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ABSTRACT 
The Phlegrean Fields, close to Naples, 
are the site of important geothermal 
activity. The formations are volcanic 
and mostly tuffites. They are origi- 
nally very tight but the geothermal 
alteration locally produces fractures 
with large increase in permeability. 
The lack of geological markers makes 
well-to-well correlation quite diffi- 
cult. Thus the local detection of 
fractured zones in each well is very 
important for the evaluation of its 
potential. 
The Mofete 8 D well is a typical 
example. A rather complete logging 
program was run for fracture detection. 
Standard methods turned out to be 
disappointing. However several non- 
standard detectors were found to be 
very consistent and, later on, in 
excellent agreement with the analysis 
of cuttings. They are derived from the 
Dual Laterolog , the SP , the Temperature 
log and, most particularly, the 
Acoustic Waveforms from the Long 
Spacing Sonic. 
The Dual Laterolog and the Temperature 
Log indicate invasion by fresh and cold 
mud filtrate; the SP behaves as in a 
typical Sand-Shale sequence. Sonic 
Waveforms were first analyzed by a 
purely empirical method derived from 
consistent log patterns. 
A practical algorithm compares the 
total energy measured in each of the 
two fixed time windows located the one 
before, the other after the fluid 
arrivals. The altered zones (i.e. 
fractured and permeable) are clearly 
shown by a complete reversal of the 
relative energy of these two windows. 
A more scientific method was then 
applied to the Waveforms; it is based 
on both logging experiments and physi- 
cal considerations. The energy carried 
by the tube wave is separated by a 
frequency discrimination: it correlates 
very well with formation alteration, 
thus also with the other indicators 
including the empirical Waveform method. 
It should have two advantages: 
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- It should permit at least a semi 

- It seems to be promising in other 
quantitative permeability evaluation 

formations: non-volcanic geothermal 
wells and even hydrocarbon-bearing 
rocks. 

INTRODUCTION 
The Phlegrean Fields are a quaternary 
volcanic complex located in Southern 
Italy, west of Naples. This area has 
been known for geothermal activity 
even before the Roman Empire. From 
1939 to 1953 SAFE"'. carried out an 
exploration program particularly in 
the Mofete area, a very interesting 
zone for geothermal application. In 
1978 AGIP, in a Joint venture with 
ENEL-'-: resumed geothermal exploration 
by drilling new and deeper wells. The 
results indicated the presence of a 
water-dominated field with three main 
reservoirs ( 2 )  : A very low permeability 
of the volcanic rocks is the main 
problem: the potential of this geo- 
thermal field is directly dependent on 
the presence of active fractures. Thus 
their detection usually by means of 
wireline logging is a key to the 
evaluation of the reservoir. The Mofe- 
te 8 D well was drilled in 1982 to 
explore a strongly altered and fractu- 
red area. 

GEOLOGICAL SETTING 
The Phlegrean Fields volcanic complex 
is located in the Upper Pliocene Gra- 
ben structure of the Campanian plain 
(fig.1). It is on the margin of the 
Appennine mountains and was probably 
developped after the opening of the 
Tyrrhenian basin. The Phlegrean Fields 
are a sequence of dominantly pyro- 
clastic eruptive centers in a regional 
caldera appkoximately 13 Km in dia- 
meter and created by paroxistic 
eruption of the Campanian Ignimbrite 
about 35,000 years ago (8). Very 
recently (June 1982 to December 1984 
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t h e  Phlegrean  F i e l d s  w e r e  submi t ted  t o  
a t e c t o n i c  u p l i f t  of abou t  1 .8  m and 
t o  i n t e n s e  s e i s m i c i t y  (1 ) ;  t h i s  i n d i -  
cates permanent underground a c t i v i t y  
due t o  magmatic and phreato-magmatic 
phenomena. 
Four main s t a g e s  o f  v o l c a n i c  a c t i v i t y  
can 
1 -  

