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ABSTRACT 

I n  a w e l l ,  a f t e r  an acous t i c  waveform has c i r -  
c u l a t e d  through the  sur round ing  porous media, 
t he  study o f  i t s  a l t e r a t i o n  can he lp  i n  eva- 
l u a t i n g  t h e i r  pe rmeab i l i t y .  

The t rea tment  o f  t he  acous t i c  compressional  
wave's f i r s t  t h ree  cyc les  y i e l d s  a unique 
parameter c a l l e d  I - c .  

The reco rd ing  o f  t h i s  I - c  l o g  a l l  a long any 
open h o l e  i n t e r v a l  i s  now p o s s i b l e  by respec- 
t i n g  some p r a c t i c a l  rules known by l o g g i n g  
companies. 

Large f lows o f  f l u i d  found i n  geothermal low- 
en tha lpy  opera t ions  have p rov ided  an 
o p p o r t u n i t y  t o  check the  v a l i d i t y  o f  t h i s  
method. 

Cumulative I - c  de r i ved  p e r m e a b i l i t y  wi th depth 
("EXAFLO" l o g )  c o r r e l a t e s  wi th the  f lowmeter 
l og ,  as examples w i l l  show. 

Some new aspects o f  t h e  theory  under l y ing  the  
I - c /pe rmeab i l i t y  r e l a t i o n s h i p  have been 
developed and are  descr ibed here. 

INTRODUCTION 

Geothermal resources are  now recovered by 
f l u i d s  c i r c u l a t i n g  through w e l l s  d r i l l e d  down 
t o  favourab le  porous permeable r e s e r v o i r s .  
Whatever the  exact process used f o r  c i r c u l a -  
t i o n  on the  s i t e  and f o r  t he  eng ineer ing  
requirements,  t he  p e r m e a b i l i t y  va lues  o f  t he  
rocks  crossed through have t o  be known by 
d i r e c t  or i n d i r e c t  measurements. A d i r e c t  
p e r m e a b i l i t y  measurement can be made i n  the  
l a b  on a core  taken from t h e  subsurface. Even 
i n  t h e  o v e r s i m p l i f i e d  case o f  an i n f i n i t e  
cont inuous homogeneous bed the  core  measu- 
rement va lue  i s  n o t  always equal  t o  t h e  
corresponding i n  s i t u  va lue  because f u l l  down- 
h o l e  c o n d i t i o n s  a re  d i f f i c u l t  t o  reproduce i n  
the  lab.  On the  con t ra ry  i f  determined by w e l l  
l o g g i n g  the  i n  s i t u  rock  p e r m e a b i l i t y  measu- 
rements w i l l  be r e p r e s e n t a t i v e  s ince  they are  
made on r a d i a l l y  con t inuous  media. Even 
borehole e f f e c t s  on p e r m e a b i l i t y  may be 
evaluated. 

Since w e l l  l o g g i n g  i s  performed a t  r e g u l a r  
depth i n t e r v a l s  i n  v e r t i c a l l y  heterogeneous 
media, the  corresponding volume o f  i n v e s t i g a -  
t i o n  i s  a l s o  heterogeneous. But a permeabi- 
l i t y  l o g  w i l l  i n t e g r a t e  v e r t i c a l l y  over lap-  
p i n g  values whose cont inuous v a r i a t i o n s  w i l l  
then r e f l e c t  a c t u a l  p e r m e a b i l i t y  v a r i a t i o n s  
b e t t e r  than a d i s c r e t e  core  measurement 
p r o f i l e .  O f  course the  d i r e c t i o n  a long which 
t h e  l ogg ing  measurement i s  made will have t o  
be speci  f i ed. 

A l o g g i n g  method s u i t e d  for  a p e r m e a b i l i t y  
measurement w i l l  s u r e l y  have t o  p u t  the  
va r ious  s a t u r a t i n g  f l u i d s  and the  m a t r i x  i n t o  
measurable r e l a t i v e  motion. To da te  n e i t h e r  
e l e c t r i c ,  nor  r a d i o a c t i v i t y  nor  nuc lea r  
magnetic resonance l o g s  can c rea te  a 
noteworthy r e l a t i v e  f l u i d s - m a t r i x  motion. 
Among a l l  o the r  a v a i l a b l e  l ogg ing  methods, 
acous t i cs  seems t o  be the  most ap t  f o r  
c r e a t i n g  and d e t e c t i n g  these r e l a t i v e  
motions. 

