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In t roduct ion  

I n  t h e  northwestern p a r t  of Vi rg in ia  and adjacent  p a r t s  of West 

Virg in ia  t h e r e  are approximately 100 sp r ings  t h a t  have temperatures 

ranging from s l i g h t l y  above t h e  mean annual a i r  temperature (9-12°C) 

t o  about 41°C (105.8"F). I n  Virg in ia ,  nea r ly  a l l  of t h e  warm sp r ings  

appear t o  i s s u e  from l imestone formations of Middle Ordovician age 

where these  formations are brought t o  t h e  su r face  by a n t i c l i n a l  

fo ld ing .  

descr ibed by Reeves (1932). 

The geographic d i s t r i b u t i o n  of t h e  sp r ings  has  been 

Table I from Reeves (1932, p. 8) snows t h e  number of sp r ings  i n  

Virg in ia  grouped according t o  t h e i r  temperature.  The h o t t e s t  sp r ings  

are loca ted  i n  the  Warm Springs a n t i c l i n e  i n  Bath and Alleghany 

Counties i n  Virg in ia  where t h e r e  are fou r  groups of sp r ings  known as 

t h e  Warm Springs,  Hot Springs,  Healing Springs,  and F a l l i n g  Springs.  

Since these are t h e  h o t t e s t  sp r ings  i n  t h e  region,  t h e  present  s tudy 

has focused p r i n c i p a l l y  on t h e  region centered around t h e  Warm 

Springs a n t i c l i n e  (Figure 1). Each group of sp r ings  i n  t h e  Warm 

Springs a n t i c l i n e  c o n s i s t s  of a t  least t h r e e  sepa ra t e  sp r ings  i n  

c l o s e  proximity.  

spr ings  wi th in  about 30 meters of each o t h e r  and a f o u r t h  about 250 

meters t o  t h e  southwest. A t  Hot Springs,  e i g h t  w a r m  sp r ings  occur 

over an area of about 4000 m . Healing Springs c o n s i s t s  of t h r e e  

sepa ra t e  sp r ings  less than th ree  meters a p a r t .  Fa l l i ng  Springs are 

The group a t  Warm Springs is  made up of t h r e e  

2 
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Table 1. Thermal springs 

Temperature, O C  

38 - 41 

32 - 37 

25 - 30 

16 - 24 

13 - 15 

i n  Virginia 
ture.  

grouped according to the ir  

Number of Springs 

2 

8 

3 

27 

45 

tempera- 
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Figure 1. Location of W a r m  Springs Ant ic l ine  i n  Bath and Alleghany 
Counties, Vi rg in ia .  
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made up of a number of flows and seepages a t  a much lower temperature 

than t h e  o ther  w a r m  spr ings  i n  t h e  W a r m  Springs a n t i c l i n e ,  and with a 

mich g r e a t e r  discharge than any o ther  warm spr ings  i n  t h e  region. 

Purpose of t h e  Inves t iga t ion  

The purpose of t h i s  s tudy w a s  t o  determine t h e  o r i g i n  of t h e  warm 

spr ings  and t o  eva lua te  t h e  geothermal resource p o t e n t i a l  of t h e  area 

i n  t h e  v i c i n i t y  of t h e  W a r m  Springs a n t i c l i n e  i n  Bath and Alleghany 

Counties,  Vi rg in ia .  The W a r m  Springs a n t i c l i n e  i s  shown on t h e  geologic 

map of Figure 2. 

Source of Data f o r  Figure 2 

1. Warm Springs Ant ic l ine :  Reconnaissance mapping by D r .  C .E.  Sears 

a s s i s t e d  by M r .  L.N. Ford. 

2 .  C l i f ton  Forge I ron  Di s t r i c t :  Virginia  Engineering Experiment 

S ta t ion  Bu l l e t in  118, F.G. Lesure, 1957. 

3. Geologic map of t h e  Appalchian Valley i n  Virg in ia ,  by Charles 

But ts ,  Vi rg in ia  Geological Survey, 1933. 

4 .  Geologic Map of Vi rg in ia ,  Commonwealth of Vi rg in ia ,  Department 

of Conservation and Economic Development, Division of Mineral 

Resources, 1963. 

5. Bick, K.F., 1960, Geology of t h e  Lexington quadrangle, Virginia:  

Vi rg in ia  Division of Mineral Resources Rept. Inves t .  2 ,  40 p. 

6 .  Bick, K.F., 1962, Geology of t h e  Wil l iamsvi l le  quadrangle, 

Virginia:  Vi rg in ia  Division of Mineral Resources Rept. Inves t .  

2 ,  40 p. 

7. Geologic A t l a s  of t h e  United S t a t e s ,  Monterey Fol io ,  Virginia- 

West Virg in ia ,  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 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 from which the springs 

issue, is now considered inappropriate for the area. 

The most comprehensive study of the geology of 

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. 

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. 

ing to Reeves (1932, p. 26), however, some of the anticlines are 

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

Rogers proposed that 

Accord- 

6 



evidence that any of the warm springs are along faults. 

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 limb 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 

Reeves 

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. 

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 

The 



with a model of artesian circulation of meteoric water through 

permeable beds. 

waters are now in progress by the U . S .  Geological Survey (W. 

Hobba, personal communication, 1975). 

Additional geochemical studies of the spring 

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 

a 



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; Hey1 and others, 1965; Zartman and others, 

1967). The extent of this 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 

9 



Figure 3. Rela t ionship  of t h e  Warm Springs Ant ic l ine  and Eocene i n t r u s i v e s  
i n  Highland County t o  t h e  38th p a r a l l e l  f r a c t u r e  zone. 
Map adapted from t h e  Tectonic Map of the  United S t a t e s ,  1962. 



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 six sites in Bath County and one in 

Highland County. 

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. 

A swarm of 43 microshocks was recorded at 

Prior to the present investigation, no detailed geophysical 

This studies have been published in Bath and Highland Counties. 

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 

c r e d i b i l i t y  of any model of the o r i g i n  of the hot  s p r i n g s  i n  

western Virginia. 
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Procedure 

Pase I of t h e  s tudy w a s  t h e  compilation of a geologic  map based 

on published maps and supported by reconnaissance geologic  mapping i n  

areas where published maps w e r e  no t  ava i l ab le .  Phase iI cons is ted  of 

a r eg iona l  bipole-dipole electrical  r e s i s t i v i t y  survey made i n  order  

t o  d e t e c t  t h e  presence of r e s i s t i v i t y  lows t h a t  might be a s soc ia t ed  

with a geothermal system a t  depth.  Phase I I T  involved t h e  d r i l l i n g  

of a s f n g l e  hole  t o  a depth of approximately 300 m ( ~ 1 0 0 0  f e e t )  t o  

ob ta in  a hea t  f low va lue  t h a t  i s  r ep resen ta t ive  of t h e  area. 

The above d a t a  were used t o  a t tempt  t o  arrive a t  a model t h a t  

unambiguously expla ins  t h e  o r i g i n  of the thermal spr ings .  

d a t a  o the r  than t h a t  discussed above w i l l  have t o  be considered a t  a 

later da te .  

d e f i n e  thr. source of t h e  w a t e r  t h a t  feeds  t h e  spr ings .  The geochemistry 

of t h e  spr ing  water w i l l  provide important d a t a  on t h e  o r i g i n  of t h e  

thermal spr ings .  The geochemical s tudy i s  being done by t h e  U .  S .  

,Geological Survey. 

Addit ional  

Topographic maps combined wi th  geologic  maps w i l l  he lp  t o  

12 



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. 

13 
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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. 

pole-dipole and quadripole mapping surveys (Keller et al., 1975). 

Among these new methods are dipole or bi- 

In bipole-dipole mapping, abbreviated dipole mapping, current 

Clow 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". 

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 

Current is fed to the ground through 

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 



field at an observation point is measured using a pair of elec- 

trodes separated by a distance ranging from 10 meters to 100 

meters. 

from the source bipole, where the electric field is low. 

levels as small as 10 to 20 microvolts are measured with an 

accuracy of 2 5%. 

The larger separations are used at the greater distances 

Signal 

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: 

E = -  [I + - 2(E) R1 2 cos d] 112 2R 1 

where R1, R 2 ,  and d are defined by the geometry of the source- 

receiver configuration, I is the known total current flow at the 

source and p is apparent resistivity. 

electric field, E, is obtained from the vector sum of the field 

components, El and E*, measured at the observation point, where 

The magnitude of the total 

and 
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Inversion of equation (1) yields apparent resistivity, p ,  

under the assumption of spherical 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. 

basement complex is generally composed of rocks of high electri- 

cal resistivity. Such rocks effectively prevent current from 

penetrating deeper into the earth. 

a relatively conductive sedimentary section overlies rocks in 

the basement complex of relatively high resistivity, it is in- 

The 

For those situations where 

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. 

current, I, at the source, the vector sum of the two measured 

For a 

electric field components is given by: 

E = - 1 [l + (g)2 - 2 ( ~ )  R l  cos D] 112 27rSR1 

where S i s  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 

19 



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 approach to 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. 

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. 

Signals from each bipole 

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 
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quadripole surveys which are shown i n  Figures 7, 8, and 9. R e s i s t i v i t y  

va lues  on each map prepared from a quadripole survey r ep resen t  t h e  

average of t h e  maximum and minimum values  of apparent r e s i s t i v i t y  a t  

each record ing  loca t ion .  

t h r e e  quadripole  maps. 

The composite map is a l i n e a r  average of t h e  

Severa l  r e s i s t i v i t y  lows are apparent on Figure 10. These are 

s i g n i f i c a n t  r e s i s t i v i t y  anomalies relative t o  t h e  reg ions  of high 

r e s i s t i v i t y  and are undoubtedly due t o  t h e  presence of water a t  depth. 

With t h e  present  d a t a ,  i t  is  not  poss ib l e  t o  i d e n t i f y  wi th  c e r t a i n t y  

t h e  cause of t h e  r e s i s t i v i t y  lows evident on F i g u r e 1 0  o t h e r  than t o  

say t h a t  they  r ep resen t  s i g n i f i c a n t  re la t ive v a r i a t i o n s  i n  apparent 

r e s i s t i v i t y .  The presence of a low southeas t  of Hot Springs is  

compatible wi th  a model of deep a r t e s i a n  c i r c u l a t i o n  of meteoric  

ground water. Fur ther  r e s i s t i v i t y  soundings should be made t o  

determine t h e  na tu re  and depth of t h e  source of t h e  r e s i s t i v i t y  low. 

The r e s i s t i v i t y  lows might be a mani fes ta t ion  of slow downward perco- 

l a t i o n  of ground water t o  a southeastward-dipping f a u l t  plane,  

followed by a r e l a t i v e l y  r ap id  upward movement of water along t h e  

f a u l t  p l ane  and c r o s s  f a u l t s  c u t t i n g  t h e  northwestern limb of t h e  Warm 

Springs a n t i c l i n e .  
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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 t 0.20 wal/ 
2 

cm -sec from four holes at Back Creek at 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. 

dam site investigation, and penetrate sandstones and shales of 

Devonian age. 

The holes were drilled by others as part of a 

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 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/cm -sec. The 

geothermal gradient is approximately 100°C/km. 

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). 

The temperature and gradient profiles are shown in Figure 12. 

2 

This high gradient is 
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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 obtaining 

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. 

Dolomite of Early Ordovician age. It is generally accepted that 

limestone develops solution porosity and permeability at a considerably 

faster rate than dolomite. 

The limestones unconformably overlie the Knox 

If bedding plane permeability is 
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1 

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. 

Repeated temperature measurements on February 10, 1976 and March 3 ,  

1976 were in excellent agreement, indicating that the hole had reached 

thermal equilibrium. 

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 f 0.046°C/km is believed to be a reliable equilibrium gradient in 

the Knox Dolomite. 

the hole. 

tion of thermal conductivity of the Knox Dolomite based on 35 values 

is 12.4 k 0.21 mcal/cm -sec-OC. 

thermal conductivity is 1.15 ? 0.82 pcal/cm -sec. 

The hole was logged on three separate occasions. 

The gradient over most of the upper part of the 

Thermal conductivity was determined on core from 

Values are given in Table 2. The mean and standard devia- 

The product of the gradient and 

2 This is believed to 
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be  a r e l i a b l e  reg iona l  hea t  flow va lue  f o r  t h e  area i n  t h e  v i c i n i t y  of 

t h e  Warm Springs a n t i c l i n e .  

s i g n i f i c a n t l y  from t h e  va lue  of 1 .2  

Creek. 