2 -  

3 -  

4 -  

The 

be recognized  i n  t h i s  a r e a  ( 8 )  : 

a p re -ca lde ra ,  mos t ly  submarine,  
a c t i v i t y  cu lmina t ing  wi th  t h e  
e r u p t i o n  o f  t h e  Campanian 
Ign imbr i t e  (50000 t o  35000 y e a r s  
ago)  
a pos t - ca lde ra ,  mos t ly  submarine,  
a c t i v i t y  (35000 t o  10500 y e a r s  ago) 
an e a r l y  s u b a e r i a l  a c t i v i t y  (10500 
t o  8000 y e a r s  ago)  
a l a t e  s u b a e r i a l  a c t i v i t y  (-4500 
y e a r s  t o  p r e s e n t )  ; t h e  l a tes t  
recorded  a c t i v i t y  was t h e  Monte 
Nuovo e r u p t i o n ,  1538 AD. 

subsu r face .  as recoanized  bv t h e  
w e l l s  a l r e a d y  d r i l l e d ,  c o n s i s t s -  i n  
v o l c a n i c  and volcano-sedimentary rocks .  
The l i t h o l o g i c  sequence,  w i th  c o r r e -  
sponding t h i c k n e s s  from t o p  t o  bottom 
i s  t h e  fo l lowing:  
1 - Yellow Tuf f s :  180 m t o  590 m 
2 - T u f f i t e s  and in t e rbedded  s u b a e r i a l  

3 - T r a c h y t i c  l a t i t i c  l a v a  domes: 

4 - Volcano sedimentary  complex: 500 m 

5 - Thermometamorphic rocks  may be  

t u f f :  500 m t o  800 m 

250 m t o  500 m 

t o  600 m 

i n t e r s e c t e d  a t  t h e  bottom o f  t h e  
deeper  w e l l s .  

Unfo r tuna te ly  t h e r e  are no clear marker 
beds;  t h e r e f o r e  c o r r e l a t i o n  between 
w e l l s  i s  ex t remely  d i f f i c u l t .  
A l t e r a t i o n  m i n e r a l s  p r e s e n t  i n  t h e s e  
rocks  are t y p i c a l  of  a h igh  temperature  
geothermal  environment  ( 9 )  , ( 4 )  . The 
mineralogy o f  t h e  w e l l s  d r i l l e d  i n  t h e  
Mofete area pe rmi t s  t o  d i s t i n g u i s h  four 
main zones:  a - a r g i l l i c ,  b - i l l i t e - c h l o -  
r i t e ,  c-calc-aluminum s i l i c a t e  and 
d-thermometamorphic zone. 
The w e l l  Mofete 8 D i s  907 m deep and 
r eaches  o n l y  t h e  f i r s t  two fo rma t ions  
( 2  and 8 ,  f i g . 2 ) ;  from t h e  p o i n t  o f  
view o f  a l t e r a t i o n  mine ra l s ,  on ly  t h e  
f i r s t  t h r e e  t y p e s  ( a ,  b and c ,  f i g . 3 )  
a r e  r e p r e s e n t e d .  

STRATIGRAPHIC AND HYDROTHERMAL 
CHARACTERISTICSMOFETE 8 D 
A l l  rocks  c r o s s e d  by t h e  w e l l  a r e  o f  
v o l c a n i c  o r i g i n  and mainly p y r o c l a s t i c .  
The 
1 -  

l i t h o l o g i c a l  sequence i s  as fo l lows  
6 0  m t o  280 m: Yellow t u f f s  and 
c h a o t i c  t u f f s  d a t i n g  from t h e  
l a tes t  p a r t  o f  pos t - ca lde ra  a c t i -  
v i t y  and t h e  l a s t  t w o  p e r i o d s  ( 1  

2 -  

3 -  

The 

and 9: s u b a e r i a l  a c t i v i t y )  
280 m t o  890 m: c h a o t i c  t u f f i t e s  
w i t h  l i m e - a r g i l l i c  ma t r ix  and t h i n  
l a y e r s  o f  i n t e rbedded  s u b a e r i a l  
t u f f s ;  t h e s e  are p roduc t s  o f  c a l d e  
ra f i l l i n g  
890 t o  907 m: T rachy t i c  lava flow 
o f  o r i g i n a l  (non a l t e r e d )  minera- 

