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An Ana lys is  o f  t h e  B ipo le -D ipo le  R e s i s t i v i t y  Method 

f o r  Geothermal E x p l o r a t i o n  

A b h i j i t  Dey 
. _ ~ _ _  
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H. F. Mor r ison  

ABSTRACT 

B i p o l e - d i p o l e  (B-D) r e s i s t i v i t y  mapping has been w i d e l y  used as a 
reconnaissance method i n  geothermal e x p l o r a t i o n .  I n  t h i s  technique, apparent 
r e s i s t i v i t i e s  a r e  p l o t t e d  a t  r o v i n g  d i p o l e  r e c e i v e r  l o c a t i o n s  and t h e  c u r r e n t  
source ( b i p o l e )  i s  l e f t  f i x e d .  
s imp le  layered,  d i ke ,  v e r t i c a l  con tac t ,  o r  sphere models. I n  t h e  case of more 
compl icated two-dimensional models t h e  i n t e r p r e t a t i o n  i s  much more ambiguous and 
t h e  d e t e c t i o n  o f  b u r i e d  conductors depends ve ry  much on t h e  cho ice  o f  t r a n s m i t t e r  
l o c a t i o n .  Since apparent r e s i s t i v i t i e s  taken on a l i n e  c o l l i n e a r  w i t h  t h e  b i p o l e  
a r e  rough ly  e q u i v a l e n t  t o  t h e  apparent r e s i s t i v i t i e s  f o r  one sounding i n  a 
d i p o l e - d i p o l e  (D-0) pseudo-section, t h e  two methods have been compared f o r  severa 
two-dimensional models. 

sec t i on ,  w i t h  o r  w i t h o u t  an overburden l a y e r S  have been used i n  t h e  comparison. 
Unless t h e  t a r g e t  i s  ve ry  sha l low o r  c l o s e  t o  t h e  b i p o l e  o r  d i p o l e ,  t h e  r e s o l u t i o n  
of t h e  h o r i z o n t a l  p o s i t i o n  o r  depth e x t e n t  f o r  t h e  B-D method i s  v e r y  poor .  
Conductive overburden worsens t h e  s i t u a t i o n  f o r  bo th  methods b u t  t h e  e f f e c t  i s  
more d r a s t i c  f o r  t h e  B-D method. The s p a t i a l  p a t t e r n s  f o r  these models i s  complex 
f o r  t h e  B-D method and i n  f a c t  f o r  c e r t a i n  t r a n s m i t t e r  p o s i t i o n s  o n l y  s u b t l e  
d i f fe rences  e x i s t  f o r  t h e  b u r i e d  b l o c k  and b u r i e d  q u a r t e r  space models. 
sources improve the  r e s o l u t i o n  o f  t h e  B-D method, b u t  many sources coupled w i t h  t h e  
h i g h  sampling d e n s i t y  o f  r e c e i v e r s  r e q u i r e d  t o  d e f i n e  t h e  s p a t i a l  p a t t e r n s  would 
g r e a t l y  reduce t h e  c o s t  e f f e c t i v e n e s s  claimed 
b i p o l e  o r i e n t a t i o n  w i t h  respec t  t o  t h e  s t r i k e  o f  t h e  models c o n t r i b u t e s  l i t t l e  if 
any th ing  t o  t h e  r e s o l u t i o n  o f  t h e  models. A f u r t h e r  experiment of c a l c u l a t i n g  a 
r e s i d u a l  map by s u b t r a c t i n g  t h e  ha l f -space o r  l aye red  ha l f -space response from t h e  
response o f  t h e  b u r i e d  models was a l s o  unsuccessful  i n  improving t h e  i n t e r p r e t a b i l i t y  
o f  t h e  B-D method. F i n a l l y ,  a model r e p r e s e n t a t i v e  o f  a t y p i c a l  Basin-and-Range 
v a l l e y  w i t h  and w i t h o u t  a hypothesized geothermal r e s e r v o i r  shows t h a t  i n  more 
complex models t h e  B-D map would n o t , i n  a p r a c t i c a l  survey, r e v e a l  t h e  r e s e r v o i r .  

s i t u a t i o n s ,  t h e  B-D method i s  n o t  e f f e c t i v e  f o r  subsurface mapping. 
D-D l i n e s  would be f a r  more u s e f u l  and more c o s t  e f f e c t i v e .  

I n t e r p r e t a t i o n  t o  da te  has been i n  terms o f  

A b u r i e d  q u a r t e r  space and a b u r i e d  h o r i z o n t a l  b l o c k  o f  r e c t a n g u l a r  c ross  

M u l t i p l e  

f o r  t h i s  method. Changing t h e  

From these model s t u d i e s  i t  i s  c l e a r  t h a t ,  except f o r  some s imp le  geo log ic  
Se lec ted  

t) lSrRIBUi ION OF THIS OOCUMENT IS UNLIPAITEg 



-1 - 

Introduction 

Electrical  r e s i s t i v i t y  dis t r ibut ion in the earth has been shown t o  be useful 

i n  the delineation of geothermal reservoirs.  

r e s i s t i v i t y  a p a i r  of electrodes i s  used t o  i n j ec t  a known d.c. current in the 

ground and the d is t r ibu t ion  of the d . c .  potential or f i e l d  i s  measured with a 

second P a i r  in a surrounding area. 

have been i n  use for  purposes of sounding (determination of the ver t ical  variation 

i n  r e s i s t i v i t y  assuming no la te ra l  change) or prof i l ing (determination of la te ra l  

changes i n  r e s i s t i v i t y  extending u p  t o  an assumed fixed depth of search).  

For the measurement of the e l ec t r i ca l  

Various cornhinations of the electrode deployment 

In geothermal reservoir delineation work two d i f fe ren t  electrode configurations 

a re  commonly employed. One of these i s  the bipole-dipole mapping method and the 

other i s  the co l l inear  dipole-dipole profil ing method. I n  the col l inear  dipole- 

dipole configuration, f i r s t  described by Hallof ( 1 9 5 7 ) ,  a transmitting dipole 

and a receiving dipole,  each of equal length, - a ,  are  deployed in l i ne  with a dipole 

separation of - Na. 

configuration i s  f i r s t  moved along a survey l ine  w i t h  a fixed dipole separation 

(N = constant) ,  in a r e s i s t i v i t y  prof i l ing mode. The traversing of the l i ne  with 

t h i s  configuration i s  then repeated with d i f fe ren t  values of N( =1,  2 . . . . 1 0 )  thus 

providing successive r e s i s t i v i t y  prof i les  with progressively increasing depth o f  

search. 

section form, i n  between the transmitting and the receiving dipole.  

a survey a l o n g  a l i n e ,  t h i s  technique, therefore,  yields  a combination of b o t h  

prof i l ing and sounding mode d a t a .  the col l inear  dipole-dipole technique has found 

widespread application in mineral exploration, regional geologic mapping and 

This configuration i s  i l l u s t r a t ed  in Figure l a .  The en t i r e  

The resul t ing apparent r e s i s t i v i t y  d a t a  i s  plotted in the standard pseudo- 

A t  the end of 

The response of t h i s  technique generally 

t y ,  good depth of 

ogic" noise sources. A 

detailed high resolution s t ructural  surveys. 

provides a h i g h  resolution of la te ra l  v a r i a t  

search and re la t ive ly  small e f fec ts  from sha 

on i n  r e s i s t i v  

low, thin "gzo 
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comparison of the response of t h i s  dipole-dipole method with those of the pole- 

dipole, Unipole and Schlumberger profil ing arrays,  over two dimensional r e s i s t i v i t y  

s t ruc tures ,  i s  shown by  Dey, Meyer, Morrison and Dolan (1975). 

has been presented by Coggon (1971) .  

di pol e-di pol e methods has been made by Beyer (1 9 7 7 ) .  

