractured rock: mechanical dispersion and

molecular diffusion. Both of these processes operate on a
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microscopic scale, although the effects of mechanical
dispersion are more macroscopic. Mechanical dispersion is
the spreading out of pollutants both in the direction of
groundwater flow (longitudinal dispefsion) and perpendjcular
to it (transverse dispersion). Longitudinal dispersion is
usually stronger than transverse dispersion explaining why
pollution plumes are often elongate. Mechanical dispersion
in shallow bedrock results from drag exerted om the
groundvater by irreqularities on the fracture surfaces and
by wvariations in fracture width along the flow path. This
causes the velocity of groundwater at the center of
fractures to be higher than at the surfaces. Molecular
diffusion occurs in areas of the aquifer having low velocity
such as in the intergranular pores of the rock matrix. By
their own potential to move to a less concentrated area,
ions in polluted groundwater vill penetrate the
intergranular pores until equilibrium is reached. It is
important to note this process for the later consjderation
of electrical comductance and resistance in the rock matrix.

¥hile mechanical dispersion alone can be respoasible
for the shape of a volume of polluted grounduater'in both
granular and fractured aquifers, anisotropy with respect to
fluid flow expressed by fractured bedrock aquifers will most
‘often determine the extent of pollution in such aquifers.
Anisotropy occurs when hydraulic conductivity (K in egquation
7) is not coanstant for all directioas. Obviously, in a

small volume of rock containing a fracture, the hydraulic
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conductivity is greatest along the plane of the fracture.
When considered at the rock®'s scale of homogeneity,
anisotropy disappears if all the fractures are randoaly
oriented. However, as is usually the case, fractires in
bedrock are oriemted according to the stress that formed
them. Even though several alignments of fractures may be
present in a bedrock aquifer, there still may be a preferred
direction of pollution transport independent of the

hydraulic gradient and the effect of mechanical dispersibn-

Geology and Hydrogeology at Little Compton, R.I.

The subsurface in the vicinity of the Little Compton
State Garage is <composed of t¥wo geologic formatioans:
glacial drift overlying crystalline bedrogck. The glacial
drift consists entirely of till which forns an
unconsolidated surficial aquifer. The crystalline bedrock
is most 1likely mica—-chlorite schist which is fractured in
several directions remderinqg it am aquifer. Approximately
80% of the water supply in the Tiverton - Little Cqompton,
R.I. area is from individual wells of which 6 out of 10 are'
completed in bedrock (Schiner and‘ Gonthier, 1965). The
bedrock aquifer is reportedly the. more reliable source of
groundwater although yields are rarely sufficient for more
than domestic supplies.

The site of investigation at Little Compton includes
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the State Garage property and the properties immediately to
the north and to the south (see figqure 1) This area is
estimated to be 6 acres (2.4 hectares). The site occupies
the nearly-level, central portion of a topographic saddle at
an elevation of approximately 80ft (24.4m) above wmean sea
level. Subsequently, there are only slight slopes towards
the swamp to the east and a drainage ditch along Willow
Avenue to the vwest. At one time surface runoff flowed
towards the yard of the house south of the State Garage, but
it has since been diverted. The groundwater supply of this
house is from a dug well in the surficial aquifer amnd is
contaminated beyond potability. The resident of the house
must get his drinking water from the State Garage's deep
bedrock well which is as yet uncontaminated. The residents
of the house north of the State Garage also receive their
vater from an uncontaminated deep bedrock well.

The road deicing salt is kept covered in a storage shed
that is open on one side. The saand—-salt pile ;s stored
uncovered on asphalt pavement during the winter and spring
and thus is exposed to precipitation. An underground tank
has been installed to collect polluted runoff towards Hillow
Avenue but was frequently seen to have overflowed during
heavy rains. Runoff towards the swamp flows uncontrolled.

According to notations made during the drilling of the
tvo shallow bedrock wells at the State Garage site,
approximately 15ft (4.6m) of compact, silty gray till was

encountered before bedrock was reached (Urish, 1980). It
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would be expected that a poorly-sorted, fine—grained
material such as this would retard the imnfiltratiom of
polluted water and contain it. An average 1linear velocity
of less than one inch (several millimeters) per year is not
unreasonable for a silty till. The fact, however, that high
concentrations of salt have pesetrated well into the
fractured bedrock indicates that the till itself may contain
fractures. Field measurements of bulk hydraulic
conductivity in jointed till are reported to be 1 to 3
orders of nmagnitude 1larger than laboratory measurements of
unfractured till matrix (Freeze and Cherry, 1979). The
effect of joints in an unsaturated surficial deposit of till
is to increase the rate of infiltration of polluted runoff.
The effect of joints in the saturated zome is to increase
the rate of recharge to the bedrock aquifer (Williaas ;nd
Farvolden, 1969). An alternate explanation may be that
osmotic pressures have allovwed the high salinity groundwater
to penetrate the till.

The only outcrops of bedrock in the vicinity of the
Little Compton site are to the north and vwest (figure 6),
the closest being more thamn 1/2 mile (0-8km) away. A lome
outcrop of granite occurs 1 mile (1.6km) north of the site
and is a part 6f the Bulgarmarsh Granite (Pollock, 1964).
At this outcrop the granite is gray, coarse—grained, weakly
foliated and Jjointed. The foliation and joints strike
northeast. Pollock suggests that the foliation represents

original flow structures since in many places it parallels
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the schistosity of the overlying mica—-chlorite schist
host-rock. The other outcrops in the vicinity, including
the one closest to the site, are of mica-chlorite schist.
The texture of the gray to green schist is fine—-grained to
almost phyllitic at Ehe outcrops east of Main Road. Thin
bedding, which the schistosity parallels, is highly
contorted and sheared at some outcrops likely imdicating
proximity to the gramite comntact. Away from the granite,
the bedding and schistosity are even and both strike
northeast. Thin beds of limestone are observable in many of
the mica-chlorite schist outcrops. Additiomally, tvo sets
of fracture cleavages trending northeést can be
distinguished on the outcrops.

The most recent bedrock geologic map of the Tivertom
7 1/2-pinute Quadrangle (Pollock, 1964) indicates the Little
Compton site 1is located on top of Bulgarmarsh Granite.
However, the bedrock encountered in the two bedrock
boreholes on the site (Urish,‘1980) and in two additional
boreholes in the Commons less than 2000ft (610m) south of
the site (U.S. Geoloqicél survey, 1963) is described in
well reports as being "soft gray rock" or "slate®. Since it
is unlikely that Bulgarmarsh Granite could be aisidentified
as "soft" or "slate", the bedrock beneath the State Garage
is probably mica—-chlorite schist. From the outcrop and
borehole data previously mentioned in addition to the
indication of granite in a borehole southeast of the site, a

revised approximate comntact between the rock units is
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presented in figqure 6.

The type of bedrock is consequential hydrologically
since the schist 1is potentially wmore permeable than the
granite. Besides the intergranular porosity ~added by
schistosity and fracture cleavage, the shearing fractures of
the schist increase Jjoint porosity over that found im the
granite. Quartz veins in the granite outcrop and in the
boreholes indicate the State Garage is near the
schist-granite contact and that granite probably exists at
some depth beneath the schist at the site. Pollock (1964)
has. recognized the presence of a tramsition zone near the
contact at some outcrops within the gquadrangle.

A brief comjectural geologic history of the area will
further describe the geology and hydrogeolbgy of the Little
Compton site. During the Ptecambiian, the thin beds of
volcanic and marine sediments in thé mica—-chlorite schist
were deposited and becane deeply buried. At some tine
before the dintrusion of the Bulgarmarsh Granite the
sediments undervent low-grade regional metamorphism to the
upper greenschist facies. The schist formation ﬁas been
correlated with similar units of the Blackstone Series in
other parts of Rhode 1Island and Comnecticut. The
mica-chlorite schist was folded and fractured by intrusion
of the Bulgarmarsh Granite during the Late Precambrian
Avalonian orogemny. Recent radiometric age dates show that
the granite crystallized 600-650 @illion years BeP.

(Zartman and Naylor, in press). Contact metamorphisa of the



48

schist increased its nmetamorphic rank to the albite -
epidote - amphibolite facies in the vicinity of the site.
During the Pennsylvanian period, the cqnglomezates,
sandstones, and shales of the Rhode Island Formation were
deposited in the Narragamnsett  Basin. This formation
unconformably overlies the schist and the granite; its
southeastern limit is within 2 miles (3.2km) of the Little
Compton site. The Rhode Island Formation was metamorphosed
during the Alleghenian orogemy, which had a negligible
effect on the pre-Pennsylvanian rocCks. However, this
orogeny may have formed one of the northeast trending
fracture cleavages seen in the schist. The hydrologic
significance of the several orogenic events which have
affected the schist is the development of several fracture
directions. These different oriemtations of fractures have
resulted in an interconnected fracture network through which
groundwater now flows.

