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1. INTRODUCTION 

COMPUTER PROGRAM FOR CALCULATING THEORETICAL CURVES AND 
IT'S APPLICATION TO VES DATA IN GEOTHERMAL AREAS 

Keisuke USHIJIMA and Kazuo USHIJIMA 

FACULTY OF ENGINEERING, KYUSHU UNIVERSITY 36 

I n  o r d e r  t o  i n t e r p r e t  Vertical  E l e c -  
t r i ca l  Soundings (VES) data ob ta ined  i n  
geothermal a r e a s ,  a complete curve match- 
i n g  method may be used on the c o n d i t i o n  
tha t  t h e  subsu r face  of  t h e  a r e a  is a hor-  
i z o n t a l l y  layered  s t r u c t u r e .  For this 
purpose,  s e v e r a l  albums of t h e o r e t i c a l  
curves  have been pub l i shed  by many au- 
t h o r s ,  for i n s t a n c e ,  Mooney and Wetzel 
(19561, La Compagnie Generale  de Geophy- 
s i q u e  (1955) , Orellana and Mooney (1966) , 
E.A.E.G. (1969) and others. However, 
these albums a r e  f r e q u e n t l y  inadequa te  
f o r  i n t e r p r e t i n g  f i e l d  curves  when sev-  
eral  l a y e r s  are p r e s e n t .  They are appli-  
cable when the depth ra t io  of the bedrock 
t o  the t h i c k n e s s  of the overburden is n o t  
g r e a t e r  than  30. This means t h a t  it i s  
impossible  to recognize t he  deepest 
s t r u c t u r e  i f  the  t h i c k n e s s  of the  f i r s t  
l a y e r  is n o t  g r e a t  enough. I n  a geother- 
m a l  f i e l d  survey,  it is u s u a l l y  encount- 
ered that the t h i c k n e s s  of the f i r s t  
l a y e r  is of few meters and t h e  depth t o  
the bedrock is g r e a t e r  t h a n  1000 meters. 
This i s  the reason why a s e t  of theoret- 
i c a l  curves  having a maximum depth ra t io  
of 300 o r  500 must be c a l c u l a t e d .  The  
development of these c u r v e s  requires t h e  
computations of the exact appa ren t  re- 
s i s t i v i t i e s  f o r  l a r g e  e l e c t r o d e  s e p a r a t -  
i o n s  b u t  t h e s e  produce many d i f f i c u l t i e s  
i n  the numerical c a l c u l a t i o n .  

two programsr PSH-A (1977a) and PSH-B 
(1977b) ,  w r i t t e n  i n  FORTRAN t o  compute 
t h e o r e t i c a l  curves  f o r  Wenner and 
Schluinberger e l e c t r o d e  arrangements.  
These programs have been developed u s i n g  
a large s c a l e  computer (FACOM 230-458) 
but they are so small i n  s i z e  t h a t  a geo- 
p h y s i c i s t  can e a s i l y  make use of t h e m  on 
a mini-computer. 

The authors  'have a l r e a d y  p u b l i s h e d  

This paper d e s c r i b e s  the PSH-B pro- 
gram and i t ' s  p r a c t i c a l  a p p l i c a t i o n  t o  
t h e  VES curves ob ta ined  i n  Otake (Lines 
LO and LS) and Takenoyu (Lines  M1 and M2) 
geothermal fields of Japan. 

JAPAN 

2. ALGORITHM OF THE PROGRAM 

The appa ren t  r e s i s t i v i t y  formulas  f o r  

(1) 

Wenner and Schlumberger arrangements a r e  

paw = f, f I .c j o t  2 A ( Z ) f w C A # Z ) I  

where Pr = r e s i s t i v i t y  of the f i r s t  l a y e r ,  
a = e l e c t r o d e  s e p a r a t i o n  f o r  Wenner array, 
s = electrode s e p a r a t i o n  for Schlumberger 
' a r r ay ,  A ( i )  = the i - t h  c o e f f i c i e n t  of 
series expansion of the  k e r n e l  f u n c t i o n ,  
f w ( a , i )  and f s ( s , i )  = the d i s t a n c e  f a c t o r s  
expres sed  r e s p e c t i v e l y  as 

Sas zI 9, I 1 + A= 3 8 A ( i ) f a  CS r :  I\  ( 2 )  

f w c a ,  2 )=aL t?4!4+;'+Cp-~2+&q ( 3)  

( 4 )  

The summations of the eqs.(l) and ( 2 )  
are computed up t o  a finite term. The 
error produced by t r u n c a t i n g  t h e  series 
a f t e r  N terms is es t ima ted  by Mooney e t .  
a l .  (1966) According t o  their  r e s u l t ,  
this e r r o r  is no g r e a t e r  than  s S / 8 N 2  f o r  
Schlumberger a r r a y  . 