A similar analysis 

A thorough comparison of the Schlumberger and 

In the bipole-dipole mapping configuration, the ear th  i s  energized by a pair  

of current electrodes fixed a t  a given location. 

dipole i s  usually large,  of the order of 2-5 km,and the source dipole i s  called a 

"bipole." The e l e c t r i c  f i e lds  or  the potential differences between small receiver 

dipoles,  usually oriented orthogonally, are  then mapped i n  de ta i l  on the surface of 

the ear th  in a region surrounding the transmitting bipole. 

f i e l d  bljhavior between adjacent receiver locations can be ident i f ied with changes 

i n  ear th  r e s i s t i v i t y  i n  the proximity of the receiver s t a t ions ,  ra ther  than with 

earth properties a t  the source location o r  a t  p o i n t s  between the source and receiver 

(Keller, Furgerson, Lee, Harthil l  and Jacobson, 1975). This method i s  a variation 

o f  the equiPotentia1 survey technique described by Heiland (1940) and has recently 

been extensively used i n  geothermal reservoir exploration (e .g .  Risk e t  a l ,  1970, 

Keller e t  a l .  1975 , Stanley e t  a l . ,  1976).  

The dimension of t h i s  transmitting 

Variations in e l e c t r i c  

I n  the ear ly  applications of r e s i s t i v i t y  techniques t o  geothermal exploration, 

the bipole-dipole mapping method gained susbstantial  prominence because of the 

rapidi ty  and ease of operating procedures as a practical  reconnaissance method. 

In large survey areas for  geothermal exploration, i t  i s  l og i s t i ca l ly  much more 

a t t r a c t i v e  t o  have a fixed transmitting bipole and a large number of r o v i n g  orthogonal 

receiver dipoles. Many more current electrode preparations are required fo r  col l inear  

dipoit! surveys t o  cover the same areal extent.  However, i t  soon became apparent  

t h a t  to  define a zone of suhstantial  changes in bulk apparent r e s i s t i v i t y ,  several 

transmitters a t  d i f fe ren t  locations were required together with a rather high 
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density of observation points. In addition, a l l  too  of ten,  the result ing maps 

a re  used fo r  detailed interpretat ion of the r e s i s t i v i t y  s t ructure  and fur ther  

improvements resulted in the use o f  rotating bipole sources a t  mu1tip;e 

i n  the survey area (Furgerson and Keller, 1974). 

l og i s t i c  complexity and the time required t o  obtain a f u l l  s e t  of data in an area 

a re  considerably increased. 

locations 

With these additions,  the 

To f a c i l i t a t e  interpretation of the data obtained with e i ther  configuration, 

i t  i s  necessary t o  understand the response patterns obtained in the presence o f  

two-and three-dimensional inhomogeneous geologic models. If  . the section of 

i n t e re s t  i s  homogeneous or uniformly layered, any of the r e s i s t i v i t y  techniques 

yield simple responses tha t  are  easi ly  understood and interpreted.  

geothermally promising environments, the assumption of a simple layered subsurface 

i s  often untenable. 

t o  a wide variety of two-and three-dimensional s t ructural  models are  f a i r l y  we71 

understood from various published work based on analog model studies (McPhar 

Geophysics, 1966, Dey, 1967, Apparao e t  a l ,  1969) as well as numerical simulations 

(e.g. Coggon, 1971, Yan Nostrand and Cook, 1966, Dey e t  a l ,  1975, Bakbak, 1977, 

Dieter e t  a l .  , 1969, Beyer, 1977). 

method, however, i s  presently understood only for  layered ear th ,  single outcropping 

contact,  outcropping dyke w i t h  i n f i n i t e  depth-extent with or  without an insulating 

basement (Van Nostrand and Cook, 1966, Vedrintsev, 1966), and for  a buried 

conducting sphere (Singh and Espindola, 1976). 

have been i l l u s t r a t ed  by Keller e t  a l .  (1975) and Doicin (1976). T h e  response 

of an outcropping hemispherical inhomogeneity was studied by Bibby and Risk (1973). 

L i t t l e  information i s  available (Mazzella and Dey, 1973) t o  study the response 

patterns fo r  the bipole-dipole mapping method over buried r e s i s t i v i t y  inhomogeneities 

In most 

The response patterns fo r  the col l inear  dipole-dipole method 

The response fo r  the bipole-dipole mapping 

Some of these response patterns 
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of simple or  complex shapes. 

data,  t o  date ,  i s  interpreted using the tenuous assumption tha t  the section under 

consideration is  uniformly layered and by transforming the mapped data t o  

equivalent Schlumberger expansion sounding curves (Zohdy, 1973). 

Consequently, most of the bipole-dipole mapping 

The purpose of t h i s  report  i s  t o  show the response patterns f o r  the bipole- 

dipole mapping method f o r  buried two-dimensional inhomogeneities. The e f f ec t s  of 

depth of bur ia l ,  source bipole or ientat ion with respect t o  the s t r i k e ,  overburden 

layer thickness and conductivity and distance from the transmitting bipole f o r  

a s ingle  block-shaped conductive ta rge t  a r e  i l l u s t r a t ed .  

diagrams are  derived f o r  the response of the s ingle  inhomogeneity and the responses 

are compared t o  those obtained from a co l l inear  dipole-dipole array over identical  

models. I n  a following sect ion,  a typical North-Central Nevada valley section 

i s  simulated with and without the presence of a postulated conductive reservoir.  

For t h i s  s t ructural  model, the source bipole i s  rotated with respect t o  the 

s t r i k e  direction a t  two d i f fe ren t  locations and the response patterns fo r  these 

var ious  configurations are  i l l u s t r a t ed .  A comparative analysis of the response 

patterns obtained with the co l l inear  dipole-dipole configuration over the same 

models, i s  a lso made. 

Certain charac te r i s t ic  

Definition of the Observed Parameters 

The geometric configurations of the co l l inear  dipole-dipole and the bipole- 

dipole mapping arrays are  shown in Figures l a  and l b ,  respective?y. 

specified geometry of the array the potential difference observed a t  the receiver 

dipole i s  converted to  an "apparent r e s i s t i v i t y "  of the ear th .  

r e s i s t i v i t y "  i s  a t radi t ional  in te rpre t ive  parameter used in r e s i s t i v i t y  surveys, 

For a 

"Apparent 
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and i t  indicates the r e s i s t i v i t y  of an isotropic ,  homogeneous half-space t h a t  

would give r i s e  t o  an identical  potential difference for  the spec i f ic  geometry 

of the array under consideration. 