The value of hea t  flow does not  d i f f e r  

k 0.10 found t o  t h e  no r th  a t  Back 
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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 

892 

897 

901 

907 

911 

914 

919 

927 

934 

941 

94 9 

959 

968 

97 9 

985 

990 

1000* 

270.4 

271.9 

273.4 

274.6 

276.5 

277.7 

278.6 

280.1 

282.6 

284.7 

288.8 

289.3 

292,. 3 

295.0 

298.4 

300.2 

301.8 

304.8 

12.86 

13.12 

10.29 

12.57 

11.92 

10.62 

9.81 

12.26 

14.20 

12.88 

12.43 

13.93 

12.37 

12.82 

13.52 

13.58 

11.66* 

12.67 

13.16 

11.04 

13.07 

12.07 

10.81 

10.58 

12.29 

14.50 

13.13 

12.25 

13.39 

12.36 

10.05 

14.05 

13.26 

14.53 

11.49 

-1.5% 

+O .3% 

+7 % 

+4 % 

+1 % 

+2 % 

+8 % 

+0.2% 

+2 % 

+2 % 

-1.5% 

-4 % 

0 %  

-22 % 

-4 % 

-2 % 

-1.5% 

3. +O. 65% Average (all samples) 12.40 0.30 12.48 -0.31 

samples 914 and 1000) 12.62 20.28 12.66 -0.32 
Average (omitting + 

*epoxied 

Table 2. Thermal conductivity values for b o x  Dolomite from hole HSVA-2. 
Mean and standard error of 35 samples above is 12.44 - 0.21 
mcal/crn-sec-'c 

+ 
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Temperature Increase from Radiogenic Sources 

Jaeger ( 1 9 6 4 )  gives the temperature away from a buried cooling 

non-radioactive spherical pluton as: 

T(r,t) = [erf ((r/a + 1) /2 (Kt/a2) 1 / 2 )  2 
2 1/2) -erf ((r/a - 1)/2 (Kt/a ) 

2 2 -exp(-(r/a + 1) / 4  (Kt/a ) > ) I  
where r = the distance from the center of the pluton, a = radius of 

pluton, K = thermal diffusivity of intruded rock, t = time since intrusion, 

To = original temperature of intrusion. For values of To = 1200 OC, 

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, 1 9 7 5 ) .  

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 ( 1 9 5 9 )  for a continuous spherical surface source. Their 

solution for a spherical surface source is 

-(r-r' ) - (r+r 1 2/4Kt I T(r,t) = 8r~rr ' 

where 

q = heat liberated per unit time divided by the density and 

specific heat of the material 

r' = 

K = thermal diffusivity 

radius of the spherical source 

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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a continuous poin t  source of hea t  i s  given by 

p. 261): 

- 

v, a t  a d i s t ance ,  r ,  from 

C a r s l a w  and Jaeger  (1959, 

4 e r f c  L v =  
C E  4TKr 

where t = t i m e  s ince  ex i s t ence  of t h e  po in t  source,  and q i s  t h e  quan t i ty  

of hea t  ins tan taneous ly  generated a t  t = 0. The two approaches t o  model- 

l i n g  sphe r i ca l  i n t r u s i o n s  gave i d e n t i c a l  r e s u l t s .  

Resu l t s  of t h e  above equat ions i n d i c a t e  t h a t  f o r  t h e  same va lues  of 

k and K used previous ly ,  a t i m e  of 47 m.y., a p lu ton  wi th  a r ad ius  of 

5 km wi th  i t s  top a t  a depth of 4.8 km (at t h e  base of t h e  sedimentary 

sec t ion )  and wi th  hea t  production of 1 0  t o  30 HGU, t he  temperature a t  

depth can be r a i s e d  s i g n i f i c a n t l y ,  thus  r equ i r ing  shallower c i r c u l a t i o n .  

For example, f o r  1 0  HGU t h e  temperature a t  a depth of 3 km is r a i s e d  

approximately 3"C, and f o r  20 HGU i t  i s  r a i s e d  approximately 6 ° C .  

Values f o r  a l a r g e r  p lu ton  are given i n  Table 3 .  

36 



TEMPERATURE INCREASE (OC) FROM RADIOGENIC HEAT PRODUCTION 

Radius of Depth to top Heat generation, HGU Temp era tur e Temperature 

pluton, km of pluton, km (10-13cal/cm -sec) increase, 2 km increase, 3 km 3 

15 

15 

15 

4.8 

4.8 

4.8 

4.8 

4.8 

4.8 

10 

20 

30 

10 

20 

30 

13 

25 

38 

19 

39 

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 the 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. 

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. 

Figure 3 shows the location of the 
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Conclusions 

S tudies  made t o  d a t e  by V.P.I. & S.U. do not  support  t he  suggest ion 

of a s t i l l - c o o l i n g  p lu ton  (Dennison and Johnson, 1971) as t h e  source of 

hea t  of t h e  warm sp r ings  i n  t h e  Warm Springs a n t i c l i n e .  This w a s ,  how- 

ever ,  an a t t r a c t i v e  hypothesis  because of t he  proximity of t he  38th 

p a r a l l e l  f r a c t u r e  zone, t he  reg iona l  Bonguer g r a v i t y  anomaly descr ibed 

by Dennison and Johnson, and t h e  exposed alkalic igneous rocks  t o  the  

n o r t h  i n  Highland County. 

t o  be r ep resen ta t ive  of normal hea t  flow. 

however, that cool  a lka l i c  p lu ton ic  rocks  buried a t  depth are con t r ibu t ing  

s u f f i c i e n t  radiogenic  hea t  t o  raise subsurface temperatures by a few 

degrees  Centigrade.  A s  shown by the d a t a  of Table 3, a buried s p h e r i c a l  

p lu ton  of reasonable  s i z e  and hea t  genera t ion  could e a s i l y  inc rease  t h e  

g rad ien t  by a few C / h .  I f  deep c i r c u l a t i o n  of meteoric  w a t e r  i n  sedi-  

mentary rocks i s  t h e  c o r r e c t  model t o  expla in  t h e  o r i g i n  of t h e  thermal 

sp r ings ,  then t h e  add i t ion  of radiogenic  hea t  from buried p lu ton ic  sources  

would permit c i r c u l a t i o n  t o  shallower depths  than would otherwise be 

requi red .  A s  y e t ,  w e  have no compelling evidence t o  suggest that such 

p lu ton ic  rocks are present  a t  depth.  It should be noted that Diment 

The hea t  f low va lues  w e  have obtained appear 

The p o s s i b i l i t y  s t i l l  remains, 

e t  a l .  (1972, Fig.3 ) predic ted  hea t  f low va lues  of less than 0.8 HFU 

f o r  t h i s  genera l  area; t h e i r  p red ic t ions  w e r e  necessa r i ly  based on only 

a few a v a i l a b l e  hea t  f low values .  I f  t h e i r  contours  are assumed t o  be 

approximately c o r r e c t ,  however, then t h e  hea t  f low va lues  w e  obtained a t  

Back Creek and i n  t h e  warm sp r ings  a n t i c l i n e  are indeed s i g n i f i c a n t l y  

above r eg iona l  va lues ,  and a va lue  of 1 .2  HFU would be q u i t e  appropr i a t e  

39 



f o r  a source of radiogenic  heat  from buried p lu tonic  rocks.  We do not  

y e t  have enough d a t a  t o  confirm t h e  reg iona l  low pos tu la ted  by Diment e t  

a l .  

A t  t h e  present  t i m e  t h e  model favored t o  exp la in  t h e  o r i g i n  of t h e  

warm sp r ings  i s  as  follows. Meteoric water pe rco la t e s  slowly downward 

through topographical ly  high exposures southeast  of t he  Warm Springs 

a n t i c l i n e  i n  t h e  v i c i n i t y  of t h e  r e l a t i v e l y  low r e s i s t i v i t y  anomalies 

(see Figures  4 and 10 ). A t  depth,  say about 3 km, t h e  descending water 

encounters one o r  more t h r u s t  f a u l t s  dipping gen t ly  southeastward and 

passing beneath t h e  Warm Springs a n t i c l i n e .  No d i r e c t  evidence f o r  t h e  

t h r u s t  f a u l t s  is  a v a i l a b l e ;  however, ex tens ive  t h r u s t  f a u l t i n g  dipping 

gen t ly  t o  t h e  southeas t  i s  known from seismic d a t a  i n  nearby areas 

(Snelson, 1972). 

a long c ross - f au l t s  which cu t  t h e  northwest l imb of t h e  Warm Springs 

a n t i c l i n e  and i n t e r s e c t  one o r  more of t h e  gently-dipping t h r u s t  f a u l t s  

a t  depth.  The c ross - fau l t s  are bel ieved t o  p l ay  an important p a r t  i n  

t h e  hydrology and o r i g i n  of t h e  warm spr ings .  

l o c a t i o n  t o  encounter w a r m  o r  hot  water i n  t h e  Warm Springs a n t i c l i n e  i s  

Water i s  assumed t o  rise r e l a t i v e l y  r a p i d l y  

Probably t h e  most l i k e l y  

by d r i l l i n g  i n t o  t h e  t r ansve r se  f r a c t u r e  zones. Detai led s t r u c t u r a l  

mapping i n  t h e  v i c i n i t y  of t hese  c ros s - f au l t s  is  planned f o r  t h e  summer 

of 1976 under ERDA Contract  No. E-(40-1)-5103. 

The w a r m  sp r ings  c e r t a i n l y  c o n s t i t u t e  a geothermal resource  f o r  

low temperature a p p l i c a t i o n  such as space heat ing.  A s tudy  is p resen t ly  

underway by t h e  Homestead, Inc.  t o  i n v e s t i g a t e  t h e  f e a s i b i l i t y  of using 

300 gpm of warm water (30 "C) f o r  non-e lec t r ic  app l i ca t ions  i n  t h e  

immediate area (personal communication, Ray Rogers, Chief Engineer f o r  

The Homestead, Inc.)  
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ELECTRICAL RESISTIVITY S U R V E Y  OF THE VIRGINIA 

HOT SPRIIiGS AREA, BATH COUNTY, VIRGINIA 

I n t roduc t i o n  

An i n v e s t i g a t i o n  of t h e  possible g e o t h e r m a l  p o t e n t i a l .  i t ]  

t h e  V i r g i n i a  H o t  S p r i n g s  a r e a  of west c e n t r a l  V i r g i n i a  i s  b e i n g  

c a r r i e d  o u t  b y  t h e  Department of G e o l o g i c a l  S c i e n c e s ,  V i r g i n i a  

P o l y t e c h n i c  I n s t i t u t e  a n d  S t a t e  U n i v e r s i t y ,  w i t h  support  from 

t h e  Energy R e s e a r c h  a n d  Development A d m i n i s t r a t i o n .  As p a r t  of 

t h i s  i n v e s t i g a t i o n ,  a n  e l e c t r i c a l  r e s i s t i v i t y  s u r v e y  of an a r e a  

of a p p r o x i m a t e l y  500 s q u a r e  m i l e s  i n  Bath  c o u n t y  and  a d j a c e n t  

p a r t s  of A l l e g h e n y  c o u n t y  h a s  b e e n  c a r r i e d  o u t .  T h i s  s u r v e y  

was done u s i n g  d e e p  i n v e s t i g a t i o n  t e c h n i q u e s  b e i n g  d e v e l o p e d  

a t  t h e  C o l o r a d o  S c h o o l  of Mines s p e c i f i c a l l y  f o r  u s e  i n  g e o t h e r m a l  

e x p l o r a  t i o n .  

Over  t h e  l a s t  f e w  y e a r s ,  t h e  measurement of e l e c t r i c a l  

r e s i s t i v i t y  h a s  become o n e  of t h e  p r i n c i p a l  g e o p h y s i c a l  m e t h o d s  

u s e d  i n  e x p l o r a t i o n  fo r  g e o t h e r m a l  r e s o u r c e s .  T h i s  use i s  

b a s e d  o n  t h e  f a c t  t h a t  t h e  r e s i s t i v i t y  of rock i s  s t r o n g l y  

t e m p e r a t u r e  dependen t .  For example,  t h e  r e s j s t i v i t y  of a wster- 

b e a r i n g  r o c k  u i l l  c h a n g e  by a b o u t  1.5 p e r c e n t  per degree C. 

c h a n g e  i n  temperature.  T h i s  amount of t e m p e r a t u r e  dependence  

is enough to c a u s e  a n e a r l y  t h r e e - f o l d  r e d u c t i o n  i n  r e s i s t i v i t y  

if t h e  t e m p e r a t u r e  of a w a t e r - b e a r i n g  r o c k  is r a i s e d  from ?Oo C. 

to looo c. 
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f?cacsuse ground w a t e r  a t  any  s i g n i f i c a n t  d e p t h  b e n e a t h  t h e  

e a r t h ’ s  s u r f a c e  j s  u n d e r  s u f f i c i e n t  h y d r o s t a t i c  p r e s s u r e  t o  

p r e v e n t  boiling, u a t e r  may e x i s t  i n  t h e  l i q u i d  s t a t e  a t  temp- 

e r a t u r e s  f a r  above t h e  a t m o s p h e r i c  b o i l i n g  p o i n t .  G e o t h e r m a l  

s y s t e m s  now b e i n g  produced  c o m m e r c i a l l y  a t  p l a c e s  s u c h  a s  

W a i r a k i ,  N e w  Z e a l a n d ,  and C e r r o  Yrieto, Mexico, c o n t a i n  pore 

w a t e r  i n  place a t  t e m p e r a t u r e s  r a n g i n g  from 230 

When pressJre i s  a p p l i e d  t o  p r e v e n t  b o i l i n g  of w a t e r ,  t h e  

e l e c t r i c a l  r e s i s t i v i t y  of a r o c k  w i l l .  c o n t i n u e  t o  decrease w i t h  

i n c r e a s i n g  t e m p e r a t u r e ,  even  above looo C. ,  a n d  w i l l  r e a c h  a 

minimum v a l u e  a t  t e m p e r a t u r e s  i n  t h e  v i c i n i t y  of 325 C. The 

r e l a t i o n s h i p  betv.een r e s i s t i v i t y  a n d  t e m p e r a t u r e  for  a w a t e r -  

b e a t i n g  r o c k  i s  shoirn g r a p h i c a l l y  i n  F i g u r e  1. The maximum 

d e c r e a s e  i n  resi s t j v i  t y  c a u s e d  by c h a n g e  i n  t e m p e r a t u r e  a l o n e  

i s  a p p r o x i m a t e l y  by a f a c t o r  of seven .  