I n  order t o  minimize the e r r o r s  pro- 
duced d u r i n g  the summation process  of t h e  
equa t ion  ( 3 ) ,  it is better t o  rewrite as 

The c o e f f i c i e n t s  A ( i )  can be o b t a i n e d  

A ( ~ ) J  PI.+! - g s A  ti-& t r )  ( 6 )  

r e c u r r e n t l y  (Argelo, 1967) : 
fl-t 

&=2 
where ha-/= depth t o  t h e  bedrock, p;+r 9) are f u n c t i o n s  of the  r e f l e c t i o n  coeffi- 
c i e n t s  ki = (Q+I - J'i ) / ( $ d + f ~  ) and they 
a r e  determined from t h e  r e c u r s i o n  formula 
for n- layer  case  ( F l a t h e ,  1955):  

j 7 )  

w i t h  u = exp(-2A), A =  s e p a r a t i o n  c o n s t a n t .  

( 8 )  Since  PI ( u )  = 0 ,  Q l ( u )  = 1 
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eqs.  ( 7 )  can be expqessed as 

Therefore  th&abparent and r e l a t i v e  
r e s i s t i v i t i e s  can be ca l cu la t ed  using equa- 
t i o n s  ( 4 )  8 ( 5 )  and ( 6 ) .  

3. COMPUTER PROGRAM PSH 

Argelo (1967) and Onodera (1969)  have 
a l ready  publ i shed  computer program which 
compute apparent  r e s i s t i v i t y  curves for a 
genera l  n- layer  case. These programs are 
w r i t t e n  i n  ALGOL. 

The PSH program i s  w r i t t e n  i n  FORTRAN. 
It i s  s p e c i a l l y  designed no t  to  occupy 
a l a r g e  memory and not  t o  consume much 
t i m e ,  so t h a t  f i e l d  engineer can c a l c u l a t e  
t h e o r e t i c a l  curves  by using a mini- 
computer. The PSH-A program has t h e  fo l -  
lowing f e a t u r e s :  
(1) The computations a r e  done i n  s i n g l e  
p rec i s ion  a r i t hme t i c .  
( 2 )  The maximum number of polynomial coef- 
f i c i e n t s  i s  l i m i t e d  to 300. 
( 3 )  The summation process i n  equat ions (1) 
and ( 2 )  is stopped when t h e  following 
condi t ion  is f u l l f i l l e d :  

AfikAJ = 0.00001* J?L ( 1 0 )  
where APaEl i s  the d i f f e rence  between t h e  
l a tes t  c a l c u l a t e d  apparent r e s i s t i v i t y  
( f o r  N t e r m s )  and the preceding one ( f o r  

N-1  terms), fi is t h e  la tes t  ca l cu la t ed  
apparent  r e s i s t i v i t y .  

The convergence of the sums of eqs.  
(1) and (2) is fast  f o r  s m a l l  e l ec t rode  
separa t ion .  For  some models which con- 
verges  f a s t ,  t h e  PSH-A program is  very 
adequate because the condi t ion (10 )  is 
soon s a t i s f i e d .  However t h e  VES curves 
obtained i n  geothermal areas do not  show 
these  c h a r a c t e r i s t i c s ,  so t h a t ,  t h e  calcu- 
l a t i o n s  a r e  o f t e n  performed t o  the  maximum 
number of terms (N=300). Therefore in.  
o rde r  to  avoid  t h e  waste of t i m e  requi red  
by t h e  cond i t ion  ( l o ) ,  t h e  test s ta tement  
of PSH-A program should be removed. T h i s  
modif icated program is  c a l l e d  PSH-B (see 
Appendix) and it f inds  i t s  main app l i ca t ion  
t o  the i n t e r p r e t a t i o n  of VES curves obtain-  
ed i n  geothermal a reas .  I t  has  t h e  follw- 
ing  f e a t u r e s  : 
(1) I t  is  ope ra t ed  i n  a s i n g l e  p rec i s ion  
a r i t h m e t i c  ( 7  decimal d i g i t s  i n  length  on 
FACOM 230-45s computer) 
( 2 )  I t  has  n o t  test  s ta tement  given by the 
condi t ion  (10) # so t h a t  the number of 
polynomial c o e f f i c i e n t s  is always f i x e d  t o  
300. 
(3) Array v a r i a b l e s  i n  t h e  DIMENSION s t a t e -  
ment (see Appendix) can be f r e e l y  redimen- 
s ioned to  a large e x t e n t  depending on t h e  