a l t e r a t i o n  i s  mainly due t o  t h e  
logy  * 

s o l u t i o n  and depos i t i on -o f  new mine- 
rals caused by c i r c u l a t i o n  o f  hydro- 
thermal  f l u i d s .  The format ion  o f  t h e s e  
hydrothermal  mine ra l s  i s  c o n t r o l l e d  b y  
t empera tu re ,  p e r m e a b i l i t y ,  f l u i d  compo- 
s i t i o n  and t e x t u r e .  Pe rmeab i l i t y  i s  an 
e s s e n t i a l  f a c t o r  s i n c e  most mineralo-  
g i c a l  changes a r e  n o t  i sochemica l :  i n  
o r d e r  t o  s t a r t  an exchange of  c o n s t i -  
t u e n t s  t h e r e  must be open f l u i d  chan- 
n e l s  i n  t h e  rock;  f u r t h e r  a l t e r a t i o n  
o f t e n  e n l a r g e s  them, t h u s  i n c r e a s e s  
pe rmeab i l i t y .  From t h e  p o i n t  of view 
o f  t h i s  hydrothermal  m i n e r a l s ,  s e v e r a l  
zones can be de f ined :  
1 -  

2 -  

3 -  

an a r g i l l i c  zone c h a r a c t e r i z e d  by 
t h e  presence  of mon tmor i l l on i t e ,  
z e o l i t e s  and smectites i n  g e n e r a l .  
T h i s  zone should  end at 1 0 0  m 
an i l l i t e - c h l o r i t e  zone where, i n  
a d d i t i o n  t o  t h e s e  two dominant 
mine ra l s ,  se r ic i te  i s  a l s o  found. 
On t h e  c o n t r a r y ,  t h e  percentage  of  
smectites and z e o l i t e s  i s  much 
lower .  Th i s  zone ends  a t  about  
500 m.  
a t  t h i s  dep th  a calc-aluminum com- 
b i n a t i o n  appea r s .  I t  i s  produced.  
by p r e c i p i t a t i o n  o f  s i l i c a - q u a r t z ,  
a d u l a r i a ,  e p i d o t e  and p y r i t e .  Th i s  
m i n e r a l o g i c a l  a s s o c i a t i o n  i s  p a r t i -  
c u l a r l y  abundant i n  t h e  lower p a r t  
o f  t h i s  w e l l .  I n  t h e  calc-aluminum 
zone one can  observe  remarkable  
v a r i a t i o n s  i n  t h e  abundance o f  
hydrothermal  mine ra l s :  t h i s  i s  due 
t o  t h e  p re sence  o f  a c t i v e  f r a c t u r e s  
a l lowing  easy  f low o f  geothermal  
f l u i d s  . 
Three main zones o f  s t r o n g  a l t e r a -  
t i o n  are e v i d e n t  i n  t h i s  zone: 
around 700 m,  from 780 m t o  840 m 
and from 870 m t o  890 m .  

LOGGING PROGRAM 

The t a r g e t  o f  t h e  w e l l  was t o  i n t e r s e c t  
a t  sha l low dep th ,  a zone of  expec ted  
h igh  secondary  pe rmeab i l i t y  due t o  
f r a c t u r e .  
I n  t h i s  p a r t  o f  geothermal  r e s e r v o i r ,  
t h e  f r a c t u r i n g  i s  g e n e r a l l y  provided 
by a f a u l t  system which can be  l o c a t e d  
by s u r f a c e  ev idences  and geophys ica l  
su rveys .  The f a u l t  system was supposed 
t o  be i n  connec t ion  w i t h  t h e  most 
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s u p e r f i c i a l  a c q u i f e r  tapped  by o t h e r  
w e l l s  d r i l l e d  i n  t h e  Mofete F i e l d  (2). 
The format ion  tempera ture  was supposed 
t o  be  of  t h e  o r d e r  o f  230 - 2500 C,  
and t h e  format ion  water s a l i n i t y  o f  
t h e  o r d e r  o f  35,000 ppm ( N a C l )  a t  
r e s e r v o i r  c o n d i t i o n s .  
A f t e r  complet ion and t e s t i n g  ( f i g . 3 ) ,  
t h e  w e l l  w a s  cons ide red  p roduc t ive  i n  
t h e  i n t e r v a l  h e r e  ana lysed .  
Under t h o s e  c o n d i t i o n s  a r a t h e r  com- 
p l e t e  set o f  l o g s  was run  ( f i g . 3 1 ,  
i n c l u d i n g  a Na tu ra l  Gamma Ray Specto-  
metry Survey, and an HDT s e r v i c e ,  t o  
improve t h e  u s u d l  l o g  i n t e r p r e t a t i o n  
bo th  f o r  l i t h o l o g y  and f r a c t u r e  
d e t e c t i o n .  
A s  it has  been r e p o r t e d  i n  many geo- 
thermal  f i e l d  s t u d i e s  (7 )  , Densi ty  ard 
Neutron l o g s  a r e  n o t  o n l y  a f f e c t e d  by 
p o r o s i t y  changes,  b u t  a l s o  by t h e  pre-  
sence  o f  hydrothermal  a l t e r a t i o n  
p roduc t s .  
Unfo r tuna te ly ,  due to  t h e  h o s t i l e  
c o n d i t i o n s  o f  t h e  w e l l s  d r i l l e d  i n  t h e  
Mofete F i e l d ,  such a s  t empera tu re  and 
h o l e  r u g o s i t y ,  t o o l s  which c a r r y  a 
r a d i o a c t i v e  sou rce  were d e l e t e d  from 
t h e  logging  program a f t e r  few expe- 
r i e n c e s .  
So t h e r e  i s  no in fo rma t ion  from such a 
combinat ion o f  l o g s  t o  d e f i n e  p o r o s i t y  
and hydrothermal  a l t e r a t i o n  mine ra l s  
d i s t r i b u t i o n .  

