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This report was prepared to document work sponsored by the United States 

Government. Neither the United States nor i t s  agent, the United States 

Department o f  Energy, nor any Federal employees, nor any o f  their 

w contractors, subcontractors or their employees, makes any warranty, express 
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ABSTRACT 

We have studied the bipole-dipole responses of three-dimensional (3D). 

1 
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INTRODUCTION 

2 

The bipole-dipole method is a technique for rapidly mapping the areal 

d i s t r ibu t ion  of electrical resistivity. 

geothermal exploration i n  the past b u t  has fallen out of favor because the 

apparent resistivity patterns are usually complex and difficult  t o  

interpret. 

is an efficient means of mapping re 
terrain, because the transmitter can be placed a t  an easily accessible 

location and only the receiver moved. This  increased efficiency is gained, 

of course, a t  t he  expense o f  resolution. 

Examples of  the successful appl 

I t  has been used extensively i n  

If the data can be interpreted though, the bipole-dipole method 

given by Risk e t  ai. (1970), Keller e t  al. ( 

Jiracek and Smith (1976), and Meidav (1979). 

9 Stanley e t  a1 (1976) 9 

nterpretat ion have been 

dikes (Keller e t  a1 . , 
general 2D models (Dey and Morrison, 1977). In an attempt t o  circumvent 

etat  ion probl ems, Kel 1 e nd Furgerson (1977) used a rotat ing bipole 

n (1976) developed 

from an inherent lack of resolution, the main limitation o f  the 

l e  method has been a lack of realist ic interpretational mod 
> 

Hence, t o  gain interpretation ins ight ,  w 

solution is capable o f  

at reasonable computer costs. With  i t  
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models and have interpreted data from a geothermal prospect using an 

i nteracti ve computer terminal . 
In this report we briefly discuss the numerical modeling technique, 

and then elucidate important aspects o f  apparent resistivity patterns for a 

series of 3D models. Finally, we present the results of interactive 

interpretation of bipole-dipole data from the Las Alturas Estates 

geothermal prospect i n  New Mexico. 

W 
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id METHOD OF CALCULATION 
rcr 

The integral equation solution t h a t  we used t o  simulate the 

bipole-di pol e response of three-dimensional bodies has been described by 

Hohmann (1975). The integral equation is formulated by replacing an 

inhomogeneity by a volume of polarization currents. The polarization 

current is found via the method of moments w i t h  pulse basis functions and 

delta weight functions. Then the secondary electric field a t  the surface 

of the earth is obtained by u t i l i z i n g  the appropriate half-space dyadic 

Green's function and treating the polarization current as the source of the 

c! 

W 

YL! secondary field . 
Because i t  is necessary t o  solve for the polarization current only i n  

the inhomogeneity, the integral equation method i s  well suited t o  

evaluating a field technique us ing  simple prism models. However, the 

computer program also can be used t o  interpret da ta  interactively i n  term 

of a number of prisms. he cubic cells i n t o  which the 

prisms are divided can be made large a t  depth t o  reduce computer time. 

w 

In 
Y 

Figure 1 shows t h  imple model geomet 

, containing a d prism w i t h  resistivity Y 

ns are depth D, 

risms can be 

ong them can 

rike length L ,  and depth 

f they are fa r  enough 

reduce computer time, 
- 

V 

s a grounded wire t t s  i n  length, while 

V s a pair  o f  short, orthogonal 

u calculations we assume t h a t  the receiver measures orthogonal electrical 

fie1 d components a t  a p o i n t  . 
Y 
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u f i e l d  components a t  a point. 
Y 

Apparent r e s i s t i v i t y  i s  based on the t o t a l  e l e c t r i c  f i e l d ,  obtained by 

adding the orthogonal components vector i  a1 l y  . Any two a r b i t r a r y  f i e 1  d 

d i rect ions can also be used t o  obtain the t o t a l  f ie ld .  For a homogeneous 

earth having r e s i s t i v i t y  p ,  the  x and y components o f  e l e c t r i c  f i e l d  a t  the 

receiver i n  Figure 1 are given by 

U 

x - x2 x - x1 
{ I 3/21 (1 1 Ex - 2r 

- PI 
3/2 r oc - X 1 l 2  .+ (y - Y$ 

Y 

- 

Y - Y2 Y - Y1 
3/2) (2) 

