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Introduction

In the northwestern part of Virginia and adjacent parts of West
Virginia there are approximately 100 springs that have temperatures
ranging from slightly above the mean annual air temperature (9-12°C)
to about 41°C (105.8°F). In Virginia, nearly all of the warm springs
appear to issue from limestone formations of Middle Ordovician age
where these formations are brought to the surface by anticlinal
folding. The geographic distribution of the springs has been
described by Reeves (1932).

Table I from Reeves (1932, p. 8) snuws the number of springs in
Virginia grouped according to their temperature. The hottest springs
are located in the Warm Springs anticline in Bath and Alleghany
Counties in Virginia where there are four groups of springs known as
the Warm Springs, Hot Springs, Healing Springs, and Falling Springs.
Since thege are the hottest springs in the region, the present study
has focused principally on the region centered around the Warm
Springs anticline (Figure 1). Each group of springs in the Warm
Springs anticline consists of at least three separate springs in
close proximity. The group at Warm Springs is made up of three
springs within about 30 meters of each other and a fourth about 250
meters to the southwest. At Hot Springs, eight warm springs occur
over an area of about 4000 mz. Healing Springs consists of three

separate springs less than three meters apart. Falling Springs are



Table 1. Thermal springs in Virginia grouped according to their tempera-

ture.
Temperature, °C Number of Springs
38 - 41 2
32 ~ 37 8
25 - 30 3
16 ~ 24 27
13 - 15 45
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Figure 1. Location of Warm Springs Anticline in Bath and Alleghany
Counties, Virginia.
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made up of a number of flows and seepages at a much lower temperature

than the other warm springs in the Warm Springs anticline, and with a

mich greater discharge than any other warm springs in the region.

Purpose of the Investigation

The purpose of this study was to determine the origin of the warm
springs and to evaluate the geothermal resource potential of the area
in the vicinity of the Warm Springs anticline in Bath and Alleghany

Counties, Virginia. The Warm Springs anticline is shown on the geologic

map of Figure 2.

Source of Data for Figure 2

1. Warm Springs Anticline: Reconnaissance mapping by Dr. C.E. Sears
assisted by Mr. L.N. Ford.

2. Clifton Forge Iron District: Virginia Engineering Experiment
Station Bulletin 118, F.G. Lesure, 1957.

3. Geologic map of the Appalchian Valley in Virginia, by Charles
Butts, Virginia Geological Survey, 1933.

4, Geologic Map of Virginia, Commonwealth of Virginia, Department
of Conservation and Economic Development, Division of Mineral
Resources, 1963.

5. Bick, K.F., 1960, Geology of the Lexington quadrangle, Virginia:
Virginia Division of Mineral Resources Rept. Invest. 2, 40 p.

6. Bick, K.F., 1962, Geology of the Williamsville quadrangle,
Virginia: Virginia Division of Mineral Resources Rept. Invest.
2, 40 p.

7. Geologic Atlas of the United States, Monterey Folio, Virginia-

West Virginia, 1899.
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Previous Investigations

Nearly a century ago, Rogers (1884) noted that the principal
warm springs then known in Virginia were located along anticlinal
fold axes. This observation has been corroborated by subsequent
investigators. The most comprehensive study of the geology of
the area was that of Reeves (1939) who reported on the geographic
distribution of the springs, the temperature, discharge, chemistry,
and gas content of the spring water, and the general geology of
the area including topography, structural geology, and stratigraphy.
Reeves' study was hampered by lack of complete topographic map
coverage, and much of the stratigraphic nomenclature used by him,
particularly that relating to the formations frqm which the springs
issue, is now considered inappropriate for the area.

Rogers (1884) and Reeves (1932) both concluded that the warm
and moderately warm springs issue from rocks of Cambrian and
Ordovician age where these formations rise from considerable
depths as the result of anticlinal folding. Rogers proposed that
surface water entering the rocks at their outcrop in high anti-
clinal ridges sinks to considerable depths along joints and
fissures until it reaches a permeable bed, and then rises along
the dip of this bed to its outcrop in an adjacent valley. Accord-
ing to Reeves (1932, p. 26), however, some of the anticlines are

broken by thrust faults, but he states that there is no positive




evidence that any of the warm springs are along faults. Reeves
further concluded that most of the springs of the region un-
doubtedly are not so located, and that few of the springs are
probably fed by water rising along fault planes or through
fissures bordering fault planes. Reeves (1932, p. 28) concluded
that the springs are produced by meteoric waters entering a
permeable bed along its outcrop at a relatively high altitude on
the crest or 1limb of one anticline and rising to the surface
where the same bed crops out at a lower altitude in another anti-
cline, the temperature of the waters being an expression of the
normal earth temperature in the deep synclinal basins through
which the water circulates. Reeves' hypothesis is similar to
Rogers' in that it attributes the temperature of the springs to
normal earth temperatures. It differs from Rogers' hypothesis

in that it predicts movement through permeable beds from one anti-
cline to another rather than movement through joints and fissures
from an anticlinal ridge to adjacent valleys.

Rogers (1884), Watson (1924), and Reeves (1932) have thus all
postulated that the spring waters are of meteoric origin. The
chief basis for this conclusion is the similarity in the chemical
character of the water from the cold and warm springs, the fact
that the dissolved gases appeared to be principally of atmospheric
origin (Reeves, 1932, p. 28; 1974), and the observation that the

geologic setting in which the springs occur is indeed compatible



with a model of artesian circulation of meteoric water through
permeable beds. Additional geochemical studies of the spring
waters are now in progress by the U.S. Geological Survey (W.
Hobba, personal communication, 1975).

Recognition of albite—felsite sills and dikes of Eocene age
in Highland County by Fullagar and Bottino (1969) suggested to
Dennison and Johnson (1971) an alternative heat source other than
deep circulation of meteoric water. The igneous intrusions are
exposed just 30 km north of Hot Springs, Virginia. Dennison and
Johnson suggested a causal relationship between the Schooley
erosion surface and the known site of igneous activity. The
generally accordant and flat profiles of the highest ridges in
the Appalachian Plateau and adjacent Ridge and Valley region have
been interpreted as an ancient erosion surface known as the
Schooley peneplane. The age of this Schooley surface is variously
interpreted as Cretaceous or early Tertiary (Wright, 1934, p. 10).
The position of maximum uplift of a dome on the Schooley surface
with 1000 feet of arching is close to the presumably younger
Eocene intrusions in Highland County. Dennison and Johnson (1971,
p. 503) proposed that thermal and mechanical energy associated
with igneous intrusions at depth could upwarp the erosion surface.

Dennison and Johnson also noted a negative simple Bouguer
gravity anomaly with its maximum negative value in western Bath

County. Large granitic plutons usually have associated with them




negative density contrasts (Bott and Smithson, 1967). Dennison
and Johnson suggested, therefore, that the large negative gravity
anomaly is related to a deep felsic pluton that provides heat to
the thermal springs centered in Bath County. They suggest that
the pluton is either the source of the andesite dikes in Highland
County, or possible represents a later thermal (volcanic) pulse
related to the same deep crustal fracture zone. The intrusives
of igneous age represent the youngest known igneous activity in
the eastern United States. The range of rock types represented
is from basalt through andesite to trachytes, all of which can be
related to the basalt by a crystal separation, differentiation
process (Hall, 1974; Bollinger and Gilbert, 1974); there is no
clear correlation, therefore, between these intrusives of shallow
origin (Hall, 1974) and a proposed deeper—-seated granitic body.
All of these phenomena are located near the apparent ter-—
mination eastward of the '"38th parallel fracture zone" (Snyder
and Gerdemann, 1965; Heyl and others, 1965; Zartman and others,
1967). The extent of thils fracture zone and its geographic
relationship to Bath and Highland Counties are shown in Figure 3.
The 38th parallel fracture zone has apparently been a site of
sporadic igneous activity from late Precambrian to Eocene time.
There is some suggestion that the intrusive activity is older
toward the west. Dennison and Johnson (1971, p. 506) conclude

that the 38th parallel fracture zone is still a geologically
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active zone of weakness along which additional activity will
probably occur in the geologic future.

Bollinger and Gilbert (1974) reported on a reconnaissance
microearthquake survey at sixisites-in Bath County and one in
Highland County. A swarm of 43 microshocks was recorded at
Duncan Knob, about 20 km north of Hot Springs; however, the swarm
stopped before the other two instruments could be moved into the
area. The remaining six stations recorded no definite micro-
earthquake activity during the recording program. Since no seis-
mic events were recorded on more than one instrument, it must be
concluded that the area is one of low microearthquake activity.

Prior to the present investigation, no.detailed geophysical
studies have been published:in Bath and Highland Counties. This

report describes the results of heat flow determinations and a

-reconnaissance dipole electrical resistivity survey in Bath County.

Both of these geophysical approaches must be used to defend the
credibility of any model of the origin of the hot springs in

western Virginia.

11



Procedure

Pase I of the study was the compilation of a geologic map based
on published maps and supported by reconnaissance geologic mapping in
areas where published maps were not available. Phase LI consisted of
a regional bipole-dipole electrical resistivity survey made in order
to detect the presence of resistivity lows that might be associated
with a geothermal system at depth. Phase IIT involved the drilling
of a single hole to a depth of approximately 300 m ( 1000 feet) to
obtain a heat flow value that is representative of the area.

The above data were used to attempt to arrive at a model that
unambiguously explains the origin of the thermal springs. Additional
data other than that discussed above will have to be considered at a
later date. Topographic maps combined with geologic maps will help to
define the source of the water that feeds the springs. The geochemistry
of the spring water will provide important data on the origin of the
thermal springs. The geochemical study is being done by the U. S.

‘Geological Survey.
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Topography of the Region

Conditions for the generation of springs by deep artesian circula-
tion of meteoric ground water include 1) folded beds, 2) permeability
along bedding planes and/or joints extending to depths great enough to
heat the water in the presence of the normal geothermal gradient,
and 3) a source area of large enough areal extent such that precipitation
can enter permeable beds at a relatively high outcrop and be dis-
charged by springs at a lower elevation. The elevations of the hottest
springs at Hot Springs vary from 686 to 693 meters above sea level.
Figure 4 shows the extent of surface area in the region above an
elevation of 731 meters (about 2400 feet). It appears that an adequate
source area is present to satisfy condition (3) above, and to provide
a hydrostatic head sufficient for deep artesian circulation. The present
model for the origin of the warm springs favors the area beneath Warm
Springs Mountain as the source area for downward-percolating ground
water.

Figures 5 and 6 show structural cross sections across the Warm
Springs Anticline. It is apparent that condition (1) also appears to
be satisfied. The extent of vertical permeability in the area will be

evaluated during the summer of 1976 under ERDA Contract No. E-(40-1)-5103.
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TOPOGRAPHIC RELIEF ABOVE
AN ELEVATION OF 73| METERS

WARM SPRINGS MOUNTAIN
AND VICINITY

Figure 4. Shaded area shows topographic relief above an elevation of 731 meters.
Water gaps at Healing Springs, Hot Springs, Dunn's Gap, and Warm
Springs are prominent topographic features.
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Electrical Resistivity Dipole Survey

Electrical methods of geophysical exploration have become
a basic tool in prospecting for geothermal reservoirs. Such re-
servoirs usually have great size compared to the usual targets
of electrical prospecting, and for this reason, the conventional
electrical techniques have not been used with any degree of suc-
cess. Rather, new methods of electrical prospecting which can be
used on the scale required to examine geothermal reservoirs have
had to be developed. Among these new methods are dipole or bi-
pole~dipole and quadripole mapping surveys (Keller et al., 1975).