For over 200 million years the schist, the gramnite, and
the Rhode Island Formation underwent deep chemical
wveathering and erosiona Thoroughly decomposed rock
undoubtedly covered the surface and was continuous with the
reddish~-brown saprolite that today covers the Piedmont of
the southeastern stateé_ A gradational zone perhaps 100ft
(30m) or more thick occured between the surface and fresh
rock. Hithin this layer existed all proportions of
decomposed rock, slightly decomposed rock, and blocks of

unveathered rock.
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The weathered rock layer remained undisturbed except
for the possibility that glaciofluvial sedinents were
deposited at the surface from glaciers farther north before
20,000 years B.P. At that time a continental glacier
advanced over the region. A theory expressed by Feininger
{1971) suggests that the saturated weathered rock becanme
frozen and was incorporated in to the base of the southward
aoving glacier. The furthest extent of glaciation in the
Little Compton area is less than 20 miles (32km) away in
what is hnow the Atlantic Ocean between Block Island and
Martha®*s Vineyard (see figure 1). Considering the proximity
of the leading edge of the glacier and the low gradient of
the fresh bedrock surface, it is doubtful that the weathered
material was transported far. A tremendous amount of
subglacial water developed at the base of the glacier where
the pressure—-melting point was exceeded. The water vas
sufficient to flush residamal clay ﬁarticles from the
weathered material 1leaving behind thevsilt—sized and larger
particles that have since been deposited as till. The
cobbles and boulders present in the till were derived from
the partially solid blocks of rock that were 1loosened by
chemical weathering. These weathered blocks containing a
core of fresh rock wvere rounded by  abrasion against each
other in the glacier and in the glacial meltwater. ZThe
numerous boulders of conglomerate may have been tranported
in the basal debris at least the distance they are from the

Rhode Island Formation or they may have been transported
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along higher level, faster moving shear planes in the ice.

This theory for the origin of till in the area may be
disputed by some geologists becanse it does not ascribe a
prominent role to the mechanicﬁl weathering and subsequent
erosion of unweathered fractured bedrock. However, it is
conjectured that the fracture openings present today in the
bedrock were open prior to the glacial advance aand that the
nuaber of new fractures created by freeze-thaw action or by
the release of overburden pressure is minimal. The theory
presented ascribes a ninor role to the grinding dowa of the
fresh bedrock surface as a source of till, a process that
would tend to diminish the number of fractures in the
bedrock. Chemical weathering and tectonic forces therefore
have played a greater role in the development of bedrock
porosity at Little Conmpton than has mechanical weathering.

The formation of Jjoints 1imn the till is itself
problematic. A 1likely mechanism £f9r their development is
the seasonal and long-term cyclical fluctuation of the water
table within the till. During the 10,000 years of its
existence, it is 1likely that the entire‘ 15£ft (4.6m)
thickness of till has from time to time not been completely
saturated. with‘the water table in the bedrock aquifer, the
silty till contracts as it drys out creating teansion
fractures throughout the 1layer.  Imnfiltration of —runoff
during the normal spring recharge causes the unfractured

till matrix to swell but the hairline fractures remain.
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ANALYSIS OF RESISTIVITY IN CRYSTALLINE BEDROCK

Need for Field Research

Two significant generalizations have been made thus far
about crystalline bedrock, ome concerning its ability to
transmit an electrical current and the other concerning its
ability to transamit groundwater. To recapitulate, it was
stated that bedrock, including crystalline hedrodk. is often
interpreted to be a nonconductor of electrical current. It
was also stated that im studies where bedrock is of
secondary importance to the overlying sedimentary aquifers,
crystalline bedrock is considered to be a "nonconductor® of
groundvater. However, it was shown that if there are enough
interconnected fractures present, crystalline bedrock may be
an effective transmitter of groundwater. Since water is the
nost important component of a geoelectric layer in
determining the layer's bulk resistivity (Keller, 1967), it
seens reasonable to c@nsider that there may be situatioas
where crystalline bedrock does not behave as a nonconductor
of electrical curreant.

If water-filled, iantercomnnected fractures are present
in a crystalline bedrock, most of the electrical curreant can
be conducted electrolytically through the groundwater
provided enough ions are present in the solution. As vas

"stated earlier, the effect of the resistivity of the rock
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matrix becomes insignificant when the electrical current
flows mostly - through the groundwater. In this wvay a layer
of fractured crystalline bedrock saturated with sufficiently
conductive groundwater may behave not as a noncoanductor, but
as a layer of finite resistivity.

Continuing this rationalization further, if a layer of
fractured crystalline bedrock can have a finite resistivity
that is determined by the conductivity of the satarating
groundvater, variations in the groundwater conduactivity duae
to different degrees of pollution can conceivably be
detected using any of the three surface resistivity methods
previously discussed. This concept is the basis for the
present investigation into the applicability of resistivity
methods to detecting pollution in crystalline bedrock
aquifers.

Resistivity investigations are more commonly conducted
in unconsolidated sedimentary aquifers than in bedrock
aquifers. Subsequently, literature describing the use of
resistivity for investigating bedrock is 1limited. Some
relevant field studies include a paper by Frohlich (1973)
where VES interpretations detected saliae groundgater in the
fractures of limestone bedrock in Missouri. Papers by
Satpathy and Kanungo (1976) and Verma et al (1980) discuss
how resistivity was use& to find groundwater in igneous and
metamorphic bedrock on the subcontinent of India. A thesis
by Beissel ({1971) discusses the use of resistivity to

determine the orientation of buried joint sets in the
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crystalline bedrock of Colorado. Another thesis by Shipman
(1978) concludes that VES curves adequately detected the
‘saltvater—-freshwater interface within the sedimentary
bedrock of the Narragansett Basin in Rhode Island. Few, if
any publications, however, address the current topic of
detecting, in crystalline bedrock, mRineralized groundwater

pollution that originated from a source at the'surface,

Previous Studies on Rock Samples

Hhile the field use of resistivity im crystalline
bedrock has been limited, laboratory research of resistivity
in crystalline rock-sanples has been extensive. In response
to the possibility that earthquakes may be predicted usiang
resistivity, Brace et al (1965) initiated reseérch into the
change of resistivity with increasing pressure on
water—-saturated igneous rock samples. Although the effects
of pressure on resistivity is irrelevant in shallow bedrock,
a result pertinent to the preseant topic is that the
conduction of electricity through crystalline rock with as
little as omne tenth of a This suggests that conduction
occurs along fluid-filled microscopic cracks between mineral
grains even im crystalline rocks that appear to be solid.
More importantly, the same dependence of resistivity on
porosity empirically observed for porous sediments wWas

obeyed in all of their rock samples saturated with
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mineralized water. In other words, Archie®s law apparently
also applies to crystalline rocﬁs-

At this point it is necessary to introduce the two
types of void spaces that oc¢cur at both scales of porosity.
Previously, bedrock porosities were classified as being
either joint porosity or intergranular porosity primarily oa
the basis of their relative sizes. For both types of
porosity, those voids that are larger, more .spherical or
tubular in shape, and provide most of the storage in a
bedrock aquifer are called storage pores. Those voids that
are finer and flatter, and provide connection between the
storage pores are called cracks or connecting pores (Keller
and Frischknecht, 1966).

Brace et al. (1972)  present photomicrograpas of
storage pores amd cracks in a sample of WNesterly granite
from Rhode Island and a quartzite sample from Vermoat as
seen by using a scanning electromn microscope. Nearly
equant—-shaped storage pores, as well as cracklike connecting
pores, can be seen in abundance both within grains and along
grain boundaries. The two types of void spaces often
alternate along a fracture and are separated by thin bridges
of uncracked material, thus being blunt—-ended rather than
dying out as a sharp crack. The extent as vwell as the
cohnectivity of all of these pores normal to the thin
sections is not known. However, results of porosity
experiments imply that even pores that represent oanly a

fraction of a percent of the rock volume are interconnected
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and accessible to conducting fluids (Greenberg and Brace,
1969; Madden, 1976).

It can be concluded, then, that most of the resistance
to current flow is met in the conneqting pores (Keller and
Prischknecht, 1966) where the fluid volume is smaller and
the path of the curreat is longer than in the storage pores.
The presence of thin bridges of material across the cracks
may also tend to increase the resistance. The pore
structure of a crystalline rock in two dimensions can be
described as an array of polygons representing storage pores
connected to each other by 1lines representing connecting
pores. Depicting the structure of pores im this way,
several authors (Greemberg and Brace, 1969; Shankland and
Waff, 1974; Madden, 1976) have used networks of electrical
resistors to model the conduction of electrical current
through crystalline rock.

A netwvwork of resistors represents the interconmnected
fluid fraction of a saturated rock and thus is analogous to
the porosity of the rock. The intersections of fractures ia
a rock are represented by the intersections of the resistor
elements in the network. Since most fractures form a
three-dimensional network, cubic netwvorks of resistors are
often used as @nodels; however, two—-dimensional resistor
netvorks have been used to model two—dimensional fracture
networks that have from 2 to 6 fracture plames intersecting
(Greenberg and Brace, 1969). Since it appears that crack

widths affect the conductivity of cracks, the resistances of
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the resistor elements are varied throughout a network to
simulate the wide range of crack widths in a low porosity
crystalline rock (Madden, 1976). Madden's work shows that
the conductivity, and thus the resistivity, of low porosity
fractured rocks is controlled by the "microcrack" population
even though it accounts for only a fractigon of the total
porosity-

The usual process during network analyses is to
eliminate resistors from the array which simulates a
decrease in porosity in a fractured rocka. Thus, Archie's
law can be tested since various values of porosity can be
represented. The results of these analyses appear to
confirm the earlier statement that Archie's law is adhered
to even in crystalline rocks. It 1is also observed that
Archie?®s law behaves for rocks with low porosities only when
there is a wide range of crack widths available for current
flow. Fortunately, this condition OCCurs in most
crystalline rocks. Additionally, resistivity is relatively
unaffected by the number of intersections made by fractures
at any one point. Madden concludes that Archie®s law is a
property of the particular void space distribution within a
fractured rock and not a fundamental property of the rock
matrix.