d i f f i c u l t y  of convergence and the  computer 
capac i ty  . 
( 4 )  The computer output c o n s i s t s  of  55 
values  of r e l a t i v e  and apparent  resist- 
i v i t i e s ,  c a l c u l a t e d  for 55 f ixed  va lues  of 
e l ec t rode  sepa ra t ions  given to  t h e  program 
using DATA s ta tements  
( 5 )  A l l  t h i ckness  of a mul t ip l e  l a y e r  must 
be an i n t e g e r  value.  

All executab le  s ta tements  i n  t h e  PSH- 
B program are accompanied by execut ion 
numbers which are generated by FORTRAN 
Program Dynamic Analyzing system (Fujimura 
and Ushi j i m a  19 76 . This execut ion p r o f i l e  
shows t h a t  t h e  t o t a l  computing t i m e  is 
mainly dependent on the  execut ions of eq. 
( 6 )  8 which is propor t iona l  to N' and on t h e  
execut ions of eqs. (1) and ( 2 )  which are 
propor t iona l  t o  N. The former corresponds 
t o  44850 execut ions  which is nea r ly  equal  
to 3 0 0 f / 2  w h i l e  t h e  l a t te r  corresponds to 
16500 = 300 x 55 executions.  

I n  many case s t u d i e s ,  t h e  total t i m e  
requi red  f o r  computing one set  of Wenner 
and Schlumberger curves is 1 4  seconds for 
N = 300 and 6 0  seconds for  N = 1000 on 
FACOM 230-45s. Since t h e  consumption of 
s to rage  memory is d i r e c t l y  p ropor t iona l  to 
t h e  number of terms only,  it does-not mean 
a se r ious  problem. 

I n  o rde r  to keep t h e  accuracy, t h e  
va r i ab le s  RWO and RSO which store the sums 
of t h e  power series, a r e  dec lared  i n  double 
prec i s s ion  a r i t hme t i c .  However, i t  i s  
asce r t a ined  t h a t  f o r  many cases, t h i s  dec- 
l a r a t i o n  is  not necessary.  

As a l r eady  pointed out, t he  PSH-B 
program can be d i r e c t l y  executed on a mini- 
computer. Actua l ly ,  it w a s  tested on some 
mini-computers. For example, f o r  a mult i -  
p l e  l aye r  model, the t o t a l  computing t i m e  
w a s  53 seconds when it was run on a mini- 
computer, FACOM U-200L8 which has  a f-loat- 
i n g  po in t  ari thmetic system i n t e r n a l l y  i n  
the machine and about 9 minutes on another  
mini-computer, OKITAC-4300b8 where the 
f l o a t i n g  p o i n t  a r i t hme t i c  is c a r r i e d  o u t  
by subrout ines .  

4 .  APPLICATION OF PSH-B TO FIELD DATA 

The PSH-B program was appl ied  to 35 
VES curves ob ta ined  i n  Otake a rea  (Oi ta  
p re fec tu re )  and 29 VES curves obta ined  i n  
Takenoyu area (Kumamoto p re fec tu re )  both 
i n  Kyushu I s l a n d .  

4 .1 .  CLASSIFICATION OF VES CURVES 

The f i e l d  VES curves can be c l a s s i f i e d  
according t o  t h e i r  shape by t h e  use of fou r  
types  of t h r e e  l a y e r  curves: type H(PI 7 Qt 
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< S 1, type  K (  f, < R 7 W ,  type  A(P, <pa 
< fs 1 and type Q (  Fr > f a  7 PS 1 . The  resume 

of the  c l a s s i f i c a t i o n  is shown i n  Figure 1, 
where it i s  a l s o  found t h a t  t y p i c a l  VES 
curves observed i n  geothermal a reas  a r e  of 
type H for three- layer  case, types KH and 
QH f o r  four- layer  case and types  AKH, KHA, 
KQH, HKH, QHA, QQH f o r  f ive- layer  case. 