0 C. t o  350° C. 

0 

Under normal  c i r c u m s t a n c e s ,  h o t  ground w a t e r  w i l l  t a k e  more 

s a l t  i n t o  s o l u t i o n  t h a n  cold ground water .  I n  g e o t h e r m a l  s y s t e m s  

t h i s  t ~ r i d e n c y  f o r  anomalous ly  l a r g e  amounts  of so l id s  t o  d i s s o l v e  

i n  t h e  w a t e r  a l s o  c o n t r i b u t e s  t o  t h e  r e d u c t i o n  i n  t h e  e l e c t r i c a l  

r e s i s t i v i t y  of t h e  rock .  I t  h a s  b e e n  d e m o n s t r a t e d  i n  e v e r y  knor:a 

g e o t h e r m a l  f i e l d  t h a t  t h e  e l ec t r i ca l  r e s i s t i v i t y  of t h e  r e s e r v o i r  

i s  lower t h a n  t h a t  i n  t h e  s u r r o u n d i n g  rock b y  a f a c t o r  of 5 t o  

10. Moreover,  t h e  r e s i s t i v i t y  of t h e  h e a t e d  rock i s  u s u a l l y  

q u i t e  l o w  i n  a n  a b s o l u t e  s e n s e ,  w i t h  m o s t  g e o t h e r m a l  r e s e r v o i r s  

h a v i n g  r e s i s t i v i t i e s  below 10 ohm-meters. As a c o n s e q u e n c e ,  t h e  

measurement of e l e c t r i c a l  r e s i s t i v i t y  is a n  effect means of 

p r o s p c > c t i n g  f o r  g e o t h e r m a l  sys t ems .  
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0.1 
20 

F i g u r e  1. V a r i a t i o n  i n  t h e  r e s i s t i v i t y  of an acqueous s o l u t i o n  
of sodium c h l o r i d e ,  under p r e s s u r e .  The r e s i s t i v i t y  
of a rock c o n t a i n i n g  t h e  same s o l u t i o n  w i l l  behave 
s i m i  l a  r l y  . 
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l%ecause knoltn g e o t h e r m a l  s y s t e m s  a r e  of c o n s i d e r a b l e  s i z e  

and  e x t e n d  t o  d e p t h s  of s e v e r a l  k i l o m e t e r s ,  t h e  development  of 

e l e c t r i c a l  s u r v c y i n g  methods f o r  t h e  purpose of g e o t h e r m a l  pros- 

p e c t i n g  h a s  b e e n  c o n c e n t r a t e d  on e x t e n d i n g  t h e  p e n e t r a t i o n  c a p -  

a b i l i t i e s  of s t a n d a r d  methods,  a n d  on o r g a n i z i n g  s u r v e y s  i n  ways 

i n  Hhich l a r g e  a r e a s  c a n  be c o v e r e d  a t  r e l a t i v e l y  low costs.  One 

of s e v e r a l  b a s i c a l l y  new r e s i s t i v i t y  t e c h n i q u e s  t h a t  i s  b e i n g  

used i n  geothermal e x p l o r a t i o n  i s  t h e  d ipole  manping method,  

s o m e t j n e s  a l s o  c a l l e d  t h e  r o v i n g  d ipole  method. T h i s  method,  

which i s  d e s c r i b e d  i n  more d e t a i l  i n  a l a t e r  s e c t i o n  of t h i s  

report ,  \ \ as  used a s  t h e  b a s i c  e x p l o r a t i o n  t e c h n i q u e  for  t h e  s t u d y  

of e l e c t r i c a l  r e s i s t i v i t y  i n  Ba th  County.  

I n  d i p o l e  m a m i n g ,  a l o n g  grounded wire i s  used t o  d r i v e  

a n  i n t c n s e  c u r r e n t  i n t o  t h e  ground.  The f l o w  p a t t e r n  of t h i s  

c u r r e n t  i s  t h e n  napped b y  e x p l o r i n g  a r o u n d  t h e  g r o u n d e d  wire 

s o u r c e  k i t h  p a i r s  of e l e c t r o d e s  t o  d e t e r m i n e  t h e  e l e c t r i c  f i e l d  

i n t e n s i t y  c a u s c d  by  the c u r r e n t .  The f l o w  p a t t e r n  of t h e  c u r r e n t  

w i l l  be d e t e r m i n e d  by  t h e  e l e c t r i c a l  s t r u c t u r e  of t h e  e a r t h ,  so 

n a p n i n g  t h e  c u r r e n t  flow p a t t e r n  p r o v i d e s  a means fo r  mapping 

t h e  e l e c t r i c a l  s t r u c t u r e .  

E x p e r i e n c e  h a s  s h o m  t h a t  t h e  dipole method is r a p i d ,  a n d  

e f f e c t i v e  i n  l o c a t i n g  t h e  b o u n d a r i e s  of a r e a s  w i t h  l o w  r e s i s t i v i t y  

s u c h  5 s  a r e  u s u a l l y  a s s o c i a t e d  w i t h  t h e  p r e s e n c e  of h e a t e d  g r o u n d  

w a t e r .  However, t h e  p r e c i s i o n  w i t h  which the r e s u l t s  c a n  be 

i n t e r p r e t e d  i s  c o n s i d e r a b l y  poorer t h a n  i n  t h e  case of s e v e r a l  

of t h e  nor2 c o n v e n t i o n a l  e l e c t r i c a l  s u r v e y i n g  methods.  T h r r e f o r e ,  

d i p o l e  mapping s h o u l d  be c o n s i d e r e d  a s  s e r v i n g  p r i m a r i l y  i n  t h e  
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r e c o n n a i  s a n c e  p h a s e  c, an  e x p l o r a t i o n  program. More d e f i n i t i v e  

e l e c t r i c a l  sound ing  methods s h o u l d  be used  i n  a f o l l o w u p  program 

t o  s t u d y  a r e a s  of anomalous ly  low r e s i s t i v i t y  i n  d e t a i l .  Only 

v e r y  l i m i t e d  f o l l o u u p  s u r v e y i n g  was done i n  t h e  V i r g i n i a  H o t  

S p r i n g s  a r e a  a s  p a r t  of t h e  work d e s c r i b e d  i n  t h i s  report. 

The Dipole Mapning Survey  

The a r e a  s u r v e y e d  a round  t h e  V i r g i n i a  H o t  S p r i n g s  comprised 

approxima ~ e l y  500 s q u a r e  miles, c o y e r i n g  m o s t  of Ba th  c o u n t y ,  and  

a s ~ l l  p a r t  of Al l egheny  c o u n t y ,  t o  t h e  s o u t h .  (See F i g u r e  2 for 

l o c a t i o n s ) .  A t o t a l  of s i x  dipole  s o u r c e s  was u s e d ,  s i t ed  i n  

p a i r s  a t  three l o c a t i o n s ,  a s  shown i n  F i g u r e  2. These  p a r t i c u l a r  

s o u r c e  locations uere selected to p r o v i d e  o v e r l a p p i n g  c o v e r a g e  of 

t h e  v a l l e y  e x t e n d i n g  from Warm S p r i n g s  i n  t h e  n o r t h ,  t h r o u g h  H o t  

S p r i n g s ,  t o  Hea l ing  S p r i n g s  i n  t h e  s o u t h  f r o m  a l l  s i x  s o u r c e s .  

Each  source c a b l e  was 1 t o  2 k i lome te r s  i n  l e n g t h ,  g rounded  u s u a l l y  

a t  m e t a l  r o a d  c u l v e r t s  t o  o b t a i n  good c o n t a c t  w i t h  t h e  ground.  The 

p r i m a r y  pouer source was a g a s o l i n e - e n g i n e  m o t o r - g e n e r a t o r  set 

c a p a b l e  of p r o v i d i n g  27 KVA a t  235-vol t  60.~2 o u t p u t .  Normal ly ,  

t h e  o u t p u t  of t h i s  g e n e r a t o r  i s  stepped u p  t o  660 or 880 v o l t s  t o  

d r i v e  a maximum amount of c u r r e n t  i n t o  t h e  g round ,  b u t  f o r  t h e  

V i r g i n i a  H o t  S p r i n g s  s u r v e y ,  t h e  235-vol t  o u t p u t  was u s e 0  d i r e c t l y  

fo r  r e a s o n s  of s a f e t y .  Because of t h i s  l o w  v o l t a g e ,  c u r r e n t s  of 

o n l y  5 t o  1 2  amperes were d r i v e n  i n t o  t h e  ground.  

Before b e i n g  s u p p l i e d  t o  t h e  grounded c a b l e ,  power f r o m  t h e  

g e n e r a t o r  s u p p l y  b a s  r e c t i f i n a  t o  form direct  c u r r e n t .  T h i s  c u r r e n t  

was a l t e r n a t e l y  s w i t c h e d  t o  c a u s e  c u r r e n t  t o  flow f i r s t  o n e  way 
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and  t h e n  t h e  o t h e r  i n  t h e  c a b l e  co i inec t ing  t h e  power s u p p l y  t o  

t h e  electrode c o n t a c t s .  The period of r e v e r s a l  of t h e  c u r r e n t  

f l o w  u a s  28 seconds, so t h a t  t h e  f r e q u e n c i e s  c o n t a i n e d  i n  t h e  

waveform of t h e  c u r r e n t  would be s u f f i c i e n t l y  l o w  t o  a v o i d  

problems w i t h  e l e c t r o m a g n e t i c  a t t e n u a t i o n  of t h e  c u r r e n t  f i e l d  

and  l a c k  of p e n e t r a t i o n  b e c a u s e  of s k i n - d e p t h  l i m i t a t i o n s .  The 

c u r r e n t  Haveform vias a s y m m e t r i c a l ,  w i t h  t h e  d u r a t i o n  of c u r r e n t  

f l o w  i n  one d i r e c t i o n  b e i n g  about; 40 p e r c e n t  g r e a t e r  t h a n  t h e  

d u r a t i o n  i n  t h e  o t h e r ;  t h i s  p r o v i d e s  a means f o r  a s s i g n i n g  a 

p o l a r i t y  t o  t h e  v o l t a g e  detected a t  t h e  r e c e i v i n g  s i tes .  The 

a m p l i t u d e  of t h e  c u r r e n t  s t e F s  was recorded w i t h  a n  a n a l o g  re- 

corder and  m o n i t o r e d  v i s u a l l y  w i t h  a n  i n d i c a t i n g  meter. 

The c u r r e n t  field f r o m  a source dipole w a s  mapped by m e a s u r i n g  

v o l t a g e s  bet\reen electrode p a i r s  a t  many p o i n t s  a r o u n d  a s o u r c e  

bipole.  Because t h e  d i r e c t i o n  of c u r r e n t  f l o w  a t  a measurement  

p o i n t  i s  q u i t e  u n p r e d i c t a b l e ,  t h e  t o t a l  v o l t a g e  drop must  be 

d e t e r m i n e d  by  making measurements  r . i th t w o  electrode p a i r s  

o r i e n t e d  r o u g h l y  a t  r i g h t  a n g l e s  to  one  a n o t h e r  and  a d d i n g  t h e s e  

v o l t a g e s  v e c t o r i s l l y .  The e l ec t r i c  f i e l d  i s  t h e n  assumed t o  be 

t h e  r a t i o  of v o l t a g e  drop t o  t h e  s e p a r a t i o n  be tween t h e  m e a s u r i n g  

electrodes. Measurements were made w i t h  electrode s e p a r a t i o n s  of 

30 meters. The r e c e i v e r  c o n s i s t e d  of a s e n s i t i v e  Dc a m p l i f i e r  a n d  

f i l t e r ,  w i t h  a b a t t e r y - o p e r a t e d  a n a l o g  recorder. The d e f l e c t i o n  

of t h e  t r a c e  on t h e  s t r i p c h a r t  a s  c u r r e n t  f l o w  i n  t h e  g round  

r e v e r s e d  was t a k e n  a s  t h e  s i g n a l .  The l e a s t  s i g n a l  t h a t  c o u l d  be 

detected w i t h  t h e  r e c o r d i n g  s y s t e m  was a p p r o x i m a t e l y  5 microvolts.  