In bipole-dipole mapping, abbreviated dipole mapping, current
€low is established in the earth by using a pair of source elec-
trodes that are not necessarily closely spaced, and so they can be
said to form a source "bipole'". Current is fed to the ground through
two widely separated electrodes. The electric field is then de-
termined at many observation points by observing the voltage drop
between two pairs of electrodes oriented approximately at right
angles. The current flow pattern will be governed by the spatial
variation in resistivity of the ground to a depth comparable to the
distance‘from the source bipole. At each observation point the
measured components of the electric field are added vectorially to
determine the direction and magnitude of the electric field

vector at the observation point. Each component of the electric
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field at an observation point is measured using a pair of elec-
trodes separated by a distance ranging from 10 meters to 100
meters. The larger separations are used at the greater distances
from the source bipole, where the electric field is low. Signal
levels as small as 10 to 20 microvolts are measured with an
accuracy of + 5%,

With a knowledge of the electric current put into the ground
at the source bipole, and the direction and magnitude of the
measured electric field vector at the observation site, the data
obtained in a dipole mapping survey can be converted to values
of apparent resistivity or of apparent conductance for the pur-
pose of presentation and interpretation.

The vector sum of the measured components of the electric
field at the observation point is given by:

_pl R1,4 _ ,R1,2 1/2
E =31 [1+ CEE 2(§7) cos d] 1)

where R1l, R2, and d are defined by the geometry of the source-
receiver configuration, I is the known total current flow at the
source and p 1is apparent resistivity. The magnitude of the total
electric field, E, is obtained from the vector sum of the field

components, E. and E,, measured at the observation point, where

1 2
ol
E ==
1 2R12
and
E =:&].:..
2 2R22
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Inversion of equation (1) yields apparent resistivity, p,
under the assumption of épherical symmetry in current flow for a
uniform earth.

For many applications of the bipole mapping method, the
distance from the source to an observation point is greater than
the depth to crystalline rocks of the basement complex. The
basement complex is generally composed of rocks of high electri-
cal resistivity. Such rocks effectively prevent current from
penetrating deeper into the earth. For those situations where
a relatively conductive sedimentary section overlies rocks in
the basement complex of relatively high resistivity, it is in-
appropriate to assume a spherical symmetry of current flow. In-
stead, a more meaningful way to present field results is through
the use of a formula based on the assumption of cylindrical
spreading of current through a thin conductive plate. For a
current, I, at the source, the vector sum of the two measured

electric field components is given by:

-1
T 27mSR1

E 1+ EH? - 28 cos p1t/2
where S is defined as the conductance of the plate, and is the
ratio of the thickness, h, of the plate, to its resistivity, p.
It is important to note that the apparent values computed
for resistivity or conductance are equal to the actual values for

a real earth only when the structure of the earth is as simple as

that assumed for the derivation of the above formulae. Where
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lateral changes in resistivity are present, the computed values of
apparent resistivity and apparent conductance may be quite unlike the
values actually existing in the ground. Therefore, it is necessary

to evaluate the significance of the computed values of apparent
resistivity or apparent conductance in order to interpret properly the
cause of apparent resistivity patterns which depart from those expected
on the basis of simple geometry.

One approachv;o the interpretation of the field data is to compute
resistivity or conductance maps for various simple resistivity distri-
butions for which calculations are possible. Such models include a
sequence of horizontal layers, and vertical planes separating regions
of different resistivities. Results of computations of apparent
resistivity and conductance using such models are given by Keller et
al., (1975), and Furgerson and Keller (1975).

Examination of bipole~dipole data reveals areas of apparent low
resistivity that are not found for all source locations. Such false
anomalies commonly occur along the boundary between an area of low
resistivity and an area of high resistivity. In order to distinguish
between false anomalies arising from the relative positions of the

source with respect to resistivity contrasts, coverage of a suspected

anomalous area is obtained with current

20




illumination from several bipole source locations. If the
anomaly'persists when an area is illuminated from several
separate sources, it is probably a real anomaly.

Another approach to minimize the effect of source location
and avoid false anomalies is the "rotating-field quadripole
method", or more briefly, the "quadripole mapping method".

A rotating-field quadripole survey actually consists of two
dipole mapping surveys carried out with two bipole sources at
the same location, but oriented approximately at right angles
to one another. The two source bipoles are energized successively
for periods of a few minutes each. Signals from each bipole
source are recorded at a receiver site. Thus, apparent resisti-
vity and apparent conductance can be computed either as a function
of the direction of the bipole source, or as a function of the
direction of the electric field at the receiver. The results of
computations using simple models indicate that the most meaning-
ful parameter for the interpretation of the resistivity data is
the average of the maximum and minimum values of the apparent
resistivity or conductance ellipse. A map of this average
minimizes the false anomalies which are present on bipole maps
obtained with single coverage.

Figure 10 is a composite apparent resistivity map derived
from the data used at the three source locations. The composite

map was prepared from maps obtained from three rotating-field

21



quadripole surveys which are shown in Figures 7, 8, and 9. Resistivity
values on each map prepared from a quadripole survey represent the
average of the maximum and minimum values of apparent resistivity at
each recording location. The composite map is a linear average of the

three quadripole maps.

Several resistivity lows are apparent on Figure 10. These are
significant resistivity anomalies relative to the regions of high
resistivity and are undoubtedly due to the presence of water at depth.
With the present data, it is not possible to identify with certainty
the cause of the resistivity lows evident on Figure 10 other than to
say that they represent significant relative variations in apparent
resistivity. The presence of a low southeast of Hot Springs is
compatible with a model of deep artesian circulation of meteoric
ground water. Further resistivity soundings should be made to
determine the nature and depth of the source of the resistivity low.
The resistivity lows might be a manifestation of slow downward perco-
lation of ground water to a southeastward-dipping fault plane,
followed by a relatively rapid upward movement of water along the
fault plane and cross faults cutting the northwestern limb of the Warm

Springs anticline.
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Figure 7. Apparent resistivity map for bipole sources 1 and 2.
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Geothermal Gradient and Heat Flow From Existing Holes in Bath County

We have obtained a reliable heat flow value of 1.23 + 0.20 ucal/
cmz—sec from four holes at Back Creek ét 38°13'N. Lat. 79°48'45"W.
Long., about 25 km north of Hot Springs, Va. The temperature and
gradient profiles are shown in Figure 11. The geothermal gradients
over the parts of the holes not affected by moving ground water are
approximately 14°C/km. The hoies wére drilled by others as part of a
dam site investigation, and penetrate sandstones and shales of
Devonian age.

We have also determined the heat flow at Hot Springs, Va. from
a well drilled by the Homestead Corporation to a depth of about 230
meters. The temperature and gradient profiles are shown in Figure 12.
The well penetrated limestone of Middle Ordovician age. No core was
obtained from the hole; however, several specimens of limestone were
collected from surface outcrops near the hole and thermal conductivity
values were determined. The heat flow is 7.6 ucal/cmz—sec. The
geothermal gradient is approximately 100°C/km. This high gradient is
probably not representative of the regional geothermal gradient
because of the increase in the gradient at the bottom of the hole
which appears to be in or probably close to a zone of ground-water
circulation. The temperature at the bottom of the hole is approxi-

mately 32°C (90°F).
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Drilling Site in'the Warm Springs Anticline

One hole approximately 305 m in depth was drilled in the Warm
Springs anticline (Figure 2 ) specifically for the purpose of obtainring
a reliable heat flow determination. Drilling began on December 16,
1975 and was completed on January 10, 1976.

Several factors entered into the selection of the drill site:

(1) The transverse faults that cut the northwest limb of the
Warm Springs anticline (Figure 2) are not considered to be of regional
tectonic significance; they are interpreted as extension fractures in
a rigid, essentially vertical plate of quartzite. Such cross faults are
common in anticlinal folds particularly where the anticlinal axis
plunges (DeSitter, 1956, p. 206-211). While not of regional signifi-
cance, they do appear to be important in controlling the locations of
the warmest springs. The hottest springs are located next to the
cross—faults and the faults may therefore provide the vertical permea-
bility for the ascending warm water. Drilling sites near cross faults
were avoided because convection in such zones might prevent the deter-
mination of a representative geothermal gradient.

(2) From the work of Reeves (1939) and from our own field work,
most of the hot and warm springs appear to issue from limestones of
Middle Ordovician age. The limestones unconformably overlie the Knox
Dolomite of Early Ordovician age. It is generally accepted that
limestone develops solution porosity and permeability at a considerably

faster rate than dolomite. If bedding plane permeability is
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preferentially developed in the Middle Ordovician limestones, then
drilling in or above this part of the stratigraphic section should be
avoided. The selected drilling site begins in the Knox Dolomite of
Early Ordovician age and which lies stratigraphically beneath the
limestone Section. The outcrops of Knox Dolomite at the Bowen farm
are the oldest rocks exposed in the Warm Springs anticline. Rocks

as old or older are exposed at only one other locality on Figure 2 at
Bolar, approximately 20 km to the north in the core of another anti-
cline.

(3) The electrical resistivity survey showed the drill site to
be an area of relatively high resistivity (Figure 10) and therefore
hopefully free of significant subsurface water circulation.

The temperature profile and gradient for the drilled hole are
shown in Figure 13. The hole was logged on three separate occasions,
Repeated temperature measurements on February 10, 1976 and March 3,
1976 were in excellent agreement, indicating that the hole had reached
thermal equilibrium. The gradient over most of the upper part of the
hole is disturbed by ground-water circulation; however, the lower 50
meters of the hole appear to be undisturbed and the gradient there of
9.28 * 0.046°C/km is believed to be a reliable equilibrium gradient in
the Knox Dolomite. Thermal conductivity was determined on core from
the hole. Values are given in Table 2. The mean and standard devia-
tion of thermal conductivity of the Knox Dolomite based on 35 values
is 12.4 * 0.21 mcal/cm -sec-°C. The product of the gradient and

thermal conductivity is 1.15 + 0,02 ucal/cmz—sec. This is believed to
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it

be a reliable regional heat flow value for the area in the vicinity of
the Warm Springs anticline. The value of heat flow does not differ
significantly from the value of 1.2 * 0.1¢g found to the north at Back

Creek.
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Thermal  Thermal

Conductivity Conductivity

mcal/cm-sec-°C mcal/cm-sec-°C Percent
Sample Depth, m 1" Samples 2" Samples Difference
887 270.4 12.86 12.67 -1.5%
892 271.9 13.12 13.16 +0.3%
897 273.4 10.29 11.04 +7 %
901 274.6 12,57 13.07 +4 %
907 276.5 11.92 12.07 +1 7
911 277.7 10.62 10.81 +2 Z
914 278.6 9.81 10.58 +8 Z
919 280.1 12.26 12.29 +0.2%
927 282.6 14.20 14.50 +2 %
934 284.,7 12.88 13.13 +2 7
941 288.8 12.43 12.25 -1.5%
949 289.3 13.93 13.39 -4 7
959 292.3 12,37 12.36 0 7
968 295.0 12.82 10.05 =22 7
979 298.4 13.52 14.05 -4 7
985 300.2 13.58 13.26 -2 7
990 301.8 14.53
1000%* 304.8 11.66% 11.49 -1.5%
Average (all samples) 12.40 * 0.30 12.48 to.31 +0.65%
Average (omitting + +

samples 914 and 1000) 12.62 -0.28 12.66 -0.32

*epoxied

Table 2. Thermal conductivity values for Knox Dolomite from hole HSVA-2.
Mean and standard error of 35 samples above is 12.44 ton O

mcal/cm-sec~°c
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Temperature Increase from Radiogenic Sources

Jaeger (1964) gives the temperature away from a buried cooling

non-radioactive spherical pluton as:

T(r,t) = %ﬂ- [erf ((r/a + 1) /2 (Kt/az)l/z)
-erf ((r/a - 1)/2 (Kt/az)l/z)

—exp (=(r/a + 1) /4 (ct/a®)))]

where r = the distance from the center of the pluton, a = radius of

pluton, ¢ = thermal diffusivity of intruded rock, t = time since intrusion,
T, = original temperature of intrusion. For values of To = 1200 °C,

t = 47 m.y., k = 0.01 cm2/sec, and a = 5.0 km there is essentially no
influence remaining from the original temperature of the intrusion

(Perry, 1975).