COMMENTS ON LOGS AND THEIR RELATION- 
SHIP W I T H  HYDROTHERMAL ALTERATION 
MINERALS 
Usual ly  t h e  GR i s  a v e r y  impor tan t  l o g  
t o  d e f i n e  l i t h o l o g y  i n  t h e s e  volcano- 
sed imentary  sequences (51, b u t  i n  case 
of t h e  Mofete 8 w e l l ,  t h e  extreme hom- 
g e n e i t y  o f  t h e  d r i l l e d  t e r r a i n s  ( f ig31,  
t h e  i n t e r p r e t a t i o n  of t h e  Na tu ra l  Gam- 
m a  Ray Spectometry Survey does  n o t  add 
in fo rma t ion  compared t o  t h e  s t a n d a r d  
GR l o g  ( f i g . 5 ) .  
A FIL ( F r a c t u r e  I d e n t i f i c a t i o n  Log) 
program, run  on t h e  HDT d a t a ,  w a s  con- 
s i d e r e d  n o t  v e r y  u s e f u l  t o  d e f i n e  t h e  
main f r a c t u r e d  zones,  because o n l y  
s c a t t e r e d  anomal ies ,  probably d u e , t o  
d i f f e r e n t  d i s c o n t i n u i t i e s  mainly due 
t o  t h e  h o l e  r u g o s i t y ,  w e r e  d e t e c t e d .  
A t  t h i s  s t a g e  a q u a l i t a t i v e  a n a l y s i s  
o f  d i f f e r e n t  p a t t e r n s  on t h e  Acous t ic  
Waveform reco rd ing  from t h e  SLS, gave 
rise t o  a less conven t iona l  approach 
f o r  f r a c t u r e  d e t e c t i o n .  The information 
d e r i v e d  from t h i s  new kind  o f  approach 
w a s  o f  cour se  compared wi th  more con- 
v e n t i o n a l  f r a c t u r e  d e t e c t i o n  techniques 
based on l o g s  such a s  Dual La te ro log ,  
SP and Temperature.  
The p e c u l i a r  p a t t e r n s  recognized  on the  
Acous t ic  Waveform reco rd ing  i n  d i f f e r e n t  