Produc t ion  l o g g i n g  t o o l s ,  such as the  sp inner  
f lowmeter ( i n  the  h i g h  p e r m e a b i l i t y  range) 
and sha le  i n d i c a t o r s  such as the  n a t u r a l  
gamma ray  l o g  ( i n  the  low pe rmeab i l i t y  range) 
w i l l  be u s e f u l  c a l i b r a t o r s  f o r  checking any 
v a l i d  p e r m e a b i l i t y  log. 

OJECTIVE 

We propose t o  study acous t i c  l o g s  de r i ved  
from body waves hav ing  t r a v e l e d  i n t o  the  
rocks  around t h e  borehole.  Surface waves have 
an undetermined ( i f  any) volume o f  
i n v e s t i g a t i o n  i n  the  rock  around the  boreho le  
and are, f o r  t h a t  reason, kep t  ou ts ide  the  
scope o f  our  paper. 

CURRENT ACOUSTIC LOGGING TOOLS 

A p ressure  wave is r e g u l a r l y  em i t ted  i n  the  
boreho le  l i q u i d  mud. I t  propagates by r e f r a c -  
t i o n  i n  t h e  sur round ing  media. Pressure 
s i g n a l s  a re  then reemi t ted  i n t o  the  mud and 
detected. 

P-wave v e l o c i t y  l o g g i n g  has been p r a c t i s e d  
s ince  ca.1950. S t a r t i n g  i n  1962 research  has 
been performed on the  wavetrains ob ta ined 
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w i t h  a number of  t o o l s .  S-wave v e l o c i t y  l o g s  
a re  now c u r r e n t l y  r u n  w i t h  long-spac ing  
t o o l s .  

The transducers a re  e i t h e r  m a g n e t o s t r i c t i v e  
s c r o l l s  or ceramic c y l i n d e r s  (1" t o  3" diame- 
t e r ) .  The waveforms are  rece ived  a t  a few 
f e e t  from the  t r a n s m i t t e r .  I n  view o f  t he  
w e l l  r a d i u s  (a  few inches)  and o f  the  spacing 
l e n g t h  (a  few f e e t ) ,  t ransducers  may be 
considered as p i n p o i n t  devices.  According t o  
t h e  t ransducer type, the  emi t ted  s i g n a l  modal 
frequency i s  comprised between 10  and 30 kHz. 
The s i g n a l  i s  recorded a t  about every h a l f -  
f o o t  o f  depth and d i g i t i z e d  a t  l e a s t  every 4 
microseconds. 

PtETHOD 

The successive s teps  o f  our  study w i l l  
comprise : 
1. A mathematical  modeling o f  t he  s i g n a l ,  

showing the  importance o f  c e r t a i n  parame- 
t e r s ,  

2. A p h y s i c a l  theory  a t tempt ing  t o  desc r ibe  
the  a c t u a l  permeable medium behaviour when 
t rave rsed  by an acous t i c  v i b r a t i o n ,  

3. A number o f  examples where l o g g i n g  vs. 
d i r e c t  pe rmeab i l i t y  comparisons a r e  shown. 

1. HATHEMATICAL MODEL 

Spot acous t i c  probes a re  p laced on the  a x i s  
o f  a l i q u i d - f i l l e d  c y l i n d e r  surrounded by an 
i n f i n i t e  e l a s t i c  s o l i d .  However t o  make the  
model more r e a l i s t i c ,  the  r e c e i v e r  may be, i n  
t h e  f o l l o w i n g  equat ions,  eccentered on the  
boreho le  s ide. Pe rmeab i l i t y  occurrence i n  the  
medium w i l l  be modeled by open f r a c t u r e s  w i t h  
g i ven  apertures.  