It will be vorthwhile to derive some resistivity values
for crystalline rock from the results of these 1laboratory
tests for comparison later with the results at Little

Compton. In addition to the samples of WNesterly granite
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from Rhode Island that Brace et‘al (1965) tested, Brace and
Orange (1968) present resistivity measurements on samples of
chlorite schist from Chester, Vermont. The HWNesterly graaite
has a total porosity of 0.9%; 0.7% is storage porosity
vhile 0.2% is connecting porosity. Unfortunately, no
porosity values are given for the chlorite schist. However,
an average grain diameter of 0.6 mm is reported which means
that it is probably coarser-grained that the mica-chlorite
schist at Little Compton. The lowest confining pressure at
which the resistivity of both rocks were tested is 0.05 kb
or approximately 50 times atmospheric pressure. The rock
samples were kept saturated at a temperature of 209C (689F)
and the pore pressure was maintained near zero.

With the above parameters coanstant, the measured
resistivity of Westerly granite saturated with tap water vas
27,880 ohm—ft (8500 ohm-m). The average resistivity of the
tap water was 146 ohm—ft (45 ohm—m) yielding an apparent
formation factor of 191. The resistivity of UWesterly
granite saturated with a NaCl solation was 1017 oha-ft (310
ohm-m). The resistivity of the salt solution was 1.0 ohmft
(0.3 ohm—m) yielding a true formation factor of 1017. The
discrepancy between formation factors is due to surface
conduction in the tap vater-saturated sample. The effect of
surface conduction is to reduce the value of bulk
resistivity below its true value. A resistivity value for a
chlorite schist sample saturated with tap water was not

presented. Hovever, the resistivity of a chlorite schist
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Discussion of results

It can be seen from figures 7 and 8 that a definite
apparent resistivity 1low occurs at the southeast corner of
the State Garage property. The apparent resistivity is
variable at both a-spacings on the east-west line compared
to the steadily increasing values to the north on the
north-south line. Intermediate low#s along the east-west
line can be observed near the center and near Rillow Avenue.
Qualitatively, it can be stated that the concentration of
dissolved salt is greatest at these apparent resistivity
lows and least at tﬁe northernmost measuring point. A
statement, however, assigning these most-polluted areas to
the bedrqck aquifer would at best be cautious since the
resistivity variations may be due to pollution variations in
the surficial aquifer. Further consideration of the masking
effecg the surficial aquifer has on the bedrock will be

discussed in the VES interpretations.
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Vertical Electrical Sounding

Instrumentation and measurement locatioms

The Schlumberger electrode configuration w#as used to
perform six vertical electrical soundings at the Little
Compton site. Frohlich (1973) presents a schematic diagram
of the équipment that' vas used to make each VES. A 12V car
battery drives a converter vwhich supplies current at a
maxinum of 0.25 amps at 400V dc. The current is reqgulated
by several variable and constant resistors mounted on a
panel and is measured by a current aeter that reads
milliamperes. A reversing switch on the panel allows thae
current flow direction to be changeda. The circuit is
completed with insulated wire cables connected to steel
stake electrodes inserted into the ground at points A and B
in the Schlumberger configuration.

The potential difference between M and N was measured
with a Hewlett-Packard mnmodel 4304B dc-voltmeter. It is an
analog voltmeter with a centered aull reading that allow¥s
the voltage to be read in one direction and then the other
when the current is reversed. The most semsitive ramge on
the instrument is omne millivolt full scale. The voltmeter
was connected to two nonpolarizable porous pot electrodes
positioned at points M and N in the Schluaberger

configuration.
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The current and the voltage were measured for both
directions of current and an average was taken to cancel aay
spurious effects. The field data for each VES are presented
in Appendix C.

Specific conductance measurements were taken in the two
boreholes at the site with a Yellow Springs Instrument Co.
conductivity meter. Water samples vere hailed from the 6
inch (15cm) diameter bedrock wells into small containers.
The conductivity electrode was placed in the water
immediately after bailing. The temperature of the water
sample was recorded as was the specific conductance at that
temperature. These data are presented in Table 1. Also
presented are water level measurements taken in the borehole
before bailing was beqgun.

Additiomnally, a background water sample was obtained
from the vater supply of the residence north of the State
Garage. A specific conductance of 408 micromhos/ca (80.4
ohm—-ft or 24.5 oha-m) at 16.59C (62°F) was measured. Using
the nomogram presented by Keys amnd MacCary (1971), the
electrically equivalent concentration of sodium chloride
approaches 250 ag/l. This is the U.S. Environmental
Protection Agency's recommended concentration 1limit teo
provide acceptable potability. The 1lowest electrically
equivalent concentration of sodium chloride derived from the
borehole measurements in the polluted area is 1500 mg/1
while the highest approaches 10,000 mg/l.

All six vertical electrical soundings wvere performed in



WATER

DATE WELL NO. WATER LEVEL TEMPERATURE SPECIFIC CONDUCTANCE
(ft below LSD) (ft above MSL) (°c) ohm-ft ohm-m umhos/cm umhos/cm
at 25 °C
3/23/83 LiC 22 1.7 79.3 9.0 3.35 1.02 9800 16,333
4/1/83 Lic 2l 2.0 78.6 7.0 17.73 5.4| 1850 3363
4/2/83 LiC 22 2.4 78.6 7.0 4.10 1.25 8000 14,545
4/15/83 LiC 22 —_— _ 10.0 3.57 1.09 9200 14,720
4/22/83 LiC 2| 1.3 79.3 9.5 17.27 5.26 1900 3102
4/23/83 LiC 22 1.8 79.2 9.0 3.28 100 10,000 16,667
Table |I. Borehole measurements

G9
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April, 1983. VES 1 and VES 2 were made at the first of the
month, VES 3 was made two weeks later, and VES 4, S5, and 6
were made one week after VES 3. A record amount of rainfall
for the month of April was reported in Rhode Island causing
already elevated water tables to gemerally rise throughout
the nonth. Figure 9 shows the six VES center point
locations in relation to the two boreholes at the site.
Figures 10-15 show the field curve, the best—fit theoretical
curve and the corresponding hydrogeologic / geoeiectric
model for VES 1-6, respectively. Note that VES 1, 4, and 5

are KH-type curves while VES 2, 3, and 6 are H-type curves.

Discussion of results

Because the northern well at the Little Compton site
encountered bedrock at 16ft (4.9m) and the southern well
encountered bedrock at 14ft (4.3m), an average depth to
bedrock of 15ft (4.6m) was assumed for interpretation
purposes. Depths to the zone of saturation (water table)
varied with time and location between soundings and had to
be interpolated from water level measurements in the bedrock
wells. For the H—-type curves, an initial jincrease in
apparent resistivity typical of an unsaturated ‘zone is not
observable. Since,the ground surface waé extremely moist in

these cases, the water table vas assumed to be at the ground

surface.
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The known depths to hydrogeologic boundaries were
incorporated into the wmodels for each VES as geoélectric
boundaries. Other geoelectric boundaries besides the
bedrock surface and the water table are somewhat arbitrary,
but presumably real. According to the procedure described
earlier, the bulk resistivities of the layers defimned by
these boundaries were variéd, as were the arbitrary boundary
depths to produce a best—fit curve. The values for each
model were also adjusted with respect to the correspoading
values in the other models, reshlting in a correlated
interpretation.

Oonly four models indicate pollution in the surficial
aquifer: VES 1, 2, 3, and 6. It is important to mote that
the low resistivitj layer, which corresponds to the
intermediate minima on the field curves, lies im till above
the 15ft (4.6m) depth to bedrock. The depth of 7ft (2.1m)
to the top of the 1low resistivity layer is an arbitrary
depth, but certainly falls vwithin the 1linmits of the
principle of equivalence for each curve. The layer above
the low resistivity layer also has a relatively 1low bulk
resistivity when compared to typical resistivity values in
the thousands of ohm-ft and ohm-m for other uncomsolidated
aquifers.

