
PRDCUDINCS, tenth Worbhop 00 Caotherul Reservoir Kngineering 
Stanford University, Stanford, California, January 22-24. 1985 
SCP-T-84 

ACOUSTIC AND ELECTRICAL PROPERTIES OF MEXICAN GEOTHERMAL ROCK SAMPLES 

E.A. Contreras l  and M.S. King2 

l I n s t i t u t o  de Inves t igaciones  Electricas, I n t e r i o r  In ternado Palmira 
Cuernavaca, Mexico 

2Lawrence Berkeley Laboratory,  Univers i ty  of Ca l i fo rn ia  
Berkeley, U.S.A. 

In t roduc t ion  

The i n t e r p r e t a t i o n  of geophysical  w e l l  
logs  r equ i r e s  e s t ab l i shed  r e l a t i o n s h i p s  be- 
tween t h e  pet rophysica l  p rope r t i e s  of t y p i c a l  
r e s e r v o i r  rocks. Laboratory and borehole log  
s t u d i e s  [Archie, 1947; Wgllie et  al., 1956; 
Geertsma, 1961; King, 1966; Carothers,  19681 
i n d i c a t e  a s t rong  dependence of acous t i c  velo-  
c i t i e s  and electrical resistivity on t h e  poro- 
s i t y  and s ta te  of f l u i d  s a t u r a t i o n  of porous 
rocks. E f fec t s  of temperature, s tate  of 
stress and pore t e x t u r e  have a l s o  been demon- 
s t r a t e d  t o  be s i g n i f i c a n t .  

shear-wave v e l o c i t i e s  have been measured on a 
s u i t e  of ten sandstone samples obtained from 
w e l l s  i n  t h e  Cerro P r i e t o  geothermal f i e l d  and 
on two rock samples from o the r  Mexican geo- 
thermal f i e l d s .  The samples were t e s t e d  i n  
both t h e i r  dry and f u l l y  br ine- satura ted  
states a t  u n i a x i a l  stresses t o  15 MPa. Elec- 
t r i c a l  resistivities and associa ted  phase 
angles  have been measured on t h e  same core 
samples a s  a func t ion  of frequency i n  t h e  
range 10 Hz t o  lo5 Ez under drained condi t ions  
a t  hydros t a t i c  confining stresses t o  10 MPa. 
The e l e c t r i c a l  p r o p e r t i e s  were measured on 
samples t e s t ed  i n  t h e i r  f u l l y  s a t u r a t e d  state,  
us ing b r ines  of two d i f f e r e n t  concentra t ions .  

A comprehensive summary of the  e x i s t i n g  
information on l abora to  ry-measured petrophys- 
i c a l  p r o p e r t i e s  of sandstones from t h e  Cerro 
P r i e t o  geothermal f i e l d  has been presented by 
Contreras et al. (1984). The summary i nc ludes  
s e c t i o n s  on bulk dens i ty ,  po ros i ty ,  f l u i d  
permeabi l i ty ,  bulk and pore  compress ib i l i ty ,  
thermal expansion and conduct iv i ty ,  acous t i c  
v e l o c i t i e s ,  and electrical resistivity. 

The methods used i n  t h i s  study f o r  speci-  
men p repa ra t ion  and s a t u r a t i o n  wi th  b r i n e  have 
been discussed by King (1983, 1984). The 
f i r s t - p u l s e  arrival technique f o r  measuring 
t h e  acous t i c  v e l o c i t i e s  under d i f f e r e n t  states 
of stress has  been described by King (1970, 
1983).. The two-electrode technique used i n  
t h i s  study f o r  determining t h e  electrical 
p rope r t i e s  as a func t ion  of frequency under 
d i f f e r e n t  states of stress has  been described 
by King (19771, and by Pandit  and King (1979). 
The sample p o r o s i t i e s  were ca l cu la t ed  from t h e  
test specimen dimensions, weights d r y  and 
f u l l y  br ine- satura ted ,  and the  b r i n e  densi ty .  

In  t h i s  s tudy,  acous t i c  compressional and 

Resu l t s  and Discussion 

Compressional and shear-wavt$ v e l o c i t i e s  
were both observed t o  inc rease  4 t h  an 
i nc rease  i n  aldal stress, with the v e l o c i t y  
inc reases  more pronounced when t h e  samples 
were dry.  Although s a t u r a t i n g  the samples 
wi th  b r i n e  r e su l t ed  in higher  coepressional-  
w a v e  v e l o c i t i e s ,  t h e  shear-wave J e l o c i t i e s  i n  
most cases remained c lose  in value t o  those 
measured dry. Typical  r e s u l t s  f d r  two of t h e  
Samples t e s t e d  have been reported by Contreras  
e t  al. (1984). 