For t h i s  model complete fo rmal ism was 
developedby E. Conche(1) who quotes e a r l i e r  
l i t e r a t u r e  on the  t o p i c ( 2 ) .  

The wave induced dispLacement U obeys the  
Nav ie r  equat ions.  When U i s  w r i t t e n  i n  terms 
o f  p o t e n t i a l  the  wave equat ions  are  : 

+ 

wi th  9 z compression p o t e n t i a l  
V = P-wave v e l o c i t y  

P 

w i th  * shear p o t e n t i a l  
V 5-wave v e l o c i t y  

S 

I n  the  F o u r i e r  domain (frequency, wavenumber) 
t he  c y l i n d r i c a l  symmetry p rov ides  a 
s i m p l i f i c a t i o n  o f  these equat ions.  Bessel  
f unc t i ons  can supply the  a n a l y t i c a l  s o l u t i o n s  
t o  these equations. The source term i s  i n t r o -  
duced as the  P-wave d i r e c t  p ropagat ion  i n  the  
f l u i d ,  i .e .  a p a r t i c u l a r  s o l u t i o n .  

Boundary c o n d i t i o n s  expressed on t h e  c i r c u l a r  
we l lbore  h e l p  f i x  t h e  cons tan ts  i n  the  
s o l u t i o n s  : 
- r a d i a l  s t r e s s  and s t r a i n  c o n t i n u i t y ,  
- zero shear s t r e s s  on the  sur face  o f  t he  

we l lbore .  

The t r a n s f e r  f u n c t i o n  s imu la t i ng  the  rock i s  
thus ob ta ined a n a l y t i c a l l y .  When convolved 
w i t h  the  source s i g n a l  i t  w i l l  y i e l d  the  
s y n t h e t i c  seismogram. 

Study o f  t h e  P-rave rece ived  for a q iven  
source 

The concept o f  a s i n g l e  peak pressure pu lse  
( D i r a c )  as a source, i s  f i r s t  considered. 
A f t e r  such a peak has t r a v e l e d  i n  an 
a t t e n u a t i n g  medium, i t s  response w i l l  be a 
t y p i c a l  wavelet  decreasing w i t h  t ime, f i g .  1. 

s P  1 a t t e n u a t i o n  
inc reases  

~ t -  F ig .  1 t -  

Extens ion  o f  t h i s  concept t o  any v i b r a t o r y  
source s i g n a l  focuses a t t e n t i o n  on the  s lope 
o f  t he  f i r s t  ampl i tude. A p l a u s i b l e  s igna tu re  
based on a c t u a l  magne tos t r i c t i ve  s c r o l l  
records  w i l l  be found on f i g .  2-26 and used 
i n  the  r e s t  o f  our model. 

The e f f e c t  o f  a t t e n u a t i o n  on the  r e f r a c t e d  
P-wave i s  now the  problem t o  be solved. 

The parameter c h a r a c t e r i z i n g  the  P-wave 
s i g n a l  must be chosen so t h a t  they a re  unaf-  
f ec ted  by the  body wave in te r fe rences ,  i . e .  
p i cked  up e a r l y  enough i n  the  f i r s t  cyc les  o f  
t he  P-wave. 

We propose : 
- the  r i s e t i m e  ( f i g .  2-23), by d e f i n i t i o n  i t  
i s  the  r a t i o  of t he  f i r s t  ampl i tude va lue  
over the  s lope a t  t he  i n f l e x i o n  p o i n t  o f  the  
f i r s t  r i s i n g  branch o f  t he  s igna l ,  
- I - c  i ndex (3 )  ( f i g .  2-22), which i s  t he  
r a t i o  o f  t he  f i r s t  two i n f l e x i o n  slopes w i t h  
same p o l a r i t y  found on the  P-wave. 

These two parameters a re  ap t  t o  be a l t e r e d  by 
a t t e n u a t i o n  imposed on the  s igna l ,  which i n  
t u r n ,  i s  r e l a t e d ,  one way or another, t o  the  
p e r m e a b i l i t y  ( i f  any) o f  t he  medium. The same 
parameters cou ld  be ex t rac ted  from the  
S-wave, us ing  s p e c i a l  l ogg ing  t o o l s  and 
processes ( n o t  t r e a t e d  here) .  