The p r imary  d a t a  recorded for  t h e  s i x  bipole s o u r c e s  a r e  

reproduced i n  Appendix C ,  a s  copies of t h e  f i e l d  n o t e s .  
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The measurement of t w o  components  of t h e  e l ec t r i c  f i c l d  a t  

e a c h  r e c e i v e r  s i t e  from e a c h  of t w o  sources p r o v i d e s  a redur id ; i r r t  

set of d a t a  f o r  comput ing  a p p a r e n t  r e s i s t i v i t y .  A s  a r e s u l t ,  

t h e r e  is a n  i n f i n i t e  v a r i e t y  of ways t o  d e f i n e  a p p a r e n t  r e s i s t i v i t y  

for a dipole mapping s u r v e y .  W e  have made u s e  of t w o  x c l a t i v c J y  

s t a n d a r d  d e f i n i t i o n s  of a n p a r e n t  r e s i s t i v i t y  i n  p r o c e s s i n g  t h e  

measurements  made from t h e  s i x  b i p o l e  sources; i n  one ,  we have 

t r e a t e d  t h e  s i x  sources j n d e p e n d e n t l y ,  k h i l e  i n  t h e  o t h e r ,  resis-  

t i v i t i e s  have  been  computed by  combining  m e a s u r e n e n t s  made from 

p a i r s  9f s o u r c e s .  

The u s u a l  d e f i n i t i o n  of a p p a r e n t  r e s i s t i v i t y  i s  b a s e d  on 

t h e  b e h a v i o r  of c u r r e n t  flow and  v o l t a g e  i n  a completely u n i f o r m  

e a r t h .  I n  t h i s  s p e c i a l  case, c u r r e n t  s p r e a d s  o u t  f r o m  a s i n g l e  

e l e c t r o d e  H i t h  s p h e r i c a l  symmetry. The e lec t r ic  f i e l d  on the 

s u r f a c e  of t h e  e a r t h  a t  a d i s t a n c e  R from t h e  electrode i s :  
1 

where I is t h e  c u r r e n t  a n d  p is t h e  r e s i s t i v i t y  of the earth, 

When t h e  r e t u r n  c u r r e n t  t o  t h e  second  electrode is c o n s i d e r e d ,  

a second  component of e lectr ic  f ie lu  c a u s e d  by  t h i s  r e t u r n  

c u r r e n t  must be added  t o  El: 

where R2 is t h e  d i s t a n c e  f r o m  t h e  o b s e r v a t i o n  p o i n t  t o  t h e  

second  c u r r e n t  e l e c t r o d e .  
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The e lectr ic  f ie lds  El 

m u s t  be added  v e c t o r i a l l y .  

and  E2 a r e  v e c t o r  q u a n t i t i e s ,  and  so, 

The v e c t o r  sum i s :  

S o l u t i o n  of t h i s  e q u a t i o n  for p p r o v i d e s  t h e  means fo r  comput ing  

a p p a r e n t  r e s i s t i v i t y  unde r  t h e  a s sumpt ion  of s p h e r i c a l  symmetry 

i n  c u r r e n t  f l o w .  Values  f o r  a p p a r e n t  r e s i s t i v i t y  computed w i t h  

t h i s  e x p r e s s i o n  a r e  g i v e n  i n  Appendix A.  

When r e s i s t i v i t y  s u r v e y s  a r e  c o n d u c t e d  on t h e  s c a l e  n e c e s s a r y  

in e x p l o r a t i o n  for  g e o t h e r m a l  s y s t e m s ,  a somewhat d i f f e r e n t  b a s i c  

model of t h e  e a r t h  may be more a p p r o p r i a t e  t h a n  a c o m p l e t e l y  

un i fo rm model. An a l t e r n a t i v e  d e f i n i t i o n  of a p p a r e n t  r e s i s t i v i t y  

c a n ' b e  o b t a i n e d  b y  assuming t h e  e a r t h  c o n s i s t s  of a p l a t e  of 

c o n d u c t i v e  r o c k  r e s t i n g  on a p e r f e c t l y  i n s u l a t i n g  s u b s t r a t u m .  

Such a model c a n  be used  t o  c h a r a c t e r i z e  t h e  u s u a l  s e d i m e n t a r y  

v e n e e r  c o v e r i n g  c r y s t a l l i n e  basement  rocks .  F o r  c u r r e n t  s p r e a d i n g  

t h r o u g h  a p l a t e ,  t h e  e lectr ic  f i e l d  depends  on t h e  r a t i o  of p l a t e  

t h i c k n e s s  t o  r e s i s t i v i t y ,  h/p. T h i s  q u a n t i t y  i s  te rmed t h e  con-  

d u c t a n c e  of t h e  p l a t e ,  and  i s  d e s i g n a t e d  by  t h e  symbol,  s. The 

electric f i e l d  czUSedby a c u r r e n t  I p a s s i n g  t h r o u g h  a s i n g l c  

electrode on t h e  s u r f a c e  of a p l a t e  is :  

where R1 a g a i n  i s  t h e  d i s t a n c e  from t h e  f irst  c u r r e n t  e l e c t r o d e  

t o  t h e  o b s e r v a t i o n  p o i n t .  With t h e  a d d i t i o n  of a second  e l e c t r o d e  

t o  complete t h e  bipole c u r r e n t  source, t h e  c o n t r i b u t i o n  of a 

second electric f i e l d  a t  t h e  o b s e r v a t i o n  p o i n t  must be c o n s i d e r e d :  
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T h e  v e c t o r  sum of t h e s e  t w o  e lec t r ic  f i e l d s  i s :  

w h e r e ,  a s  before, D i s  t h e  a n g l e  formed between t h e  t w o  l i n e s  

K1 and R2. 

for  "appa ren t  conductance".  Values  f o r  a p p a r e n t  c o n d u c t a n c e  a r e  

a l s o  l i s t ed  i n  Appendix A, 

L o l u t i o n  of t h i s  e x p r e s s i o n  fo r  S p r o v i d e s  a d e f i n i t i o n  

I t  should be stressed t h a t  t h e s e  two ways f o r  c o n v e r t  

o b s e r v e d  d a t a  a r e  n o t  e s s e n t i a l l y  d i f f e r e n t .  The u s e  of a p p a r e n t  

Zonductance i s  to  be p r e f e r r e d  i n  p r e s e n t i n g  d a t a  where t h e r e  i s  

a s t r o n g  e f icc t  from basement ,  c a u s i n g  a p p a r e n t  v a l u e s  of resis- 

t i v i t y  to i n c r e a s e  w i t h  d i s t a n c e  f r o m  t h e  source. If s u c h  i s  n o t  

t h e  c a s e ,  r e s u l t s  s h o u l d  be p r e s e n t e d  a s  v a l u e s  of a p p a r e n t  

r e s i s t i v i t y .  I n d i v i d u a l  mabs showing t h e  l o c a t i o n s  of t h e  s t a t i o n s  

a l o n g  w i t h  t h e  v a l u e s  of a p b a r e n t  c o n d u c t a n c e  a n d  a p p a r e n t  resis- 

t i v i t y  a r e  i n c l u d e d  i n  Appendix A, These  a r e  n o t  t h e  p r i n c i p a l  

p r e s e n t a t i o n  of r e s u l t s  a n d  a r e  i n c l u d e d  fo r  c o m p l e t e n e s s  o n l y .  

S i n c e  t h e  u s e  of dipole mapping h a s  become f a i r l y  common- 

p l a c e  i n  r e c e n t  y e a r s ,  one  s i g n i f i c a n t  problem i n  t h e  u s e  of 

s i n g l e  dipole s o u r c e s  h a s  been  r e c o g n i z e d .  I n  a n  e a r t h  w i t h  

complex e l e c t r i c a l  s t r u c t u r e ,  r e g i o n s  w i t h  h i g h  r e s i s t i v i t y  may 

d i v e r t  the c u r r e n t  flow i n  t h e  e a r t h ,  and  c a u s e  shadow z o n e s  

where  c u r r e n t  d o e s  n o t  p e n e t r a t e .  Wi thout  c u r r e n t ,  t h e  e lectr ic  

f i e l d  is low, and t h e  computed r e s i s t i v i t y  w i l l  be l o w .  T h i s  

w i l l  c a u s e  f a l s e  l o w s  t o  a p n e a r  on a c o n t o u r  map of a p p a r e n t  

r e s i s t i v i t y  v a l u e s  measured f r o m  a s i n g l e  s o u r c e .  An e f f e c t i v e  
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method for  r e d u c i n g  t h e  a m b i g u i t y  f o u n d  i n  s i n g l e  dipole c o v e r a g e  

is t h e  u s e  of s e v e r a l  d i p o l e  sources which i l l u m i n a t e  t h e  pros- 

pect a r e a  w i t h  c u r r e n t  f l o w i n g  i n  d i f f e r e n t  d i r e c t i o n s .  The 

p a r t i c u l a r  apnroach  t o  m u l t i p l e  c o v e r a g e  used  i n  t h e  s u r v e y  i n  

Ba th  County  was t h a t  of a " r o t a t i n g 1 '  s o u r c e  bipole. A t  e a c h  

of t h e  three s o u r c e  l o c a t i o n s ,  t w o  bipole s o u r c e s  were e n e r g i z e d  

s e q u e n t i a l l y ,  w i t h  measurements  b e i n g  made a t  e v e r y  o b s e r v a t i o n  

p o i n t  f o r  e a c h  of t h e  t w o  sources. The t w o  bipole s o u r c e s  were 

o r i e n t e d  r o u g h l y  a t  r i g h t  a n g l e s  t o  one  a n o t h e r ,  so t h a t  fo r  

most o b s e r v a t i o n  p o i n t s ,  t h e  d i r e c t i o n  of c u r r e n t  f l o w  for e a c h  

of t h e  two s o u r c e s  was s i g n i f i c a n t l y  d i f f e r e n t .  The data  c o u l d  

be used  t o  compute t w o  r e s i s t i v i t y  v a l u e s  for  an o b s e r v a t i o n  

p o i n t ,  c o r r e s p o n d i n g  t o  t h e  t w o  d i r e c t i o n s  of c u r r e n t  f l o w .  If 

l a t e r a l  changes  i n  r e s i s t i v i t y  n e a r  a n  o b s e r v a t i o n  p o i n t  cause 

d i s t o r t i o n  i n  c u r r e n t  f low, t h e n  t h e s e  two v a l u e s  a r e  l i k e l y  t o  

di f fe r ,  Drov id ing  e v i d e n c e  f o r  t h a t  d i s t o r t i o n .  

The u s e  of two bipole s o u r c e s  i n  t h i s  manner permits  t h e  

c o m p u t a t i o n  of a p n a r e n t  r e s i s t i v i t y  v a l u e s  f o r  a n y  d i r e c t i o n  of 

c u r r e n t  f l o w  a t  t h e  o b s e r v a t i o n  p o i n t .  The c o m p u t a t i o n  i s  c a r r i e d  

o u t  by a d d i n g  t o g e t h e r  t h e  effects  of t h e  t w o  s o u r c e s  i n  v a r y i n g  

p r o p o r t i o n s .  T h i s  a d d i t i o n  i s  a n a l y t i c a l l y  e q u i v a l e n t  t o  t h e  

p h y s i c a l  r o t a t i o n  of a s i n g l e  source a b o u t  i t s  midpoint,  and  so, 

i t  i s  possible t o  o b t a i n  t h e  same results b y  c o m p u t a t i o n s  based 

on two sets of measurements  a s  would be o b t a i n e d  i n  t h e  f i e l d  by  

making many measurements  w i t h  many s o u r c e  o r i e n t a t i o n s .  
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I n  p r o c e s s i n g ,  t h e  electric f i e l d s  o b s e r v e d  a t  a s i n g l e  

o b s e r v a t i o n  p o i n t  from t h e  t w o  sources were added t o g e t h e r  w i t h  

w e i g h t s  c o r r e s p o n d i n g  t o  r o t a t i o n s  of 5 O  o v e r  a r a n g e  of 180°, 

or a r a n g e  a d e q u a t e  to  d e t e r m i n e  t h e  a p n a r e n t  r e s i s t i v i t y  for 

c u r r e n t  flow i n  any d i r e c t i o n .  I t  c a n  be shown a n a l y t i c a l l y  and 

may be v e r i f i e d  e x p e r i m e n t a l l y  t h a t  these r e s i s t i v i t y  v a l u e s  

form a n  e l l ipse  when p l o t t e d  a s  a f u n c t i o n  of d i r e c t i o n .  T h i s  

e l l ipse  can be c h a r a c t e r i z e d  by a maximum semi -d iame te r  and  a 

minimum semi -d iame te r ,  or by a n  a v e r a g e .  Each of t h e s e  t h r e e  

parameters i s  l i s t e d  i n  Appendix B. 