zones are c l e a r l y  shown i n  f i g . 4  where, 
acco rd ing  t o  t h e  t r a n s i t  t i m e  o f  
d i f f e r e n t  k ind  o f  waves, compress iona l  
and s h e a r  ampl i tudes  are sometimes 
v e r y  w e l l  de f ined  when mud and tube-  
wave a r e  s t r o n g l y  a t t e n u a t e d ,  b u t  i n  
o t h e r  zones t h e  e x a c t l y  i n v e r s e  pheno- 
menon i s  p r e s e n t .  
Those p a t t e r n s  w e r e ,  as a f i r s t  s t e p ,  
c o r r e l a t e d  t o  a d i f f e r e n t  behaviour  of 
t h e  DT cu rve ,  which shows a s l i g h t  de- 
crease i n  r e a d i n g s  probably  r e l a t e d  t o  
a lower p o r o s i t y  i n  a f a i r l y  homoge- 
neous l i t h o l o g y  ( t u f f s  and t u f f i t e s  
r a r e l y  in t e rbedded  wi th  t r a c h i l a t i t i c  
lava f lows)  a s  i n  f i g . 4 .  
A d e t a i l e d  m i n e r a l o g i c a l  a n a l y s i s  of  
c u t t i n g s ,  c o l l e c t e d  wi th  a sample rate 
o f  5 m p e r  sample,  i n  t h e  i n t e r v a l  
from 650 t o  907 m,  w a s  c a r r i e d  o u t  t o  
d e l i n e a t e  t h e  d i s t r i b u t i o n  o f  t h e  most 
impor tan t  hydrothermal  a l t e r a t i o n  
mine ra l s .  
Th i s  d i s t r i b u t i o n  seems to be  s t r o n g l y  
r e l a t e d  t o  t h e  d i f f e r e n t  behaviour  of 
d i f f e r e n t  k ind  of  waves as desc r ibed  
b e f o r e .  
I t  i s  p o s s i b l e  t o  d i f f e r e n t i a t e  t h r e e  
zones wi th  d i f f e r e n t  d i s t r i b u t i o n  of 
mine ra l s  w i t h i n  t h e  i n t e r v a l  o f  i n t e -  
rest from t o p  ( 6 6 3  m )  t o  bottom (907 
m) a s  shown i n  f i g . 4  and subsequents .  
I t  i s  necessa ry  t o  e x p l a i n  t h a t  t h e  
d i sc repancy  i n  dep th  between t h e  boun- 
d a r i e s  de f ined  by means of  l o g s  and 
t h o s e  de f ined  by t h e  a n a l y s i s  o f  t h e  
c u t t i n g s  i s  l a r g e l y  due t o  t h e  very  
poor  v e r t i c a l  r e s o l u t i o n  of t h e  l a t t e r .  
I t  has  been r e p o r t e d  ( 5 )  t h a t  i n  such 
l i t h o l o g i e s ,  i f  a c u t t i n g  sampling 
rate of  5 m p e r  c u t t i n g  i s  used ,  t h i s  
d i sc repancy  could  be  more t h a n  1 0  m .  
The f i r s t  zone ( A  z o n e ) ,  i s  c h a r a c t e -  
r i s e d  by t h e  presence  o f  a v a r i a b l e  
b u t  impor t an t  volume o f  hydrothermal  
a l t e r a t i o n  m i n e r a l s ,  which are mainly 
c o n s t i t u t e d  by c a l c i t e ,  p h y l l o s i l i c a t e s  
( such  a s  i l l i t e - s e r i c i t e  and c h l o r i t e ) ,  

dex m i n e r a l o g i c a l  phase,  calc-alumi-  
num s i l i c a t e s  ( such  as e p i d o t e ) .  
S i l i c a  i s  f a i r l y  d i f f u s e d  and mainly 
d i s t r i b u t e d  i n  v e i n s .  
Those m i n e r a l s  are d i f f u s e d  bo th  i n  
v e i n s  and i n  m i c r o f r a c t u r e s ,  as w e l l  
as i n  t h e  " m a t r i x "  i t s e l f .  
From t h e  pe t rog raphyca l  a n a l y s i s  i n  t h e  
A zone t h e  m i c r o f r a c t u r e s  seem t o  be 
wide ly  d i f f u s e d .  
These zones a r e  d i s t r i b u t e d  i n  t h e  
i n t e r v a l  o f  i n t e r e s t ,  b u t  t h e  amount 
o f  such hydrothermal  a l t e r a t i o n  pro- 
d u c t s  i s  v e r y  impor t an t  (up  t o  50% of  
t h e  t o t a l  volume) between 790 m and 
800 m and 870 m t o  890 m. 
A second t y p e  o f  zone (B zone) , is 
c h a r a c t e r i s e d  bo th  by t h e  presence  o f  