Even though till 1layers are often heterpogeneous
lithologically, the till layer at Little Compton is thought
to be at 1least consistantly bheterogeneous suach that a

difference in 1lithology can be rejected as the cause of the
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low resistivity layer. This assumption is supported by logs
of the borehole drillings (Urish, 1980). If the Dboundary
within the till layer is not geologic, it must necessarily
be hydrogeologic, most 1likely resulting from a vertical
transition, vhether gradual or abrupt, in groundwater
quality. This explanation is adequate if the means <can be
described for emplacement of more-polluted groundwater
beneath less—-polluted groundwater so close to a source areae
A probable mechanism is the seasonal fluctuation of the
water table wvwithin the till. During summer and fall months,
the water table elevation decreases due to natural
discharge, decreasing groundwater recharge from
precipatation, but most importantly evapotranspiration. The
loss of saturated thickness by evapotranspiration tends to
concentrate the salty groundwater and restrict it to the
bottom of the till layer. Evidence that the wvater table can
fall to at least 6ft (2m) below the ground surface at Little
Compton is given by Kelly and Urish (1981). During late
winter and early spring, such as when the soundings were
made, runoff that is salty but more dilute than the existing
groundvater rapidly 4infiltrates +the till raising the water
table. The more—-polluted layer within the till remains
essentially undisturbed because of its higher density and
because it takes mechanical dispersion a long period of time
to evenly distribute the salt concentration. Consequently,
the two concentrations of groundwater pollution behave as

discrete geoelectric layers within a single geologic unmit.
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VES 2 is an exception among the models with polluted
till since the normal bedrock depth was not observeda
Because a boundary at a depth of 15ft (4.6a) would aot
produce a curve that fit the field data, the lower boundary
of the more-polluted till layer was arbitrarilz extended to
a depth of 50ft (15.2m) in order to produce a close fit.
This éould indicate that a local depressioan in the bedrock
surface was encountered or more likely that the electricai
properties of the till and the shallow bedrock are 1locally
similar. As an example, the surface of the schist bedrock
may be more fractured in the vicinity of this somewhat
isolated VES. This -could be caused by the intersection of
one or several quartz veins with the bedrock surface.
Abundant cooling fractures associated with quartz veins seen
in outcrops could be present allowing more of the polluted
groundwater to infiltrate the bedrock than at other
locations. This could .cause the bulk resistivity of the
fracture zome to be lovered to the resistivity of the tilil
such that till and bedrock behave as a single geoelectric
layer. i |

To comment briefly on why there is a discrepancy
between some field points and the right-hamd portiom of some
theoretical curves, a lateral inhomogeneity in groundwater
resistivity is responsible. Evidence of the lateral
inhomogeneity is given by specific conductance measurements
from the tvo boreholes (Table 1) which indicate a definite

change in groundwater resistivity within a distance of omly
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130£t (40m). The discrepancy is especially prominent on
those soundings (VES 1, 3, and 6) which were centered over
the potentially highest concentration of groundwater
pollution, directly down-gradient <from the salt storage
shed. At small AB/2 the apparent resistivity is measured in
only the highly polluted surficial material, which presents
no problen. However, as AB/2 1is increased the curreat
electrodes are displaced further from the source of
pollution and into areas where the groundwater pollatioa is
more dilute in the surficial material. The effect of the
lateral inhomogeneity is to increase the apparent
resistivity to a value higher than would be measured if the
groundvater resistivity were laterally constant. The path
that the field curve would take if the pollution vere
laterally extensive is approximated by modeling the
theoretical curve so that no field point falls more than 5%
to the right of the 45° line. Thus, the discrepancy is
necessary to compensate for the lateral inhomogeneity.

¥hile only one of the polluted-till models detected any
pollution below the bedrock surface, VES 4 and VES 5
demonstrate that polluted bedrock is detectable as a
discrete layer beneath an unpolluted overburden. Both
soundings are located to the north of the site slightly
up-gradient topographically from the salt piles such that
the till has not been polluted. It may at first seen
unusual that pollutiom could be present at all in a bedrock

aquifer that lies beneath an unpolluted and hydraulically
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connected surficial aquifer. However, considering the &high
average linear velocity typical in low porosity bedrock, the
anisotropy of hydraulic conductivity inherent in a fracture
netvork, and the effects of hydrodynamic dispersion, it is
entirely possible thqt polluted groundwater can invade the
bedrock aquifer of an area without affecting the surficial
aquifer. As an example, pollutants from a hazardous waste
dump—-site in northern Rhode Island were reported to have
traveled through bedrock fractures beneath an unpolluted
overburden (Goldbergq—Zoino and Associates, 1981). The
organic {nonmineralized) pollutants in this case vere
detected by chemical analysis in domestic bedrock vells
remote from the waste site.

The third-layer resistivities and depths im figures 13
and 14 are nmedians of the ranges of practically equivalent
values. The domain of practically equivalent resistivities
is 113 ohm-ft (34.4 ohm—m) higher and lower than the average
for YES 4 and 83 ohm—ft (25.3 ohm—m) for VES 5. At the same
time the domaim of practically equivalent depths is 10ft
(30m) higher and lower tham the average depths for both
soundings. The average third-layer resistivites, 2000
ohm-ft (610 oha—m) for VES 4 away from the salt piles and
1325 ohm—ft (404 ohm—-m) for VES S5 closer to the salt piles,
compare favorably with the resistivities of the
salt-saturated rock samples discussed earlier. Recall that
salt-saturated granite had a resistivity of 1017 ohm—ft (310

ohm-m) and salt-saturated schist had a resistivity of 623
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ohm—-ft (190 ohm—-m).

While the third-layer resistivity values from Little
Compton are slightly higher than the resistivity values
measured in "polluted" rock samples, they reaain
considerably lower 'than the resistivity value of'27,880
oﬁm—ft (8500 ohm—-m) measured in the "unpolluted" granite
sample. Since the nminerals in both the rock and bedrock
samnples are essentially non—conductive, discrepancies
between field values and laboratory values are attributable
to differences in physical c¢onditions during measurement.
The pressure applied to the rock samples is higher than the
pressure in shallow bedrock and thus decreased the
interconnected pore volume.. A decrease in porosity,
however, favors an increase 1in resistivity, which is
contrary to the results above. Therefore, the saturating
fluid quality must be the factor above all else that
controls the bulk resistivity of these materials. Since the
porewater resistivity was lower in the rock samples and the
temperature was higher, the bulk resistivity of the rock
sanples would be expected to be 1lower than the bulk
resistivity of the bedrock at Little Compton. Thus, it can
be concluded with confidence that the third-layer
resistivity values from VES 4 and 5 are reasonable values
for polluted fractured bedrock.

Since polluted bedrock was interpreted from two field
curves in an area not expected to be detectably polluted, a

question is raised as to why the most—polluted bedrock was
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not represented on the other field curves. The principle of
suppression provides an explanation. The surficial layers
of YES 1, 3, and 6 have very lov resistivities compared to
the polluted bedrock resistivities obtained by VES 4 and 5.
Subsequently, the polluted bedrock layer, even though
greatly reduced in resistivity from unpolluted bedrock,
still behaves as a nonconductor relative to the even lower
resistivity overburden. The suppression of the polluted
bedrock lafer at Little Compton makes its thickness and
resistivity uninterpretable in areas of highly polluted
till.

To illustrate the extent of the suppfession phenonenon,
two hypothetical models for VES 3 are presented in figure
16. Model I is the correlated model of figure 12 presented
here for comparison. Model II is didentical tq Model I
except that the third layer thickness and resistivity of VES
S has been added to simulate a polluted bedrock layer. As
can be seen, the curve generated by Model II is practically
coincident to the curve of Model I. Model III represents an
extreme case of Model II where the polluted bedrock layer
has a bulk resistivity of 500 ohm—ft (152.4 ohm—m) and a
thickness of 300ft (91.4am). However, the curve generated by
Model III is also practically coincident making Hodels I,
II, and III practically equivalent at least to the nmaximum
values of AB/2 that were performed. Since it is known from
the borehole data that the bedrock at this VES location is

polluted, it can be stated that the polluted bedrock layer
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is suppressed on the field curve. It would have been
impossibie to say wvhether or not pollution exists in the
bedrock aquifer at this location based on the VES
interpretation alone. A general conclusion reached fronm
these results is that unless the overburden resistivity is
of the same wmagnitude as the polluted bedrock resistivity,
the polluted bedrock layer will be suppressed beyond

recognition on the field curve,

Application of formation factor and Archie's law

The formation factor of the bedrock at Little Compton
can be calculated using the bulk resistivity from VES S and
the groundwater resistivity from borehole LiC 21 nearby.
Dividing the polluted bedrock resistivity of 1325 ohm—ft
(404 ohm—m) by the groundwater specific conductance
expressed as a resistivity of 17.3 ohm—ft (5.3 ohm—m), the
formation factor is found to be 77 (equation 4). Th%f value
is low compared to the formation factors of 1017 amd 760
calculated respectively for the salt-saturated Westerly
granite and chlorite schist rock samples discussed
previously. Surface conductance and clay mineral ionization
are not responsible for the discrepancy because their
effects are wminimal in salt-saturated rocks. For this
reason all three formation factors can be considered true

rather than apparent formation factors. The discrepancy may



83
be explained by the lowered porosity of the rock samples
which were under 50 times atmospheric pressure during
resistivity measureament. Since there is an inverse
relationship between porosity and formatiom factor (equation
6), the lower-porosity rock samples would be expected to
have higher formation factors. While few formation factors
for crystalline rock are found in  the literature,
statistical studies have been performed on numerous samples
of sandstone. One such study by Carothers (1968) reports
that values vary from 5 to more fhan 1000 in 793 sandstone
samples, making it likely that crystallimne bedrock varies as
much. The formation factor of 77 derived for the schist
bedrock at Little Compton appears to be reasonable.