W 

Z G Q  
Y 

r 

Thus the t o t a l  e l e c t r i c  f i e l d  i s  given by 

E = (Ex 2 + Ey) 2 T/2 = - P I  27l (9, 2 + Qy). 2 i / 2  (3) Y 

and the apparent r e s i s t i v i t y  i s  given by 

(4 
* 

orage l i m i t a t i o n  on the Uni v 

ime i s  neg l ig ib le  

components of the computer t i 
v 

W 

'y 
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hi factorization, and calculation of the secondary field (on a 15x15 grid f o r  
w 

Figure 2) .  

Convergence checks and comparisons with other numerical solutions 

w (Hohmann, 1975) indicate that  the results are valid. 

Y 
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THEORETICAL MODELS 

looking a t  apparent resistivity response i n  terms of Our  integral  
equation solut ion provides a valuable intuitive feeling f o r  bipole-dipole 

CI’ anomalies. The measured potent ia l  is the sum of two potent ia ls :  primary 

and secondary. The primary potential  is what would be measured if  the 

ear th  were homogeneous, whereas the secondary potential  represents the 

w contribution from the inhomogeneity. The secondary potent ia l  o r ig ina tes  a t  

polar izat ion dipoles d i s t r i b u t e d  throughout the body o r ,  equivalently,  a t  

surface charges on the body. For a conductive body the polar izat ion 

dipoles  a re  oriented i n  roughly the same d i rec t ion  a s  the primary f ie ld ,  a s  

shown i n  Figure 3. For a resistive body the dipoles are oriented i n  t h e  

opposite d i  rection . 

0 

cr, 
An apparent resistivity low is t o  be expected er a conductive body 

where the secondary field i s  i n  the opp 

field, a s  shown i n  Figure 3. Furthermore, we expect an apparent 

r e s i s t i v i t y  h i g h  beyond t h  
Y 

ody from the transmit , because the 

s the incident field. The 

u 
ent resi sti v i  t y  

Figure 3 a l so  ind ica tes  the condi t io  W 

component of electric field normal t o  a resistivity discontinuity.  Hence, w 

w 

Y 
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L r e s i s t i v i t y  boundaries normal t o  the primary f i e l d  w i l l  be be t te r  resolved 

than boundaries para1 le1  t o  the  primary f i e ld .  
J 

Referring t o  Figure 1, we see tha t  the important parameters t o  be 

U analyzed i n  a 30 model study are the t ransmi t ter  o r ien ta t ion  and pos i t ion  

along w i th  the depth, width, length, depth extent, and r e s i s t i v i t y  contrast 

o f  the  body. 

changes i n  these parameters on the b i  pol e-di pol e response pat tern . The 

e f fec ts  o f  width and length are i l l u s t r a t e d  by comparing the  responses of 

square and rectangular bodies and by studying two-prism model s. 

In the fo l lowing series o f  models we show the  e f fec ts  of 

Y 

~ 

W 
Except where stated otherwise, the  background r e s i  s t i  v i  t y  i s  100 

ohm-m, while the body r e s i s t i v i t y  i s  10 ohm-m, The t ransmi t ter  b ipo le i s  2 

un i t s  long and, except where ated otherwise, the depth of the  body i s  one 

u n i t  . The square body (WxLxDE), whi le the dimensions 

o f  the rectangular body rrows show t h e ' d i r e c t i o n  of the 

t o t a l  e l e c t r i c  f i e l d .  arks the t ransmi t ter  loca t ion  

f o r  each apparent r e s i s t j v i t y  map, 

Y 

Y 

t ransmi t t e r  

the body i s  be t te r  res r e  the e l e c t r i c  f i e l d  w 

n by the arrows. The 

or ientat ion,  but the changes i n  the pos i t ion  and amplitude o f  the 4y 

r 



. 