Mode l l ing  of simple e a r t h  s t r u c t u r e s  h a s  i n d i c a t e d  t h a t  

t h e  parameter m o s t  s i m p l y  r e l a t e d  t,o a c t u a l  r e s i s t i v i t y  d i s t r i -  

b u t i o n s  i n  t h e  ground i s  t h e  ari thmetic a v e r a g e  of t h e  maximum 

a n d  minimum r e s i s t i v i t y  v a l u e s  c a l c u l a t e d  on r o t a t i o n .  F o r  t h i s  

r e a s o n ,  t h e  p r imary  p r e s e n t a t i o n  of r e s u l t s  c o n s i s t s  of c o n t o u r  

maps of this v a l u e ,  p r e s e n t e d  on P l a t e s  I - I V .  The f i r s t  three 

p l a t e s  a r e  p r e s e n t a t i o n s  of t h e  d a t a  i n d i v i d u a l l y  f r o m  t h e  three 

p a i r s  of s o u r c e s ,  w h i l e  P l a t e  I V  i s  a conposite of t h e  f i r s t  

three. On P l a t e  I V ,  where o v e r l a p p i n g  c o v e r a g e  p r o v i d e s  t w o  or 

t h r e e  v a l u e s  of a v e r a g e  r e s i s t i v i t y  a t  a n  o b s e r v a t i o n  p o i n t ,  t h e  

v a l u e  plotted i s  t h e  a v e r a g e  of t h e s e  a v e r a g e s .  No good j u s t i -  

f i c a t i o n  for this a v e r a g i n g  can be proposed, a n d  e v a l u a t i o n  of 

Pla t e  I V  s h o u l d  be combined w i t h  c a r e f u l  c o n s i d e r a t i o n  of t h e  

i n d i v i d u a l  dipole maps. 
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Schlumberqer  Soundings  

One c o n c e r n  i n  e v a l u a t i n g  t h e  d i p o l e  maps described i n  

t h e  p r e c e e d i n g  s e c t i o n  i s  t h a t  t h e  c u r r e n t  may n o t  have pene- 

t r a t e d  b e n e a t h  t h e  wea the red  l a y e r ,  and  t h a t  a s  a consequence ,  

t h e  p a t t e r n s  of a p p a r e n t  r e s i s t i v i t y  may be d e t e r m i n e d  o n l y  by 

t h e  d e p t h  and  e x t e n t  of w e a t h e r i n g ,  T h i s  problem i s  of ps r t ic -  

u l a r  c o n c e r n  i n  a r e a s  where t h e  bed rock  h a s  a v e r y  h i g h  resis- 

t i v i t y ,  s u c h  a s  i s  t h e  c a s e  i n  Bath  County. F o r  example ,  i f  

t h e  bed rock  r e s i s t i v i t y  i s  a hundred t i m e s  g r e a t e r  t h a n  t h e  

r e s i s t i v i t y  i n  t h e  wea the red  zone ,  c u r r e n t  f l o w  w i l l  be c o n f i n e d  

l a r g e l y  t o  t h e  more c o n d u c t i v e  s u r f a c e  l a y e r ,  and  a n p r e c i a b l e  

c u r r e n t s  w i l l  p e n e t r a t e  t h e  bedrock o n l y  a t  d i s t a n c e s  e q u a l  t o  

100 t i m e s  t h e  t h i c k n e s s  of t h e  wea the red  l a y e r .  I n  order t o  

e v a l u a t e  whe the r  or n o t  s u c h  a l a r g e  c o n t r a s t  i n  r e s i s t i v i t y  

might  exis t  be tween t h e  wea the red  l a y e r  and  t h e  bed rock ,  a number 

of s h a l l o w  Schlumberger  sound ings  were c a r r i e d  o u t ,  a t  l o c a t i o n s  

indicated on F i g u r e  3. These  s o u n d i n g s  a r e  shown g r a p h i c a l l y  on 

F i g u r e s  3- . 
The Schlumberger  sound ing  method i s  a s t a n d a r d  e l e c t r i c a l  

sound ing  method i n  which a n  a r r a y  of f o u r  e l e c t r o d e s  i s  expanded 

a b o u t  i t s  midpo in t .  The f o u r  electrodes a r e  a l l  i n l i n e ,  w i t h  t h e  

outer t w o  s e r v i n g  a s  c u r r e n t  electrodes, and  t h e  i n n e r  two, 

located a t  t h e  midd le  of t h e  a r r a y ,  b e i n g  used  t o  detect t h e  

v o l t a g e  c a u s e d  b y  t h i s  c u r r e n t .  As t h e  a r r a y  i s  expanded,  t h e  
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F i g u r e  3 .  A p p a r e n t  r e s i s t i v i t i e s  m e a s u r e d  for  S c h l u m b e r g e r  
s o u n d i n g s  1-7, a t  l o c a t i o n s  i n d i c a t e d  on Figure: .  
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Figure 4. Apparent r e s i s t i v i t i e s  measured f o r  Schlumberger 
soundings 5-14. 
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APPARENT RESJ STlV ITY, 
OHM -METERS 

F i g u r e  5 .  A p p a r e n t  r e s i s t i v i t i e s  m e a s u r e d  for S c h l u m b e r g e r  
s o u n d i n g s  16-21, 
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Figure 6 .  Apparent r e s i s t i v i t i e s  measured f o r  Schlumberger 
soundings ?2-27. 
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a p p a r e n t  r e s i s t i v i t y  v a l u e s  ref lect  g r e a t e r  p e n e t r a t i o n  of c u r r e n t  

i n t o  t h e  e a r t h .  If t h e  s u r f a c e  l a y e r  h a s  a much lower r e s i s t i v i t y  

t h a n  t h e  s u b s u r f a c e ,  c h a r a c t e r i s t i c a l l y ,  t h e  a p p a r e n t  r e s i s t i v i i t y  

w i l l  i n c r e a s e  l i n e a r l y  w i t h  s p a c i n g  ( s p a c i n g  i s  measured  a s  h a l f  

t h e  d i s t a n c e  between c u r r e n t  electrodes i n  t h e  Schlumberger  a r r a y ) .  

I n  t h e  s h a l l o w  s o u n d i n g s ,  t h e  s p a c i n g  f a c t o r  was i n c r e a s e d  

i n c r e m e n t a l l y  from 35 meters t o  370 meters, w i t h  t h e  l a r g e r  s p a c i n g s  

b e i n g  g r e a t  enough t o  d e t e c t  t h e  p r e s e n c e  of a marked r e s i s t i v i t y  

c o n t r a s t  a t  d e p t h s  u p  to  a b o u t  200 meters. Examinat ion  of t h e  26 

sound ings  shown i n  F i g u r e s  3-6 i n d i c a t e s  t h a t  v e r y  f e w  of them 

show a r a p i d  i n c r e a s e  i n  a p p a r e n t  r e s i s t i v i t y  w i t h  s p a c i n g .  Many 

show a g r a d u a l  i n c r e a s e ,  w h i l e  a good number show n o  c h a n g e  or 

a d e c r e a s e  i n  a p p a r e n t  r e s i s t i v i t y  w i t h  s p a c i n g .  I t  a p p e a r s  t h a t  

there i s  no  ser ious problem w i t h  c u r r e n t  b e i n g  c o n f i n e d  t o  a n e a r -  

s u r f a c e  c o n d u c t i v e  zone.  

T h i s  may be c o n f i r m e d  t o  some e x t e n t  by  c o n s i d e r i n g  t h e  

a v e r a g e  b e h a v i o r  of a p p a r e n t  r e s i s t i v i t y  a s  a f u n c t i o n  of s p a c i n g .  

F i g u r e  7 shows a n  a v e r a g e  "sounding  c u r v e f f ,  o b t a i n e d  b y  combin ing  

a l l  measurements ,  b o t h  Schlumberger  and  d i p o l e ,  i r i t o  a s m a l l  set 

of a v e r a g e  v a l u e s .  The p o i n t s  t o  t h e  l e f t  i n  F i g u r e  7, f o r  s p a c i n g s  

of 370 meters and  less, a r e  a v e r a g e s  der ived from t h e  Sch lumberge r  

s o u n d i n g s ;  e a c h  p o i n t  i s  t h e  geometric a v e r a g e  of t h e  v a l u e s  

o b t a i n e d  a t  t h a t  s p a c i n g  for t h e  26 sound ings .  The v a l u e s  t o  t h e  

r i g h t  a r e  a v e r a g e s  d e r i v e d  from t h e  s i n g l e  dipole c a l c u l a t i o n s .  

Each p o i n t  r e p r e s e n t s  t h e  g e o m e t r i c  a v e r a g e  of 50 to 150 v a l u e s  

measured o v e r  a s m a l l  r a n g e  of d i s t a n c e s  f r o m  a s o u r c e .  The d i s t a n c e  

used i s  t h e  d i s t a n c e  from a n  o b s e r v a t i o i ;  p o i n t  t o  t h e  n e a r e r  end  
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SPACING, KILOMETERS 

Figure 7.  Average r e s i s t i v i t i e s  for a l l  Schlumberger and d i p o l e  data 
p l o t t e d  a s  an equivalent  sounding curve. 



of t h e  source bipole. 

The e q u i v a l e n t  sounding  c u r v e  i n  F i g u r e  7 c h a r a c t e r i z e s  a 

s e c t i o n  i n  which t h e  r e s i s t i v i t y  i n c r e a s e s  v e r y  g r a d u a l l y  w i t h  

d e p t h ,  u p  t o  a d e p t h  of 8.8 kilometers. The s o l i d  c u r v e  which 

p a s s e s  t h r o u g h  t h e  d a t a  was computed fo r  a t h r e e - l a y e r - p l u s - b a s e -  

ment stepwise r e s i s t i v i t y  model. T h i s  model s u g g e s t s  t h a t  t h e  

s t r o n g e s t  r a t e  of i n c r e a s e  i n  r e s i s t i v i t y  o c c u r s  a t  a d e p t h  of 

a b o u t  1 k i l o m e t e r ,  and  t h a t  i f  t h e  change  i s  c o n c e n t r a t e d  a t  

t h a t  d e p t h ,  t h e  c o n t r a s t  i n  r e s i s t i v i t y  i s  a b o u t  3;l .  These  

d a t a  c o n f i r m  t h a t  t h e r e  i s  no  s t r o n g  t endency  for  t h e  c u r r e n t  

u s e d  i n  d i p o l e  mabbing t o  l e  c o n f i n e d  t o  a t h i n ,  c o n d u c t i v e  

s u r f a c e  l a y e r .  Fo r  t h e  d i p o l e  mapping measurements ,  i t  would be 

e x p e c t e d  t h a t  t h e  a p p a r e n t  r e s i s t i v i t y  v a l u e s  r e p r e s e n t  p e n e t r a -  

t i o n  of s i n g i f i c a n t  amounts of c u r r e n t  t o  d e p t h s  comparab le  t o  

t h e  offset d i s t a n c e  from t h e  source a t  which measurements  a r e  

made. 

Di P o l e  - D i  pole Pse  udosec  t i on 

In a d d i t i o n  to the dipole  mapping and Sch lumberge r  soundings ,  

a s h o r t  d i p o l e - d i p o l e  s e c t i o n i n g  s u r v e y  was done  along Highway 

US-230, s o u t h  of H o t  S p r i n g s ,  a s  i n d i c a t e d  on F i g u r e  2. The 

p u r p o s e  was to p r o v i d e  d e t a i l e d  i n f o r m a t i o n  on r e s i s t i v i t y  v a r i a t i o n s  

to a d e p t h  of a f e w  hundred  neters in a r e a s  u n d e r  c o n s i d e r a t i o n  

a s  sites for  d r i l l i n g  a t h e r m a l  g r a d i e n t  test  hole .  I n  dipole- 

dipole s e c t i o n i n g ,  a c o l i n e a r  a r r a y  of four electrodes i s  u s e d ,  

b u t  in c o n t r a s t  to t h e  symmetric p o s i t i o n i n g  of electrodes i n  
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t h e  Schlumberger  a r r a y ,  i n  t h e  d i p o l e - d i p o l e  a r r a y ,  t h e  two 

e l e c t r o d e s  a t  one  end  o f  t h e  a r r a y  a r e  used  t o  d r i v e  c u r r e n t  

i n t o  t h e  g round ,  w h i l e  t h e  two electrodes a t  t h e  o t h e r  end of 

t h e  a r r a y  a r e  used  t o  measure v o l t a g e .  I n  making a set of 

measurements ,  t h e  c u r r e n t  p a i r  of electrodes i s  f ixed  a t  one  

l o c a t i o n  on a t r a v e r s e ,  w h i l e  t h e  measu r ing  p a i r  i s  moved away from 

t h e  c u r r e n t  p a i r  i n c r e m e n t a l l y  a l o n g  t h e  t r a v e r s e .  As t h e  a r r a y  

i s  expanded,  r e s i s t i v i t y  i s  measured t o  g r e a t e r  d e p t h ,  b u t  t h e  

c e n t e r  of t h e  a r r a y  a l s o  moves l a t e r a l l y  a l o n g  t h e  t r a v e r s e  

l i n e .  Because of t h i s ,  i n  p r e s e n t i n g  t h e  d a t a ,  v a l u e s  a r e  

p l o t t e d  on a s e c t i o n  a t  p o i n t s  midway be tween t h e  c u r r e n t  and  

measu r ing  e l e c t r o d e  p a i r s ,  a t  l i n e s  dropped a t  4 5 O  from t h e  

c e n t e r s  of t h e  two d i p o l e s  ( s e e  F i g u r e  8). 