For the col l inear  dipole-dipole array with a dipole length of - a and a dipole- 

separation of E, as i l l u s t r a t ed  in Figure l a ,  the anparent r e s i s t i v i t y ,  f a ,  i s  

defined as 

- 7- r3 (d+l)(d+2) a . A V  I f, - z 
For the bipole-dipole mapping configuration, an orthogonal s e t  of roving receiver 

dipoles,  usually oriented parallel  and perpendicular t o  the current bipole, i s  

used t o  measure the potential differences f o r  a fixed location o f  the transmitter 

bipole. A common1.y used parameter i s  an apparent r e s i s t i v i t y  defined in terms o f  

the magnitude o f  the t o t a l  E-field o r  the to ta l  potential difference a t  a receiver 

s ta t ion  i r respect ive of i t s  direction (Risk e t  a l ,  1970, Furgerson and Keller, 1974) .  

I f  the distance t o  the receiver i s  large compared t o  the receiver dipole length 

and large compared t o  the transmitting dipole dimension, the potential  difference 

observed a t  a n y  receiver dipole normalized by i t s  length, i s  a close approx ima t ion  

t o  the component of the e l e c t r i c  f i e l d  a t  the ‘receiver point. 

could be obtained using the magnitude of the resul tant  e l e c t r i c  f i e l d ,  with the 

formulation given by Keller e t  a1 (1975). 

dipole (within a radius of 3 bipole lengths) such approximations for  the point 

e l e c t r i c  f i e ld  could lead t o  gross e r rors .  

current l ines  and the spat ia l  ra te  of change of the e l e c t r i c  f i e l d ,  in t h i s  zone, from an 

equivalent half-space are ra ther  severe, i f  the receiver dipole length i s  greater  

t h a n  1/50th the transmitting bipole length. 

apparent r e s i s t i v i t y  i s ,  however, eas i ly  done for  small receiver dipoles,  using 

the potential differences,  rather t h a n  the e l e c t r i c  f i e l d ,  in the direction of 

The apparent r e s i s t i v i t y  

However, close t o  the transmitting 

The changes i n  the curvature of the 

An equivalent formulation fo r  the 
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each of the orthogonal dipoles. The use of potential differences eliminate the 

f i c t i t i o u s  d is tor t ions  in calculated apparent r e s i s t i v i t y  caused by the point 

e l e c t r i c  f i e l d  approximation made fo r  non-infinitesimal receiver-dipole lengths. 

The geometric configuration with the relevant distances for  the dipole- 

dipole mapping a r ray  i s  i l l u s t r a t ed  i n  Figure lb.  

differences measured between the receiver dipoles P P I  and P P 2 ,  respectively,  the 

apparent r e s i s t i v i t y ,  f a .  based on the magnitude of the resul tant  po ten t ia l ,  i s  

given as 

IfAV and A V 2  are  the potential 1 

where = 1/R1 - 1/R3 - 1/R2 -t 1/Rq,  

and G2 = 1/R1 - 1/R3 - 1/R5 -t 1/R6. 

I n  bipole-dipole mapping surveys, when the section under consideration i s  

underlain by a r e s i s t i ve  e l ec t r i ca l  basement, the computation of r e s i s t i v i t y  based 

on a cylindrical  spreading of current t h r o u g h  a thin plate  i s  deemed more appropriate 

(Keller e t  a l ,  1975). 

r e s i s t i v i t y  ( h / P )  , known as  conductance, may be calculated.  

potential  differences between the orthogonal pair  of dipoles,  i l l u s t r a t e d  in 

With these assumptions, the r a t i o  of plate  thickness t o  

Using the observed 

Figure lb ,  an "apparent conductance" may be defined a s  - 

and G4 = loge ( 1 / R 1 )  - loge (1/R3) - loge (1/R5) -t IOge(1/R6) 
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I t  i s  t o  be noted tha t  for  the bipole-dipole mapping configuration, a 

measurement parameter s imilar  t o  apparent r e s i s t i v i t y ,  in concept, could be 

developed in several other ways. For example, each of the orthogonal receiver 

dipoles could be individually used t o  produce two 4-electrode configurations 

and consequently apparent r e s i s t i v i ty  maps in two fixed directions ( e .g . ,  

perpendicular and parallel  t o  the transmitting dipole or t o  the s t r i k e  of the 

geologic section) could be obtained. 

magnitude of the individual E-fields in two orthogonal directions are  known,  

i t  i s  possible t o  calculate  apparent r e s i s t i v i ty  in the vector E-field direction 

and a t  each observation point on the surface the deviation of the current l ines  

from an isotropic  homogeneous o r  a hypothesized layered subsection could be 

mapped as an additional diagnostic parameter. 

In addition, since the direction and 

In i t s  present day use, the dipole mapping data i s  routinely reduced as an 

apparent r e s i s t i v i t y  and an apparent conductance map using the equations ( 2 )  and 

( 3 ) .  In routine analysis in th i s  laboratory, the additional parameters indicated 

above are also evaluated. In t h i s  paper, however, the comparative analysis will 

be made based on the apparent r e s i s t i v i t y  and apparent conductance obtained from 

the magnitude of the resul tant  E-field described above. 

Model Computations: 

The r e s i s t i v i t y  response of any a r b i t r a r i l y  shaped two-dimensiona geologic 

section t o  the collfnear d i  pole-dipole and the dipole-dipole mapping configurations 

a re  obtained using a numerical technique (Dey and Morrison, 1976) .  

difference approximations are  obtained for  the Poisson’s equation by making a 

volume discret izat ion of the subsurface. Potential dis t r ibut ions a t  a l l  points 

Fini te  
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in the s e t  defining the inhomogeneous half-space are  simultaneously obtained 

f o r  multiple point sources of current injection t o  an absolute accuracy of 

bet ter  t h a n  5 percent. 

I n  the pseudo-sections and maps described in the following sect ions,  the 

model dimensions , transmitting and receiving dipole lengths , and the distances 

in the horizontal and ver t ical  planes are  expressed in terms of an a r b i t r a r i l y  

scaled uni t  distance. For routine geothermal exploration, t h i s  un i t  distance 

could be assumed t o  be equal t o  1 k m .  Thus fo r  comparison purposes, the dipole 

lengths in the co l l inear  dipole-dipole configurations are  each 1 km in length and 

dipole separations of up t o  10 km are  used. 

method, a transmitting bipole of length 2 km and surrounding areal extent of 

20 km x 14 km i s  used fo r  mapping purposes. 

s e t  of orthogonal receiver dipole pairs i s  assumed t o  be oriented paral le l  

and perpendicular t o  the s t r i k e  of the geologic section. 

point the dipoles are extended in the +y ( i  . e .  s t r i k e )  and +x ( i  . e .  perpendicular 

t o  s t r i k e )  direction from a common electrode and t h e i r  lengths are  0.125 times 

the bipole length. 

maps in regions of posit ive and negative y-axis values. 

ance values f o r  the bipole-dipole mapping method are  normalized by the length 

of the t ransmit ter  ( i n  meters). 

For the bipole-dipole mapping 

I n  the bipole mapping method, the 

A t  each observation 

Such a configuration resu l t s  in a s l i g h t  assymetry in the 

The apparent conduct- 

Single Conductive Inhomogeneity 

A comparison of the response patterns of the two configurations can f i r s t  

be made w i t h  a simple model of a buried, single conductive block-shaped inhomog- 

eneity in a half-space. 

sectional area 2 km x 2 km i s  used. 