a l b i t e  and a d u l a r i a  and a s  in -  
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abundant a r g i l l a c e o u s  m i n e r a l s  and si-  
l i ca ,  and by a s i g n i f i c a n t  r e d u c t i o n  
o f  f r a c t u r i n g .  
These zones are w e l l  d e f i n e d  i n  t h e  
fo l lowing  i n t e r v a l :  71 5-740m, 830-850 
m, 890-900 m. 
The t h i r d  type  o f  zone ( C  zone) i s  
c o n s t i t u t e d  by u n a l t e r a t e d  and un- 
f r a c t u r e d  l a v a  beds ,  between 900 and 
9 0 7  m.  
I t  has  been wide ly  documented t h a t  t h e  
presence  o f  hydrothermal  a l t e r a t i o n  
mine ra l s  i n  t h i s  r e s e r v o i r  i s  due t o  
t h e  p o s s i b i l i t y  of  geothermal  f l u i d s  
t o  move w i t h i n  t h e  format ions  mainly 
through m i c r o f r a c t u r e s  and, o n l y  i n  t h e  
second p l a c e ,  through pr imary permeable 
l e v e l s  ( 3 ) .  
The SP l o g  behaves l i k e  i n  a shaly-sand 
sequence,  showing p e r m e a b i l i t y  i n  a 
wide ex tens ion  o f  t h e  ana lysed  i n t e r v a l .  
A broad p o s i t i v e  d e f l e c t i o n ,  p r e s e n t  
between 838-858 m and 887 m t o  bottom, 
shows t h a t  t h e  p e r m e a b i l i t y  i s  s t r o n g l y  
reduced h e r e ;  t h o s e  zones b road ly  
cor respond t o  zones c l a s s i f i e d  as B as 
f a r  a s  t h e  hydrothermal  a l t e r a t i o n  i s  
concerned ( f i g . 5 ) .  
T o  make t h i s  r e l a t i o n s h i p  more ev ident ,  
an e m p i r i c a l  t r e s h o l d  was se t  on t h e  SP 
curve  and a d i f f e r e n t  shading  was 
a p p l i e d  f o r  p o s i t i v e  o r  n e g a t i v e  excur-  
s i o n s  ( f i g . 5 ) .  
By t h e  use  o f  a t echn ique  based on a 
c a l c u l a t i o n  o f  t h e  second d e r i v a t i v e  
o f  t h e  SP cu rve  it i s  p o s s i b l e  t o  de- 
f i n e  t h e  boundary between l e v e l s  o f  
d i f f e r e n t  c o n c a v i t i e s  and,  acco rd ing  
t o  t h e  v a l u e  and s i g n  o f  t h e  second 
d e r i v a t i v e ,  zones w i t h  d i f f e r e n t  per -  
m e a b i l i t y  ( f i g . 5 )  ( 1 0 ) .  
The s e p a r a t i o n  between r e s i s t i v i t y  
cu rves  from a Dual La te ro log  i s  r e l a t e d  
t o  t h e  invas ion  o f  t h e  format ion  by 
f r e s h  mud f i l t r a t e .  This  i n v a s i o n  i s  
mainly due t o  t h e  p re sence  o f  micro- 
f r a c t u r e s .  Th i s  h igh  p o r o s i t y  formations 
(up t o  4 0 % )  have ve ry  low i n i t i a l  per -  
m e a b i l i t y  (from 0 t o  few t e n s  o f  M D ) .  
Knowing t h e  ave rage  s a l i n i t y  o f  t h e  
format ion  water, which i s  o f  t h e  o r d e r  
of 35,000 ppm (NaCl) ,  and t h e  mud f i l -  
t ra te  s a l i n i t y ,  which i s  something like 
5,000 ppm ( N a C 1 )  , t h e  zones,  showing a 
s e p a r a t i o n  between LLD and LLS readings 
w i t h  LLS r e s i s t i v i t y  h i g h e r  t h a n  LLD 
one,  a r e  supposed t o  be  invaded and 
t h u s  permeable.  
Where t h e  r e s i s t i v i t y  r ead ings  o f  t h e  
two d i f f e r e n t  d e v i c e s  are p r a c t i c a l l y  
o f  t h e  same v a l u e ,  t h e  format ion  i s  
f r e e  o f  i n v a s i o n  and t h o s e  zones are 
t o  be  cons ide red  as impermeable. 
The zones where t h e  invas ion  i s  present  
a r e  g e n e r a l l y  i n  c o r r e l a t i o n  w i t h  t h e  
zones c l a s s i f i e d  as type  A ,  t h o s e  where 
t h e  invas ion  i s  n o t  p r e s e n t  are broadly 
r e l a t e d  wi th  t h e  zones c l a s s i f i e d  as B 