An increase in temperature due to radioactive disintegration of
uranium and thorium in a radiogenic source can be significant. Estimates
of the heat generated can be obtained by a solution from Carslaw and
Jaeger (1959) for a continuous spherical surfaceé source. Their

solution for a spherical surface source is

2/4ct 2/4ct
_ 9 1/2 -(r—r')// —(r+r')//
T(r,t) = F— 2(kt/m) [e e ]
. r-r' . r+r’
- lr—r erfe 172 + (r4r') erfc —1/3
2(xt) 2(xt)
where
q = heat liberated per unit time divided by the density and
specific heat of the material
r' = radius of the spherical source
k = thermal diffusivity

A more general approach to modelling anomalies from buried heat-
producing sources is obtained by summing contributions from arbitrary

distributions of point sources and using image theory. The temperature,
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v, at a distance, r, from a continuous point source of heat is given by ‘
Carslaw and Jaeger (1959, p. 261):

V=Z_1-T-E;— erfc —————
v bkt

where t = time since existence of the point source, and q is the quantity
of heat instantaneously generated at t = 0. The two approaches to model-
ling spherical intrusions gave identical results.

Results of the above equations indicate that for the same values of
k and « used previously, a time of 47 m.y., a pluton with a radius of
5 km with its top at a depth of 4.8 km (at the base of the sedimentary
section) and with heat production of 10 to 30 HGU, the temperature at
depth can be raised significantly, thus requiring shallower circulation.
For example, for 10 HGU the temperature at a depth of 3 km is raised
approximately 3°C, and for 20 HGU it is raised approximately 6°C.

Values for a larger pluton are given in Table 3.
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|

TEMPERATURE INCREASE (OC) FROM RADIOGENIC HEAT PRODUCTION

Radius of Depth to top Heat generation, HGU Temperature Temperature
pluton, km of pluton, km cal/cm3—sec) increase, increase, 3 km
5 4.8 10 2 3
5 4.8 20 4 6
5 4.8 30 6 9
15 4.8 10 13 19
15 4.8 20 25 39
15 4.8 30 38 58

Table 3. Temperature increase from a radiogenic source with a
spherical distribution of heat-producing elements.
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Relationship of the 38th Parallel Fracture Zone to Resistivity Anomalies

From the data now available, it cannot be stated unambiguously
that the 38th parallel fracture zone has any manifestation in the study
area; however, the resistivity data suggest several east-west trending
anomalies as shown on Figure 10. Since this trend is certainly not
representative of structural trends in ﬁhe area, but is representative
of the trend of the approximately east-west 38th parallel fracture
zone, there may be a causal relationship between the fracture zone and
the east-west resistivity lows. Figure 3 shows the location of the
Warm Springs anticline with respect to the 38th parallel fracture zone.
It is noteworthy that the igneous intrusions of Eocene age are directly
in line with the projection of the 38th parallel fracture zone. Further
deep resistivity studies will help to define the extent of east-west
resistivity anomalies to the north in the vicinity of the exposed
intrusive rocks of Eocene age, and to the east and west to determine
if resistivity anomalies are characteristically found along the pro-

jection of the 38th parallel fracture zone.
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Conclusions

Studies made to date by V.P.I. & S.U. do not support the suggestion
of a still-cooling pluton (Dennison and Johnson, 1971) as the source of
heat of the warm springs in the Warm Springs anticline. This was, how-
ever, an attractive hypothesis because of the proximity of the 38th
parallel fracture zone, the regional Bonguer gravity anomaly described
by Dennison and Johnson, and the exposed alkalic igneous rocks to the
north in Highland County. The heat flow values we have obtailned appear
to be representative of normal heat flow. The possibility still remains,
however, that cool alkalic plutonic rocks buried at depth are contributing
sufficient radiogenic heat to raise subsurface temperatures by a few
degrees Centigrade. As shown by the data of Table 3, a buried spherical
pluton of reasonable size and heat generation could easily increase the
gradient by a few C/km. If deep circulation of meteoric water in sedi-~
mentary rocks is the correct model to explain the origin of the thermal
springs, then the addition of radiogenic heat from buried plutonic sources
would permit circulation to shallower depths than would otherwise be
required. As yet, we have no compeliing evidence to suggest that such
plutonic rocks are present at dep;h. It should be noted that Diment
et al; (1972, Fig.3 ) predicted heat flow values of less than 0.8 HFU
for this general area; their predictions were necessarily based on only
a few available heat flow valueé. If their contours are assumed to be
appfoximately correct, howevef, then the heat flow values we obtained at
Back Creek and in the warm springs anticline are indeed significantly

above regional values, and a value of 1.2 HFU would be quite appropriate
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for a source of radiogenic heat from buried plutonic rocks. We do not

yet have enough data to confirm the regional low postulated by Diment et e

al.

At the present time the model favored to explain the origin of the
warm springs is as follows. Meteoric water percolates slowly downward
through topographically high exposures southeast of the Warm Springs
anticline in the vicinity of the relatively low resistivity anomalies
(see Figures 4 and 10 ). At depth, say about 3 km, the descending water
encounters one or more thrust faults dipping gently southeastward and
passing beneath the Warm Springs anticline. WNo direct evidence for the
thrust faults is available; however, extensive thrust faulting dipping
gently to the southeast is known from seismic data in nearby areas
(Snelson, 1972). Water is assumed to rise relatively rapidly
along cross-faults which cut the northwest limb of the Warm Springs
anticline and intersect one or more of the gently~-dipping thrust faults
at depth. The cross-faults are believed to play an important part in
the hydrology and origin of the warm springs. Probably the most likely
location to encounter warm or hot water in the Warm Springs anticline is
by drilling into the transverse fracture zones. Detailed structurgl
mapping in the vicinity of these cross-faults is planned for the summer
of 1976 under ERDA Contract No. E-(40-1)-5103.

The warm springs certainly constitute a geothermal resource for
low temperature application such as space heating. A study is presently
underway by the Homestead, Inc. to investigate the feasibility of using
300 gpm of warm water (30 °C) for non-electric applications in the
immediate area (personal communication, Ray Rogers, Chief Engineer for

The Homestead, Inc.)
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ELECTRICAL RESISTIVITY SURVEY OF THE VIRGINIA

HOT SPRINGS AREA, BATH COUNTY, VIRGINIA

Introduction

An investigation of the possible geothermal potential in
the Virginia Hot Springs area of west central Virginia is being
carried out by the Department of Geological Sciences, Virginia
Polytechnic Institute and Sta{e University, with support from
the Energy Research and Development Administration., As part of
this investigation, an electrical resistivity survey of an area
of approximately 500 square miles in Bath county and adjacent
parts of Allegheny county has been carried out, This survey
was done using deep investigation techniques being developed
at the Colorado School of Mines specifically for use in geothermal
exploration,

Over the last few years, the measurement of electrical
resistivity has become one of the principal geophysical methods
used in exploration for geothermal resources, This use is
based on the fact that the resistivity of rock is strongly
temperature dependent. For example, the resistivity of a water-
bearing rock will change by'about 1.5 percent per degree C,
change in temperature, This amount of temperature dependence
is enough to cause a nearly three-fold reduction in resistivity

if the temperature of a water-bearing rock is raised from 20° C,

to 100° cC.
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Because ground water at any significant depth beneath the

carth's surface is under sufficient hydrostatic pressure to

prevent boiling, water may exist in the liquid state at temp-
eratures far above the atmospheric boiling point, Geothermal
systems now being produced commercially at places such as
Wairaki, New Zealand, and Cerro Prieto, Mexico, contain pore
water in place at temperatures ranging from 220° ¢. to 350o C.
When pressure is applied to prevent boiling of water, the
electrical resistivity of a rock will continue to decrease with
increasing temperature, even above 100° C,, and will reach a
minimum value at temperatures in the vicinity of 325o C. The
relationship betveen resistivity and temperature for a water-
beating rock is shown graphically in Figure 1, The maximum
decrease in resistivity caused by change in temperature alone
is approximately by a factor of seven,

Under normal circumstances, hot ground water will take more
salt into solution than cold ground water, In geothermal systens
this tendency for anomalously large amounts of solids to dissolve
in the water also contributes to the reduction in the electrical
resistivity of the rock, It has been demonstrated in every knowua
geothermal field that the electrical resistivity of the reservoir
is lower than that in the surrounding rock by a factor of 5 to
10, Moreover, the resistivity of the heated rock is usually
quite low in an absolute sense, with most geothermal reservoirs
having resistivities below 10 ohm-meters, As a consequence, the
neasurement of clectrical resistivity is an effect means of

prospecting for acothermal systems,
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Variation in the resistivity of an acqueous solution
of sodium chloride, under pressure, The resistivity
of a rock containing the same solution will behave

similarly,
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Because knoun geothermal systems are of considerable size
and extend to depths of several kilometers, the development of
electrical surveying methods for the purpose of geothermal pros-
pecting has been concentrated on extending the penetration cap-
abilities of standard methods, and on organizing surveys in ways
in which large areas can be covered at relatively low costs, One
of several basically new resistivity techniques that is being
used in geothermal exploration is the dipole mavnping method,
sometimnes also called the roving dipole method, This method,
which is described in more detail in a later section of this
report, was used as the basic exploration techniqué for the study
of electrical resistivity in Bath County,

In dipole mapping, a long grounded wire is used to drive
an intense current into the ground, The flow pattern of this
current is then mapped by exploring around the grounded wire
source with pairs of electrodes to determine the electric field
intensity caused by the current, The flow pattern of the current
will be determined by the electrical structure of the earth, so
mapring the current flow pattern provides a means for mapping
the electrical structure,

Experience has shown that the dipole method is rapid, and
effective ‘n locating the boundaries of areas with low resistivity
such a2s are usually associated with the presence of heated ground
water., However, the precision with which the results can be
interpreted is considerably poorer than in the case of several
of the nore conventional electrical surveying methods, Therefore,

dipole mapping should be considered as serving primarily in the

v
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reconnaisance phase c. an explcration program, More definitive

electrical sounding methods should be used in a followup program

to study areas of anomalously low resistivity in detail. Only
very limited followup surveying was done in the Virginia Hot