For t h i s  purpose, a rectangular conductive block o f  cross- 

The responses o f  the block inhomogeneity t o  
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the two configurations fo r  various depths of bur ia l ,  conductivity contrasts and  

overburden layer conductivit ies provide s igni f icant  insight t o  the anomaly patterns 

t o  be expected from simple la te ra l  inhomogeneities. 

method, the e f fec ts  of transmitting bipole orientation and distance of the 

inhomogeneity from the transmitter are  a lso i l l u s t r a t ed .  

For the bipole-dipole mapping 

Responses fo r  the bipole-dipole mapping method 

Figurcs 2 a a n d  2 b  i l l u s t r a t e  the apparent r e s i s t i v i t y  maps obtained with the 

bipole mapping method over the s ingle  rectangular conductor fo r  t ransmit ter  

or ientat ions perpendicular and paral le l  t o  the s t r i k e  d i rec t ion ,  respectively.  The 

r e s i s t i v i t y  of the surrounding half-space i s  100 ohm m and t h a t  of the inhomogeneity 

i s  1 ohm m .  The depth of burial t o  the t o p  of the inhomogeneity i s  1 . 0  u n i t .  The 

transmitting current electrodes a re  located a t  ( 7 . 0 ,  0.0) and (5 .0 ,  0 .0)  fo r  

the perpendicular ( t o  s t r i k e )  orientation and a t  ( -6 .0 ,  0 .0)  and ( -6 .0 ,  2.0), for  

the paral le l  o r ien ta t ion ,  respectively. I n  the maps i l l u s t r a t ed  in Figures 2a and 

2 b ,  the shallow conductive target  i s  located close t o  the bipole, the horizontal 

distance t o  the center of i t s  projection being 4 units from the center o f  the trans- 

mi t te r .  

for the perpendicular t ransmit ter ,  and a closed low contour of 20 ohm m fo r  the 

paral le l  or ientat ion of the t ransmit ter ,  tha t  almost d i r ec t ly  overlies the 

ject ion of the block. 

near boundary of the ta rge t  i s  approached and a ra ther  slow r i s e  p a s t  the fa r ther  

boundary. 

55 ohm m fo r  the perpendicular bipole, and 35 ohm m for  the paral le l  bipole, a t  

distances of 11 uni ts  p a s t  the projection of the conductive inhomogeneity. 

perpendicular or ientat ion of the t ransmit ter ,  two spurious regions of closed 

apparent r e s i s t i v i t y  highs (125 ohm m )  a re  observed t o  the l e f t  of the transmitter 

The apparent r e s i s t i v i t y  contours show a closed low contour of 30 ohm m 

pro- 

The contours indicate a steep decreasing gradient as the 

The r e s i s t i v i t y  in the region past the body remains a t  a low value of 

I n  the 
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where no r e s i s t i v i t y  inhomogeneities ex i s t .  

considered in this  example an overlap of the two maps indicate a zone of low 

r e s i s t i v i t y  coincident with the location of the target  with good resolution. 

For the position of the inhomogeneity 

The apparent conductance maps fo r  t h i s  location of the conductive ta rge t  

are  presented in Figures 3a and 3b, fo r  the transmitter orientations perpendicular 

and parallel  t o  the s t r i k e ,  respectively. 

the apparent conductance parameter does n o t  have any physical significance.  

the computed parameter shows generally high apparent conductance values over the 

projection of the target .  In the parallel  bipole or ientat ion,  the highest value i s  

reached i n  regions shif ted considerably fa r ther  from the projection of the target .  

In the absence of an insulating basement, 

However, 

I n  order t o  i l l u s t r a t e  the e f f ec t  of increasing distance o f  the bipole from 

the projection of the conductive ta rge t ,  the block-shaped inhomogeneity was shif ted 

t o  the r igh t  t o  a position between +'I and +3 units in the x-direction and a t  an 

identical  d e p t h  of burial of 1 uni t .  The transmitting bipoles were located a t  the 

same positions as in the previous example. The apparent r e s i s t i v i t y  maps fo r  the 

bipoles oriented perpendicular and paral le l  t o  the s t r i k e  direction are  shown i n  

Figures 4a and 4b, respectively. 

the appearance of fur ther  spurious closed high and 

the perpendicular bipole t o  the l e f t  of the transmitter.  

indicated with good la te ra l  resolution, for  the perpendicular bipole, with a 

closed low r e s i s t i v i t y  contour of 30 ohm m. 

obtained for  the parallel  bipole, however, shows a s h i f t  f a r the r  away from the 

projection of the f a r  boundary of the target .  

model, shown i n  Figures 5a and 5b fo r  the perpendicular and parallel  bipole orient-  

a t ions,  indicate steep gradients with increasing conductance values towards the 

near edge of the conductor. The resolution in defining the w i d t h  of the ta rge t  

i n  t h i s  location seems t o  be worse fo r  the parallel  orientation of the transmitting 

A comparison with Figures 2a and 2 b  indicates 

r e s i s t i v i t y  contours for 

T h e  target location i s  

The lowest closed contour of 30 ohm m y  

The apparent conductance maps f o r  t h i s  
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bipole t h a n  for  the perpendicular. 

Figures 6a and 6b i l l u s t r a t e  the apparent r e s i s t i v i t y  response patterns for 

the perpendicular and paral le l  configurations o f  the transmitter with the conductive 

block located in close proximity t o  the bipole b u t  a t  a greater  depth o f  bur ia l ,  

as shown in the accompanying section. 

considerably broadened and are  bounded by much shallower gradients in the contour 

levels  (compared t o  Figures 2a and 2 b ) .  

the ta rge t  i s  very poor, i n  t h a t  the shallow low r e s i s t i v i t y  t r o u g h  i s  approximately 

7-8 units in width and i s  considerably displaced away from the projection of the 

conductive block. 

perpendicular and paral le l  orientations of the bipole are  i l l u s t r a t ed  in Figures 

7a and 7 b ,  respectively.  No diagnostic pattern emerges fo r  e i the r  map, with the 

conductance values monotonically increasing away from the transmitter towards the 

r igh t  edge of the map. 

The apparent r e s i s t i v i t y  anomalies are  

The la te ra l  resolution in the location of 

The apparent conductance maps obtained for  the model with 

Response for  the col l inear  dipole-dipole profil ing method 

The standard pseudo-section plots of the apparent r e s i s t i v i t y  response fo r  

the col l inear  dipole-dipole array are  i l l u s t r a t ed  i n  Figures 8a and 8 b ,  fo r  the 

2 uni t  x 2 unit  conductive block located a t  depths of burial of 1 and 2 un i t s ,  

respectively.  The length o f  each o f  the transmitting and receiving dipoles i s  1 

unit  and the pseudo-section i s  plotted with dipole-separations N = 1 ,  2 ,  3 . . . . . 10 .  