' O F  
OTAKE LO Line 

5l I 

0 + 
' O F  

TAHENOYU M1 Line 
lo I 

TAHENOYU M2 Line 

I 

c3 

Fig. 1. C l a s s i f i c a t i o n  of V8S curves 

In  Otake a rea ,  it i s  not iced  t h a t  73 
% of the  t o t a l  curves are of types H, KH 
and QH on t h e  surveying l i n e  LO and 76 % 
of the  t o t a l  on t h e  l i n e  L5. However, i n  
Takenoyu a rea ,  the number of QH type curves 
decreases while t h a t  of HKH type does not  
e x i s t .  Such a c l a s s i f i c a t i o n  might be 
very he lp fu l  and convenient f o r  comparing 
geothermal areas .  

4.2.  RESULTS OF APPLICATION 

It  w a s  found t h a t  56 of t h e  6 4  VES 
curves show good shapes.  The remaining 
8 VES curves ,  which a r e  fou r  of t h e  type 
KH, one of the type HA and one of the  type 
QH, and t w o  of the  type KQH, showed a very 
bad shape of the  apparent  r e s i s t i v i t y  
curve f o r  l a rge  e l ec t rode  separa t ions .  
The program was appl ied to  t h e s e  8 curves 
increas ing  the  number of t e r m s  from 400 up 
t o  1000. Af te r  these  t r i a l s ,  it was con- 
cluded t h a t  N = 1000 gave t h e  most s a t i s -  
factory r e s u l t s .  

Ushi j ima 
4.3. INTERPRETATION PROCEDURES 

In  o rde r  t o  apply t h e  PSH-B program 
f o r  i n t e r p r e t i n g  VES curves obtained a t  
geothermal area, t h e  following procedures 
a r e  recommended. 
(1) In  o rde r  t o  de tec t  f a u l t s  and horizont- 
a l  s t r u c t u r e s ,  obtain the  ho r i zon ta l  re- 
s i s t i v i t y  mapping curves from t h e  VES data .  
( 2 )  Make co r rec t ions  on t h e  VES curves i f  
necessary,  then  they can be i n t e r p r e t e d  by 
conventional methods, f o r  ins tance ,  using 
t h e  p a r t i a l  curve matching method by means 
of t h e  two l a y e r  standard curves and an 
a u x i l l i a r y  curve.  Then rough est imat ions 
of t h e  r e s i s t i v i t i e s ,  number and thick-  
nesses  of t h e  l aye r s  can be done. 
( 3 )  Input  t h e  estimated va lues  of l aye r  
parameters t o  PSH-B program then theoret-  
ical  curves are obtained. The f i e l d  VES 
d a t a  a r e  then  compared wi th  t h e  new curves 
and r e in t e rp re t ed .  
( 4 )  I f  good agreements are n o t  reached, 
the procedure (3) is repea ted  u n t i l  good 
f i t s  between t h e  t h e o r e t i c a l  and f i e l d  
curves a r e  obtained . 
( 5 )  The determined subsurface s t r u c t u r e s  
a r e  then drawn i n  the  topographic sec t ion  
of t h e  surveying l i n e .  
(6) The subsur face  s t r u c t u r e s  that ind i -  
c a t e  the p o s s i b l e  ex is tence  of geothermal 
r e se rvo i r s  a r e  decided t ak ing  i n  consider- 
a t i o n s  of va r ious  f ac to r s  a f f e c t i n g  the  
r e s i s t i v i t y  va lues  . 
5 .  CONCLUDING REMARKS 

PSH-B program which compute t h e  ap- 
pa ren t  and r e l a t i v e  r e s i s t i v i t i e s  f o r  a 
mul t ip le  l a y e r  mode1 was presented and it 
was appl ied t o  6 4  VES curves  obtained i n  
Otake and Takenoyu geothermal a reas .  I t  
produced good t h e o r e t i c a l  curves  for 56 
cases, by on ly  using 300 t e r m s .  For the 
remaining 8 cases, acceptab le  curves were 
obtained w i t h  t he  s l i g h t  modi f ica t ion  of 
increas ing  t h e  maximum number of t e r m s  of 
polynomials t o  N = 1000 .  

The t o t a l  computing t i m e  f o r  t he  6 4  
curves w a s  6 4  x 1 4  seconds + 8 x 60 sec- 
onds = 23 minutes. 

With t h e s e  r e s u l t s ,  it is poss ib le  to  
conclude t h a t  the PSH-B program can be ap- 
p l i e d  t o  t h e  i n t e r p r e t a t i o n  of the  VES 
curves obta ined  i n  geothermal a reas .  
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