Springs area as part of the work described in this report,

The Dipole Mappning Survey

The area surveyed around the Virginia Hot Springs comprised
approximaiely 500 square miles, covering most of Bath county, and
a sw..1l part of Allegheny county, to the south, (See Figure 2 for
locations)., A total of six dipole sources was used, sited in
pairs at three locations, as shown in Figure 2, These particular
source locations were selected to provide overlapping coverage of
the valley extending from Warm Springs in the north, through Hot
Springs, to Healing Springs in the south from all six sources,
Each source cable was 1 to 2 kilometers in length, grounded usually
at metal road culverts to bbtain good contact with the ground, The
primary bower source was a gasoline-engine motor-generator set
capable of providing 27 KVA at 235-volt 60-Hz output, Normally,
the output of this generator is stepped up to 660 or 880 volts to
drive a maximum amount of current into the ground, but for the
Virginia Hot Springs survey, the 235-=volt output was usea directly
for recasons of safety, Because of this low voltage, currents of
only 5 to 12 amperes were driven into the ground,

Before being supplied to the grounded cable, power from the
generator supply was rectifi~d to form direct current, This current

was alternately switched to cause current to flow first one way
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and then the other in the cable coinnecting the power supply to
the electrode contacts, The period of reversal of the current
flow was 28 seconds, so that the frequencies contained in the é
waveform of the current would be sufficiently low to avoid

problems with electromagnetic attenuation of the current field

and lack of penetration because of skin-depth limitations., The
current waveform was asymmetrical, with the duration of current
flow in one direction being about 40O percent greater than the
duration in the other; this provides a means for assigning a
polarity to the voltage detected at the receiving sites, The
amplitude of the current steds was recorded with an analog re-
corder and monitored visually with an indicating meter,

The current field from a source dipole was mapped by measuring
voltages between electrode pairs at many points around a source
bipole, Because the direction of current flow at a measurement
point is quite unpredictable, the total voltage drop must be
determined by making measurements with two electrode pairs
oriented roughly at right aﬁgles to one another and adding these
voltages vectorially., The electric field is then assumed to be
the ratio of voltage drop to the separation between the measuring
electrodes, Measurements were made with electrode separations of
20 meters., The receiver consisted of a sensitive DC amplifier and

filter, with a battery-operated analog recorder, The deflection

of the trace on the stripchart as current flow in the ground

reversed was taken as the signal, The least signal that could be

detected with the recording system was approximately 5 microvolts,
The primary data recorded for the six bipole sources are

reproduced in Appendix C, as copies of the field notes, ‘

8
52




The measurement of two components of the electric field at

each receiver site from each of two sources provides a redundant
set of data for computing apparent resistivity, As a result,
there is an infinite variety of ways to define apparent resistivity
for a dipole mapping survey, We have made use of two relatively
standard definitions of apparent resistivity in processing the
measurements made from the six bipole sources; in one, we have
treated the six sources indebpendently, while in the other, resis-
tivities have been computed by combining measurenents made from
pairs of sources,

The usual definition of apparent resistivity is based on
the behavior of current flow and voltage in a completely uniform
earth, 1In this special case, current spreads out from a single
electrode with spherical symmetry. The electric field on the
surface of the earth at a distance Rl from the electrode is:

- I
E} = _‘i_z
2an

where I is the current and p is the resistivity of the earth,
When the return current to the second electrode is considered,

a second component of electric field caused by this return

current must be added to Elz
= =pl
52 B ZﬂRz

where R5 is the distance from the observation point to the

second current electrode.
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The electric fields E, and E, are vector quantities, and so,

must be added vectorially, The vector sum is:

g =L 14 (R)" 5 (R1) cos p] %
T 2nRy R»o Ry

[

Solution of this equation for p provides the means for computing
apparent resistivity under the assumption of spherical symmetry
in current flow. Values for apparent resistivity computed with
this expression are given in Appendix A,

When resistivity surveys>are conducted on the scale necessary
in exploration for geothermal systems, a somewhat different basic
model of the earth may be more appropriate than a completely
uniform model, An alternative definition of apparent resistivity
can-be obtained by assuming the earth consists of a plate of
conductive rock resting on a perfectly insulating substratum,

Such a model can be used to characterize the usual sedimentary
veneer covering crystalline basement rocks, For current spreading

through a plate, the electric field depends on the ratio of plate

thickness to resistivity, h/p, This quantity is termed the con-
ductance of the plate, and is designated by the symbol, S, The
electric field caised@by a current I passing through a single

electrode on the surface of a plate is:

I
E: & cmem——
1 ZT(SRI

where R; again is the distance from the first current electrode
to the observation point, With the addition of a second electrode
to complete the bipole current source, the contribution of a

second electric field at the observation point must be considered:
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. =1
Ep = 2SR,

The vector sum of these two electric fields is:

2 1
ET =1 1 + Ry -2 B..L cos D 2

where, as before, D is the angle formed between the two lines

Ry and R,, Clolution of this expression for S provides a definition
for "apparent conductance", Values for apparent conductance are
also listed in Appendix A,

It should be stressed that these two ways for convert
observed data are not essentially different, The use of apparent
conductance is to be preferred in presenting data where there is
a strong effect from basement, causing apparent values of resis-
tivity to increase with distance from the source. 1If such is not
the case, results should be presented as values of apparent
resistivity, Individual mavs showing the locations of the stations
along with the values of apparent conductance and apparent resis-
tivity are included in Appendix A, These are not the principal
presentation of results and are included for completeness only,

Since the use of dipole mapping has become fairly common-
Place in recent years, one significant problem in the use of
single dipole sources has been recognized. In an earth with
complex electrical structure, regions with high resistivity may
divert the current flow in the earth, and cause shadow zones
where current does not penetrate, Without current, the electric
field is low, and the computed resistivity will be low. This
will cause false lows to apnear on a contour map of apparent
resistivity values measured from a single source, An effective

11
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method for reducing the ambiguity found in single dipole coverage

is the use of several dipole sources which illuminate the pros-

pect area with current flowing in differxent directions. The
particular apnroach to multiple coverage used in the survey in
Bath County was that of a "rotating" source bipole, At each
of the three source locations, two bipole sources were energized
sequentialiy, with measurements being made at every observation
point for each of the two sources. The two bipole souxces were
oriented roughly at right angles to one another, so that for
most observation points, the direction of current flow for each
of the two sources was significantly different., The data could
be used to compute two resistivity values for an observation
point, corresponding to the two directions of current flow, If
lateral changes in resistivity near an observation point cause
distortion in current flow, then these two values are likely to
differ, providing evidence for that distortion,

The use of two bipole sources in this manner permits the
computation of appmarent resistivity values for any direction of
current flow at the observation point, The computation is carried

out by adding together the effects of the two sources in varying

proportions, This addition is analytically equivalent to the

physical rotation of a single source about its midpoint, and so,
it is possible to obtain the same results by computations based
on two sets of measurements as would be obtained in the field by

making many measurements with many source orientations,
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In processing, the electric fields observed at a single
observation point from the two sources were added together with
weights corresponding to rotations of 5° over a range of 1800,
or a range adequate to determine the apnarent resistivity for
current flow in any direction, 1t can be shown analytically and
may be verified experimentally that these resistivity values
form an ellipse when plotted as a function of direction, This
ellipse can be characterized by a maximum semi-diameter and a
minimum semi-diameter, or by an average. Each of these three
pParameters is listed in Appendix B,

Modelling of simple earth structures has indicated that
the parameter most simply related to actual resistivity distri-
butions in the ground is the arithmetic average of the maximum
and minimum resistivity values calculated on rotation, For this
reason, the primary presentation of results consists of contour
maps of this value, presented on Plates I-1V, The first three
plates are presentations of the data individually from the three
pairs of sources, while Plate IV is a conposite of the first
three, On Plate IV, where overlapping coverage provides two or
three values of average resistivity at an observation point, the
value plotted is the average of these averages, No good justi-
fication for this averaging can be proposed, and evaluation of

Plate IV should be combined with careful consideration of the

individual dipole maps,
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Schlumberger Soundings

One concern in evaluating the dipole maps described in
the preceeding section is that the current may not have pene-
trated beneath the weathered layer, and that as a consequence,
the patterns of apparent resistivity may be determined only by
the depth and extent of weathering, This problem is of partic-
ular concern in areas where the bedrock has a very high resis-
tivity, such as is the case in Bath County, For example, if
the bedrock resistivity is a hundred times greater than the
resistivity in the weathered zone, current flow will be confined
largely to the more conductive surface layer, and anpreciable
currents will penetrate the bedrock only at distances equal to
100 times the thickness of the weathéred layer. 1In order to
evaluate whether or not such a large contrast in resistivity
might exist between the weathered layer and the bedrock, a number
of shallow Schlumberger soundings were carried out, at locations
indicated on Figure 2, These soundings are shown graphically on
Figures 3- ,

The Schlumberger sounding method is a standard electrical
sounding method in which an array of four electrodes is expanded
about its midpoint., The four electrodes are all inline, with the
outer two serving as current electrodes, and the inner two,
located at the middle of the array, being used to detect the

voltage caused by this current, As the array is expanded, the

14
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Figure 2, Apparent resistivities measured for Schlumberger
soundings 1-7, at locations indicated on FigureZ,
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Figure 4, Apparent resistivities measured for Schlumberger
soundings 8-14, ‘
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Figure 5, Apparent resistivities measured for Schlumberger

soundings 16-21,
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Figure 6, Apparent resistivities measured for Schlumberger
soundings 22-27,
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apparent resistivity values reflect greater penetration of current
into the earth, If the surface layer has a much lower resistivity
than the subsurface, characteristically, the apparent resistiviity
will increase linearly with spacing (spacing is measured as half
the distance between current electrodes in the Schlumberger array).