9 ._ 

pol a r i  zat i on high are much more notabl e . Pol a r i  z a t i  on h i  ghs are 

necessari ly adjacent t o  the  steepest gradients on the  maps. 

As i l l u s t r a t e d  i n  Figures 4 and 5, b ipo le o r ien ta t ion  can affect the  

response i n  a misleading way. For example, as shown by Figure 46, 

elongated contours do not necessari ly imply an elongated body. However, 30 

in te rpre ta t ion  models should enable one t o  cope with these ef fects.  

B i  pol e Posi t ion 

Fortunately, changing t nce between the b ipo le and the body 

0 does not have a great i m  response, as shown by Figure 6. The 

n one t ransmi t ter  electrode i s  placed 

Y 
Figure 7 i l l u s t r a  he effect of changing the 

* As expected, the  pat tern 

changes with b ipo le  posi t ion,  3D modeling should al low one t o  i n te rp re t  
V 

such data. 

u9 
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t * 
gure 9 shows the ef fec of t ransmi t ter  distance for  a rectangular 

body. Again, distance does not have a great impact unless an electrode i s  

W located over the body. 

Figures 10 and 11 i l l u s t r a t e  the e f f e c t  o f  b ipo le pos i t ion  on the  

a rectangular body w i th  the b ipo le or iented perpendicular and 

t o  the long axis o f  t The response pat tern 

r a s t i c a l l y  w i th  b ipo le pos i t ion  and ion, which is  one 

le-d ipo le data have been so misleading and d i f f i c u l t  t o  
yr, 

Y a rectangular body. As w 

Y 

W 
8 



11 
contrasts: 

drawn from these figures. F i r s t ,  changing the  r e s i s t i v i t y  contrast  mainly 

changes the amplitude o f  the anomaly; the pat tern changes very l i t t l e .  

Second, the " fa lse" po la r iza t ion  highs associated w i th  conductive bodies 

of ten have greater amplitude than " rea l "  highs over r e s i s t i v e  bodies. And 

f i n a l l y ,  as comparison o f  Figure 13A with 15A and 14A wi th  16A shows, i t  i s  

d i f f i c u l t  t o  d is t ingu ish  the e f fec ts  o f  r e s t i v i t y  contrast  and depth. 

= 0.01, 0.1, 10, and 100. Three major conclusions may be 

Depth Extent 

Depth extent 1s d i f f i c u l t  t o  determine. Even w i th  higher resolut ion 
e l e c t r i c a l  techniques such as use o f  the  dipole-dipole array. Figures 17 

and 18 show b i  pol e-di pol e anomal i e s  f o r  square and rectangular prisms , 
respectively, w i th  depth extents o f  1, 2, 3 ,  and 4 uni ts.  An important 

observation i s  that ,  although the apparent r e s i s t i v i t y  low changes very 

l i t t l e  w i th  depth extent, the pos i t ion  and amplitude o f  t he  po la r iza t ion  

high changes s ign i f i can t ly .  

t o  estimate depth extent and 

the f i e l d .  

Small Bodies 

i s t i c  may enable the  i n te rp re te r  

ides incent ive for  co l l ec t i ng  such data i n  

Figures 19 and 20 i l l u s t r a t e  the  responses of small square and 

rectangular bodies. They should be compared w i th  F i  7, 10, and 11 for 

Compl ex 8od i es 

lnhomogenei t i es the earth are, o f  course, more 

simple models we have considered i n  Figures 4-20. The major purpose of 



bi  pol e-di pol e work i s t o  del i neate the boundaries of a rb i t ra ry  conducti ve 

bodies. Figure 21 i l lustrates the resolution one would achieve for a body 

composed of the conductive square and rectangular bodies considered above. 