o r  C ( f i g . 4  and 5 ) .  
Two d i f f e r e n t  tempera ture  p r o f i l e s  
recorded  a t  d i f f e r e n t  t i m e s  i n d i c a t e  a 
broad invas ion  by c o l d  mud, and p a r t i -  
c u l a r l y  i n  two wide zones between 760- 
840 m and 860-890 m t h e  s e p a r a t i o n  is 
r a t h e r  h igh ,  showing an i n c r e a s e  i n  
p e r m e a b i l i t y .  These two zones b road ly  
cor respond aga in  t o  t h e  zones classi- 
f i e d  a s  A.  

TIME DOMAIN WAVEFORM ANALYSIS - 
To make e v i d e n t  w i th  a more quant i ta t ive  
approach t h e  d i f f e r e n t  behaviour  o f  
t h e  Acous t ic  Waves i n  zones c h a r a c t e -  
r i s e d  by a d i f f e r e n t  d i s t r i b u t i o n  of  
hydrothermal  a l t e r a t i o n  mine ra l s ,  an 
e m p i r i c a l  t i m e  window t echn ique  w a s  
a p p l i e d .  
The r eco rd ing  wi th  a spac ing  (between 
t r a n s m i t t e r  and r e c e i v e r )  of  1 0 '  was 
s e l e c t e d .  
Two d i f f e r e n t  t i m e  windows o f  d i f f e r e n t  
l e n g h t  were s e l e c t e d  i n  a f i x e d  pos i t ion  
i n  t i m e  i n  such a way t h a t  t h e  f i r s t  
one i n c l u d e s  on ly  format ion  waves 
(compress iona l  and s h e a r  t o g e t h e r )  and 
t h e  second one f l u i d  and bo reho le  con- 
t r o l l e d  waves. 
The l e n g t h  o f  t h e  second window i s  
t w i c e  t h e  l e n g t h  o f  t h e  f i r s t .  
A d i s p l a y  o f  t h e  ampl i tude  i n t e g r a t i o n  
measured i n  t h e  two d i f f e r e n t  windows 
i s  shown i n  f i g . 6 .  
These v a l u e s  a r e  v e r y  h igh ,  as f a r  a s  
t h e  f i r s t  window i s  cons ide red ,  i n  case 
o f  t h e  A zone, and v e r y  low i n  case o f  
B and C zones.  
A complete  r e v e r s a l  i s  observed  f o r  the 
cu rve  r e p r e s e n t i n g  t h e  energy  measured 
by t h e  second window i . e .  corresponding 
t o  mud and t u b e  wave. 
I t  has  been sugges ted  t h a t  a d r a s t i c  
t u b e  wave ampl i tude  r e d u c t i o n  i s  a 
d i a g n o s t i c  f e a t u r e  i n  v i c i n i t y  of  f r a c -  
t u r e d  zones ( e )  , such  a s  i n  t h e  A zones, 
where t h e  ampl i tude  i n t e g r a t i o n  r eaches  
t h e  lower v a l u e s .  
On t h e  c o n t r a r y  a s t r o n g  b u i l d  up i n  
ampl i tude  o f  t h e  t u b e  waves should  be  
r e l a t e d  t o  t h e  less f r a c t u r e d  zones 
l i k e  t h e  B and C zones are. 
The p ropaga t ion  modes seem t o  c o n t a i n  
a l s o  in fo rma t ion  abou t  t h e  i n t e r a c t i o n  
between t h e  bo reho le  f l u i d  and t h e  b o r e  
h o l e  e l a s t i c i t y  which may be  r e l a t e d  
t o  t h e  format ion  p e r m e a b i l i t y .  
The complete  r e v e r s e  behaviour  o f  t h e  
" fo rma t iona l  waves" (as compressional  
and s h e a r  waves can  be  cons ide red )  adds 
new in fo rma t ion  about  t h e  r i g i d i t y  of  
t h e  format ion  i t s e l f .  I t  seems reaso-  
nab le  t o  t h i n k  t h a t  t h e  hydro thermal ly  
a l t e r e d  format ions  are more r i g i d  than  
t h e  o t h e r  ones ,  e i t h e r  because they  
were so b e f o r e  a l t e r a t i o n ,  o r  because 
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the thermal and chemical processes 
helped to make them more rigid, thus 
its elasticity is reduced. On the con- 
trary a rock, which is unfractured 
and contains authigenic clay minerals 
and silica seems to become more plastic 
and more attenuative to compressional 
and shear waves. 
The higher activity of the integrated 
amplitude curve measured in the first 
window seems to be related to a local- 
ly non homogeneous distribution of 
the hydrothermal alteration minerals 
and thus a local change in permeability. 
To summarize the information given by 
each single curve, a ratio between the 
two curves was calculated and displayed 
in fig.6 in a logarithmic scale. 
A qualitative permeability related 
information is readily available when 
a treshold is applied. 
The lower values compared to the tres- 
hold level are shown in black and 
these values are related to higher 
permeability levels as in A zones. 
The higher values compared to the tres- 
hold level are left in white and are 
related to less permeable levels like 
in B and C zones. 
Fig.6 displays the results of the in- 
terpretation carried out as discussed 
before. It is surprising that practi- 
cally all the logs,  if used like a 
permeability indicator, are in good 
agreement to discriminate zones of 
different distribution of hydrothermal 
alteration mineral and different ela- 
sticity of the formation. 
Only the second derivative of a tempe- 
rature profile (also tried to improve 
the sensibility of this permeability 
related indicator), does not seem a 
satisfactory medium to discriminate 
the main invaded zones but local 
changes in the formation behaviour may 
affect the variability of the curve. 