An a t tenuat ion- f requency  r e l a t i o n s h i p  w i l l  
now be imposed on the  parameter c a l c u l a t i o n .  
The ampl i tude spec t ra  w i l l  a l s o  be computed. 
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R e s u l t s  : 

A Model with no i n t r i n s i c  a t t e n u a t i o n  : see 
colunm 0 on t h e  t a b l e  I 

B Model with a t t e n u a t i o n .  Here t h e  
a t t e n u a t i o n  is taken  as  an e x p o n e n t i a l  
f u n c t i o n  d e c r e a s i n g  wi th  t h e  s q u a r e  o f  
f requency.  

The absorbed energy is modeled as a re la t ive 
s o l i d - f l u i d  motion. The s i g n a l  makes t h e  
s o l i d  d r a g  t h e  v i s c o u s  f l u i d  a c t i n g  i n  V O I G T  
v i s c o u s - e l a s t i c  model and governed by t h e  
D A R C Y ' s  law. 

f r a c t u r e  a p e r t u r e  ( i n p )  0 

For t h e s e  s i g n a l s  t h e  q u a l i t y  f a c t o r  "Q" may 
be  w r i t t e n  a s  a f u n c t i o n  of  t h e  f r a c t u r e  
e q u i v a l e n t  a p e r t u r e  "1". 

100 200 300 

r i se  time ( i n  /..is) 

I-c ( d i m e n s i o n l e s s )  

6.6 7.4 11.2 16.3 

3.7 4.2 6.5 9.6 
I 

a t t e n u a t i o n  ( f i g ) ( 2 )  M(40)l(03) 
s i g n a l  ( f i g ) ( 2 )  (26)  I ( 4 2 )  i ( 4 5 )  ! ( & E )  I 

TABLE I 
Both risetime and I-c i n c r e a s e  wi th  f r a c t u r e  
a p e r t u r e s ,  i . e .  wi th  e q u i v a l e n t  permeabi- 
l i t i es .  

A q u i t e  c l o s e  model was used by Toksoz e t  a l .  
( 1 9 8 4 ) ( 4 )  i n  which every f a c t o r ,  such a s  
P-wave v e l o c i t y  and q u a l i t y  f a c t o r s  Qp and Qs 
were kept  c o n s t a n t ,  bu t  t h e  S-wave v e l o c i t y ,  
i .e. t h e  Poisson  c o e f f i c i e n t .  For a Poisson  
c o e f f i c i e n t  vary ing  from 0.22 t o  0.37, I-c 
remains p r a c t i c a l l y  unchanged ( 6  t o  7 ) .  T h i s  
s u g g e s t s  t h a t  I-c f o r  a g iven  a t t e n u a t i o n ,  
( i . e .  i n  t h e  model f o r  a g iven  p e r m e a b i l i t y )  
is l a r g e l y  independant  o f  any l i t h o l o g y  and 
p o r o s i t y  e f f e c t s .  

2. PHYSICAL THEORY 

Porosity 
A permeable medium always h a s  a c e r t a i n  poro- 
s i t y  though sometimes q u i t e  s m a l l  ( m  0.001) .  
I f  on ly  made up o f  - o n e - d i r e c t i o n a l  f r a c t u r e s  
t h e  p e r m e a b i l i t y  w i l l  vary from very l a r g e  i n  
t h e  f r a c t u r e  d i r e c t i o n  t o  a lmost  n i l  i n  a 
p e r p e n d i c u l a r  d i r e c t i o n .  

When t h e  f r a c t u r e s  have any d i r e c t i o n  or  when 
t h e  p o r o s i t y  is i n t e r g r a n u l a r ,  t h e  
p e r m e a b i l i t y  va lue  w i l l  be less  a f f e c t e d  by 
i t s  d i r e c t i o n .  