In the shallow soundings, the spacing factor was increased
incrementally from 35 meters to 370 meters, with the larger spacings
being great enough to detect the presence of a marked resistivity
contrast at depths up to about 200 meters, Examination of the 26
soundings shown in Figures 3-6 indicates that very few of them
show a rapid increase in apnarent resistivity with spacing. Many
show a gradual increase, while a good number show no change or
a2 decrease in apparent resistivity with spacing, It appears that
there is no serious problem with current being confined to a near-
surface conductive zone,

This may be confirmed to some extent by considering the
average behavior of apparent resistivity as a function of spacing,
Figure 7 shows an average "sounding curve'", obtained by combining
all measurements, both Schlumberger and dipole, ianto a small set
of average values, The points to the left in Figure 7, for spacings
of 370 meters and less, are averages derived from the Schlumberger
soundings; each point is the geométric average of the values
obtained at that spacing for the 26 soundings, The values to the
right are averages derived from the single dipole calculations,
Each point represents the geometric average of 50 to 150 values
measured over a small range of distances from a2 source, The distance

used is the distance from an observation point to the nearer end
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‘Figure 7, Average resistivities for all Schlumberger and dipole data

Plotted as an equivalent sounding curve, ‘




of the source bipole,

The equivalent sounding curve in Figure 7 characterizes a
section in which the resistivity increases very gradually with
depth, up to a depth of 8.8 kilometers, The solid curve which
passes through the data was computed for a three-layer-plus-base=
ment stepwise resistivity model, This model suggests that the
strongest rate of increase in resistivity occurs at a depth of
about 1 kilometer, and that if the change is concentrated at
that depth, the contrast in resistivity is about 3;1, These
data confirm that there is no strong tendency for the current
used in dipole mapping to be confined to a thin, conductive
surface layer. For the dipole mapping measurements, it would be
expected that the apparent resistiviiy values represent penetra-
tion of singificant amounts of current to depths comparable to

the offset distance from the source at which measurements are

made,

Dipole-Dipole Pseudosection

In addition to the dipole mapping and Schlumberger soundings,
a short dipole-dipole sectioning survey was done along Highway
US-220, south of Hot Springs, as indicated on Figure 2, The
purpose was to provide detailed information on resistivity variations
to a depth of a few hundred meters in areas under consideration
as sites for drilling a thermal gradient test hole, 1In dipole-
dipole sectioning, a colinear array of four electrodes is used,

but in contrast to the symmetric positioning of electrodes in
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the Schlumberger array, in the dipole-dipole array, the two
electrodes at one end of the array are used to drive current ‘
into the ground, while the two electrodes at the other end of

the array are used to measure voltage, In making a set of
measurements, the current pair of electrodes is fixed at one
location on a traverse, while the measuring.pair is moved away from
the current pair incrementally along the traverse, As the array

is expanded, resistivity is measured to greater depth, but the
center of the array also moves laterally along the traverse

line. Because of this, in presenting the data, values are

plotted on a section at points midway between the current and
measuring electrode pairs, at lines dropped at 45° from the

centers of the two dipoles (see Figure 8), In the survey along
US220, the unit dipole lengths were 100 meters, with separations
between dipoles being 100, 200 and 300 meters during incremental
expansion,

The data obtained in’the dipole-dipole survey are shown
contoured as a pseudosection in Figure 8, The individual resis-
tivity values were plotted as described above, and then contoured
(in this case, as in all others, resistivity contours were spaced
in a logarithmic progression)., Such pseudosections commonly give
a graphic semi-quantitative picture of resistivity variations
both laterally and vertically, and the method is widely used for
mineral exploration, The section given in Figure 8 shows very
marked changes in apparent resistivity along the traverse, Very
high values were measured at the south end of the traverse, just

across the county line in Allegheny county, To the north, the ‘
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resistivities decrease markedly, with values of one ohm-meter

being recorded at the south edge of Hot Springs, Unfortunately, é

cultural effects prevented the traverse from being extended further
to the north, where the Hot Springs are present, Some of the

very low resistivity values on this traverse may also be a result
of cultural effects, but even discarding such values, therxre is
clearly a strong reduction of resistivity in the surface layers

in the area between Healing Springs and Hot Springs,

Evaluation of Results

Dipole mapping, the principal surveying method used in this
study, is primarily a reconnaisance tool, with the results not
being suitable for a highly detailed interpretation, Dipole
mapping surveys provide information on the location of areas of
anomalously low electrical resistivity which are worthy of
further detailed study with other electrical methods, as well as
other geophysical and geological methods,

In the case of the dipole mapping survey of Bath county,

a major factor to consider in evaluation of the resistivity
patterns which were mapned is the possible effect of anisotropy.

A model study, described in Appendix D, indicates that anisotropy

in the horizontal plane can produce very strong effects. In
particular, anisotropy can cause apparent resistivity to decrease
across the strike direction of anisotropy, and increase along

the strike direction, even though the medium may be uniformly
anisotropic, This tendency is evident in many of the apparent
resistivity mops presented here; low apparent resistivities are
observed to the northwest and southeast of the various sources, ‘

24
68




while high resistivities are observed to the southwest and north-
east, Careful examination of the individual dipole maps presented
in Appendix A indicates that the scale of the linear structures
in the survey area is not small enough for the structures to be
considered uniformly anisotropic, For example, the maps showing
direction of the electric field vectors show that the directions
are preferentially oriented along strike in the valleys and
across the strike oun the ridges, Despite the fact that the
structures are too large to be lumped together to form a uniform
anisotropic medium, the generalizations about increases or
decreases in resistivity along or across strike should still hold.
Resistivity lows located along the northwestern edge of the

survey area should be viewed with suspicion,

The most striking feature of the dipole resistivity maps is
the area of low aoparent resistivity between Warm Springs and
Healing Springs, and apparently extending to the east beneath
Warm Springs Mountain, This low is bounded to the north and
to the south by east-west striking bands of moderately low
resistivity, which appear to be associated with windgaps and
other topographic expressions of east-west striking structural
features, This area is structurally high, so one would expect
a relatively thin section, The composite sounding shown in
Figure 7 indicates that as the section thins by removal of the
younger Paleozoic formations, the average resistivity should
increase slightly, by factors amounting to 2 or so, The

decrease in apparent resistivity must then be explained by some
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method, In the anomalous block, resistivities are low by factors

ranging from 1.5 to 6(apparent resistivities in this block range
from less than 250 ohm-meters up to 1000 ohm-meters, while the
average resistivities for the section given in Figure 7 are about
1500 ohm-meters), The lower resistivity in this area could be
explained by any of a number of factors, including an increase in
average porosity over the section by a factor of 1.2 to 2.5, an
increase in average salinity of groundwater over the whole section
by a factor of 1.5 to 5, or an increase in temperature over the
whole section by 100° to 200° C. There is no surface evidence
for highly saline groundwaters, and so, it is likely that the

low resistivity is caused by fracture-induced porosity in the

section and/or elevation of temperatures.

Recomrmendations

The results of the reconnaisance electrical survey of Bath
County have defined an area of interest for further study, bounded
on the west by highway US 220, on the north by an east-west

line passing through Warm Springs, and on the south by an east=

west line passing through Bald Knob, This region should be studied

in more detail to determine what part of the section is responsible
for the low apparent resistivities, Among the methods which might

be used effectively is the Schlumberger sounding method, carried

to spacings of 3 to 5 kilometers, Consideration should be given

to the use of other geophysical techniques which may yield

information about the structural controls for this anomalous

block,
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A second recommendation is that reconnaisance dipole mapping
surveys be extended to the north of the area already surveyed,
The objective would be to locate possible areas of low resistivity

associated with similar structural settings along the strike of

the geology north of Bath County,
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APPENDIX A:

ANG,

RES,

CON,

Apparent resistivities and apparent conduc-

tances conmputed for each of the six sources,

Receiver station identifier number, keyed to

the various maps and plates,.

The x coordinate of an observation point, measured
in kilometers east of the common point of a pair
of source bipoles,

The y coordinate of an observation point, measured
in kilometers north,

The bearing angle of the electric field vector

at a receiver station, computed in degrees
clockwise from north,

The apparent resistivity, computed from the
magnitude of the electric field vector observed

at a receiver station, Ohm-meters,

The avparent conductance, in mhos,
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APPENDIX Al; Single-coverage dipole resistivities
measured from source 1,

N X Y ANG RES CON
2@1 "Zgas 2042 "47| 329814 V‘-27
222 ~1,735 -1,87 ~-152, 952.5 he46
203 183  -2.,73 ~1f, 339.5 T a2
285 3,96 ~2.84 17. 202, 4 8.93
274 1,¢0 2,28 =27, ap59.6 T 0,20
207 2¢12 2,37 =172, 1925,7 2.85
298 1,66 ~3.53 163, 1443,1 1.81
209 2,43 -4.,28 1728, 357,879,589
217 24567 4,13 134, 678,7 3,10
211 "90?3 "5014 660 _—__4_17‘01 5.65
212 °0,93 ~6.,37 122, 294.0 T 9.p0
213 -1,9% -7.18 87, 349 .8 9.44
214 "J.le -70§ﬂ ‘;Qq ~_152?07 ?037
21% LY -R,3¢ ~83, 328368,3 2,127
.217 5:099 -6047 68: 181,3 180,34
218 2443 ~4,028 =147, __$57,8 9.69
219 2421 -5,03 136, 723,277 7 4,67
222 2.96 -5,17 131, 396,5 12.64

223 5411 7,57 199, __4RBs5,5 4,29
224 5:01 ~3.45 127, T T 725,977 5,85
225 3!29 "V|84, 1@6. 306304 ‘71096
226 4114 -4.52 144,  265,4 16,43
227 3¢33 ~3.24 -177, 359,37 711,96
228 2094 -3'66 15':)| 8“’9'2 4.“6
232 7:.28 4,92 i54,. 18%6,8677 72,847
231 712 2.72 144, 747.5 6.97
233 7¢12 ~7.28 14¢, 342,577 16,777
235 5412 -3.35 144, 1076,2 5.606
236 4,61 ~4,19 14¢, 646,17 R.93
237 267 -7.25 112, 427,57 11,02
238 2013 '8.41 57. 112o6 43061
239 2421 -5.43 72, 322,7 12,51
240 1e87 —6064 —5‘20 !fi.ﬁf '2719)_
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APPENDIX Al: Continued

N X Y ANG RES CON
531 ~%454 -~%,52 133, Svl,6 1.66
502 ?Oe 1063 82. 566|3 1097
503 Y 2.03 1254, BUBJ9T T T P, 687
5¢4 1,83 2.18 63, 2461,7 N,72
535 2,28 3.13 ~Rx, H241.3 J.p8

~ 526 FIEK d.48  =Izy 232204 7 4,05
537 4.27 5.2@ "85. 197108 1089
528 5,51 5,31 =171, 1214.,5 4,31
529 6,35 5,78 -~12%. T1EAL4,9 T T 3,45
51¢ 7.97 1.67 -122., 342,72 16.99
511 8.18 2.34 128, 771.6 B,32
51?2 6,55 1.91 45, o 5933777 "A,37°
513 5.22 1.68 151, 24795,7 /N
514 5:23 2.95 =134, 3425.,9 1.20
515 4,18 2.855 =143, T T752B,B T 4,41
516 3'54 2-86 '43. 8518.2 2033
517 1,43 4,16 =24, 2126.6 1.24
518 1,41 5.63 125, 634,% 5.17
519 205 6,95 7¢, 571.7 6,932
524 qZ'?s 5.97 86. __“_3;5L6 13.54
521 -2e79 4,78 37, 314,37 9,597
522 -24¢17 3,54 123, 355.7 8,47
523 -3,58 4,23 137, 2720,6 1,69
524 =523 3.33 38, 17453,3 8,85
525 ~5,33 1.52 156, 1¢89,7 5,91
525 -24223 2.29 145, 1347.8 1.72
527 «3,53 -P.72 =152, 556,07 4,89
528 -4068 -;079 ’1561 37”05 9072
529 =5,43 -1.98 ~-172, _595.,6 6,10
53. “5¢71 ~3.00 134, 323,87 44,38
531 '1.67 1'19 145. 323|3 5062
532 =236 "2'_c_75 "16&0__“__ ___M___bzail.i__ 2.85
533 «2436 ~2.78 41, 196.7 7,25