US220, t h e  u n i t  dipole l e n g t h s  were 100 meters, w i t h  s e p a r a t i o n s  

between dipoles b e i n g  100, 200 and  300 meters d u r i n g  i n c r e m e n t a l  

expa n s i  on. 

I n  t h e  s u r v e y  a l o n g  

The d a t a  o b t a i n e d  i n  t h e  dipole-dipole s u r v e y  are  shown 

c o n t o u r e d  a s  a p s e u d o s e c t i o n  i n  F i g u r e  8. The i n d i v i d u a l  resis- 

t i v i t y  v a l u e s  were plotted a s  described above ,  and  t h e n  c o n t o u r e d  

( i n  t h i s  c a s e ,  a s  i n  a l l  o t h e r s ,  r e s i s t i v i t y  c o n t o u r s  were s p a c e d  

in a l o g a r i t h m i c  p r o g r e s s i o n ) .  Such p s e u d o s e c t i o n s  commonly g i v e  

a g r a p h i c  s e m i - q u a n t i t a t i v e  p i c t u r e  of r e s i s t i v i t y  v a r i a t i o n s  

b o t h  l a t e r a l l y  and  v e r t i c a l l y ,  and  t h e  method i s  w i d e l y  u s e d  for 

m i n e r a l  e x p l o r a t i o n .  The section g i v e n  i n  F i g u r e  8 shows v e r y  

marked c h a n g e s  i n  a p p a r e n t  r e s i s t i v i t y  a l o n g  t h e  traverse. Very 

h i g h  v a l u e s  were measured  a t  t h e  s o u t h  e n d  of t h e  t r a v e r s e ,  j u s t  

across t h e  c o u n t y  l i n e  i n  Al l egheny  county .  To t h e  n o r t h ,  t h e  
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r e s i s t i v i t i e s  d e c r e a s e  marked ly ,  w i t h  v a l u e s  of one  ohm-meter 

b e i n g  r e c o r d e d  a t  t h e  s o u t h  edge  of H o t  S p r i n g s .  U n f o r t u n a t e l y ,  

c u l t u r a l  effects  p r e v e n t e d  t h e  t r a v e r s e  f r o m  b e i n g  e x t e n d e d  f u r t h e r  

t o  t h e  n o r t h ,  where t h e  H o t  S p r i n g s  are  p r e s e n t .  Some of t h e  

v e r y  l o w  r e s i s t i v i t y  v a l u e s  on t h i s  t r a v e r s e  may a l s o  be a r e s u l t  

of c u l t u r a l  effects,  b u t  e v e n  d i s c a r d i n g  s u c h  v a l u e s ,  t h e r e  is 

c l e a r l y  a s t r o n g  r e d u c t i o n  of r e s i s t i v i t y  i n  t h e  s u r f a c e  l a y e r s  

i n  t h e  a r e a  be tween H e a l i n g  S p r i n g s  a n d  H o t  S p r i n g s .  

E v a l u a t i o n  of R e s u l t s  

D ipo le  mapping, t h e  p r i n c i p a l  s u r v e y i n g  method u s e d  i n  t h i s  

s t u d y ,  i s  p r i m a r i l y  a r e c o n n a i s a n c e  tool ,  w i t h  t h e  r e s u l t s  n o t  

b e i n g  s u i t a b l e  f o r  a h i g h l y  d e t a i l e d  i n t e r p r e t a t i o n .  Dipole 

mapping s u r v e y s  p r o v i d e  i n f o r m a t i o n  on t h e  l o c a t i o n  of a r e a s  of 

anomalous ly  l o w  e l e c t r i c a l  r e s i s t i v i t y  which a r e  wor thy  of 

f u r t h e r  d e t a i l e d  s t u d y  w i t h  o t h e r  e l e c t r i c a l  methods ,  a s  w e l l  a s  

other g e o p h y s i c a l  and  g e o l o g i c a l  methods.  

I n  t h e  c a s e  of t h e  dipole mapping s u r v e y  of B a t h  c o u n t y ,  

a ma jo r  f a c t o r  to  c o n s i d e r  i n  e v a l u a t i o n  of t h e  r e s i s t i v i t y  

p a t t e r n s  which were rnapwd i s  t h e  possible effect of a n i s o t r o p y .  

A model s t u d y ,  d e s c r i b e d  i n  Appendix D, i n d i c a t e s  t h a t  a n i s o t r o p y  

i n  t h e  h o r i z o n t a l  p l a n e  c a n  produce v e r y  s t r o n g  effects. In 

p a r t i c u l a r ,  a n i s o t r o p y  c a n  c a u s e  a p p a r e n t  r e s i s t i v i t y  t o  d e c r e a s e  

a c r o s s  t h e  s t r i k e  d i r e c t i o n  of a n i s o t r o p y ,  a n d  i n c r e a s e  a l o n g  

t h e  s t r ike d i r e c t i o n ,  even  though  t h e  medium may be u n i f o r m l y  

a n i s o t r o p i c .  T h i s  t e n d e n c y  i s  e v i d e n t  i n  many of t h e  a p p a r e n t  

r e s i s t i v i t y  maps p r e s e n t e d  h e r e ;  l o w  a p p a r e n t  r e s i s t i v i t i e s  are 

o b s e r v e d  t o  t h e  n o r t h w e s t  a n d  s o u t h e a s t  of t h e  v a r i o u s  s o u r c e s ,  
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w h i l e  h i g h  r e s i s t i v i t i e s  a r e  o b s e r v e d  t o  t h e  s o u t h w e s t  and n o r t h -  

east .  C a r e f u l  e x a m i n a t i o n  of t h e  i n d i v i d u a l  d i p o l e  maps p r e s e n t e d  

i n  Appendix A i n d i c a t e s  t h a t  t h e  s c a l e  of t h e  l i n e a r  s t r u c t u r e s  

i n  t h e  s u r v e y  a r e a  i s  n o t  s m a l l  enough for  t h e  s t r u c t u r e s  to be 

c o n s i d e r e d  u n i f o r m l y  a n i s o t r o p i c .  F o r  example ,  t h e  maps showing 

d i r e c t i o n  of t h e  e lectr ic  f i e l d  v e c t o r s  show t h a t  t h e  d i r e c t i o n s  

a r e  p r e f e r e n t i a l l y  o r i e n t e d  a l o n g  s t r i k e  i n  t h e  v a l l e y s  and 

across t h e  s t r i k e  CI t h e  r i d g e s .  &spi te  t h e  f a c t  t h a t  t h e  

s t r u c t u r e s  a r e  too l a r g e  t o  be lumped t o g e t h e r  t o  form a uni form 

a n i s o t r o p i c  medium, t h e  g e n e r a l i z a t i o n s  a b o u t  i n c r e a s e s  or  

d e c r e a s e s  i n  r e s i s t i v i t y  a l o n g  or a c r o s s  s t r ike  s h o u l d  s t i l l  ho ld .  

R e s i s t i v i t y  lows l o c a t e d  a l o n g  t h e  n o r t h w e s t e r n  e d g e  of t h e  

s u r v e y  a r e a  s h o u l d  be viewed w i t h  s u s p i c i o n .  

The m o s t  s t r i k i n g  f e a t u r e  of t h e  dipole r e s i s t i v i t y  maps i s  

the  a r e a  of l o w  a b p a r e n t  r e s i s t i v i t y  be tween Warm S p r i n g s  and  

H e a l i n g  S p r i n g s ,  a n d  a p p a r e n t l y  e x t e n d i n g  t o  t h e  e a s t  b e n e a t h  

Warm S p r i n g s  Mountain.  T h i s  l o w  i s  bounded t o  t h e  n o r t h  and  

to  t h e  s o u t h  by  east-west s t r i k i n g  bands  of m o d e r a t e l y  l o w  

r e s i s t i v i t y ,  which a p p e a r  to be a s s o c i a t e d  w i t h  windgaps and 

o t h e r  t o p o g r a p h i c  e x p r e s s i o n s  of e a s t - w e s t  s t r i k i n g  s t r u c t u r a l  

f e a t u r e s .  T h i s  area i s  s t r u c t u r a l l y  h i g h ,  so o n e  would e x p e c t  

a r e l a t i v e l y  t h i n  s e c t i o n .  The composite sound ing  shown i n  

f i g u r e  7 i n d i c a t e s  t h a t  a s  t h e  s e c t i o n  t h i n s  by removal  of t h e  

younger  P a l e o z o i c  formations, t h e  a v e r a g e  resi s t i v i t y  s h o u l d  

i n c r e a s e  s l i g h t l y ,  by  f a c t o r s  amounting t o  2 or so. The 

d e c r e a s e  i n  a p p a r e n t  r e s i s t i v i t y  m u s t  t h e n  be e x p l a i n e d  by some 
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method. I n  t h e  anomalous b l o c k ,  r e s i s t i v i t i e s  a r e  l o w  by  factors  

r a n g i n g  from 1.5 t o  6 ( a p p a r e n t  r e s i s t i v i t i e s  i n  t h i s  b l o c k  r a n g e  

from less t h a n  250 ohm-meters u p  t o  1000 ohm-meters, w h i l e  t h e  

a v e r a g e  r e s i s t i v i t i e s  f o r  t h e  s e c t i o n  g i v e n  i n  F i g u r e  7 are  a b o u t  

1500 ohm-meters).  The lower r e s i s t i v i t y  i n  t h i s  a r e a  c o u l d  be 

e x p l a i n e d  by any  of a number of f a c t o r s ,  i n c l u d i n g  a n  increase i n  

a v e r a g e  p o r o s i t y  o v e r  t h e  s e c t i o n  by  a f a c t o r  of 1 . 2  to  2.5, an 

i n c r e a s e  i n  a v e r a g e  s a l i n i t y  of g roundwate r  o v e r  t h e  whole s e c t i o n  

by  a f ac to r  of 1.5 t o  5, or  a n  i n c r e a s e  i n  t e m p e r a t u r e  o v e r  t h e  

whole s e c t i o n  by  looo t o  200° C. 

for h i g h l y  s a l i n e  g r o u n d w a t e r s ,  and  so, i t  i s  l i k e l y  t h a t  t h e  

l o w  r e s i s t i v i t y  i s  c a u s e d  by  f r a c t u r e - i n d u c e d  p o r o s i t y  i n  t h e  

s e c t i o n  and /o r  e l e v a t i o n  of t e m p e r a t u r e s .  

The re  i s  no  s u r f a c e  e v i d e n c e  

Reconmendat ions 

The r e s u l t s  of t h e  r e c o n n a i s a n c e  e l e c t r i c a l  s u r v e y  of B a t h  

County have  d e f i n e d  an  a r e a  of i n t e r e s t  for f u r t h e r  s t u d y ,  bounded 

on t h e  west by highway US 220, on t h e  n o r t h  b y  a n  e a s t - w e s t  

l i n e  p a s s i n g  t h r o u g h  Warm S p r i n g s ,  and  on t h e  s o u t h  b y  a n  eas t -  

w e s t  l i n e  p a s s i n g  t h r o u g h  B a l d  Knob. T h i s  r e g i o n  s h o u l d  be s t u d i e d  

i n  more d e t a i l  t o  d e t e r m i n e  what p a r t  of t h e  s e c t i o n  i s  r e s p o n s i b l e  

f o r  t h e  l o w  a p p a r e n t  r e s i s t i v i t i e s .  Among t h e  methods which migh t  

be used  e f f e c t i v e l y  is t h e  Schlumberger  sound ing  method,  c a r r i e d  

t o  s p a c i n g s  of 3 t o  5 k i l o m e t e r s .  C o n s i d e r a t i o n  s h o u l d  be g i v e n  

t o  t h e  u s e  of o t h e r  g e o p h y s i c a l  t e c h n i q u e s  which may y i e l d  

i n f o r m a t i o n  abou t  t h e  s t r u c t u r a l  c o n t r o l s  for  t h i s  anomalous 

b lock .  
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A second recommendation i s  t h a t  r e c o n n a i s a n c e  d i p o l e  mapping 

s u r v e y s  be e x t e n d e d  to t h e  n o r t h  of t h e  a r e a  a l r e a d y  surveyed.  

The o b j e c t i v e  would be to l o c a t e  possible  a r e a s  of l o w  r e s i s t i v i t y  

a s s o c i a t e d  w i t h  s i m i l a r  s t r u c t u r a l  s e t t i n g s  a l o n g  t h e  s t r i k e  of 

t h e  g e o l o g y  n o r t h  of Bath County. 
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APPENDIX A :  Apparen t  r e s i s t i v i t i e s  and  a p p a r e n t  conduc-  

t a n c e s  computed for  e a c h  of t h e  s i x  s o u r c e s .  

N. 

X. 

Y. 

ANG . 

RES. 

CON. 

R e c e i v e r  s t a t i o n  i d e n t i f i e r  number,  keyed  t o  

t h e  v a r i o u s  maps and  p l a t e s .  

The x c o o r d i n a t e  of a n  o b s e r v a t i o n  p o i n t ,  measu red  

i n  kilometers e a s t  of t h e  common p o i n t  of a p a i r  

of s o u r c e  bipoles. 