The conductive inhomogeneity i s  of i n t r i n s i c  r e s i s t i v i t y  1 ohm m and the surrounding 

half-space has a r e s i s t i v i t y  o f  100 ohm m.  A higher degree o f  spat ia l  resolution in 

terms of the horizontal location o f  the conductive ta rge t  a t  bo th  depths i s  evident 

from the simple patterns in the pseudo-section. For the shallow location of the block, 

the e f f ec t  of i t s  f i n i t e  depth-extent i s  c lear ly  indicated by the closed 
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low r e s i s t i v i t y  con tour  u n d e r l a i n  by i n c r e a s i n g  r e s i s t i v i t y .  

t a r g e t ,  t h e  depth t o  t o p  i s  e a s i l y  est imated, however, w i t h  d ipo le -separa t i ons  

up t o  N =10,the depth e x t e n t  of t h e  t a r g e t  cannot be est imated. The cons ide rab ly  

improved s p a t i a l  r e s o l u t i o n  and w e l l - d e f i n e d  anomaly p a t t e r n  i n d i c a t e  t h e  enhanced 

d i a g n o s t i c i t y  ach ievab le  w i t h  m u l t i p l e  t r a n s m i t t e r  l o c a t i o n s  i n  a p r o f i l e  mode. 

T h e i r  pseudo-sect ion contour  p a t t e r n s  a r e  w e l l - d e f i n e d  f o r  s imp le  s t r u c t u r e s  and 

For t h e  deeper 

i n d i c a t e  p r e d i c t a b l e  v a r i a t i o n s  w i t h  changing c o n d u c t i v i t y  con t ras ts ,  depths o f  

b u r i a l ,  e t c .  

o n l y  a few model i t e r a t i o n s  produce t h e  d e s i r e d  i n t e r p r e t a t i o n .  

Hence, f o r  such s imp le  shapes, u n l i k e  b i p o l e - d i p o l e  mapping r e s u l t s ,  

C h a r a c t e r i s t i c  curves f o r  t h e  s i n g l e ,  r e c t a n g u l a r  conduct ive  B lock  Inhomogeneity 

The apparent r e s i s t i v i t y  responses ob ta ined  by emplacing t h e  2 u n i t  x 2 u n i t  

conduct ive  b l o c k  a t  va r ious  depths o f  b u r i a l  and by changing i t s  c o n d u c t i v i t y  

c o n t r a s t  w i t h  respec t  t o  t h e  sur round ing  ha l f -space,  f o r  b i p o l e - d i p o l e  and 

d i p o l e - d i p o l e  c o n f i g u r a t i o n s ,  a r e  summarized i n  t h e  c h a r a c t e r i s t i c  diagram shown 

i n  F i g u r e  9. A normal ized  anomaly index  i s  d e f i n e d  as 

A.I. = ramax - p a m i n  x 100% 

background 

I n  t h e  pseudo sec t i ons  and i n  t h e  background apparent r e s i s t i v i t y  su r face  

maps t h e r e  appear zones o f  apparent r e s i s t i v i t y  h i g h  as w e l l  as - low, due t o  t h e  

presence o f  a conduct ive  t a r g e t .  

homogeneous, t h e  apparent r e s i s t i v i t y  parameter observed w i t h  e i t h e r  c o n f i g u r a t i o n  

would have been t h e  i n t r i n s i c  r e s i s t i v i t y  o f  t h e  ha l f -space.  

diagram, A. I . , the  anomaly index, i s  a measure o f  t h e  d i s t o r t i o n s  produced i n  a 

ha l f -space response due t o  t h e  presence o f  t h e  l a t e r a l  inhomogeneity. 

I f  t h e  subsurface were t o  be i s o t r o p i c  and 

I n  t h i s  c h a r a c t e r i s t i c  

For t h i s  
6 diagram, t h e  c o n d u c t i v i t y  c o n t r a s t s  body/ r h a l f  space o f  10 and 100 and depth 
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The e f f ec t  of re la t ive ly  t h i n  conducting 

of burial varying for  0.5 units t o  3 units are  considered. 

ations and the horizontal projection of the t a r @  with respect t o  the bipoles are  

identical  t o  those shown in Figures 2a and 2 b .  

and 6a ,  6 b  t h a t ,  depending on the distance and orientation of the bipoles,  the 

amplitude and location of the spurious closed highs vary, thus resul t ing in 

considerable variation in t h e i r  corresponding A . 1  measure. 

The transmitter or ient-  

I t  i s  evident from Figures 4a ,  4b 

The curves shown in Figure 9 indicate t h a t  the peak t o  peak anomaly observed 

with a bipole-dipole map ( f o r  the perpendicular or ientatat ion of the t ransmit ter)  

in generally higher than t h a t  obtained for  the col l inear  dipole-dipole, for  the 

same model. 

i f  a higher A.I .  in the overall map i s  combined with a high degree of la te ra l  

resolution, so tha t  the ta rge t  location and dimensions could be eas i ly  interpreted.  

From the anomaly patterns i l l u s t r a t ed  thus f a r ,  i t  i s  apparent tha t  the col l inear  

dipole-dipole array i s  superior in t h i s  regard. 

I n  practical  implementation, however, a technique would be best suited 

overburden layers over the standard 

Effect of Conductive Overburden Layers 

conductive shallow inhomogeneity located close t o  the bipoles i s  i l l u s t r a t ed  in 

Figures 10a and lob, fo r  the perpendicular anti paral le l  orientations of the 

bipole,respectively.  

thickness i s  0.125 of the bipole length used. I I n  the v ic in i ty  of the bipoles,  the 

The overburden layer re  i s t i v i t y  i s  10 ohm m and the layer 

typical response from two-layered earth models is seen fo r  bo th  or ientat ions.  

A comparison w i t h  Figures 2a and 2 b ,  however,l indicates t h a t  even fo r  the shallow 

depth of burial and close proximity of the t a  get  t o  the bipoles, the associated 

low r e s i s t i v i t y  contours a re  reduced in ampli ude and broadened. With the presence 
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of the overburden layer, the parallel  orientation of the bipole seems t o  yield 

a be t te r  def ini t ion of the ta rge t  location. The la te ra l  location of the ta rge t  

as indicated by the 40 ohm m closed contour in both maps i s  poorly defined. 

The apparent conductance maps for th i s  model a re  shown i n  Figures l l a  and 

l l b ,  fo r  the two bipole orientations.  

r e a l i s t i c  fo r  these layered models, no diagnostic pattern emerges. 

bipole configuration there i s  an associated conductance high close t o  the surface 

projection of the conductive ta rge t .  

While the conductance concept i s  more 

For the parallel  

Coll inear dipole-dipole response: 

The response of the 2 uni t  x 2 uni t  conductor located a t  a depth of 1 uni t  below 

the surface and overlain by a conductive overburden layer of thickness 0.25 km and 

in t r in s i c  r e s i s t i v i t y  of 10 ohm m y  i s  i l l u s t r a t ed  in the pseudo-section shown in 

Figure 12 .  

indicate the  typical two-layered responses. Over the region of the ta rge t ,  i t s  

location and l a t e ra l  bounds a re  well defined. The re la t ive  r e s i s t i v i t y  high occur- 

ring a t  large dipole-separation in the center of the section indicates the f i n i t e  

depth extent of the conductive ta rge t .  

enables easy interpretat ion fo r  b o t h  the location of the ta rge t  and the resolution 

of the overburden layer conductivity and thickness. 

The patterns in the pseudo-section away from the l a t e ra l  inhomogeneity 

The typical pseudo-section pat tern,  thus 

In the course of t h i s  study many other simple block models were simulated. 

Using a 2 unit  x 2 unit  conductive block a t  a d e p t h  of one uni t ,  the bipole-dipole 

mapping method showed poor detection capabi l i ty  ( i . e . ,  A.I. measures of less  than 

5%) i n  the following cases: 

1 )  for  horizontal distances between the block and the transmitter i n  excess of 6 uni ts .  