FREQUENCY DOMAIN WAVEFORM ANALYSIS 
The above dual window filtering tech- 
nique is a phenomenological approach 
based on empirical observations in 
time domain only. 
The behaviour of the signal picked by 
the first time window (early arrivals), 
namely the increase of the compressio- 
nal energy in front of altered zone is 
reminiscent of what can be observed 
in some types of sedimentary rocks 
(i.e. fractured zones in a tight carbo- 
nate matrix). 
This may be explained by the fact that 
the lithology supporting open fractures 
must be more rigid, less plastic than 
the one which is not fractured. 
Regarding the lateral arrivals (picked 
by the second window), the decrease of 

the acoustic amplitude in front of the 
same altered zones is similar to what 
we observe with the Stoneley wave 
energy in front of permeable and/or 
fractured zones in sedimentary rocks. 
Production tests confirm the hydraulic 
transmissibility which is thought to 
be responsible for alteration of the 
flowing zones. 
Stoneley waves arrive late (indeed 
they are bound by borehole acoustics 
to arrive after the expected mud p- 
wave arrival time) and the frequencies 
carrying the energy which is sensitive 
to permeability/fluid mobility charac- 
teristics are rather low compared to 
the relatively higher frequency com- 
pressional and shear waves. 
Spectral analysis of the composite f u l l  
sonic waveforms reveals low frequency 
bands separated from the rest of the 
spectrum. Application of the inverse 
of the Fourier transform shows that 
most of the acoustic anergy carried by 
the lower frequencies arrives late, 
i.e. within the second time window. 
Fig.6 displays the log obtained when 
extracting the energy carried by the 
1-6 Khz band. It is very interesting 
to note the straight correlation with 
second window amplitude integration 
and the other logs when used like 
alteration/permeability indicators. 
The experimental technique here 
described seems to be worth for detec- 
tion of the most probable zones of 
fluid production in future geothermal 
wells of the field, or in similar 
situations. 
A future step will be the study of the 
relationship between permeability 
measurement from cores and the--value 
of the energy carried by Stoneley 
waves, to try to define directly a 
relative value of permeability from 
the waveform analysis. 
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FIG 1 - PHLLGRfAN FIELO VOLCANIC C O W R C X  
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FIG. 6 -  WELL MOFOE B 0 - COMPARISON BETWFEN RESULTS OF TIME DOMAIN /FREOUENCY D M I N  WAVE FORM ANALYSIS 

A M I  OTHER PERMEABILITY RELATU) RESULTS 

-313- 