The bedrock groundwater resistivity can be calculated
at VES 4, which 1is the sounding farthest away from the
pollution source and also farthest north. The polluted
bedrock resistivity of 2000 obm—ft (610 ohm—nm) is this tinme
divided by the derived formatiom factor of 77 to obtain a
groundwater resistivity of 26 ohn-ft (7.9 ohp-m). This
translates into a specific conductance of 1260 nmicromhos/cm
which is still several times higher than the conductivity of
the natural groundwater. Using Keys and MacCary's noaogram
(1971) , the groundwater at VES 4 has an approximate salinity
of 1000 mg/l compared to a salinity of 1500 ag/1l at VES 5.
Groundwater pollution is therefore confirméd at both VES
locatibns and an expected decrease in salinity is

demonstrated awvay from the pollution sourcge.
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A typical expression of Archie's law for metamorphosed
sedimentary rock is given by Keller (1967) as
-1.58
R / BRi = 1.4 n - (9)
Since R¥Ww/Ri is the formatiom factor, now known to be 77, the
equation can be solvéd for porosity (m). A value of 7.9% is
obtained which representsvthe total porosity of the bedrock.
The schist bedrock at Little Compton must contain a large
amount of intergranular porosity since joint porosity rarely
exceeds 2%. However, much of the intergranalar porosity
measured from electrical current flow may not be accessible
to groundwater flow. Therefore, the porosity calculated by
Archie®s lav for bedrock is 1likely am overestimate of
effective porosity and should be considered as such vwhen
used in groundwater equations.

A groundwater flow equation that utilizes porosity to
determine the rate of pollution transport was given earlier
as equation 7. If the entire polluted bedrock thickness is
considered to be a large enough scale of hosogeneity,
equation 7 can be applied to the fractured wmedium as an
equivalent granular mediun. Besides a value for effective
porosity, values for bulk hydraulic conductivity and
hydraulic gradient are needed in order to calculate average
linear velocity. In many groundwater studies the latter two
values are measured by bail or slug tests and by water level

measurements in at least three bedrock vwells. Effective
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porosity is often the value that is difficult to obtain. A
porosity derived by VES curve interpretation and Archie's
law may be used as the effective porosity in equation 7, but
only with caution. Besides the 1likelihood that it
overestimates the effective porosity, the porosity value is
only as accurate as the VES curve interpretation and the
parameters used for Archie's law. Unfortunately for the
present study, only a rough approximation of porosity is
known.

To demonstrate a result that can be achieved using
equation 7, an estimate of the average linear velocity of
pollution flow through the bedrock aguifer at Little Coupton
will be calculated. Freeze and.Cherry (1979) indicate that
hydraulic conductivity values for fractured igneous and
metamorphic rocks range from slightly less than 10—8 n/s
(32.88 ft/s) to slightly more than 10—¢ m/s (32.8~* ft/s).
An average value of 10-% na/s (32.8—6 ft/s) will be used.
When vater levels from three boreholes are available, the
direction of groundwater flow and the hydraulic gradieat in
that direction can be determined by triamngulation. Not
having three bedrock boreholes available for nmeasurement at
Little Compton, a commonly observed field valiue for
hydraulic gradient of 10—2 will be assumed (Freeze and
Cherry, 1979). Using these values and the porosity of 7.9%
in equation 7, an average linear velocity of 4 m/year or 13
ft/year is computed. Realizing this is only a very rough

estimate, it 1is at least a sufficient rate to bave carried
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the leading boundary of pollution to the locatioa of VES 4
in only 14 years.

The groundwater flow system at Little Compton is
conplicated by the site?s location on a topographic divide.
More than ome directiom of groundwater flow may occur even
in the bedrock aquifer, making an estimation of average
linear velocity difficult to apply. It may be that water in
the subsurface flows away ian all directioms causing ihe
bedrock pollution to surround the site. Since soundings
could not be performed away from the site to the east,
south, and west because of physical obstructioms, it cannot
be determined if pollution has spread as far in those
directions as it has to the north. If by chance the
pollution has sprgad farther towards VES 4 than in any other
direétion, it may have resulted from either the fracture
orientation favoring hydraulic conductivity in that
direction or mechanical dispersion operating faster than
advection in that direction. Despite the complicatioans
involved in applying the groundwater £f1l9ow equation, VES
curve interpretation has not only successfully detected
pollution in a bedrock aquifer in an area that otherwise may
have been presumed to be unpolluted, but also has
facilitated the quantitative description of the degree of

polilution.
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AB Rectangle Mapping

Instrumentation and measurement locations
Y

The sanme instrumentation described for vertical
electrical soundings was used to perform AB rectangle
mapping. Each rectangle at Little Compton was 20ft (6m)
square containing a grid pattern of 25 measuring points.
Four AB rectangles were made at the Little Coapton site at
the locations shown in figure 17. One (ABR 1) was centered
at VES 5 with an AB/2 of 175ft (53m) while another (ABR 2)
was centered at VES 3 with an AB/2 of 30ft (9m). TwoOo more
(ABR 3 and ABR 4) were made near the latter, ceatered at VES
6 with AB/2 values of 45ft (14m) and 60ft (18m). Contour
maps of the normalized residual resistivities are presented
in fiqures 18-21 for ABR 1-4, respectively. The measured
resistivity values and their coordinates in relatiog to the

center point are listed in Appendix D.
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Discussion of results

The arrowvs in fiqures 12, 14, and 15 indicate vwhere
each AB rectangle 'center point falls on its respective VES
curve. Note that all four center points lie on the
right-hand rising portion of the curves assuring that each
rectangle is penetrating at least some thickness of bedrock.
Note also that ABR 1 is the only rectangle located over
unppolluted til;- The thickness of polluted bedrock
penetrated by this rectangle is much greater than the
thickness penetrated by the other three rectangles since the
AB/2 value is much larger. Judging from the interpretation
of VES 5, apparent resistivity is being measured by ABR 1
through a thickness of more than 175ft (53m) of which only
15ft (4.6m) is till. Therefore, the values of apparent
resistivity can be interpreted as being almost exclusively
contributed by the bedrock. Conversely, the other three AB
rectangles are located over polluted till which means that
their interpretations of bedrock pollution may be influenced
by the sane masking effect that plagaes the VES
interpretations in polluted till.

Recall that the contour values in figures 18-21 do not
represent actual apparent Aresistivities, but rather
variations of measured resistivity values from expected,
theoretically derived values. The expected value at any

grid point is a median value predicted by the trace of the
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corresponding theoretical VES curve. Thus, some of the
contour values are above the predicted median (positive
values) while others are below the predicted mnedian
(negative values). The sign of the contours has also been
affected by the no:mélizing of each grid point value to give
the center point a value of zero variation. Therefore, the
contour values are relative not only to predicted wmediaas,
but also to the center point value.

Having reduced the AB rectangle measurements to
contours of points with equal value, jinterpretations of
bedrock pollution can be made froa the the maps. The areas
of ABR 1 in figure 18 with negative values to the vest and
to the southeast probably represent a 1local zone of
fractures, or perhaps one particularly wide fracture, filled
with low-resistivity polluted groundwater. dJust west of the
center is an area with positive values indicating relatively
solid rock. The northeastward elongation of these areas
serves to substantiate the interpretation since the strike
of fractures in outcrops is also northeastward. One way to
confirm the interpretation would be to drill test holes at
the locations of the most positive and most negative values
on the map. If the hole in the area of negative values
yielded water while the other hole yielded little or no
water, the AB rectangle method could 1likely be used to
locate other wells for mbnitoring pollution movement in the
bedrock aguifer. ¥ith further research the method could

prove to be an accgurate techanique for locating a bedrock
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vell wvhere it will intercept an optimum number of
vater-bearing fractures, even in unpolluted fractured
bedrock.

The results of ABR 2, 3, and 4§ afe less convincing than
the results of ABR 1 because the thickness of bedrock
relative to the thickness of till through which appareat
resistivity vas nmeasured is nuch less. Also,
interpretations of the corresponding VES curves sho# that
the till has a much lower resistivity than the polluted
bedrock which may adversely affect the interpretation of map
anomalies as fracture patterns in the bedrock. Since the
center points of ABR 2, 3, and 4 vere nearly coihcident and
only the orientations of the rectangles and their depths of
measurement are differemt, the rectangle maps can be
compared to each other once oriented and overlapped as in
figures 19-21. It can be seen that the areas of positive
and negative values coincide from one map to amnother. The
continuity between paps could indicate either the
continuation of fractures with depth or the overriding
effects of lateral variations of resistivity in the polluted
till which are masking any variations in the bedrogck. Since
the northeastward trend of the contours in these three aaps
is more subtle than in the map for ABR 1, it may be that the
contour pattern is being established by the till layer and
not by the bedrock. The fact that the contour interval is 5
units for these maps compared to 100 units for the ABR 1 map

tends to support this interpretation. However, w#with only
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SUMMARY

1.

3.

A 15ft (4.6m) thickness of jointed till is transmitting
salt-polluted runoff into fractured crystallime bedrock
at the Little Compton site. Tvo geoelectrically
distinct layers 'have been interpreted within the till
below the water table and are thought to be caused by a
difference in the salinity of the groundwater rather

than by a difference in the lithology.

Although the bedrock bemeath the Little Compton site was
originally mapped as Bulgarmarsh Granite, bedrock
boreholes in the vicinity indicate the bedrock is
actually mica-chlorite schist. Severai joint sets
observable in outcrops make the bedrock an effective

conductor of groundwvater.