A microscopic  examinat ion shows t h a t  even a 
s o - c a l l e d  i n t e r g r a n u l a r  p o r o s i t y  is made up 
o f  vo ids  of any shape.  Thei r  dimension r a t i o s  
are r a t h e r  high a s  i n  f r a c t u r e s .  For t h e  
r e l a t i v e  s o l i d / f l u i d s  motion induced by 
a c o u s t i c  s i g n a l s ,  t h e  i n t e r g r a n u l a r  p o r o s i t y  
can t h u s  be cons idered  as an accumulat ion of  
random i n t e r c o n n e c t e d  f r a c t u r e s .  

Saturating fluids 

Water is t h e  b a s i c  f l u i d  impregnat ing t h e  
whole p o r o s i t y  found i n  sediments .  95 % o f  
t h i s  water  is o f  meteor ic  o r i g i n .  I t  is 
t rapped  i n  t h e  sed iments  wi th  a c e r t a i n  
amount o f  a tmospher ic  g a s e s  adsorbed on t h e  
mat r ix  s u r f a c e  o r  d i s s o l v e d  i n  t h e  water  
i t s e l f .  This  water  reacts wi th  t h e  m i n e r a l s  
making up t h e  sediments .  Depending on 
tempera ture ,  p r e s s u r e  and c o n c e n t r a t i o n s ,  t h e  
r e s u l t i n g  connate  water  w i l l  r each  an e q u i l i -  
brium. In  some r e s e r v o i r s  o i l  and o r g a n i c  
g a s e s  e x p e l l e d  from s o u r c e  rocks  may d i s p l a c e  
t h e  connate  water  bu t  a f r a c t i o n  of i t  always 
remains i n  t h e  p o r o s i t y .  For example a 4 t o  
1 7  7; c o n t e n t  o f  d i s s o l v e d  o r g a n i c  g a s e s  was 
found i n  t h e  P a r i s  b a s i n  geothermal  r e s e r v o i r  
p o r o s i t y  . 
Among o t h e r  g a s e s  found i n  t h e  s u b s u r f a c e  a 
s p e c i a l  mention has  t o  be made o f  argon and 
helium. For one t h i n g  Ar is t rapped  i n  
connate  water  th rough atmospheric  g a s e s ,  b u t  
a l s o  because r a d i o g e n i c  p r o c e s s e s  cont inuous-  
l y  produce them from 40 K and U + Th. Now 
i n e r t  g a s e s  a r e  less  s o l u b l e  i n  water  than  
o r g a n i c  g a s e s .  H , O - A r  c o n c e n t r a t i o n  i so therms 
from 0 t o  400 b a r s  a r e  r e p r e s e n t e d  i n  f i g .  3. 
In  t h e  s u b s u r f a c e  an a d d i t i o n a l  s o l u t e  
c o n t e n t  should l e a d  u s  t o  estimate a s t i l l  
lower d i s s o l v e d  Ar f r a c t i o n  (see d o t t e d  curve 
100°C). The c ross -ha tched  reg ion  i n  f i g .  3 i s  
t h e  one where l i q u i d  H , O  and g a s e s  c o e x i s t  
and where low-enthalpy geothermal  r e s e r v o i r s  
do occur .  

S i m i l a r  i s o t h e r m s  would be o b t a i n e d  f o r  
H,O-He systems. 

Experimental investigations o f  helium, argon 
and carbon in sane natural gases 

This  s t u d y  was performed on 39 samples  o f  
n a t u r a l  g a s e s  r e p r e s e n t i n g  ' v a r y i n g  chemical  
composi t ion and g e o l o g i c a l  occur rences  i n  t h e  
U.S.A. ( 1 9 6 1 ) ( 5 ) .  Organic  , g a s e s  (CH4, C2H6, 
CO2) were found t o  r e p r e s e n t  from 50 t o  98 f 
o f  t h e  whole g a s  phases  under s u r f a c e  
c o n d i t i o n s .  