The y c o o r d i n a t e  of a n  o b s e r v a t i o n  p o i n t ,  measured  

i n  k i  l o m e  t e rs n o r t h  . 
The b e a r i n g  a n g l e  of t h e  e lec t r ic  f i e l d  v e c t o r  

a t  ;I r w e i v e r  s t a t i o n ,  computed i n  degrees 

c l o c k w i s e  from n o r t h .  

The a p p a r e n t  r e s i s t i v i t y ,  computed from t h e  

magn i tude  of t h e  e lectr ic  f i e l d  v e c t o r  observed 

a t  a r e c e i v e r  s t a t i o n .  Ohm-meters. 

The a t m a r e n t  c o n d u c t a n c e ,  i n  mhos. 
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APPENDIX A l ;  Single-coverage d i p o l e  r e s i s t i v i t i e s  
measured f r o m  source 1. 

N X Y ANG RES CON 

225 3 . 2 9  3063.4 

25R 2 . 9 4  8 p J 9 . 2  

74 



APPENDIX Al: Continued 

2 9 3  * 1 
1933.4 

5 4 3  8,28 7 . 5 5  -14, 3 / 5 6  8 
5 4.4- -3855 - 7 . f l 2  - 2 7 ,  .. . _ _ _  4 4 4 . 5  -. . . 
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APPENDIX A 2 :  S i n g l e - c o v e r a g e  d i p o l e  r e s i s t i v i t i e s  
measured from source 2 
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APPENDIX A 2  : Continued 
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APPENDIX A 3 :  S i n g l e - c o v e r a g e  d i p o l e  re s i s t iv i t i e s  
measured from s o u r c e  3.  

ANG RES CON N X Y 
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APPENDIX A 3 :  Continued 
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APPENDIX A 4 :  S i n g l e - c o v e r a g e  d i p o l e  r e s i s t i v i t i e s  
measured from source 4. 
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APPENDIX A4: Continued. 
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APPENDIX A5.  S i n g l e - c o v e r a g e  d i p o l e  r e s i s t i v i t i e s  
measured from source 5. 
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APPENDIX A 5 .  Continued.  
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APPENDIX A 6 .  S i n g l e - c o v e r a g e  d i p o l e  r e s i s t i v i t i e s  
measured from source  6 .  
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APPENDIX A 6 :  C o n t i n u e d .  
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Figure  A 2 .  Apparent conductances measured from source 1. 
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Figure A3. Directions of electric fields measured from 
source 1. 
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F i g u r e  A5. Apparent conductances  measured from s o u r c e  2. 
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F i g u r e  A6.  D i r e c t i o n s  of electric f i e l d s  measured from s o u r c e  2 . 
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Figure A 7 .  Apparent r e s i s t i v i t i e s  measured from source 3. 
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Figure A9. Directions of electric f i e l d s  measured from source 3. 
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F i g u r e  A10.  Apparent r e s i s t i v i t i e s  measured from source 4 .  
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Figure All. Apparent conductances meassred from source 4. 

96 



6 
-#I- 

f?" 43;3 

\" 
F t"" 

Y" 

Figure A12.  Directions of electric fields measured from source 4. 
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Figure A13.  Apparent resistivities measured fibm soukc@ 5*. 
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Figure A14. Apparent conductrnccs rncesurcd from sourcc 5 .  
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Figure  A15.  D i r e c t i o n s  of electric f i e l d s  measured from source  5. 
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Figure  A16.  Apparent r e s i s t i v i t i e s  measured from source  6, 
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Figure  A l 7 .  Apparent conductances  measured from source  6. 
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Appendix B. L i s t i n g  of r e s i s t i v i t y  v a l u e s  computed 

for  r o t a t i o n  of s o u r c e  bipoles. 

N 

R . 

BEAR : 

RMEAN : 

CMEAN : 

RMAX : 

R M I N  : 

I d e n t i f i c a t i o n  number of o b s e r v a t i o n  p o i n t  

D i s t a n c e  from t h e  common p o i n t  of a s o u r c e  bipole 

p a i r  t o  a n  o b s e r v a t i o n  p o i n t ,  i n  k i l o m e t e r s .  

B e a r i n g  of t h e  l i n e  from t h e  source common p o i n t  

to  a n  o b s e r v a t i o n  p o i n t ,  d e g r e e s  from n o r t h .  

The a v e r a g e  o f  maximum and minimum a p p a r e n t  resi s- 

t i v i t y  v a l u e s  f o u n d  on r o t a t i o n ,  i n  ohm-meters. 

The a v e r a g e  of maximum a n d  minimum a p p a r e n t  con-  

d u c t a n c e  v a l u e s  f o u n d  on r o t a t i o n ,  i n  mhos. 

The maximum a p p a r e n t  r e s i s t i v i t y  computed on 

r o t a t i o n .  i n  ohm-meters 

The minimum a p p a r e n t  r e s i s t i v i t y  computed on 

r o t a t i o n ,  i n  ohm-meters. 

B1 

105 



L
 

x
 

&
. 

w
 

N
 

2x1 
3- 
17. J . 

.
.

 
m

g
u

3
3

-
 

L
- 

b-l 
t
 

M
 

ti1
 



Appendix B: Sources 1 and 2 
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Appendix B. Sources 3 and 4 
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Appendix B: Sources 3 and 4 a  
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Appendix B, Sources 5 and 6 
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R. 

BEAR. 

B1,  B2. 

v1, v2, 

I. 

L, 

L1, L2. 

B1, B2. 

APPENDIX C. T a b u l a t i o n  of o b s e r v e d  d a t a .  

S t a t i o n  number, keyed  t o  naps and p l a t e s .  S t a t i o n s  

w i t h  numbers b e g i n n i n g  w i t h  t h e  d i g i t s  2 or 5 were 

a s s o c i a t e d  w i t h  s o u r c e s  1 and  2;  s t a t i o n s  w i t h  numbers 

b e g i n n i n g  w i t h  t h e  d i g i t s  3, 6 or 8 were a s s o c i a t e d  

s o u r c e s  3 and 4 ;  s t a t i o n s  w i t h  numbers b e g i n n i n g  w i t h  

t h e  d i g i t s  4 ,  7 or 9 were a s s o c i a t e d  w i t h  sources 5 

and  6. 

The d i s t a n c e  from t h e  common p o i n t  of a p a i r  of sources 

to a r e c e i v e r  s t a t i o n ,  i n  k i l o m e t e r s .  

B e a r i n g  from t h e  common p o i n t  of t h e  sources t o  a 

r e c e i v e r  s t a t i o n ,  i n  d e g r e e s  clockwise from n o r t h .  

The b e a r i n g  of e a c h  l i n e  of an  o r t h o g o n a l  p a i r  u sed  a t  

t h e  r e c e i v e r  s t a t i o n  t o  measure  e l e c t r i c  f i e l d .  Measured 

i n  degrees f r o m  n o r t h .  

The v o l t a g e  measured  i n  t h e  d i r e c t i o n s  B 1  a n d  132, respec- 

t i v e l y .  Two sets of v o l t a g e s  a r e  r e c o r d e d ,  one  for  e a c h  

of t h e  p a i r  of s o u r c e s .  V o l t a g e s  a r e  recorded i n  micro- 

v o l t s .  

C u r r e n t ,  amperes  peak  t o  peak. 

Length of a receiver l i n e ,  i n  meters. 

The l e n g t h  of a s o u r c e  bipole, i n  kilometers. 

The b e a r i n g  of a s o u r c e  bipole, referred t o  t h e  coninon 

p o i n t  of a p a i r .  
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APPENDIX D; Apparent  r e s i s t i v i t y  i n  a u n i f o r m  

a n i  sot  ropic medium. 

Ba th  c o u n t y ,  w h e r e  t h e  s u r v e y s  d e s c r i b e d  i n  t h i s  report 

were c a r r i e d  o u t ,  l i es  i n  t h e  Appa lach ian  f o l d e d  be l t ,  H e r e ,  

r o c k s  of e a r l y  P a l e o z o i c  a g e  have been s e v e r l y  f o l d e d  i n t o  

e l o n g a t e  s t ruc tu res ,  t r e n d i n g  g e n e r a l l y  from n o r t h e a s t  t o  

s o u t h w e s t  i n  Bath c o u n t y .  The i n d i v i d u a l  l a y e r s  making u p  t h e  

s e d i m e n t a r y  s e c t i o n  c o n s i s t  of c a r b o n a t e s  and  c l a s t i c  r o c k s ,  

w i t h  v e r y  s t r o n g  r e s i s t i v i t y  c o n t r a s t s  between t h e  two t y p e s  

of rock .  A l a m i n a t e d  sequence  of m a t e r i a l s  w i t h  d i f f e r i n g  

r e s i s t i v i t i e s  w i l l  e x h i b i t  of t h e  p r o p e r t y  of e l e c t r i c a l  a n i s o -  

t r o p y ,  w i t h  c o n d u c t i o n  t a k i n g  p l a c e  more r e a d i l y  a l o n g  t h e  p l a n e s  

of s e p a r a t i o n  than  normal  t o  t h e s e  p l a n e s .  T h i s  a n i s o t r o p y  

e x i s t s ,  even  though t h e  l a y e r i n g  i s  macroscop ic .  K e l l e r  (1968) 

h a s  compi l ed  v a l u e s  fo r  t h e  a n i s o t r o p y  due  t o  l a y e r i n g  i n  a number 

of s e d i m e n t a r y  sections by making u s e  of e lec t r ic  logs which 

r e c o r d  t h e  a c t u a l  r e s i s t i v i t i e s  i n  t h e  i n d i v i d u a l  l a y e r s .  Fo r  

a l i m e s t o n e - s h a l e  s e q u e n c e ,  i t  was found  t h a t  t h e  a n i s o t r o p y  

may be v e r y  g r e a t ,  w i t h  t h e  c o e f f i c i e n t  of a n i s o t r o p y  b e i n g  a s  

l a r g e  a s  10 i n  P a l e o z o i c  l i m e s t o n e - s h a l e  s e c t i o n s .  The c o e f f i c i e n t  

of a n i s o t r o p y  is d e f i n e d  a s  t h e  s q u a r e  root of t h e  r a t i o  of resis- 

t i v i t y  measured a c r o s s  t h e  bedd ing  t o  t h a t  measured  a l o n g  t h e  

b e d d i n g ,  so a c o e f f i c i e n t  of 10 c o r r e s p o n d s  to a r e s i s t i v i t y  

change  of 1 O O ; l .  

Normal ly ,  s e d i m e n t a r y  s e c t i o n s  a r e  p r i m a r i l y  f l a t - l y i n g ,  so 

t h a t  t h e  v e r t i c a l  r e s i s t i v i t y  i s  much l a r g e r  t h a n  t h e  h o r i z o n t a l  

r e s i s t i v i t y ,  and t h e  h o r i z o n t a l  r e s i s t i v i t y  w i l l  n o t  depend on 
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d i r e c t i o n .  I n  a n  a r e a  l i k e  t h e  Appa lach ians  where t h e  s e c t i o n  

i s  s e v e d y  f o l d e d ,  t h e r e  i s  a s t r o n g  l i k e l i h o o d  t h a t  a n i s o t r o p y  

w i l l  e x i s t  a l s o  between t h e  d i r e c t i o n  a l o n g  t h e  s t r ike  of t h e  

s t r u c t u r e  and  t h e  d i r e c t i o n  a c r o s s  t h e  s t r i k e .  So l o n g  a s  t h e  

s e c t i o n  i s  f l a t - l y i n g ,  t h e  effect of a n i s o t r o p y  i s  u n d e t e c t a b l e  

on r e s i s t i v i t y  measurements  made a l o n g  t h e  s u r f a c e  of t h e  e a r t h .  

On t h e  other hand,  i f  a n i s o t r o p y  c a u s e s  a dependence of resis- 

t i v i t y  on d i r e c t i o n  i n  t h e  h o r i z o n t a l  p l a n e ,  one  might  expect 

the p a t t e r n s  of r e s i s t i v i t y  measured  w i t h  a s u r f a c e - b a s e d  s u r v e y  

t o  be a f f e c t e d .  For t h i s  r e a s o n ,  some c a l c u l a t i o n s  were done 

to predict t h e  effect of a n i s o t r o p y  on t h e  p a t t e r n s  of resis- 

t i v i  t y  measured i n  dipole manping. 

. The t h e o r y  for c u r r e n t  flow i n  a n  a n i s o t r o p i c  un i fo rm 

medium i s  s t r a i n g t f o r w a r d ,  and h a s  been d e s c r i b e d  by Keller and 

F r i s c h k n e c h t  (1966,  pp100-104). I n  effect ,  t h e  m a t h e m a t i c a l  

problem of d e t e r m i n i n g  t h e  p o t e n t i a l  c a u s e d  by  c u r r e n t  flow i n  

a n  a n i s o t r o p i c  medium i s  s o l v e d  by  t r a n s f o r m i n g  t h e  c o o r d i n a t e  

s y s t e m  t o  s t r e t c h  t h e  d imens ion  i n  t h e  d i r e c t i o n  of h i g h  resis- 

t i v i t y ;  t h u s  c o n v e r t i n g  t h e  prcblem t o  one of d e t e r m i n i n g  p o t e n t i a l  

i n . a  un i fo rm isotropic  medium. The p o t e n t i a l ,  0, observed a t  a 

p o i n t  on t h e  s u r f a c e  of an  a n i s o t r o p i c  u n i f o r m  e a r t h ,  c a u s e d  by a 

c u r r e n t  I f l o w i n g  from a s i n g l e  e l e c t r o d e  i s :  

where x and  y are t h e  c o o r d i n a t e s  of the o b s e r v a t i o n  p o i n t  on t h e  
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s u r f a c e ,  r e f e r r e d  t o  an  o r i g i n  a t  t h e  s i n g l e  c u r r e n t  electrode, 

and  N i s  t h e  c o e f f i c i e n t  of a n i s o t r o p y ,  a s  d e f i n e d  p r e v i o u s l y .  