2 )  f o r  overburden layer thicknesses in excess of 0.5 uni ts ,  with overburden’layer 

conductivity 10 times tha t  of the lower half space. 



-15- 

Another example of the inherent ambiguity of the bipole-dipole maps i s  the 

comparison of the buried conductive block of Figure 6a with a buried conductive 

quarter space, (Figure 13) .  Not only a re  the patterns fo r  these two radical ly  

d i f f e ren t  models qui te  s imilar ,  b u t  the range of the apparent r e s i s t i v i t i e s  

i s  very nearly the same. The apparent r e s i s t i v i t y  gradients for  b o t h  models in 

the r igh t  half of the section are a lso s imilar .  

All of these ambiguities are  simply explained by considering the variation 

t h a t  ex is t s  along s ingle  diagonals in the dipole-dipole pseudo-sections. 

these represents the apparent r e s i s t i v i t y  observed in sections col l inear  with a 

s ingle  bipole location. 

from two spec i f ic  transmitter locations,  T1 and T 2 ,  shown in Figure 8 (buried 

block pseudo-section) and Figure 14 (buried quarter space pseudo-section) , 

respectively. 

each t ransmit ter  a re  s imilar  and give no clue as t o  the t rue conductivity s t ruc ture .  

Of course, the for tui tous a d d i t i o n  of a second bipole transmitter could reduce 

t h i s  ambiguity, b u t  - a p r io r i  information would be required fo r  optimum f i e l d  

location of t h i s  transmitter.  The dipole-dipole pseudo-sections resolve these 

models very we1 1 .  

Each of 

To i l l u s t r a t e  t h i s  e f f ec t  we can consider the diagonals 

The apparent r e s i s t i v i t i e s  along the diagonals t o  the r igh t  of 

In an attempt t o  reduce the bipole-dipole d a t a  t o  a more interpretable  form, 

we investigated the e f fec ts  of subtracting assumed half-space o r  layered half-  

space models from models containing inhomogeneities. I n i t i a l l y ,  i t  seemed 

reasonable t h a t  anomalies from buried e l ec t r i ca l  inhomogeneities could be 

enhanced i f  we were t o  f i r s t  calculate  the anomaly fo r  the estimated layered 

s t ruc ture  and subtract  t h i s  from the observed data. 

t e s t  t h i s  concept i s  shown i n  Figure 15. 

e f f ec t  of a rectangular inhomogeneity buried beneath an overburden layer when 

energized by the perpendicular bipole. 

An example of e f fo r t s  t o  

The upper map (Figure 15a) shows the 

After subtracting the calculated e f f ec t  
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of the layering only (Figure 15b) we obtained the so-called residual anomaly 

shown in Figure 15c. 

and in fact has the pattern of a buried conductive quarter-space (see Figure 13). 

Attempts to interpret residual maps for more complicated geology met with even 

less success. 

Figure 15c is not indicative of a bounded inhomogeneity 

Comparative Response patterns over more Complex Geologic Sections 

The response patterns have been presented for a single conductive inhomogeneity 

with and without the presence of a conductive overburden. It is generally observed 

that even for the simplest geometries, the bipole-dipole map has highly complex, 

non-definitive, patterns of apparent resistivity and conductance. 

sub-surface inhomogeneity, 

are obtained depending on the location and orientation of the transmitting bipoles. 

For the identical 

conflicting overlays of apparent resistivity patterns 

In order to evaluate the practical effectiveness of the bipole-dipole and 

dipole-dipole techniques in an area of geothermal potential, where the geologic 

section is often considerably more comp ex, the methods were applied to two hypo- 

thetical Central Nevada Basin-and-Range type electrical cross-sections. Structure 

A (Figure 16) shows the electrical sect on 

(Figure 17) is the same section with a postulated geothermal reservoir of dimension 

1.5 km x 3.0 km and resistivity 1 ohm m. 

of a typical valley and Structure B 

The pseudo-section plots of the apparent resistivity responses obtained 

from the models structure A and structure B are shown in Figures 18 and 19, 

respectively. 

Figure 16) are clearly seen. 

relatively flat and uniform pattern at dipole-separations up to N = 5, indicates a 

In Figure 18, the location of the bounding range faults (shown in 

In the central part of the pseudo-section, the 



-1 7-  

l aye red  v a l l e y  s t r u c t u r e .  The pseudo-section i n  F i g u r e  19 a l s o  i n d i c a t e s  t h e  

bounding f a u l t s  w i t h  good r e s o l u t i o n ,  b u t  t he  p a t t e r n  i n  t h e  c e n t r a l  p a r t ,  a t  

d i p o l e  separa t ions  2 t o  10, shows a zone o f  r e l a t i v e l y  low apparent r e s i s t i v i t y  

i n d i c a t i n g  t h e  presence o f  a l a r g e ,  bounded conduct ive  zone a t  depth. 

comparison o f  t h e  8 ohm m contour  o f  F i g u r e  19 and t h e  13 ohm m. con tour  o f  

F igu re  18 shows t h a t  one c o u l d  i n f e r  t h e  l o c a t i o n  o f  t h e  l o w - r e s i s t i v i t y  

r e s e r v o i r  zone i n  F i g u r e  19 w i t h o u t  p r i o r  knowledge o f  t h e  v a l l e y  s t r u c t u r e .  

4 

A 

B i p o l e - d i p o l e  mapping responses, c a l c u l a t e d  i n  terms o f  apparent r e s i s t i v i t y  

and conductance, a re  g i ven  f o r  both s t r u c t u r e s  A and B .  

l o c a t i o n s ,  cen tered  a t  x = -3.5 and x = +3.5 (F igures  16, 17) , were chosen. 

A t  each l o c a t i o n ,  t r a n s m i t t i n g  b i p o l e s  approximately 2 km i n  l e n g t h  were o r i e n t e d  

a t  angles 0' , 45' , 90 

r e s i s t i v i t y  and conductance maps w i t h  t h e  exac t  l o c a t i o n  and o r i e n t a t i o n s  o f  t h e  

b i p o l e  sources a re  i l l u s t r a t e d  i n  F igures  20 t o  27 f o r  s t r u c t u r e  A and i n  F igures  

28 t o  35 f o r  s t r u c t u r e  B ( w i t h  t h e  pos tu la ted  r e s e r v o i r  zone). 