On f i g u r e  4 t h e  volumetr ic  c o n c e n t r a t i o n s  of  
(He+Ar) are p l o t t e d  vs. t h e  c o n c e n t r a t i o n  of 
t o t a l  o r g a n i c  g a s e s  f o r  t h e  above-studied 
samples .  Average result  f o r  about  20 
geothermal  Dogger r e s e r v o i r s  (France)  
o b t a i n e d  by F o u i l l a c  ( 1 9 8 4 ) ( 6 )  was added. 
(He+Ar) c o n t e n t  is found t o  i n c r e a s e  r e g u l a r -  
l y  when o r g a n i c  g a s e s  c o n t e n t  decreases .  
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Then i n  s i t u ,  a t  e q u i l i b r i u m ,  a f r e e  g a s  
phase of  1 X, or more, i n  volume is t o  be 
expec ted  i n  t h e  connate  water  or i n  t h e  mud- 
f i l t r a t e  having invaded t h e  d r i l l e d  
formations.  

P-rave effect on t h e  l i q u i d - q a s  sys tem i n  a 
porous medium 

This  f r e e  g a s  (bubbles  or l a y e r s  spread  over  
t h e  mat r ix  s u r f a c e )  c o n t r i b u t e s  t o  t h e  
a t t e n u a t i o n  o f  body waves t r a v e r s i n g  t h e  
formation.  When a P-wave s t a r t i n g  wi th  a 
d e p r e s s i o n  reaches  a g iven  depth  i n  a porous 
format ion ,  t h e  g a s - f i l l e d  volume cannot  
i n c r e a s e  i f  t h e  sur rounding  uncompressible  
l i q u i d  cannot  move, i .e. i f  t h e r e  is no 
p e r m e a b i l i t y  a t  t h i s  depth.  

On t h e  c o n t r a r y  i f  t h e r e  is a l o c a l  
p e r m e a b i l i t y ,  t h e  uncompressible  l i q u i d  can 
move and t h e  gas  volume can  i n c r e a s e .  The 
g r e a t e r  t h e  p e r m e a b i l i t y ,  t h e  more energy is 
absorbed from t h e  P-wave f o r  a g iven  l i q u i d  
o f  v i s c o s i t y  p . 
I n  view of  t h e  bubble or adsorbed layer size,  
t h e  energy absorbed by t h e  gas  comes from t h e  
h igh  frequency p a r t  o f  t h e  s i g n a l  spectrum. 
This  i n t r i n s i c  a t t e n u a t i o n  ( A i )  adds  up t o  
t h e  geometr ica l  a t t e n u a t i o n  ( A g )  : 

t o t a l  a t t e n u a t i o n  = (Ai) . (Ag)  

I n  t h e  s i g n a l  t h e  p o s i t i v e  p r e s s u r e  branch 
fo l lowing  immediately t h i s  f i r s t  d e p r e s s i o n  
w i l l  t end  t o  reduce  t h e  bubble ,  b u t  t h e  
energy i t  has  absorbed is not  r e t u r n e d  t o  t h e  
P-wave. 

The second d e p r e s s i o n  w i l l  now a c t  from a 
somewhat d i f f e r e n t  and weaker P-wave s i g n a l ,  
c l e a r e d  from a p a r t  o f  high-frequency,  and 
t h e  bubble  s i z e  w i l l  not  be so a f f e c t e d .  

A s  t h e  rock i n v e s t i g a t e d  volume and borehole  
s e c t i o n  a r e  t h e  same i n  t h e  two s u c c e s s i v e  
d e p r e s s i o n s ,  t h e  geometr ica l  a t t e n u a t i o n s  
(Ag) ( independent  o f  f requency)  w i l l  be 
common f o r  both cases .  

T h i s  f a c t o r  (A ) c o v e r s  t h e  borehole  e f f e c t s  
( w e l l s i z e ,  muJ-cake) and t h e  s o l i d - s o l i d  
f r i c t i o n  which v a r i e s  with t h e  l i t h o l o g y .  

On t h e  r e c e i v e d  s i g n a l  t h e  r a t e s  o f  
d e p r e s s i o n  a r e  r e p r e s e n t a t i v e  o f  t h e  energy 
absorbed by a t t e n u a t i o n .  I n  forming t h e  r a t i o  
I-c o f  bo th  ampl i tude  s l o p e s ,  t h e  e f f e c t  o f  
t h e  geometr ica l  a t t e n u a t i o n  is c a n c e l l e d .  