I 

Note first that the actual outline of the body is  more apparent when 

the transmitter bipole is oriented parallel t o  the long axis  of the 

rectangular body (Figures 218, D) . Because the anomaly pattern changes 

w i t h  bi pol e orientation, techniques such as the quadri pol e method suggested 

by Doicin (1976) or the rotating dipole method (Keller apd Furgerson, 1977) 

which uti l ize more than one bipole orientation may be necessary fo r  

qualitative interpretations. However, these methods require more time for 

data collection . 
. 

As expected, resolution is better f o  

e), t h u s  emphasizing t h a t  the real forte o 

del i neat i ng the areal extent of shall ow conductive zones . 
i PO1 e-di PO1 e method s 

Final ly ,  Figure 22 he resol u t i  on of combi ned shall ow 

conduct i ve and resi s t  i ve 

ositioned between the bipole and a co 

es are well resolved and, comparing F 

ve body of interest. 

t h a t  the anomal 

resistive body. 

s not greatly altered by the 

onduct i ve bod 

the anomaly due 

However, the conductor effectively scr ve body SO t h a t  i t  
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produces only a negligible anomaly. The response i s  less than that of an 

identical isolated body which i s  deeper (Figure 1%). 
a 



Y 

L, FIELD EXAMPLE 
Y 

14 

To i l l u s t r a t e  the  u t i l i t y  o f  the three-dimensional in tegra l  equation . 

method i n  the in te rpre ta t ion  o f  actual bipole-dipole f i e l d  data, we present 

an example from a geothermal prospect i n  New Mexico. Figure 23 i s  a base 

map o f  the Las Al turas Estates area on the east side o f  the Rio Grande 

Valley near Las Cruces, New Mexico. The proximity o f  New Mexico State 

Universi ty t o  the domestic wel ls producing warm water (35' t o  450 c) from a 

shallow depth ( 100m) motivated deta i led e lec t r i ca l  r e s i s t i v i t y  explorat ion 

o f  the prospect . 
used i n  addi t ion t o  b i  pol e-di pol e mappi ng . Three b i  pol e-di pol e 

t ransmit ters were employed i n  the reconnai ance of the geothermal 

reservoir.  The longest b ipo le used one o f  the hot wel ls  as an electrode 

(Figure 23); the other two bipoles were located east o f  the hot wel ls and 

south o f  Tortugas Mountain (Figure 23). 

v 

Y 

Schl umberger soundi ngs and d i  pol e-di pol e p ro f  i 1 es were 
Y 

W 

Y The two t o t a l  f i e l d  apparent r e s i s t  i t y  maps generated from the 

h exceed 30 km2 area d are presented i n  Figures 24 and shorter b i  pol es 

25. The b ipo le  o f  Figure 24 onducti ve zone 

whi le both electrodes o f  the b i  

conductor. I n  these d maps, regions of Pa less 

than 60 ohm-m are shaded by a d 

u t e r  of Figure 25 are over the 

w t Las Al turas Estates 

(1977) and analyzed by S 

presented by Jiracek and 

Counci 1 Meet i ng . U 

U 

\ 
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A conductive region (<a ohm-m) marks the area o f  the  hot ~ ~ 1 1 s  i n  

both Figures 24 and 25. This zone i s  sharply c i r c u  

pat tern 060 ohm-m), especial ly i n  Figure 24, on t h  

sides o f  the survey area. A separate conductive b 

of Tortugas Mountain. Three-dimensional modeling was applied i n te rac t i ve l y  

t o  these resu l t s  t o  determine t o  what extent the  observed patterns re f l ec t  

the t rue  subsurface r e s i s t i v i t y  d i s t r i bu t i on ,  i.e., the areal extent o f  the 

sha l l  ow geothermal reservo i r  

3 d 

i s  mapped northeast 
v 

113 

a plan view o the  30 model used t o  approximate the 

conductive geothermal reservoir.  This model was defined from the combined 

Schl umberger and d i  pol e-di p d 20 modeling and by a comparison of 

the observed bipole-dipole with theoret ica l  resu l t s  (Figures 

4-22). The reservo i r  i s  approxima 

i s  100 m deep (D) and 500 m th i ck  

and width ( W )  of 2.5 km 

tone. The more complex 

conductive slab i n  Figu 

Mountain and i t s  

0 

a slab of 10 ohm-m mater ia l  which 

The body has a length (L) of 6 km 

e conductive 

W 

u 

esi  s t i  ve 1 imestone o f  Tortugas 

t o  the south. The f ina l  t 

half-space of 75 ohm-m. 