In an area of unpolluted till, polluted bedrock has been
interpreted from two vertical electrical soundings as a
discrete layer. The VES curve interpretations indicate
that polluted groundwater has travelled faster through
the bedrock fractures than through the overlying till.
Additionally, the pollutiom is penétrating deeper iato
the bedrock and becoming more dilute as it moves farther

from the source.
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5.
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The principle of suppression explains why the polluted
bedrock layer was uninterpretable from vertical
electrical soundings in areas of‘polluted till. If the
surficial layers have bulk resistivites much lower than
the bulk resisitvity of the polluted bedrock, the

bedrock pollution likely will not be detectable.

While the horizontal profiling and AB rectangle mapping

‘measurements in polluted till did not provide conclusive

evidence of bedrock pollution, an AB rectangle map over
unpolluted till apparently shows the pattern of
pollution—-filled fractures. AB rectangle mapping is a

promising method for placing bedrock monitoring vells

and deserves further research.



99

REFERENCES CITED

Archie, G.E., 1942, The electrical resistivity log as an aid
in determining some reservoir characteristics: Trans.
AINME, v. 146, p. 54-62.

Beissel, D.BR., 1971, Geophysical studies of fractured rock
[ M.S. thesis]: Pt. Collins, Colorado, Colorado State
University, 53 b-

Benedini, M., . 1976, The aquifers and their hydraulic
characteristics: Geoexploration, v. 14, p. 157-178.

Bhattacharya, P.K., and Patra, H.P., 1968, Direct current
geoelectric sounding: Amsterdam. Elsevier Publishing
Co., 135 p.

Billings, M.P., 1972, Structural geology (3cd ed.) s
Englevood Cliffs, KNew Jersey, Prentice-Hall, Inc., 606
P

Brace, W.F., and Oraange, A.S., 1968, Further studies of the
effects of pressure on electrical resistivity of rocks:
Journal of Geophysical Research, v. 73, no. 16,
P~ 5407-5420.

Brace, W.F., Orange, A.S., and Madden, T.R., 1965, The
effect of pressure on the electrical resistivity of
water—-saturated crystalline rocks: Journal of
Geophysical Research, v. 70, no. 22, p. 5669-5678.

Brace, W.F., and others, 1972, Cracks and pores: a closer

look: Science, v. 178, p. 162—-163.



100

Breusse, J.J., 1963, Modern geophysical methods for
subsurface water exploration: Geophysics, V- 28,
no. 4, p. 633-657.

Carothers, J.E., 1968, A statistical study of the formation
factor réiation: The Log Analyst, Sept.-0Oct.,
p-. 13-20.

Cashman, R.Ve., Allen, W.B., and Pree, H.L., Jr., 1953,
Geologic factors affecting the yield of rock vwells in
southern New England: reprint from- -Journal of the New
England Water Works, v. 67, no. 2, p. 77-95.

Davis, S.N., 1969, Porosity and permeability of natural
materials: in De Wiest, R.J.lMe, ed., Flow through
porous media: New York, Acadeaic Press, p. 53-89.

Davis, S.N., and De Wiest, R.J.M., 1966, Hydrogeology: New
York, John Wiley and Soas, 463 p.

Feininger, T., 1971, Chemical weathering and glacial erosion
of crystalline rocks and the origin of till: U.S.
Geological Survey Professional Paper 750-C, p- 65—81,

Fetter, C.WH., 1980, Applied hydrogeology: Columbus, Ohio,
Charles E. Merrill Publishing Co., 488 p.

Freeze, BR.A., and Cherry, J.A., 1979, Groundwater: Englewood
Cliffs, New Jersey, Prentice—Hall, Inc., 604 p.

Frohlich, R.K., 1973, Detection of fresh water aquifers in
the glacial deposits of northwestern Missouri by
geoelectrical methods: Water Resources Bulletin, v.'9,

no. 4, p. 723-734.



101

Goldberg-Zoino and Associates, Inc., 1981, Bedrock vwater
contamination study, Burrillville, Rhode Islands:
prepared - -for- R.I. Department  of Environmental
Management, 8 p.

Greenberqg, R.J., and Brace, W.F., 1969, Archie®'s 1law for
rocks nodeled by simple networks: Journal of
Geophysical Research, v. 74, no. 8, p. 2099-2102.

Heath, R.C., and Trainer, F.W., 1981, Introduction to ground
water hydrology: HWorthington, Ohio, Water Well Journal
Publishing Co., 285 p.

Hobbs, B.E., Means, W.D., and Williams, P-F., 1976, Aan
outline of structural geology: New York, John Wiley
and Sons, Inc., 571 p.

Keller, GmV., 1967, Application of fesistivity methods in
mineral and groundwater exploration programs: in-
Mining and Groundwater Geophysics / 1967, Economic
Geology Report No. 26, Geological Survey of Canada,
722 p- |

Keller, GoV., and Frischknecht, F.C., 1966, Electrical
methods in geophysical prospecting: Oxford, Pergamon
Press, 519 p.

Kelly, W.E., 1976, Geoelectric sounding for delineating
Qround water contamination: Ground Water, v. 14,

no. 1, p. 6~10.



102

Kelly, ¥.E., and Urish, D.W., 1981, A study of the effects
of salt storage practices on surface and ground water
quality in Rhode Island: Federail Highway
Administration Report FHWA-RI-RD-80-01, U.S.
Department of Transportation, 54 p.

Keys, H.S., and MacCary, L.M., 1971, Application of borehole
geophysics to water-resources investigations:
Techniques of Water-Resources Investigations of the
U.S. Geological Survey, bk. 2, ch. E1, 126 p.

Klefstad, G., Sandlein, L.V.A., and Palmquist, R.C., 1975,
Limitations of the electrical resistivity method in
landfill investigations: Ground Water, v. 13, no. 5,
p. 418-427.

Koefoed,‘o_._1979, Geosounding primnciples, 1: resistivity
sounding measurements: Ansterdam, Elsevier Scieatific
Publishing Co., 276 p.

Kowalski, R.G., and Sanders, D.S., 1983, Introduction to
hydrogeologic investigations of contamination in
fractured rock: R.I. Water Resources Cénter Technical
Report No. 13, 71 p.

Kunefz, G-, 1966, Principles of direct current resistivity
prospecting: Berlin, Geopublication Associates, 103 p.

Madden, T.R., 1976, BRandor networks and mixing laws:
Geophysics, v. 41, no. 6A, p. 1104-1125.

Pollock,y S.d., 1964, Bedrock geolbqy of the Tiverton
quadrangle Rhode Island—-Massachusetts: U.S. Geological

Survey Bulletin 1158-D, 16 p.



103

Satpathy, B.N., amnd Kanungo, D.N. o 1976, Groundvater
exploration in hard-rock terrain - a case history:
Geophysical Prospectimng, v. 24, no. 4, p. 725-736.

Schiner, G.R., and Gonthier, J.B., 1965, Ground-water map of
the Tiverton and Sakonnet Point quadrangles, Rhode
Island, and the Rhode 1Island portion of the Westport
quadrangle, Massachusetts: " ReIla Hater Resources
Coordinating Board im cooperation with U.S. Geological
Survey, GWM 21.

Shankland, T.J., and Naff, H.S., 1974, Conductivity in
fluid-bearing rocks: Journal of Geophysical BResearch,
Y. 79, no. 32, p. 4863-4868.

Shipman, W.D., 1978, -Saltwater-bearing aquifers at the
periphery of Narragansett Bays geoelectric and
gegohydrologic characteristics [M.S. thesis]: Kingston,
Rhode Island, University of Rhode Island, 103 p.

Spencer, B.W., 1977, Introduction to the structure of the
earth (2nd ed.): New York, McGraw-Hill Book Co., 640
P

Stollar, R.L., and Roux, P., 1975, Earth resistivity surveys
- a method for defining ground-water contamination:
Ground Water, v. 13, no. 2, p. 145-150. .

Unz, M., 1953, Apparent resistivity curves for dipping beds:
Geophysics, v- 18, p. 116-137.

_----1968, Vertical profiling over a medium of continuously
varying resistivity: Geophysical Prospectiné, v. 16,

p. 427-435.



104

Urish, D.W., 1980, Personal Notes.

__---1983, The practical application of surface electrical
resistivity to detection of ground—-water pollution:
Ground Water, v. 21, no. 2, p. 144-152.

U.S. Geological Survey, 1963, Open-file vwell reports:
Providence, Rhode Island, Water Resources Division.

Van Nostrand, Re.G., and Cook, K.L., 1966, Interpretation of
resistivity data: U.S. Geological éurvey Professional
Paper 499, 310 p.

Verma, ReK., Rao, H8.K., and BRao, C.V., 1980, Resistivity
investigations for ground water in metamorphic areas
near Dhambad, 1India: Ground ¥ater, v. 18, no. 1,
P~ 46-55.

Warner, D.L., 1969, Preliainary field studies using earth
resistivity measurements for delineating zones of
contaminated ground water: Ground Water, v. 7, no. 1,
p- 9-16.

Williams, R.E., and Farvolden, RB.N., 1969, The influence of
joints on the movement of groumdwater through glacial
till: Journal of Hydrology, v. 5, p. 163—-170.

Witherspoon, P.a., 1981, Effect of size on fluid movement in
rock fractures: Geophysical BResearch Letters, v. 8,
no. 7, p. 659-661.