A s ingle-va lued  r e l a t i o n s h i p  is l i n k i n g  I-c 
and p e r m e a b i l i t y  f o r  a g iven  l i q u i d  
v i s c o s i t y .  We propose 

Kv 
P I-c = a l o g  - + p  (1) 

sugges ted ,  among o t h e r s  f u n c t i o n s ,  by 
c o r r e l a t i o n s  with d i r e c t  d a t a .  

Kv : being  t h e  p e r m e a b i l i t y  e v a l u a t e d  a long  

a,o: c o n s t a n t s  a t t a c h e d  t o  g iven  t o o l  and 

p :  t h e  dynamic v i s c o s i t y  o f  t h e  l i q u i d  

t h e  well bore  a x i s  d i r e c t i o n ,  

s i g n a l ,  

phase.  

As, i n  a well, t h e  rock l i t h o l o g y  and t h e  
borehole  geometry a r e  cont inuous ly  vary ing  
wi th  depth ,  t h e  risetime parameter  cannot  be 
r e t a i n e d  a s  a u s e f u l  measurement o f  f requency 
dependent a t t e n u a t i o n  or p e r m e a b i l i t y .  

3. EXAWLES 

1. Two geothermal  wells were d r i l l e d  few 
miles a p a r t  by t h e  B.R.G.M. (1982) through 
t h e  Dogger formation i n  t h e  P a r i s  b a s i n .  

The r e s e r v o i r  was found i n  a l imes tone  whose 
an i n t e r v a l  o f  about  150 m t h i c k n e s s  i s  
r e p r e s e n t e d  on f i g .  5. 

Most of  t h i s  i n t e r v a l  is non-shaly and very 
porous (20 X E c 30 % )  a s  can be s e e n  from 
t h e  Neutron l o g .  Core examinat ion confirmed 
t h e s e  p r o p e r t i e s .  However only l i m i t e d  
t h i c k n e s s  i n t e r v a l s  are ac tua l ly  
water-producing a s  i t  can be i n f e r r e d  from 
t h e  s t u d y  o f  t h e  s p i n n e r  flowmeter log .  The 
I-c l o g  is showing some high v a l u e s ,  i . e .  
some permeable i n t e r v a l s ,  b u t ,  a t  f i r s t  
g lance ,  c o r r e l a t i o n  wi th  t h e  flowmeter l o g  is 
n o t  e v i d e n t l y  q u a n t i t a t i v e .  

Cumulation o f  I-c d e r i v e d  p e r m e a b i l i t y  should  
y i e l d  a pseudo-flowmeter l o g ,  i n s o f a r  a s  t h e  
r e s e r v o i r  p r e s s u r e  remains c o n s t a n t .  

Here  t h i s  cumula t ive  p e r m e a b i l i t y  l o g  
( E X A F L O )  is made from t o t a l  depth  up t o  
c a s i n g  shoe.  F o r o n e  of  t h e s e  wells, they w i l l  
be found on f i g .  5 .  

C o r r e l a t i o n  between both  p r o f i l e s  i s  
s a t i s f a c t o r y .  P e r m e a b i l i t y  measurements 
d e r i v e d  from t h e  flowmeter l o g  may then  
c o n f i d e n t l y  be used f o r  c a l i b r a t i n g  t h e  I-c 
log .  

This  c a l i b r a t i o n  should  prove v a l i d  f o r  o t h e r  
I-c l o g s  run wi th  t h e  same a c o u s t i c  t o o l .  

0 

0 0  

The two fo l lowing  examples a r e  r e l a t i v e  t o  
sand and s h a l e  format ions .  

Crouy 12 and Crouy 26 were d r i l l e d  by Gaz de  
France (1982) through t h e  a q u i f e r  sand o f  t h e  
Wealden format ion  (Par is  b a s i n )  i n  view o f  
ex tending  an inderground g a s  s t o r a g e .  I-c l o g  
was run i n  both  wells. 