I n  d i p o l e  mapping, t h e  e lectr ic  f i e l d  i s  measured ,  r a t h e r  t h a n  

t h e  p o t e n t i a l .  The e lec t r ic  f i e l d  i s  d e t e r m i n e d  by t a k i n g  t h e  

n e g a t i v e  g r a d i e n t  of t h e  p o t e n t i a l :  

where p1 i s  t h e  l o n g i t u d i n a l  r e s i s t i v i t y ,  or t h a t  measured  i n  

t h e  d i r e c t i o n  of lowest r e s i s t i v i t y .  

I n  d i p o l e  mapning, t h e  c o n t r i b u t i o n  t o  t h e  e l ec t r i c  f i e l d  

from a second  source electrode a t  t h e  r e t u r n  end  of t h e  s o u r c e  

zable  m u s t  be added t o  t h i s  q u a n t i t y .  A computer program was 

w r i t t e n  t o  c a r r y  o u t  t h e  c a l c u l a t i o n s  of e lectr ic  f i e l d  components  

d e s c r i b e d  i n  t h e  e q u a t i o n  above for one  q u a d r a n t  of t h e  a r e a  

a round  a b i p o l e  s o u r c e ,  w i t h  t h e  a n i s o t r o p y  c o e f f i c i e n t  a v a r i a b l e  

p a r a m e t e r ,  C a l c u l a t i o n s  were r e s t r i c t e d  t o  one  q u a d r a n t  by  

making c a l c u l a t i o n s  o n l y  for  a s o u r c e  bipole o r i e n t e d  a l o n g  one  

of t h e  p r i n c i p a l  d i r e c t i o n s  of a n i s o t r o p y .  T h a t  i s ,  o n l y  t h e  

c a s e s  i n  which t h e  bipole source was o r i e n t e d  i n  t h e  d i r e c t i o n  

of maximum r e s i s t i v i t y  or minimum r e s i s t i v i t y  were t rea ted ,  a n d  

i n  t h e s e  c a s e s ,  t h e  symmetry of t h e  p o t e n t i a l  f i e l d  makes t h e  

r e s i s t i v i t y  D a t t e r n s  i n  e a c h  of t h e  f o u r  q u a d r a n t s  t h e  same. 

T h i s  d i d  n o t  comprise a s e r i o u s  r e s t r i c t i o n  on the a p p l i c a b i l i t y  

of t h e  resul ts ,  b e c a u s e  in t h e  f i e l d  s u r v e y s ,  t h e  s o u r c e s  were 

o r i e n t e d  i n  t h e s e  prime d i r e c t i o n s .  
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Computa t ions  were carr ied o u t  fo r  v a l u e s  of t h e  c o e f f i c i e n t  

of a n i s o t r o p y  (AN) r a n g i n g  from 1.00 t o  10. A c o e f f i c i e n t  of 1.OC 

c o r r e s p o n d s  t o  a n  isotropic  e a r t h ;  t h e s e  c a l c u l a t i o n s  were done 

t o  check  t h e  v a l i d i t y  of t h e  program, and t o  p r o v i d e  a r e f e r e n c e  

for c a p a r i s o n  for t h e  results o b t a i n e d  w i t h  a n i s o t r o p y  coefficients 

o t h e r  t h a n  u n i t y .  The resul ts  a r e  p r e s e n t e d  i n  a set of 32 maps 

accompanying t h i s  Appendix.  The  maps a r e  o r g a n i z e d  a s  follows: 

F i g u r e s  D1-D8. C o n t o u r  maps of a p p a r e n t  r e s i s t i v i t y  f o r  t h e  

s o u r c e  bipole o r i e n t e d  a l o n g  t h e  d i r e c t i o n  of minimum 

r e s i s t i v i t y .  The c o e f f i c i e n t  of a n i s o t r o p y  i n c r e a s e s  

t h r o u g h  t h e  sequence  of maps, bo th  i n  t h i s  a n d  i n  t h e  

s u b s e q u e n t  sets of maps. 

F i g u r e s  D9-D16. Maps w i t h  l i n e s  pl.otted i n d i c a t i n g  t h e  

d i r e c t i o n  of t h e  e lectr ic  f i e l d  v e c t o r  a t  each p o i n t  

on a g r i d  where c a l c u l a t i o n s  were made. The s o u r c e  

bipole i s  o r i e n t e d  a l o n g  t h e  d i r e c t i o n  of low resis- 

t i v i t y  for  t h i s  se t  of maps. ( I t  s h o u l d  be men t ioned  

t h a t  t h e  d i r e c t i o n  of c u r r e n t  flow does n o t  n e c e s s a r i l y  

c o i n c i d e  w i t h  t h e  d i r e c t i o n  of t h e  e lectr ic  f i e l d  

vector i n  an " a n i s o t r o p i c  medium, and  so, t h i s  map does 

n o t  e x a c t l y  reflect  t h e  c u r r e n r  flow p a t h s . )  

F i g u r e s  D17-D24. Con tour  maps of a p p a r e n t  r e s i s t i v i t y  for 

t h e  c a s e  i n  which t h e  s o u r c e  bipole i s  o r i e n t e d  i n  t h e  

d i r e c t i o n  of h i g h e s t  r e s i s t i v i t y .  

F i g u r e s  D25-D,?2. Maps showing t h e  electric f i e l d  d i r e c t i o n s  

when t h e  s o u r c e  bipole is o r i e n t e d  a l o n g  t h e  d i r e c t i o n  

of h i g h e s t  r e s i s t i v i t y .  
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Some g e n e r a l i z a t i o n s  a b o u t  t h e  effect  of a n i s o t r o p y  i n  t h e  

h o r i z o n t a l  p l a n e  may be drawn from an  e x a m i n a t i o n  of t h e s e  maps. 

G e n e r a l i z a t i o n  1: The effect  of modera t e  a n i s o t r o p y  i s  

modera t e ,  n h i l e  t h e  effect of s t r o n g  a n i s o t r o p y  i s  profound.  

For a n i s o t r o p y  r a t io s  up  t o  2.0, t h e  effect  of a n i s o t r o p y  i s  

n o t  so marked t h a t  i t  would mask s t r u c t u r a l  c h a n g e s  i n  resis- 

t i v i t y .  Beyond a c o e f f i c i e n t  of 2 ,  t h e  effect of a n i s o t r o p y  

becomes so s t r o n g  t h a t  i t  might  be d i f f i c u l t  t o  r e c o g n i z e  any  

r e s i s t i v i t y  effects  c a u s e d  by s t r u c t u r e s  o t h e r  t h a n  t h e  a n i s o -  

t r o p y .  

u e n e r a l i z a t i o n  2: The l a r g e s t  a p p a r e n t  r e s i s t i v i t i e s  a r e  

o b s e r v e d  a t  s t a t i o n s  offset  i n  t h e  d i r e c t i o n  of lowest resis- 

t i v i t y ,  n o  m a t t e r  Mhether t h e  source is c z i a t e d  a l o n g  t h e  direc- 

t i o n  of maximum r e s i s t i v i t y  or t h e  d i r e c t i o n  of minimum r e s i s t i v -  

i t y .  A t  f i r s t  thougk,  t h i s  r e s u l t  may s e e m  i n a p p r o p r i a t e ,  b u t  

i t  i s  an  example of t h e  "paradox of a n i s o t r o p y "  which h a s  l o n g  

been  r e c o g n i z e d  fo r  t h e  more c o n v e n t i o n a l  electrode a r r a y s  used  

i n  r e s i s t i v i t y  s u r v e y s .  Accading t o  t h e  p a r a d o x  of a n i s o t r o p y ,  

if a n  electrode a r r a y  i s  r o t a t e d  on t h e  s u r f a c e  of a n  a n i s o t r o p i c  

medium such  a s  h a s  been  d e f i n e d  h e r e ,  t h e  maximum a p p a r e n t  resis- 

t i v i t y  will be r e c o r d e d  when t h e  a r r a y  i s  o r i e n t e d  a l o n g  t h e  

d i r e c t i o n  of l e a s t  r e s i s t i v i t y ,  a n 4  t h e  minimum a n p a r e n t  resis- 

t i v i t y  w i l l  be o b s e r v e d  when t h e  a r r a y  i s  o r i e n t e d  i n  t h e  

d i r e c t i o n  of maximum r e s i s t i v i t y .  

G e n e r a l i z a t i o n  3; F o r  t h e  c a s e  i n  which t h e  s o u r c e  bipole 

i s  o r i e n t e d  a l o n g  t h e  d i r e c t i o n  of h i g h e s t  r e s i s t i v i t y ,  f o r  l a r g e  

a n i s o t r o p y  c o e f f i c i e n t s ,  o v e r  m o s t  of t h e  a r e a  a r o u n d  t h e  bipole, 
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t h e  electric f i e l d  w i l l  a l s o  be d i r e c t e d  a l o n g  t h e  a x i s  of 

maximum r e s i s t i v i t y .  T h i s  may seem i n c o n s i s t e n t ,  b e c a u s e  most 

of t h e  c u r r e n t  w i l l  be f l o w i n g  i n  t h e  d i r e c t i o n  of lowest resis- 

t i v i t y .  However, i n  a n  a n i s o t r o p i c  medium,  electric f i e l d  

d i r e c t i o n s  a n d  c u r r e n t  flow d i r e c t i o n s  a r e  n o t  c o i n c i d e n t .  A 

s m a l l  component of c u r r e n t  flow i n  t h e  d i r e c t i o n  of h i g h  resis- 

t i v i t y  w i l l  c a u s e  a h i g h  e lectr ic  f i e l d  component ,  a n d  so, t h e  

electric f i e l d  d i r e c t i o n s  w i l l  be r o t a t e d  toward t h e  h i g h  resis- 

t i v i t y  a x i s  w i t h  r e f e r e n c e  t o  t h e  s u r r e n t  f l o w  d i r e c t i o n .  
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ENIFORM ANISOTROPIC EARTH WITH AN=1 100 

Figure D2 
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UNIFORM ANISOTROPIC EARTH WITH AN = 1.35 

Figure D3. 
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UNIFORM ANISOTROPIC EARTH NITH AN =1.500 

Figure I&. 
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UNIFORM ANISOTROPIC EARTH NITHJ AN=2.B@@ 

Figure D.5. 
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UNIFORM ANISOTROPIC EARTH WITH AN =3.000 

Figure D6. 
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UNIFORM ANISOTROPIC EARTH WITH AN = 5.00 

Figure  D7. 
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UNIFORM ANISOTROPIC EARTH WITH AN = 10.0 

Figure D8. 
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LiNIFORM ANIS9TROPIC EARTH 14ITH A N  = 1 .0@ 

Figure  w. 
161 



UNIFORM ANISOTROPIC EARTH MITH ANrl.100 

Figure D10. 
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UNIFORM ANISOTROPIC EARTH WITH AN = 1.35 

Figure  D11. 
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UNIFORM ANISOTROPIC EARTH WITH AN =1.508 

Figure D12. 
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UNIFORM ANISOTROPIC EARTH WITHJ AN=2.000 

Figure D13. 
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UNIFORM ANISOTROPIC EARTH NITH AN =3.000 

Figure D14. 
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UNIFORM ANISOTROPIC EARTH LJITH AN = 5.00 

Figure  D15. 
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Figure  D16. 
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LNIFORM ANISOTROPIC EARTH WITH AN = I , @ @  

Figure D17. 
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UNIFORM ANISOTROPIC EARTH NITH AN = 1.35 

Figure Dl9. 
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UNIFORM ANISOTROPIC EARTH LITh AN =I b5@@ 

Figure D20. 2 
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UNIFORM ANISOTROPIC EARTH WITHJ AN=2.000 

Figure  D21. 
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UNIFORM ANISOTROPIC EARTH MITH AN =3.000 

Figure  D22. 
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UNIFORM ANISOTROPIC EARTH WITH AN = 5.00 

Figure  D23. 
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Figure D24. 
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GNIFORM ANISOTROPIC EARTH MITH AN = 1 .e@ 

Figure D25. 
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ClNIFORM ANISOTROPIC EARTH NITH AN=1,100 

Figure D26. 
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UNIFORM ANISOTROPIC EARTH WITH AN = 1,35 

Figure D27. 
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UNIFORM ANISOTROPIC EARTH 14ITH AN =I,%@ 

Figure D28. 
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UNIFORM ANISOTROPIC EARTH WITH AN = 10,Q 

Figure D32. 
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