Cur ren t  b i p o l e s  a t  two 

0 0 
and 135 t o  t h e  s t r i k e  o f  t h e  sec t i on .  The apparent 

A comparat ive s tudy  o f  these maps i n d i c a t e s  a l a y e r e d  sub-sec t ion  ve ry  c l o s e  

t o  t h e  c u r r e n t  e lec t rodes ,  f o r  t h e  p a r a l l e l  and pe rpend icu la r  o r i e n t a t i o n  o f  t h e  

b ipo les .  The range f r o n t  con tac ts  w i t h  l a r g e  r e s i s t i v i t y  c o n t r a s t s  a re  o u t l i n e d  

r a t h e r  w e l l  by t h e  b i p o l e  o r i e n t e d  p a r a l l e l  t o  t h e  s t r i k e .  For any o t h e r  

azimuthal  o r i e n t a t i o n  o f  t h e  b i p o l e ,  e i t h e r  e a s t  o r  west o f  t h e  cen te r  of t h e  

sec t i on ,  t h e  f a u l t  con tac t  l o c a t e d  f a r t h e r  away i s  more c l e a r l y  seen. 

o f  t h e  nearer  ( t o  t h e  t r a n s m i t t e r )  c o n t a c t  i s  s u b t l e  f o r  t h e  pe rpend icu la r  

o r i e n t a t i o n  and o f t e n  obscured f o r  azimuthal  angles o f  45' o r  1359. 

t h e  basement i n  t h e  c e n t r a l  p a r t  o f  t h e  v a l l e y  i s  e l e c t r i c a l l y  r e s i s t i v e ,  no 

The e f fec t  

Al though 

d e f i n i t i v e  p a t t e r n  emerges i n  t h e  conductance maps t o  es t ima te  basement depth 

w i t h  good r e s o l u t i o n .  
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A comparison o f  t h e  responses i n  t h e  s e t s  o f  F igures  20-27 w i t h  those i n  

F igu re  28-35 does n o t  i n d i c a t e  a sharp change i n  t h e  r e s i s t i v i t y ,  o r  r e v e a l  

d i a g n o s t i c  r e s i s t i v i t y  o r  conductance p a t t e r n  changes t h a t  can be used t o  determine 

t h e  l o c a t i o n  o f  t h e  l a r g e  low r e s i s t i v i t y  r e s e r v o i r  zone. 

p a t t e r n s  a r e  v i r t u a l l y  t h e  same and o n l y  w i t h  an a - p r i o r i  knowledge o f  s t r u c t u r e  

A, cou ld  t h e  s u b t l e  changes i n  t h e  low values o f  r e s i s t i v i t y  maps i n  t h e  c e n t r a l  

p a r t  be c o r r e l a t e d  w i t h  t h e  presence o f  t h e  conduct ive  r e s e r v o i r  zone. 

The two s e t s  o f  

Conclusions 

Based on analyses o f  t h e  models i n c l u d e d  i n  t h i s  r e p o r t  and on a wide v a r i e t y  

o f  models which we have used i n  at tempts t o  model f i e l d  data,  t h e  f o l l o w i n g  

concl  us i ons may be drawn : 

1 )  M u l t i p l e  sources are r e q u i r e d  t o  determine t h e  subsurface r e s i s t i v i t y  

d i s t r i b u t i o n  w i t h  t h e  b i p o l e - d i p o l e  c o n f i g u r a t i o n .  

g a i n  i n  i n f o r m a t i o n  as t h e  number o f  sources approaches t h a t  o f  a complete 

d i p o l e - d i p o l e  pseudo-section. 

r a d i c a l l y  d i f f e r e n t  models do n o t ,  i n  general ,  appear f rom o n l y  two 

t r a n s m i t t e r  p o s i t i o n .  

The b i p o l e - d i p o l e  method appears t o  be e f f e c t i v e  f o r  l o c a t i n g  sha l low 

bounded conduct ive  t a r g e t s ,  e s p e c i a l l y  i f  these t a r g e t s  a r e  w i t h i n  two o r  

t h r e e  b i p o l e  l eng ths  f rom t h e  t r a n s m i t t e r .  

The b i p o l e - d i p o l e  method i s  good f o r  l o c a t i n g  ou tc ropp ing  d i kes  or  contac ts ,  

f o r  any o r i e n t a t i o n  o f  t h e  b ipo le ,  and e s p e c i a l l y  a t  l a r g e  d is tances  from 

t h e  t r a n s m i t t e r .  

Conductive overburden seve re l y  supresses t h e  anomalies f rom conduct ive  

inhomogeneit ies. 

There i s  a cons tan t  

D e f i n i t i v e  p a t t e r n s  r e q u i r e d  t o  d i f f e r e n t i a t e  

2) 

3)  

4) 

Pat te rns  f o r  anomaly r e c o g n i t i o n  o f  l a t e r a l  inhomogeneit ies 
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are n o t  def in i t ive  even for  multiple sources. 

5) Except when located i n  very close proximity of the bipole, the bipole-dipole 

maps show extremely poor resolution i n  defining the w i d t h  and the depth 

extents of bounded inhomogeneities. 

6)  Surface inhomogeneities contribute large d is tor t ions  with bipole-dipole 

maps. 

d i f fe ren t ia t ion  of these features .  

The di pole-di pole pseudo-secti ons a1 1 ow recogni t i  on and some 

7 )  Except for  some very simple geometries, bipole-dipole maps f o r  varying 

bi pol e or ientat ions ( ro ta t ions)  present 1 i t t l  e additional informati on. 

8) The subt le  difference i n  apparent r e s i s t i v i t y  maps t h a t  characterize d i f fe ren t  

conductivity 

dipoles . 
9 )  In view of the requirements o f  multiple transmitters and a h i g h  density of 

receiver dipoles i t  i s  n o t  c lear  tha t  the bipole-dipole technique can offer  

any cost  advantages over spot Schlumberger soundings or se l ec t  dipole- 

dipole prof i les .  

s t ructures  would require a very high density of receiving 

10)  For the models s t u d i e d ,  h i g h  conductances corresponded genera l ly  w i t h  low 

The patterns of the conductance maps did not add apparent r e s i s t i v i t i e s .  

any diagnostic information. 

11) Except i n  very special geologic se t t i ngs ,  e .g . ,  outcropping f a u l t s  and dykes, 

the effectiveness of the bipole-dipole technique as a reconnaissance mapping 

tool for  the location of conductive zones i s  very poor. 
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Li s t of Figures 

Figure 1 - The electrode arrangements for a) the collinear dipole-dipole and 

b) the bi pol e-di pol e mapping conf i gurati ons . 
Figure 2 - Bipole-dipole apparent resistivity maps over a single, shallow 

inhomogeneity with the current bipole oriented a) perpendicular, and 

b) parallel to the strike. 

Figure 3 - Bipole-dipole apparent conductance 
inhomogeneity with the current bipole or 

b) parallel to the strike. 

Figure 4 - Bipole-dipole apparent resistivity 

maps over a single, 

ented a) perpendicu 

shallow 

ar, and 

maps over a single, shallow, 

distant inhomogeneity , with the current bi pol e oriented a) perpendi cul ar , 

and b) parallel to the strike. 

Figure 5 - Bipole-dipole apparent conductance maps over a single, shallow, 

distant inhomogeneity with the current bipole oriented a) perpendicular 

and b) parallel to the strike. 

Figure 6 - Bipole-dipole apparent resistivity maps over a single, 

inhomogeneity with the current bipole or 

b) parallel to the strike. 

Figure 7 - Bipole-dipole apparent conductance 

ented a) perpendicu 

maps over a single, 

deep 

ar and 

deep 

inhomogeneity with the current bipole oriented a )  perpendicular and 

b )  parallel to the strike. 

Figure 8 - The dipole-dipole pseudo-sections over a single inhomogeneity located 

at a depth o f  burial o f  a) 1 unit and b) 2 units. 

Figure 9 - Characteristic diagram o f  the anomaly index vs. depths of burial of 

single block-shaped inhomogeneities for the bipole-dipole and the dipole 

dipole configurations. 
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Figure 10 - Bipole-dipole apparent r e s i s t i v i t y  maps over a s ingle ,  shallow 

inhomogeneity w i t h  a conductive overburden with the current bipole oriented 

a )  perpendicular and  b )  parallel  t o  the s t r i k e .  