A r e l a t i o n s h i p  of t he  form l/Vp - A + BO, 
between compressional wave velocf$y (Vp) and 
po ros i ty  (4 )  f o r  s a tu ra t ed  sandsdone rocks, 
wi th  A and B constants ,  is prediqted  both  by 
t h e  empir ica l  time-average equatiron proposed 
by Wyllie e t  a1 (1956) and by one developed 
t h e o r e t i c a l l y  by Geertsma (1961)- Figure  1 
s h o w  rec ip roca l  Vp, measured wiqh specimens 
f u l l y  br ine- satura ted  a t  an axia& stress of 
10 MPa, as a func t ion  of 0. A r e l a t i o n s h i p  of 
t h e  form given above f i t s  t h e  daqa w e l l ,  wi th  
t h e  i n t e r c e p t  A y i e l d i n g  Vp - 5590 m / s  f o r  t h e  
s o l i d  rock matr ix  material, as eldpected f o r  
quar tz .  

E l e c t r i c a l  resistivities f o e  t h e  brine- 
s a t u r a t e d  specimens f i r s t  showed a small 
decrease as t h e  frequency was indreased; t h e  
resis t ivi ties then decreased aey* t o  t i c a l l y  t o  
constant  va lues  a t  f requencies  above 200 Hz. 
Contreras  e t  al .  (1984) have repolrted t h e  
r e s u l t s  f o r  two of the  samples tebted;  t hese  
are t y p i c a l  of t h e  remainder. M*sured phase 
angles  were always less than So, u c e p t  those  
f o r  f requencies  less than 200 Hz. The low 
frequency behavior observed f o r  r l e s i s t iv i ty  
and phase angles is probably due t o  e l ec t rode  1 

cussed by Pandit  and King (1979). Small 
i nc reases  in r e s i s t i v f t y  were obsErved over 
t h e  whole range of f requencies  f o  an inc rease  
i n  hydros t a t i c  stress, as shown b& Contreras 
et al. (1984) f o r  two of the  sampkes. Forma- ' 
t i o n  f a c t o r s  (F) ca lcu la t ed  from t h e  resist- 
ivities measured wi th  t h e  specime@s sa tu ra t ed  ' 
with  b r i n e s  of two d i f f e r e n t  concentra t ions  
showed a small inc rease  with an ipc rease  i n  
b r i n e  concentration.  This behavior is prob- 
ab ly  due t o  t h e  lesser importance of the  
e f f e c t  of mineral  su r face  conduct iv i ty  a s  the  
b r ine  s a t u r a n t  r e s i s t i v i t y  decreaaed. 

p o l a r i z a t i o n  e f f e c t s ;  t hese  have been d i s -  I 

l 
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Figure 1. Reciprocal  of compressionalwave v e l o c i t y  as a funct ion 
of poros i ty .  

An empirical r e l a t i o n s h i p  of t h e  form 
F - 1/42,  r e l a t i n g  t h e  formation f a c t o r  and 
po ros i ty  f o r  porous rocks, has  been proposed 
by Archie (1947) and discussed by Keller and 
Fr ischnecht  (1966). This r e l a t i o n s h i p  has 
been demonstrated t o  hold f o r  a wide range of 
rock. types ,  inc luding those  of l o w  po ros i ty  
[Brace et  a l . ,  1965; Gonten and Whiting, 19671. 
Figure  2 shows r ec ip roca l  F1/2, with specimens 
f u l l y  s a t u r a t e d  wi th  b r i n e  of r e s i s t i v i t y  
0.1146 nm and under a hydros t a t i c  stress of 
10 ma, as a func t ion  of 4 .  Archie's rela- 
t ionsh ip  is  seen t o  be v a l i d  f o r  t h e  s u i t e  of 
samples t e s t ed .  

experimentally t h a t ,  f o r  sandstones of d i f f e r-  
e n t  p o r o s i t i e s ,  compressional wave v e l o c i t i e s  

Wyllie e t  al .  (1958) have demonstrated 

measured under u n i a x i a l  stress qondi t ions  a r e  
very  c l o s e  i n  magnitude t o  those  measured on 
the same specimen under s i m i l a r  ihydros t a t ic  
stress condi t ions .  Figure 3 s h w s  r ec ip roca l  
Vp, with specimens b r i n e  sa turaued under an  
axial stress of 10 MPa, p l o t t e d  as a func t ion  
of r ec ip roca l  F1/2, with s p e c i q n s  brine-satu- 
r a t e d  under a hydros t a t i c  stresd of 10 MPa. 
The c o r r e l a t i o n  between t h e  two parameters I s  
good - 
Conclusions 

It is concluded t h a t  t h e  cqmpressional- 
wave v e l o c i t y  and e l e c t r i c a l  r e + s t l v i t y  of 
br ine- satura ted  porous rock saqles  from t h e  
Mexican geothermal f i e l d s  c o r r e l a t e  w e l l  w i t h  
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Figure 2.  Reciprocal  of P112 as a func t ion  of poros i ty .  

t h e i r  p o r o s i t i e s .  Provided t h e  brine-satura- 
t ed  samples are subjec ted  t o  t h e  same state of 
stress, t h e  compressional-vave v e l o c i t y  and 
e l e c t r i c a l  r e s i s t i v i t y  are w e l l  co r re l a t ed .  
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Figure 3. Reciprocal  of compressional wave v e l o c i t y  as a func t ion  
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