534 -2412 -3.77 -3¢s, 336,4 4,96
535 3,32 -4,67 62, 3426,9 P22
536 -4,32 -5,84 45, T561%,9 T .58
537 ~4,86 ~6,85 -124, 277 .8 18,44
538 ~3,55 ~7,40 =164, 334,2 12.85
530 -5452 -68,23 -16%, 104,27 747,54
54 ~7e04 -8.89  -26, 156.,2 34,12
541 =8.22 _7%.22 -1i3, ~  293,1 20,36
54? '4044 -6087 -220 1933;4""“ 1094-
543 2,'28 7055 -140 315808 1037
54"4 =355 N 7_5[7'2_ _‘_:2_?_9___ o _»_4‘4 4,5 7.84
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APPENDIX A2: Single-coverage dipole resistivities
measured from source 2

N X Y ANG RES CON

291 "’2053 0142 "54. 13F‘6-5 2050
282 =1¢72% ~1.87 56, GaEBOBEY .00
223 ~1¢53 ~2.73 X3, T UTAB3S LT T T 2,48
225 J496 -2.84 =~124, 2334, .8 %,86
204 1.22 3.8 -4, TBIZLA T 71,99 7
22‘7 2'12 ?037 "1?’5.| 36912 218“
2929 2:43 -4,08 ~137, 1437,9 7 T iomi
212 2467 ~4,13 159, 19772.72 .3
211 w03 -5.14 137, 0743.% ?.52
21?2 3493 -6,37 1zs4, 17250,6 7T 36T
21% «31¢70@ ~-7.,18 -41, 27939.6 2.26
214 ~41¢55% -7.87 9], 55874,6 13
218 23462 -8,30 ~A%, 636828 T ¢, 14
217 7499 6,47 131, 656,1 7.59
218 2043 —'4008 -1330 1439.L4 1081
219 2471 ~5.03 71, 7444 T 4,386
223 fell 2.57 -84, 1576 ,6 1.97
224 9,71 -¥,45 =143, 19378 T 2,25
225 3479 -7,84 ~125, 544,8 2:27
226 4014 —1052 "Q'.’:. 21'5-rS 8058
227 3.33 -3.24 -12%, 2255 6,590 7
228 2e74 ~3,66 =147, 1388,2 1.69
229 _ 6.%2 4,81 99.__u___}Q2?,4 5457
23: 7028 40@2 "9. 229104 204()
231 7¢12 2:72 36, 492, 4 9.43
232 7414 1.11 =94, 4456.9 7,85
23z 7410 -J.08 ~AC, 70,1 3.85
235 5¢12 -3,35 =124, 255.,5 17,85
236 40(‘1 -4Oiq 1570 51>7|2 5.73
237 267 ~7.25 155, 2168.,4 T 2,287
23R 201 -8041 —730 17105 35026
239 2471 -5.03 121, 1510, 2,24
249 1e07 -6,64 -9, 1831,4 72,89

76




APPENDIX A2: Continued

77

N X Y ANG RES CON
591 -1054 "-315? 13‘30 89201 0-71
522 R 1,63 82, 633.3 2.1
523 Y 2.23 137, IPS8.7 T T 1,04
524 1,83 2.18 6%, 3458.,6 7,84
505 228 3,13  ~Ge, 1344.,6 2.82
526 2483 4,18 ~hA, CB657, 0T 4,88
537 4,47 5,20 58, 4592, 4 1,35
5a 5.51 5,31 12, 4480.,7 1.%55
509 5,35 5.70 57, T2782.577 2,51
517 7097 1.-67 ""5‘:-. \)443.5 1.31
511 2,18 2,34 33, 26022,7 1.59
S1p 5495 1,91 =21, IRBT ST T L.38

_514 523 2,95 41, 2634,9 1.56
515 4,18 2,55 42, 7 72379.5 T 71,46
517 1.43 4.16 -24, 5438 ,8 .71
5184 1441 5.63 1%7, O E@B3.S 2,63
519 2,85 6,95 113, 2234,6 2477
521 -2479 4,78 9, 533.2 T 6.77
522 ”2!17 3.54 114. 34272 7059
523 ~3,%58 4,23 147, 3562.3 %,95
524 523 T,33 89, 11409, R 7T TF, 30
526 -2423 3,29 111, 1121.,7 1.724
527 =553 ~T.72 -T4%, 8456 T 2,66
528 -4068 -"3.79 "1450 516'4 3052
529 =5443 -1.98 -1A1, 927,4 4,00
537 b, 71 =327 ~17%e, U PB93LL T 1,67
531 “1.67 1.19 15, 374,0 3.41
539 '2036 -Hn7_5_ ______ "_ 1._1L 3079.7 '7").4
533 =~2:38 -~2.78 27.  TB74€,9 T #,357
534 -2¢12 -3.77 51, 7424,6 2.55
535 ~3,32 -4,67 43, 24545,5 Ze21
534 -4y -5.84 12, 7131237 7.8
537 ~4,N6 -6,85 32, 685, R 2.91
5313 ~5,455 -7.,42 -2, 137631,4 Y )

539 who92 =3,23 3o, T 6E34,7 1.54
54 ~7474 -31,69 =122, 4852, 4 1.46
541 "73012 —90?2 "1:'.“". ':,3'/9,.'/ 1.‘/6
547 ~Ge64 ~5,87 TeFT TTTTTYT239 T T 95
54z e 28 7.5% 34, £629 .4 .74
544 = ”\5055 “707? G"?n 721711 1|ﬂ7



APPENDIX A3:

N X Y ANG RES CON
391 '2.1“ '3015 ”117. 1229n; ?122
3¢ ~X,32 2,15 -hY, 2722,7? 2,97
3¢ ~4,74 ~3.21 171, 2EOA AT TGy
304 5,457 -4,35 1%6. 1176,4 3.43
k¥els 5,98 ~3,13 147, 2131 .¢% 1.78
366 6471 -3.61 14%, CEERE VL T R w6
307 7417 ~a.69 74, iges,2 4,25
3¢¢ ~7.0% 4,312 124, 2117.,72 2,33
309 =8 K5 -4,51 14y, TT2IRE03 T T2, 47
31 9,39 ~6,91 128, 1732.,8 3.37
311 "‘9043 “7024 1()5. 27’3,"7 2.27
KBP) -5 ,01 -6,12 172>, 1656 57777 "3, 0
313 -121.95 ~5.48 -119, 793.4 9.37
314 -8,42 ~2.97 128, 3578,5 1.47
315 -5,76 -1.,63 152, 656,675 57
316 ~4,73 ~7.65 ~-17%, 626,9 Aa.bb
317 ~7439 7,46 97, 232.,7 21,21
31a ~7414 i.84 22, 235,79 T {3 e
310 5,38 2.64 54, 274,1 19,52
32- =443 3.1 114, 252,5 17,33
3214 -6,46 ~4,26 09, 72623777 T gy
32? -7'\5() —5|2.7 "1131 75137‘? ‘7027
323 "3."7"8 -6023 "'1"717' ?65317 20;77
32¢ ~F g RY ~7.69 ~54, 15%¢9,5" 4,00
32'.' ’Q|56 '0011 "‘123. 2455, 2 HaG
326 -11,%9 =5,87 =125, 9273.,1 1,29
3729 Y ~4,41 =144, 1892.,6 77y, 9Y
33" '4l73 '5056 "1230 1184.3 3.43
334 who s ~6,48 +~1311, 2395, 23 1,95
337 LR ~-1.,82 8%, 236,5 °2.25 "
521 2479 1.63 -~133, 145,3 4,46
6072 34¢57 2,68 =135, $hE9 ., A Zeab
6c 4 5,53 4,21 =99, 258,74 11.39
824 Av®4 4,23 =171, 5153.2 7 h?7
63A 5,99 2,65 ~36, 4269, a2
607 4473 1.73 16, 213;3 TTiTL e
LYV 6.’)2 5029 "12&‘. ?973 4 1031

20 754 6,65 -87, 1536,7 257
61 He24 7066 43, TTTTT4RPR L, 4T B Y A
611 ()'42 0|V17 —177‘. {'6"‘;35.1 .1‘4.12
617 i(.s 7.4‘; -6, 732!1 7.4(‘3
614 RN ~2.91 =61, T3V qw.ny
615 1,78 ~3.13 72. 749,7 4,642

Single-coverage dipole resistivities
measured from source 3,



APPENDIX A3:

Continued

N X Y ANG RES CON
614 31,23 ~3.49 35, 399,3 11.86
617 4,73 4.3 =167, A S~ A A
615; E’l?q '2|98 Ll 6354.4 9-1(5
619 A4t2 ~41.692 =27, 388,7 1237
827 755 =571 57, B3 R 5
621 24487 2.13 110, 272%, % 1.83
6?7 Q.Qé 1-86 14(). 1828'7 2054
625 -lelh ~5.48 37, TATIVE TS AA T
626 "l!‘?-!r! ”5.'32 79. 23741” 1037
627  +l.72 ~6,17 -4, 1278,9 2,72
623 “l¢l7 -7.15 -1de, 208,617,109
623 1424 ~R,4¢ -6, 1241.,7 4,26
63 -2432 6,77 -4, 167 .6 25.57
634 -1,43 ~7.58 “72. S 349.7 5 ehH
637 "'4169 ’8-69 "11.?.- 2?)".(‘.7 ?.7()
633 BIRE -4,57 32, 931.2 .54
634 2477 ~3.,69 2., 917,37 %50
634 3,79 -5,08 -47, 236,14 26,11
CEXS -3092 ~1.68 56, 2346, T I g
soe -~ .40 ~2.57 1.2, 3968.,6 A.1a
82z -4 12 7.64 65, 146,7 4,46
304 et 1.9¢2 15, 5774.5 Tz 68
8% 2427 2.57 "?.1- ABQ, 4 T,44
82¢ Y 4,65  -11, 233.7 11.74
807 148 5.59 -3%a, 312.2 9,56
89x 2492 5,86 =134, 1955,3 1.88
89 .99 K,04 -$5, i 813.,7 £.uS
81r -1l 7.24 =123, AR T T e e
811 1,75 6.36 3, 3976 12,75
81> ~2494 5.55 91, 492 ,7 12,75
813 -3,66 4,45 45, X158 TTT{E 147
14 1485 -4.47 31, 2219.5 1.17
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APPENDIX Al4: Single-coverage dipole resistivities
measured from source 4,