Zartman, R.E., and DNaylor, BR.S., in press, Structural
implications of some radiometric ages of igmeous rocks
in southeastern New England: Geological Society of

America Bulletin.






APPENDIX

100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350
360
370
380
390
400
410
420
430
440
450
460
470
480

10
20
30
40
50
60
70
80
90
100
110
120

130

106

A. Fortran Program for Computing K-factors

FORMAT (* A PROGRAM TO CALCULATE THE GEOMETRIC')
FORMAT (* FACTOR (K) FOR AB BRECTANGLE MAPPING*)
FORMAT (*OVALUES MUST BE ENTERED IN FORMAT 00.0')
FORMAT(*OENTER AB/2 VALUE!')

FORMAT (F5. 1)

FORMAT (*OENTER MN VALUE")

FORMAT (F4. 1)

FORMAT (*OENTER LATERAL DISP. (X): 99-.0 TO STOP!)
FORMAT (* OENTER DISP. TOWARDS A OR B (Y)*)

FOBMAT (*0K='F10.2)

FORMAT ("OENTER 1 TO CHANGE AB/2 AND MNY)
FORMAT (I 1)

REAL AM, BM, AN, BN, K, Z, MN, X, Y

INTEGER Q

WRITE (6, 10)

WRITE (6, 20)

WRITE (6,30)

WRITE (64 40)

READ(5,50) 2

"NOTE: Z=AB/2

140

150

WRITE (6,60)
READ(5,70) MN

WRITE (6,80)

READ(5,70) X

IF (X. EQ-99.0) GOTO 150
WRITE (64 90)

READ (5,70) ¥

AN= ((Z+X-MN/2) %42+ Y#%2) ** (—_5)
BM= ((Z-X+MN/2) *%2+Y%%2) ** (- 5)
AN= ( (Z+X+MN/2) ¥*2+ Y*%2) *% (—_5)
BN= ( (Z-X—MN/2) %2+ T *%2) %% (—_5)
K=6.283/ (AM—-BM—AN+BN)
WRITE (6, 100) K

GOTO 140

WRITE (64110)

READ (5,120) ¢

IF(Q-EQ.1) GOTO 130

STOP

END
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Table 2.

Station

G4 O H =B @ e

]

Table 3.

Station

e o O (]
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Field Data for K to E Horizontal Profile Line

A-Spacing
(£t) (m)
50 15.2
50 15.2
50 15.2
75 22.9
50 15.2
75 22.9
50 15.2
50 15.2
75 22.9
50 15.2
50 15.2

I
(ma)

83

29
100
210
180
165

42
110
140
200

140

(nv)
31.5
15.8
64.7
143.5
144.8
83.0
24.2
75.65
75.0
39.15

40.6

{ohm—ft)
119.2
171.2
203.3
321.8

252.7

236.9.

181.0
2161
252. 4

61.5

91.1

Ra

(ohm—m)
36.3
52.2
62.0
98.1
77.0
72.2
55.2
65. 9
76.9
18.7

27.8

Field Data for N to S Horizontal Profile Line

A-Spacing
(ft) (m)
50 15;2
75 22.9
50 15.2
50 15.2
75 22.9
50 15.2

I
(ma)

37
37
31
42
39.5
220

v
(mv)

141.5

561
33.35
25.45
11.55
58.0

(ohm—£t)
1201. 4
714.5
338.0
190.4
137.8
82.8

Ra

{oha—m)
366..2
217.8
103..0

58..0
42.0

25. 2
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APPENDIX C. Vertical Electrical Sounding Field Data
Table 4. Field Data for VES 1 (4/1/83)
AB/2 My I v Ra
(ft) {m) (f£t) (m) {ma) (av) (ohm—£ft) (oha—m)
2.5 0.8 1 0.3 149 52.5 6-6 2.1
4 1.2 1 0.3 149 26.0 8.6 2.6
6 1.8 1 0.3 148 13.5 10.2 3.1
8 2.4 1 0.3 148 8.5 11.5 3.5
10 3.0 1 0.3 148 5.8 12.3 3.8
15 4.6 1 0.3 147 2.4 11.5 3.5
25 7.6 1 0.3 147 0.8 10.7 3.3
25 7-6 4 1.2 147 3.5 11.6 3.5
40 12.2 8 1.2 130 1.55 14.9 4.5
65 19..8 4 1.2 140 0.. 85 20.1 6.1
65 19.8 8 2.4 138 1.7 20.4 6.2
100 30.5 8 2.4 67.5 0.75 43.6 13.3
125 38.1 8 2.4 74.5 0. 65 53.5 16.3
125 38-1 20 6.1 74.5 1.7 55.7 17.0
150  45.7 20 6.1 91.5 1.7 65. 4 19.9
200 61.0 20 6.1 91.3 1.25 85.8 26.2
250 76.2 20 6.1 89.0 0.98 107.9 32.9



Table 5. Field Data for VES 2
AB/2 MN I
(ft) (m) (ft) (m) (ma)
2.5 0.8 2 0.6 100
S 1.5 2 0.6 109
7.5 2.3 2 0.6 121
10 3.0 2 0.6 125
15 4.6 2 0-6 116
20 6.1 2 0.6 118
30 9.1 2 0.6 118
40 12.2 2 0.6 105
50 15.2 2 0.6 108
70 21.3 2 0.6 105
100 30.5 2 0..6 118
100 30.5 4 1.2 118
150 45.7 4 1.2 138
200 61.0 4 1.2 140
Table 6. Field Data for VES 3
AB/2 I
(ft) (n) (ft) (m) (na)
2.5 0.8 1 0.3 141
3 0.9 1 0.3 140
4 1.2 1 0.3 142
5 1.5 1 0.3 140
6 1.8 1 0.3 140

(4/2/83)
v
(nv)
5250
1210
540
290
111
55
21
1
8
4.9
3.5
7.2

3.7

(4/15/83)
v
(uv)
185
120
65
41

28

109

Ra
(ohn—£ft) (oha—n)
433.0 132.0
418.5 127. 4
387.3 118.0
360.8 110.0
336.7 102.7
292.1 89. 0
251.3 76.5
263. 1 80.2
290.8 88.7
359.1  109.4
465.9 142.0
479.0 146.0
653.0 199.0
830.2 253.0
Ra

(ohp—-£ft) (ohm—m)
24.7 7.5
23.6 7.2
22.7 6.9
22.8 6.9
‘22-5 6.9



Table 6. (continued)
‘AB/2 My
(£t) () (£t) {(m)

7.5 2.3 1 0.3
10 3.0 1 0.3
12.5 - 3.8 1 0.3
15 4.6 1( 0.3
20 6.1 1 0.3
25 7.6 1 0.3
25 7.6 2 0.6
30 9.1 2 0.6
40 12.2 2 0.6
50 15.2 2 0.6
50 . 152 4 1.2
60 18.3 4 1.2
75 22.9 4 1.2

Table 7.
AB/2 MN
(ft) (n) (ft) (m)

2.5 0.. 8 1 0.3

3 0.9 1 0-3

4 1.2 1 0.3

5 1.5 1 0.3

6 1.8 1 0.3

8 2.4 1 0.3

(na)

141
142
145
146
148
142
144
143
141
135
132
138

135

I

(ma)

96
98
95
87
89
90

(nv)

18

5.0
3.9
2.5
1.65
3.3
2.45
1.70
1.2
3.6
3.0

2.4

Field Data for VES 4 (4/22/83)

v
(mv)

10500
8000
5100
3200
2500
1550

110

Ra
. (ohm—£ft) (ohm—n)
22.5 6.9
19.9 6< 1
16.9 5.2
18.9 5.8
21.2 6.5
22.8 . 6.9
22.5 6.9
24.2 7.4
30.3 " 9 2
34.9 10.6
53.5 16.3
61.4 18.7
78.5 23.9
Ra

{(ohm—ft) (ohm—nm)
2061.7 628.4
2244.0 684.0
2656.3 809.6
2859.9 871.7
3154.8 961.6
3449.2 1051.3



m

Table 7. (continaed)

AB/2 HN I v Ra
(£t) {m) (ft) (m) (ma) (nv) (ohm~£ft) (ohm—m)
10 3.0 1 0.3 88 1050 . 3739.1 1139.7
12.5 3.8 1 0.3 96 760 3879.9 1182.6
15 4.6 1 0.3 92 520 3990.9 1216.4
20 6-1 1 0.3 85 260 3841-4 1170.9
25 7.6 1 0.3 88 160 3568.6 1087.7
30 9.1 1 0.3 92.5 120 3667.0 1117.7
32 9.8 1 0.3 84 85 3254.5 992.0
80 12.2 1 0.3 87 52 3003.9  915.6
50  15.2 1 0.3 92 32.5  2774.2  B845.6
60  18.3 1 0.3 98 22.5  2596.4  791.4
80  20.4 1 0.3 82 10.08 2471.5 753.3
100 30.5 1 0.3 82 6.2  2375.3 7240
125 38.1 1 0.3 82 5.0  2394.5 729.8
125 38.1 5 1.2 83 15.8  2335.5 7119
150  45.7 s 1.2 79 9.8  2191.8 668.1
200  61-0 6 1.2 51 2.6  1601-8  488.1
225 686 8 1.2 69 4  2304.8 702.5
250  76.2 4 1.2 79 4 2085.3 7575
275  83.8 8 1.2 95 4 2500.7 7622