2. Crouy 26 ( f i g .  6 ) .  Over t h e  
i n t e r v a l  I-c v a r i e s  from 3 t o  
his togram o f  I-c shows a number 
which can be i n t e r p r e t e d  i n  t h e  
way: 

890-980 m 
41. The 

o f  modes 
fo l lowing  
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3<I-c  < 10 sha le  t o  sha ly  sands 

10 < I - c  20 c l e a n  sands 

2 2 <  I - c  < 41 h i g h l y  permeable coarse sands 

Cumulative I - c  (EXAFLO) s i n g l e s  out  t he  upper 
p a r t  o f  t he  i n t e r v a l  (890-923 m) as 
p roduc t i ve  and/or i n j e c t a b l e .  

A s i m i l a r  i n t e r v a l  i s  found from 942 t o  
950 m. These i n t e r p r e t a t i o n s  have been 
conf i rmed by t e s t s .  Flowmeter l o g  was n o t  
run. 

YO. 

I 20. n 

0 .  

\ 
\ 

\ 

I 
* I 

\ I -20. I 

\ 

l l l r r O I  

-*o. 

3. Crouy 12 (890-940 m). D i r e c t  p e r m e a b i l i t y  
measurements a re  o n l y  known from p lugs  taken 
on recovered cores. Values spread from 1 t o  
10,000 m i l l i d a r c y ,  f i g .  7. 

Apparent ly  t he  upper p a r t  o f  t h i s  a q u i f e r  
would be considered as h i g h l y  favo rab le  f o r  
gas i n j e c t i o n .  Now I - c  l og ,  r u n  w i t h  t he  same 
t o o l  as the  one used f o r  example ( 2 )  over the  
same format ion,  does n o t  show values over 10, 
cor respond ing  t o  a c u t - o f f  p e r m e a b i l i t y  i n  
the  example o f  Crouy 26. 

Indeed CR-12 was e v e n t u a l l y  cased and the  
annulus was cemented, f o r  f u r t h e r  use as a 
s u r v e i l l a n c e  w e l l  o f  t he  underground storage. 

S t a r t i n g  i n  1983, checks on gas con ten t  
around CR-12 are r e g u l a r l y  made by runn ing  o f  
Gaz de France Neutron l o g s  ( f i g .  7). To date 
no gas breakthrough was ever n o t i c e d  w i t h i n  
the  i n v e s t i g a t e d  zone around CR-12. This  f a c t  
does con f i rm  t h a t  t h i s  sand-shale sequence i s  
n o t  permeable a t  CR-12 as I - c  l o g  had a l ready  
shown i t. 

Fig.2.22 

/' 
,/ 

rondes  

CONCLUSION 

The f i r s t  p u b l i c a t i o n  about I - c  was made i n  
1978(3).  As a p e r m e a b i l i t y  l o g  de r i ved  from 
the  computer t rea tment  o f  acous t i c  waveforms, 
i t  was then used i n  geothermal w e l l s  i n  the  
P a r i s  b a s i n  (1982). I t s  p r e s e n t a t i o n  i s  
r e g u l a r l y  improved and completed. 

Mathematical  models and p h y s i c a l  t h e o r i e s  are 
con t inuous ly  adapted f o r  b e t t e r  i n v e s t i g a t i n g  
t h e  domain o f  t h i s  new l o g g i n g  method. 

Large f l ows  o f  f l u i d  found i n  geothermal 
ope ra t i ons  checked the  v a l i d i t y  o f  t h i s  
method. 

Low p e r m e a b i l i t y  sha ly  sands were c o r r e c t l y  
ana lysed. 

For  a g i ven  acous t i c  t o o l  i t s  c a l i b r a t i o n  
does n o t  seem t o  vary w i t h  l i t h o l o g y  or 
boreho le  v a r i a t i o n s .  
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PUTS CR-26 (Gaz de France) 

Fig.  6 
INDICE IC 

Imm IC I 

B 
CROUY 12 (GAZ DE FRANCE) 

EXAFLO,, 

F lg .  7 - NO SIGNIFICANT GAS CONTENT I S  DETECTED AROUND THIS 
SURVEILLANCE WELL DRILLED TROUGH AN UNDERGROUND 
GAS STORAGE 
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