N X Y ANG RES CON
371 *715 =315 =157, 87,5 &5 T
3po ~3e82 ~3.,15 178, 194,46 44,01
I~ 4,74 "3-21 174. 297?05 1.91
3C4 5y )7 ~4,36 101, IBaS T T e e
3Nk -5,98 ~3,13 117, 1723.4 3,62
32‘ ”‘)lQI -3063 131' 3696'9 1093
327 -7.17 ~2.69 172, 789,33 T TEVEL T
323 789 ~4,12 123, 18€2,7 4,34
qu "8.65 ”4|91 1280 177?'4 5!10
31 -5,39 ~6.,01 17¢é, ced1,e” 4,72
311 9440 -7.24 137, 2819.6 4,14
317 -9,91 -6.,1¢ 147, 1568,7 6.96
313 -1:4%5 ~H,4R S1, R2B, 6 TTTEE LT
314 ~RyR2 “2.97 115, 1496,5 4,95
315 ~t476 -1.63 121, £76,7 7.67
314 ~6473 ~.65 54, S49.1 12.68
317 <759 2,46 49, 235,10 18,25
319 CETRE] 2,64 54, 152.¢ YA AN A
32~ =453 3,19 -4, 117.8 18,17
321 "»‘166 .'4026 —'670 25’;4l9 30':"4
322 =734 =5.,27 -54, 162367 7,55
323 "5‘038 ’6l23 —1260 65@.7 15048
324 "‘;:13.1 -'7069 g?. 738|? 15|P~?
325 ~7426 -2.11 164, AT7774 e 71
3256 11.39 -5.27 67, 48672 ,2 2.23
329 °‘Squ '4041 -15?1 1538.6 3|74
33 -4,732 -5.55 -1723, 7564 T e RS T
331 '5051 ‘6.48 —1110 1495.5 5.58
332 =3,32 -1.80 74, 354,3 15,729
621 279 1.63 14a, 141788 7,97
62> 3437 2,68 -~142, 9498,7 b4
6E‘4 50‘;3 40?1 ’122. 43889|2 "’oj
60% L) 4,23 122, 1896, 1 3.63
626 50"9 ?.065 "'74. 666707 2079
607 4,78 1.73 =175, 8476,7 Vb6
A7n 5,92 5:29 1722, LKA I S T Y -
61" 024 7.56 13, 5149.7 .13
611 Te42 .07 1x, 3112.7 4,13
614 "4 52 ~2.91 =174, 439,7 4,40
615 1436 -3.13 -34, 623.4 3,65
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APPENDIX AlL:

Continued,

N X Y ANG RES CON
616 3423 -3.46 -18, 542.5% 3
617 4,2 ~4,74 175, 12¢9,%3 ? 5?
61n 579 ~e.Y8 95, ‘11(7 7 T3,
619 (‘032 -3062 '1:“:11 [’43713 1.0’39
6?.7? 70"10 '—-‘071 Alc 4961-] f.’/.
621 Rty 1,13 ’h, Ag1ArE T T T 94
522 R, 34 1,88 -27., 1263.,5 S0
625 -4 S48 R £07.,¢ 3,010
624 «1428 -5,02 -=15%, 713,27 5,88 0
6?7 "~1‘|(;ﬂ ~6|17 '1111 299.Q 15'17
627 =1,17 -7.15 =123, 1786,¢ 2.97
62 =124 -3.,4¢ b A A S I A A
63 -2931 ~6.77 =25, 7€4,6 7064
53‘{ "‘3043 '7.59 1((. 36612 19v33
632 “d, o9 S Y- R - U S . B~ I 3
631 ;‘._15 ~4 57 -11! 1‘)2(.9 ?0/3
634 2477 -3.66 -149, ¢t .72 4,75
63¢ 2,24 ~4d,zk =147, R4l 14.“8'
3¢ .79 5,08 ~27, 1ee7.,2 3,64
301 -1.&2 -1 . E8 63, 2174.5 .94
EEN A -t .57 11, 19,4 T T
85 -2y10 7,64 ~26, 49962.,9 b o2
874 "1 1.92 ~-65, 9640{’7 1,89
8¢e 2027 ¢.57 ~1lds, T s, T .99 0
8¢s RN Y 4,65 -~3179, 652.6 5.53
327 1459 5.89 -~117, $136.,1 4,172
Beg 2492 4,86 =124, 4733.2 7 71,45
50 1479 2.04 -75, 925,56 6,28
8:" "-}011 7v24 1?/'\'."1 61?04 7'47
811 =1, 5,36 -62., 378,55 T 9 s
812 -2,564 5,55 =43, 93.8 28.95
812 “3,56 4,45 12, 36,14 62,19
14 1,75 -5 .42 ~33, 26876 T TTEUsB
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APPENDIX AS5. Single-coverage dipole resistivities
measured from source 5,

N X Y ANG RES CON
424 1.9 ~0,65 =174, 739.6 .07

477 2477 -1,R1 =170, £E87 .8 ¢.p4

423 ~%,44 -2.97 177, 1466 .5 T T
aga -4, 60 -4, 05 33, 44184,2 oG E

4@‘; "5-?2 -q033 4:. 526?).7 ,0',(,4

aze 5,93 -€.79 A, 770tk 1,67
407 -6.,%6 “8,14 47, X619.1 1,08

4CR 7445 ~9,24 7, G62.¢ 5. K¢

429 ~het1 -1 4k 57, X67.97 T8,y
41 «7474 Ze39 -3z, 3242,7 1,15

411 ~7.,06 -1.18 ~3%, 1711.4 2.26

412 ~8,77 ~2.78 ~-33, LV R e b
413 ~3,45 4,42 -5, 4939,2 7.96

414 ~8, 62 -5,37 A6, 16346 ,7 2.76

415 5,109 ~1.37 =3, 357.,1 7.58
414 ~4.£8 3.59 ~32. 15€3.,7 3,52

417 =300 b.07 =117, 645,7 17,20

418 -Gy 22 £.57 5%, 22 T I B 2
419 5.1 5,98 =12, 151,27 51 .57

42:" "5077 4-93 '165. 3706 1‘/30')4

421 “6:73 3.73 =174, 86, STTTTYR 22
499 772 2,88 -7, 85,2 65,58

423 ’7'85 2!2“ -g".’n 511'4 1’,0?4

424 -3.74 5,07 =14., KOS T G E

425 ~2.7% 4,97 =115, §27 .,k €.5%

42¢ ~1%.32 ~5.85 By, €0972.5 1.0K2

427 -1 87 716 33, 2992.% i, a8
428 ~12.2: ~7.65 7, $286,2 1,82

420 ~13.,%2 ~7.59 81, 278.3 26.72

43~ =13.37 -7.81 ii4, BRZ1T IS

431 ":.1")5 "3-14 14, 2'3901 2’3181
432 '12"31 ‘4-21 o, 512.6 12.79
43% 37043 -1.2¢ H, 1273 ¢1.99
434  «1l.34 3.6 -9, 71%.2 1¥.16
774 1.17% -1, 06 Ge, 314.% g.77

oo ledz “,.69G 147, 1795,2 7 .63
723 027 1.74 144, 578,6 2.49

704 1049 260 ~Sd, 813,4 2.44

725 245 .84 =177, Bi2,7 T334
72¢ 2445 4,93 2. h7%.,6 5412

727 J¢32 5.73 77, 353,4 11,13

72¢ 2e77 2,75 119, 679,7 2.3y
729 X7 i1.88 2¢, Au3n, 4 7.6

717 5477 3.74 4, »1%7.8 2,09

711 4,39 &54 =1v77 193473 -1
712 £e93 5,572 =14¢, 3175,8 1.54

714 Te7% .73 T, 777731y 77,8
71% 7615 17,55  ~3%, 1974,4 3.60
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APPENDIX A5, Continued,
N X Y ANG RES CON
716 3093 -3.38 -5¢. 5454.9 .74
717 by -S.15 67, TLRIBTRTT TTIVIS
748 5455 -Z.53 -62, 7R28,2 1,67
719 7,65 1,23 -3, 2255,2 2.24
72 7657 i.74 1%¢, 227,25 7,74
727 A5 7 5.17 1317, 652 ,7 2,39
72% IRY b6.66 174, L6561 T T2 e
724 5055 7.77 i3, 2386,6 206
725 6,7 11.21 9, 43,8 7,489
726 12463 R,24 153, TU22.2 7 Ty e
727 13,3 4,51 -39, 559.,7 13,73
Q¢4 Te%f -1.55% -4, 7997,9 7y D8
92 ~i4db ~2+54 -61, 517 14,45
9% ~2,63 -3.92 A 242,72 11.04
924 ~1474 -5.18 ~12:, 191,9 16,77
"92% cld4 -6,69 =~151, (224,85 e a0
93(‘! ‘11{?5 -8024 "1/’7. 47‘70? 1?!‘)9
937 =245 ~T.62_  -14%, 597, 4 9,95
956 -ied6  -10,57 147, 7499767 19,617
9@9 “30L’7 1.2% Q?. 67v9 ('-"024
910 ~4, 55 2012 ~hH, 223,7 17,04
911 ~50 20 ~1.26 ~12%, TAR3T? T 17,820
ol? ~E4i 0 —3'2ﬁ 2‘_- ?341l5 102?
913 -6, 4 -4,73 187, 1672.,7 2,05
914 =735 =6, a7, 16968 A5
915 8,52 ~7.57 53, 1943,7 2.680
914 -3,593 1.68 ~%9, 411.,7 B,n3
voe ~3, 0 2.85 ~11+, 171,87 T4y
91n -2499 3.85 -1b%, 5¢7.,8 f,95
919 L] 4,74 164, 647.7 5.47
g2 =1ls¢5 5.65 =167, KXY AR R I
921 -11e42 7,019 142, 773,2 t.H84
922 Lecd 9.862 144, Y7247 ,6 AR
g23 ~54b3 7.9 96, {026 TTTEEL G
924 2441 6.64 16%, 799,14 7.97
926 1450 7,96 =~14%, 517.5 12,07
927 2473 8.9 =1A3, 479,57 16,07
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APPENDIX A6, Single-coverage dipole resistivities
measured from source 6,

N X Y ANG RES CON
‘2* "1029 -?055 "'1?‘ 2:-307 5.&3
4: ~z:27 =T L <145, {137,477 .Y
47z ~%044 -2 97 Y 2:872,8 509
472 ~h gl 4,08  ~179, 5392, 6 1040
43 5.2 S S ST TIELA T L e
426 =596 =679 =117, 47444 1,80
ar7 L TR -8,14 ~13%. £438,4 1,48
G2R w7l =9, 08 SITA,TTTTTTATAAVE T AL
423 “6,¢2 -1.0¢8 61, 2334.,8 2026
417 7,04 I, 152, 5338,5 7092
414 “7.85 -1.18 A R LA R T
412 ~3¢77 -2.7#8 146, Y622,% 1043
443 -0,45 4,435 =177, 10835, F 799
51¢ . 537 =133, YUIZE T4, 4%
415 “4%,26G ~1.37 147, 21%4,G LY
416 A 3.59 11, 75,3 4,01
417 =3, 7Y S 27 TR TS 6T T 3,90
413 4,07 h,B7 =124, 3628.5 1.13
410 ’)o’_’: 5,99 -142, 36805 11033
627 ~5,77 4,93 ~127, 92.% = 44,451
- 42 «5473 3.73 115, h1.,9 73001
427 7472 2.8R =145, 157,64 ﬂ7..z
622 ~747% 2,28 -1335, JEP 7T T aa a1
424 -3.74 5,07 144, 4772.9 ,.71
425 ~2.75% 4,97 12%, 10624,5 .78
426 -1T480 -5,85  -53, TSp3YLE T TE T
427 ~12437 -7.16 =133, £764,3 1,46
42z 12,27 -7.65 ~156, £916,6 2.77
429 -13,92 ~7.59 =S¢, R IO AT
43 ~13,27 -2.,81 -5a, 3647,3 .57
434 ~11.25 -3.14 =~1273, 1673,2 b.00
432 -12,32 -4,21 ~-1%2, 33877 Foe0 T
A33 17,43 ~i.27 ~-i6" 79,2 11.25%
434 «317484 3.06 174, 706,4 Y32
709 132 =726 =62, 27,7 049
7¢2 248 769 -34 3524.,3 ,,47
723 1027 ;4..74__ "2?‘. G15,46 $e70
704 199 2.6 13, 95,5 T 3,44
725 ?2.°'8% .44 87, 1522.,9 . .0
727 7,42 5,73 2%, 373152 1,737
709 2077 £, 75 -47, 4961,8 7\ 4d
729 $e72 .68 =143, 2745,6 1,30
71 Ser 7 3,74 -3z, TGRSR ek
711 ,’0:«‘ 1‘054 "’o 1‘79'5 9 ) 70-' .
712 4473 5,5 143 1616.F 4.79
713 T Y IV Sy T TV R T
71¢ 7.76 9,73 -A 7¢897%,3 7415
715 7,33 id.55  -45,  7182.8 1,48
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APPENDIX A6: Continued,