Table 8. PField Data for VES 5
AB/2 N I
(ft) {m) (ft) (m) {na)
2.5 0.8 1 0.3 99
3 0.9 1 0.3 98
4 1.2 1 0.3 95
5 1.5 1 0.3 98
6 1.8 1 0.3 92
8 2.4 1 0.3 96
10 3.0 1 0.3 100
12.5 3.8 1 0.3 100
15 4.6 1 0.3 100
20 6.1 1 0.3 100
25 7.6 1 0.3 85
30 9.1 1 0.3 98
40 12.2 1 0.3 86
50 15.2 1 0.3 89
60 18.3 1 0.3 92
80 24.4 1 0.3 87
90 27.4 1 0.3 78
100 30.5 1 0.3 92
125 38.1 1 0.3 85
125 38.1 4 1.2 85
150 45.7 1 0.3 81
150 45.7 4 1.2 81
175 53.3 4 1.2 83
200 61.0 1 0.3 92

(4/22/83)
v
(mv)
8200
6100
3850
2900
2050
1300
940
610
420
235
125
95
40
24
16
7.8
5.15
4.8
2.6
10-1

112

Ra

(ohm—-£ft) (ohm—m)

1561.3
17111
2005. 3

2300.9

2502.6

2712.1
2945.7
2989.5
2965.5
2951..3
2886.3
2740.1
2337.6
2117.7
1966.8
1802.6
1680. 1

1639. 1

15015

1457.8

1483.5

1564.7
1570.8

475..9
521.5
611..2
701.3
762-8
826. 6
897..8
911.2
903. 9
899.6
879.7
835. 2
712.5
645. 5
599.5
549.4
512. 1
499.6
457.7
B44.3
452.2
465. 4
4769

478-.8



Table 8. (continued)

AB/2 uN
(ft) (n) (ft) (m)
200 61.0 4 1.2
250  76.2 4 1.2
275  83.8 4 1.2

Table 9. Field Data for
AB/2 MN
(£t) (m) (ft) (m)
2.5 0.8 1 0.3
3 0.9 1 0.3
3.5 1.1 1 0.3
4 1.2 1 0.3
5 1.5 1 0.3
6 1.8 1 0.3
7 2.1 1 0.3
8 2.4 1 0.3
10 3.0 1 0.3
12.5 3.8 . 1 0.3
15 4.6 1 0.3
17.5 5.3 1 0.3
20 6.1 1 0.3
20 6.1 4 1=2
25 7.6 1 0.3

25 7.6 4 1.2

(ma)
92
91

122

YES 6

(ma)
160
160
152
152
160
158
157
158
160
159
160
160
160
160
160
160

113

\' a
(nv) {ohm~ft) {ohm~m)

4.75  1621.9  494.4
3.6 1941.8  591.9

(4/23/83)

v Ra
(nv) (ohm—-£ft) (ohm—m)
245 28.9 8.8
165 28.4 87
119 29.5 9.0
87 28.3 8.6
59 28.7 8.7
41 29. 1 8.9
29.5 28.8 8.8
21.5 27.3 8.3
13 25.5 7.8
7.7 23.7 7.2
5.2 23.0 7.0
3.95 23.7 7.2
3.15 264.7 7.5
13.5 26.2 8.0
2.05 25.2 7.7
8. 85 27..0 8.2



Table 9. (continued)
AB/2 MN
(ft) (m) (£t) (m)
30 9.1 4 1.2
40 12.2 4 1.2
45  13.7 4 1.2
50 15.2 4 1.2
60 18.3 4 1.2
70 21.3 4 1.2
75 22.9 4 1.2
80 24.4 4 1.2
90 27.4 4 1.2
100 30;5 4 1.2

(na)

160
154
140
115
132
112
120
112

75
11

v

(nv)

6.9
4.4
3.40
2.3
2.1
1.5
1.55
1.4
0.85
117

30.4
35.8
38.6
39.2
44.9
51.5
57-.0
62.8
72.1
82.8
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Ra

(ohm—£t) (ohm—m)

9.3
10.9
11.8
11.9
13.7
15.7
17.4
19.1
22..0
25.2



APPENDIX Da

Table 10. Field Data for ABR 1 (4/22/83)

AB Rectangle Mapping Field Data

AB/2 = 175ft (53.34m)

115

0,0 is ABR center and positive X is towards B in figure 18.

Coordinates
X(ft) Y(ft)

-10
-5
0

5
10

-10

10

-10

10

-10

10
10
10
10
10

(¥

©O o o O o U»u o u»u u w

(ft)

4

& & & & & & & &

& & & & & & & & & &

MN

(m)
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2

1.2

1.2

1.2
1.2

B
(na)

82
82
82
82
82
82

82

82
82
82
85
80
83
80
85
83
82
83
82

v
(mv)

5.0
5.8
5.2
5.5
5.6
4.5
5.8
6 1
5.3
5.3
4.7
6-25
5.4
4.4
5.3
5.5
5.5
4.8

4.8

(ohn—£ft)
1459.4
1705.3
1532.6
1617. 1
1634.5
1308.5
1699..0
1791.2
1552.5
1561. 1
1316.8
1874.3
15647
1319.5
1484..9
1580.0
161121
1392.5
1406. 1

Ra

(ohr—m)
444.8
519.8
567..1
492.9
498.2
398.8
517.9
546..0
473.2
469.7
401. 4
571.3
476..9
402.2
452..6
481.6
491. 1
424. 4
428..6






Table 11.

Coordinates
X(ft) Y(ft)

-10
-5
0

5
10
-10

10
-10

10

0
0
0

(ft)

2

N

NN NN NN NN NN

(continued)

(m)
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0-6
0.6
0.6
0.6

0.6

1
(ma)

145
146
145
145
145
145
148
145
143
145
145
145
145
145

143

v
(mv)

4.6
3.3
2.9
3.7
3.3
3.85
4.6
4.6
2.7
2.8
2.6
3.7
3.8
2.2

2.3

{ohm—£t)
31.8
29.3
28.0
33;1
22.8
28.8
42.4
46.7
25.8
20.9
23.9
39.9
43.4
23.7

21.4

117

(ohm—m)
9.7
8.9
8.5

10.1
6.9
8.8

12.9

14.2
7.9
6-4
7.3

12.2

13.2
7.2

6.5



118

Table 12. PField Data for ABR 3 (4/23/83)

AB/2 = 45ft (13.7m)

0,0 is ABR center and positive X is towards B im figure 20.

Coordinates MmN I v Ra
X{ft) Y (ft) (ft) {m) {ma) (mv) {ohm-£ft) (ohm—n)
-10 10 4 1.2 140 3.4 36.6 11.2
-5 10 4 1.2 140 4.2 49.6 15.1
0 10 4 1.2 140 2.3 28.0 8.5
5 10 4 1.2 140 2.22 26-2 8.0
10 10 4 1.2 140 2.15 23.1 7.0
-10 5 4 1.2 iQO 4.9 49.0 14.9
-5 5 L 1.2 140 4.2 46..8 14.3
0 5 4 1.2 140 2.55 29.5 9.0
5 S 4 1.2 140 2.35 26..2 8;0
10 5 4 1.2 140 2.35 23.5 7.2
-10 0 4 1.2 140 5.4 52.7 16.1
-5 0 4 1.2 140 4.7 51.3 15.86
0 0 o 1.2 1490 3.4 38.6 11.8
5 0 4 1.2 140 2.6 28.4 8.7
10 0 4 1.2 140 2.6 25.4 7.7
-10 -5 4 1.2 140 6.7 67.0 20.4
-5 -5 4 1.2 140 4.4 49..0 14.9
0 -5 4 1.2 140 3.0 34.7 10.6
5 -5 4 1.2 140 3.1 34..6 10.5
10 -5 4 1.2 140 2-.55 25.5 7.8
-10 -10 2 0.6 140 2.4 51.7 15.8



Coordinates
I(ft) Y(ft)

-5 -10

0 -10

5 -10

10 -10
Table 13.

(ft)
2
4
4
4

AB/2 = 60ft (18.3m)

My

(m)

0.6
1.2
14-2

1.2

I
(ma)

140
140
140

140

Field Data for ABR 4

v
(mv)

2.2

2.15
2.18
2.65

(4/23/83)

(ohm—-£ft)
52.1
26.2
25.8
28.5

Ba

119

{ohm—m)
15.9
8.0
7.9
8.7

0,0 is ABR center and positive X is towards B in figqure 21.

Coordinates
X(ft) Y(ft)

-10 10
-5 10
0 10

5 10
10 10
-10 5
-5 )
0 S

5 5
10 5
-10 0
-5 0
0 0

(ft)

4

4
4

& & & & &

&=

F . Y

MN

{m)
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2

1.2

I
(ma)

130
130
130
130
130
130
130
130
130
130
130
130

130

v
(mv)

2.0
2.55
1.48
1.37
1.2
2.75
2.5
1.55
1.35
1.28
3.0
2.85
2.08

(ohm—£ft)
42.0
56.7
33.5
30.4
25.2
55..6
53.8
34;0
29.0
25.9
59.9
60.6

45.2

Ra

{ohm—n)
12.8
17.3
10. 1

9.3
7.7
16.9
16. 4
10. 4
8.8
7.9
18.3
18.5
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