Figure 11  - Bipole-dipole apparent conductance maps over a s ing le ,  shallow 

inhomogeneity with a conductive overburden with a current bipole oriented 

a )  perpendicular and b )  paral le l  t o  the s t r ike .  

Figure 1 2  - Dipole-dipole apparent r e s i s t i v i t y  pseudo-section over a s ing le ,  

shallow inhomogeneity with a conductive overburden. 

Figure 13 - Bipole-dipole apparent r e s i s t i v i t y  map over a buried conductive quarter-  

space with the current bipole perpendicular t o  the s t r ike .  

Figure 14 - Dipole-dipole apparent r e s i s t i v i t y  pseudo-section over a buried con- 

ductive quarter-space. 

Figure 15  - Bipole-dipole apparent r e s i s t i v i t y  maps a )  over a conductive inhomo- 

geneity w i t h  a conductive overburden layer ,  b )  over the two-layered ear th ,  

and c )  the residual with the current bipole oriented paral le l  t o  the s t r i k e .  

Figure 16 - A r e s i s t i v i t y  cross-section o f  a typ cal North Central Nevada Valley 

section (Structure A ) .  

F i g u r e  17 - A r e s i s t i v i t y  cross-section o f  a typical North Central Nevada Valley 

section w i t h  a hypothes2zed conductive zone (Structure B ) .  

Figure 18 - Dipole-dipole apparent r e s i s t i v i t y  pseudo-section over the valley 

s t ructure  A. 

Figure 19 - Dipole-dipole apparent r e s i s t i v i t y  pseudo-section over the valley 

s t ruc ture  B .  

with 

para 

Figure 21 

with 

Figure 20 - Bipole-dipole apparent r e s i s t i v i t y  maps over the valley s t ruc ture  A 

the current bipole a t  (-3.5,O) and oriented a )  perpendicular, and b )  

le1 t o  the s t r i k e  direct ion.  

- Bipole-dipole apparent conductance maps over the valley s t ructure  A 

the current bipole a t  (-3.5,O) and oriented a )  perpendicular and b )  
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paral le l  to  the s t r i k e  direct ion.  

Figure 2 2  - Dipole-dipole apparent r e s i s t i v i t y  maps over the valley s t ruc ture  A 

w i t h  the current bipole located a t  (-3.5,O) and oriented a t  a )  45 degrees, 

and b )  135 degrees t o  the s t r i k e  direct ion.  

Figure 23 - Bipole-dipole apparent conductance maps over the valley s t ruc ture  A 

w i t h  current bipole located a t  (-3.5,O) and oriented a t  a )  45 degrees and b )  

135 degrees t o  the s t r i k e  direct ion.  

Figure 24 - Bipole-dipole apparent r e s i s t i v i t y  maps over the valley s t ruc ture  A 

w i t h  the current bipole located a t  (+3.5,0) and oriented a )  perpendicular, and 

b )  paral le l  t o  the s t r i k e  direct ion.  

Figure 25 - Bipole-dipole apparent conductance maps over the valley s t ruc ture  A w i th  

the  current bipole located a t  (+3.5,0) and oriented a )  perpendicular, and 

b )  paral le l  t o  the s t r i k e  direct ion.  

Figure 26 - Bipole-dipole apparent r e s i s t i v i t y  maps over the valley s t ructure  A w i t h  

the current bipole located a t  (+3.5,0) and oriented a t  a )  45 degrees and b )  

135 degrees t o  the s t r i k e  direct ion.  

Figure 27 - Bipole-dipole apparent conductance maps over the valley s t ruc ture  A 

with the current bipole located a t  (+3.5,0) and oriented a t  a )  45 degrees 

and b )  135 degrees t o  the s t r i k e  direct ion.  

Figure 28 - Bipole-dipole apparent r e s i s t i v i t y  maps over the valley s t ruc ture  B 

w i t h  the current bipole a t  (-3.5,O) and oriented a )  perpendicular and b )  

paral le l  t o  the s t r i k e  direct ion.  

Figure 29 - Bipole-dipole apparent conductance maps over the valley s t ructure  B 

w i t h  the current bipole a t  (-3.5,O) and oriented a )  perpendicular and b )  

paral le l  t o  the s t r i k e  direction. 

Figure 30 - Bipole-dipole apparent r e s i s t i v i t y  maps over the valley s t ruc ture  B 

w i t h  the current bipole located a t  (-3.5,O) and oriented a t  a )  45 degrees 

and b )  135 degrees t o  the s t r i k e  direct ion.  
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Figure 31 - Bipole-dipole apparent conductance maps over the valley s t ructure  B 

w i t h  the current bipole located a t  (-3.5,O) and oriented a t  a) 45 degrees 

and b )  135 degrees t o  the s t r i k e  direction. 

Figure 32 - Bipole-dipole apparent r e s i s t i v i t y  maps over the valley s t ruc ture  B 

w i t h  the current bipole located a t  (+3.5,0) and oriented a )  perpendicular 

and b) paral le l  t o  the strike direct ion.  

Figure 33 - Bipole-dipole apparent conductance maps over the valley s t ruc ture  B 

w i t h  the current bipole located a t  (+3.5,0) and oriented a )  perpendicular 

and b )  paral le l  t o  the strike direct ion.  

Figure 34 - Bipole-dipole apparent r e s i s t i v i t y  maps over the valley s t ruc ture  B 

w i t h  the current bipole located a t  (+3.5,0)  and oriented a t  a )  45 degrees 

and b )  135 degrees t o  the s t r i k e  direction. 

Figure 35 - Bipole-dip0 e apparent conductance maps over the valley s t ructure  B 

w i t h  the current b pole located a t  (+3.5,0) and oriented a t  a )  45 degrees 

and b )  135 degrees t o  the s t r i k e  direction. 
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(a) COLLINEAR DIPOLE-DIPOLE CONFIGURATION 
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BIPOLE- DIPOLE CONFIGURATION 
APPARENT RESIST IV ITY MAP 
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Figure 2 
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8 I POL E - DI POLE CONFIGURATION 
APPARENT RESISTIVITY M A P  
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Figure 4 
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BIPOLE -DIPOLE CONFIGURATION 
APPARENT CONDUCTANCE MAP 
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BIPOLE - DIPOLE CONFIGURATION 
APPARENT RESISTIVITY MAP 

TRANSMITTER I I  TO STRIKE 
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Figure 6 
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BI POLE- DIPOLE CONFIGURATION 
APPARENT CONDUCTANCE MAP 

DISTANCE ALONG X-AXIS 
-I 0 -5 0 5 
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Figure 7 
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DIPOLE- DIPOLE CONFIGURATION OF ELECTRODES 
APPARENT RESISTIVITY PSEUDO- SECTION 
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BIPOLE- DIPOLE CONFIGURATION 
APPARENT RESISTIVITY MAP 
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Figure 10 
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BIPCLE - DIPOLE CONFIGURATION 
APPARENT CONDUCTANCE MAP 
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Figure 11 



DIPOLE - DIPOLE CONFIGURATION OF ELECTRODES 
APPARENT RES l S T l  V lTY  PSEUDO - SECT ION 
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