p t  t o  d e t a i l  e i t h e r  

Y 
t o  the northeast 

W 

b This i s  more evident when comparing Figures 24 and 27. It 1s apparent t h a t  

Y 



3 

t the actual body is wider than the 2.5-km body mbdeled and may extend 
farther t o  the south. However, the 60 ohm-m contour may be considered as 

very near ly  ou t l in ing  the body. Again, we emphasize t ha t  no attempt was 

made t o  model the regions near the b ipote  electrodes which reflect shallow 

resistivity var ia t ions .  Our main interest has been i n  d u p l i c a t i n g  the 

major pa t t e rns  of the field results using a l l  ava i l ab le  cons t r a in t s ,  e.g., 

Schl u&erger, d i  pol e-di pol e, and d r i  11 i ng rgsul t s  . 

w 

v 

w 

Notice t h a t  the conductiv zone i s  not near ly  SO well-defined i n  

Figures 25 and 28. Theoretical models, such a s  those i n  Figure 8, expose 

the difficulty i n  del inea t ing  conductive boundaries when both electrodes 

a r e  placed over the body. This is the case  w i t h  the NS bipole  transmitter 

a t  Las Al turas  Es ta tes .  The nearly EW b ipo le  source i n  Figures 24 and 27 

has a more desirable configuration, w i t h  only one e l ec t rode  over the body; 

better delineation of the anomaly would have been accomplished w i t h  both 

0 

W 

ources well removed from the body. The important problem of  proper 

ing of the b ipole  sources away from the conductive t a r g e t  can be 
u 

solved by l imi ted  detailed surveying. exampl e, by d i  pol e-di pol 
\ 

i l f n g ,  prior t o  bipol f doing some 

i s  cont ra ry  t o  the 
&I2 

i pol e-di pol e re 

e: s 24 through 28 we a r e  able t o  estimate 

thermal anomaly t o  be 3 km the area l  ex ten t  of the shal  
i n  EW ex ten t  and thermore, the domestic hot wells 

Y a r e  located on the the eas t e rn  edge of the 

reserVOi r cod ncides  w i t h  the western margin of Tortugas Mountain . These L J  

Y 



L observat ions a r e  confirmed by the two d i  pol e-di pol e prof i 1 es (Ji racek and 

Gerety, 1978) and suggest a westward d ipping  f a u l t  along the western side 

of Tortugas Mountain w i t h  an extension t o  the south. T h i s  has been 

hypotheslsed ( J i racek  and GeretY, 1978) a s  the c i r c u l a t i o n  zone for 

geothermal f l u i d s  recharging the conductive r e se rvo i r  a t  Las A1 t u r a s  
Es t a t e s  . ! 

U 

W , 

W Recently (C. Swanberg and P. Morgan, personal communications, 1979) 

six 30-m thermal gradient holes and two'deeper (305 and 366m) test  holes 

have been drilled i n t o  the Las Alturas  Es ta tes  anomaly. The results show 

increased temperature grad ien ts  eastward over the anomaly toward Tortugas 

Mountain cons i s t en t  w i t h  the i n t e r p r e t a t i o n  of the geothermal source along 

W 

western f lank o f  t h  a r e  90* C/km on the west side 

of the conductive body and ex 

mountai n. The h i  ghest 

the e a s t  side 

C/km i n  the upper 30 m toward the w 

u 
prevented any d Mountain. Funds t o  use 

t h e  Las Alturas 

New Mexico S t a t  

ace heat ing port ions o f  

&id 

W 
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