N X Y ANG RES CON
Tie 3,95 -3.38 134, TB452,2 T LA
717 4404 5,15 60, 6iih, 1 5,23
7in 5,50 -7.53 123, G9C7,? S ¥
719 758 ~1.23 A SAYEVTT T T a4
722 7057 .74 9, 4TPS ., 4 1,82
721 7459 T.7% 1%, 266,19 Ve R9
727 Y 9.1 GG TTTTTTTRRRE LT T Ty
723 4,24 6,66 £, CHE0,0 1,21
724 5585 7.77 ~25, 4329.,9 1.3%
72% 4,77 11,21 34, TUT7LT. T, 5
72¢ 12443 B.l4 -2h. (BI9,4 Jone
127 13,32 4,81 =177, B756.,5 2,32
921 Tt -1.E5 b, TERIICE T T
9¢7 =le76 ~2.54 74, 243,27 2065
96z ~7 443 ~3.92 114, 1873.7 1,26
944 “1, 4 - Aa, ARG 7T T T e
905 ~1.84 ~6,69 54, 3647 ,7 1.1%
904 -1,535 -8,24 55, £2166.,8 e85
927 “Zete “9, 6z T BL, T TTEAYIVR T L5
92n 1426 -12.57? G 4a222,3 1.%1
939 ~3.87 1.2¢ -5, 1274 2.5
91~ S YY c. 12 ~i7e, IR K T A
911 -5:20 ~L.26 =124, 709.,2 A,26
9192 Ay B =320 =~129, 764585,3 7485
913 EORY) WK -6, 73H578T T 1,130
914 -7.436 -6.29 ~11%, 5334,64 - 1+73
215 -8,52 =7.5%7 =117, 59%1.2 1,30
916 ~2. 03 1,5 7777, TR AT s
L3 2 ~3,02 2.E5 75, 748,54 1,13
91e 259 3.89 174, 153,5 16,75
919 ~2¢ L 4,74 113, 47901 7 5,97
92 =~14725 5.65 1%, Ff62,7 1.24
921 -4 7.29 7o, 2696 ,5 1.467
922 1423 Q.62 147, AT B S CI- 1t
923 '5!43 7029 9(" ‘:’5.3 f‘f;-‘i-’
92‘: -2041 5084 141.0 2-"33|3 :‘.04‘3
92¢ -t eve 7,99 125, REEA 0 T S
927 «2¢73 8,98 55, 619, €.23
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Figure Al, Apparent resistivities measured from source 1
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Directions of electric fields measured from source 3.
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Appendix B, Listing of resistivity values computed

for rotation of source bipoles,

N ¢ Identification number of observation point
R ¢ Distance from the common point of a source bipole

pair to an observation point, in kilometers,

BEAR : Bearing of the line from the source common point
to an observation point, degrees from north,
RMEAN : The average of maximum and minimum apparent resis-

tivity values found on rotation, in ohm-meters,
CMEAN : The average of maximum and minimum apparent con-
ductance values found on rotation, in mhos.
RMAX : The maximum apparent resistivity computed on
rotation, in ohm-meters

RMIN The minimum apparent resistivity computed on

rotation, in ohm-meters,
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BEAR,

Bl,B2,

V1, v2,

APPENDIX C, Tabulation of observed data,

Station number, keyed to maps and plates, Stations
with numbers beginning with the digits 2 oxr 5 were
associated with sources 1 and 2; stations with numbers
beginning with the digits 3, 6 or 8 were associated
sources 3 and 4; stations with numbers beginning with
the digits 4, 7 or 9 were associated with sources 5

and 6,

The distance from the common point of a pair of sources
to a receiver station, in kilometers,

Bearing from the common point of the sources to a
receiver station, in degrees clockwise from north,

The bearing of each line of an orthogonal pair used at
the receiver station to measure electric field, Measured
in degrees from north,
The voltage measured in the directions Bl and B2, respec-
tively, Two sets of voltages are recorded, one for each
of the pair of sources, Voltages are recorded in micro~
volts,

Current, amperes peak to peak,

Length of a receiver line, in meters,

The length of a source bipole, in kilometers,

The bearing of a source bipole, referred to the conmon

point of a pair,
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APPENDIX D; Apparent resistivity in a uniform
anisotropic medium,

Bath county, where the surveys described in this report
were carried out, lies in the Arpalachian folded belt, Here,
rocks of early Paleozoic age have been severly folded into
elongate structures, trending generally from northeast to
southwest in Bath county, The individual layers making up the
sedimentary section consist of carbonates and clastic rocks,
with very strong resistivity contrasts between the two types
of rock. A laminated sequence of materials with differing.
resistivities will exhibit of the property of electrical aniso-
tropy, with conduction taking place more readily along the planes
of separation than normal to these planes, This anisotropy
exists, even though the layering is macroscopic, Keller {1968)
has compiled values for the anisotropy due to layering in a number
of sedimentary sections by making use of electric logs which
record the actual resistivities in the individual layers, For
a limestone-shale sequence, it was found that the anisotropy
may be very great, with the coefficient of anisotropy being as
large as 10 in Paleozoic limestone-shale sections, The coefficient
of anisotropy is defined as the square root of the ratio of resis-
tivity measured across the bedding to that measured along the
bedding, so a coefficient of 10 corresponds to a resistivity
change of 100;1.

Normally, sedimentary sections are primarily flat-lying, so
that the vertical resistivity is much larger than the horizontal

resistivit;, and the horizontal resistivity will not derend on
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direction, In an area like the Appalachians where the section

is severly folded, there is a strong likelihood that anisotropy é

will exist also between the direction along the strike of the
structure and the direction across the strike, So long as the
section is flat-lying, the effect of anisotropy is undetectable
on resistivity measurements made along the surface of the earth,
On the other hand, if anisotrony causes a dependence of resis-~
tivity on direction in the horizontal plane, one might expect
the batterns of resistivity measured with a surface-based survey
to be affected., For this reason, some calculations were done

to predict the effect of anisotropy on the patterns of resis=-
tivity measured in dipole manping,

. The theory for current flow in an anisotropic uniform
medium is straingtforward, and has been described by Keller and
Frischknecht (1966, pPpl00-104), 1In effect, the mathematical
problem of determining the potential caused by current flow in
an anisotropic medium is solved by transforming the coordinate
system to stretch the dimension in the direction of high resis-
tivity; thus converting the prcblem to one of determining potential
in-a uniform isotropic medium, The potential, U, observed at a
point on the surface of an anisotropic uniform earth, caused by a
current I flowing from a single electrode is:

INpy

U=
2n(x%+ N2y2)Y

where x and y are the coordinates of the observation point on the
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surface, referred to an origin at the single current electrode,

and N is the coefficient of anisotropy, as defined previously,
éﬁi In dipole mapping, the electric field is measured, rather than
: the potential. The electric field is detexmined by taking the

4 negative gradient of the potential:

'y 3 by
2 _ INxpq1 IN“ypy)

1 Za(xZ+N2Y2 YA Zn(x2+N2y2 )%

where Py is the longitudinal resistivity, or that measured in
the direction of lowest resistivity.
In dipole mapping, the contribution to the electric field

from a second source electrode at the return end of the source

cable must be added to this quantity, A computer program was

k written to carry out the calculations of electric field components
described in the equation above for one quadrant of the area
around a bipole source, with the anisotropy coefficient a variable
parameter, Calculations were restricted to one quadrant by

? making calculations only for a source bipole oriented along one

of the principal directions of anisotropy. That is, only the

cases in which the bipole source was oriented in the direction

é of maximum resistivity or minimum resistivity were treated, and
in these cases, the symmetry of the potential field makes the
resistivity patterns in each of the four quadrants the same,
This did not comprise a serious restriction on the applicability
of the results, because in the field surveys, the sources were

oriented in these prime directions,
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Computations were carried out for values of the coefficient

of anisotropy (AN) ranging from 1,00 to 10, A coefficient of 1,0C é

corresponds to an isotropic earth; these calculations were done

to check the validity of the program, and to provide a reference

for comparison for the results obtained with anisotropy coefficients

other than unity, The results are presented in a set of 32 maps

accompanying this Appendix, The maps are organized as follows:

Figures D1-D8, Contour maps of apparent resistivity for the

source bipole oriented along the direction of minimum
resistivity, The coefficient of anisotropy increases
through the sequence of maps, both in this and in the
subsequent sets of maps,

Figures D9-D1l6, Maps with lines plotted indicating the
direction of the electric field vector at each point
on a grid where calculations were made, The source
bipole is oriented along the direction of low resis=-
tivity for this set of maps, (It should be mentioned
that the direction of current flow does not necessarily
coincide with the direction of the electric field
vector in an .anisotropic medium, and so, this map does
not exactly reflect the currenu flow paths,)

Figures D17-D24, Contour maps of apparent resistivity for
the case in which the source bipole is oriented in the
direction of highest resistivity,

Figures D25-D22, Maps showing the eleciric field directions
when the source bipole is oriented along the direction

of highest resistivity,

D4
150



Some generalizations about the effect of anisotropy in the

horizontal plane may be drawn from an examination of these maps,

Generalization 1: The effect of moderate anisotropy is

moderate, while the effect of strong anisotropy is profound,
For anisotropy ratios up to 2,0, the effect of anisotropy is
not so marked that it would mask structural changes in resis-
tivity, Bevond a coefficient of 2, the effect of anisotropy
becomes so strong that it might be difficult to recognize any
resistivity effects caused by structures other than the aniso-

troby.

wveneralization 2: The largest apparent resistivities are

observed at stations offset in the direction of lowest resis-
tivity, no matter whether the source is criciited along the direc-
tior of maximum resistivity or the direction of minimum resistiv-
ity. At first thouglt, this result may seem inappropriate, but

it is an example of the ''paradox of anisotropy" which has long
been recognized for the more conventional electrode arrays used
in resistivity surveys, Accading to the paradox of anisotropy,
if an electrode array is rotated on the surface of an anisotropic
medium such as has been defined here, the maximum apparent resis-
tivity will be recorded when the array is oriented along the
direction of least resistivity, an? the minimum anparent resis-
tivity will be observed when the array is oriented in the
direction of maximum resistivity,

Generalization 3; For the case in which the sourxce bipole

is oriented along the direction of highest resistivity, for large

anisotropy coefficients, over most of the area around the bipole,
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the electric field will also be directed along the axis of
maximum resistivity, This may seem inconsistent, because most
of the current will be flowing in the direction of lowest resis-
tivity. However, in an anisotropic medium, electric field
directions and current flow directions are not coincident, A
small component of current flow in the direction of high resis-
tivity will cause a high electric field component, and so, the
electric field directions will be rotated toward the high resis=-

tivity axis with reference to the surrent flow direction,
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