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GEOPHYSICAL LOGGING CASE HISTORY OF THE 

RAFT RIVER GEOTHERMAL SYSTEM, IDAHO 

James K. Applegate and Tracy A. Moens 

ABSTRACT 

D r i l l i n g  t o  e v a l u a t e  t h e  geothermal r e s o u r c e  i n  t h e  Raft 
River  Valley began i n  1974 and r e s u l t e d  in t h e  d i scove ry  of  a 
geothermal r e s e r v o i r  a t  a depth  o f  approximate ly  1523 m (5000 f t ) .  
S e v e r a l  o r g a n i z a t i o n s  and companies have been involved  i n  t h e  geo- 
p h y s i c a l  logging  program. There is no comprehensive r e p o r t  on t h e  
geophys ica l  logging ,  nor has  there been a complete i n t e r p r e t a t i o n .  
The o b j e c t i v e s  o f  t h i s  s tudy  are t o  make an  i n t e g r a t e d  i n t e r p r e t a -  
t i o n  o f  t h e  a v a i l a b l e  d a t a  and compile a case h i s t o r y .  Emphasis 
has  been on developing  a s imple  i n t e r p r e t a t i o n  scheme from a minimum 
o f  d a t a  sets. 

The Raft River geothermal system occur s  i r r  t h e  Raft River 
Valley,which is  a p o r t i o n  o f  t h e  Basin and Range geomorphic province  
l o c a t e d  i n  sou th  c e n t r a l  Idaho, sou th  o f  t h e  Snake River P la in .  
The v a l l e y  is a l a t e  Cenozoic s t r u c t u r a l  downwarp bounded by f a u l t s  
on t h e  west, s o u t h ,  and east. The downwarp is f i l l e d  w i t h  T e r t i a r y  
and Pa leozo ic  sed imen t s ,  metasediments,  and v o l c a n i c s  t h a t  o v e r l i e  
Precambrian rocks. 

The v a r i e t y  of rock t y p e s ,  t h e  presence  of  a l t e r a t i o n  prod- 
uc ts ,  and t h e  v a r i a b i l i t y  o f  f r a c t u r i n g  make re l iable  i n t e r p r e t a -  
t i o n s  d i f f i c u l t .  However, t h e  c r o s s  p l o t t i n g  of  v a r i o u s  parameters 
has a l lowed a de te rmina t ion  of  rock t y p e s  and an  a n a l y s i s  of t h e  
deg ree  o f  a l t e r a t i o n  and t h e  d e n s i t y  o f  f r a c t u r e s .  Thus, one can 
de termine  the  r e l e v a n t  data necessa ry  t o  assess a geothermal reser- 
v o i r  i n  similar rock  t y p e s  and use  c r o s s  p l o t s  t o  p o t e n t i a l l y  
d e f i n e  t h e  producing zones. 
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I. INTRODUCTION 

T h i s  s tudy  reviewed c o m e r c i a l  geophys ica l  l o g s  t h a t  have been run  i n  

s e v e r a l  geothermal h o l e s  d r i l l e d  i n  t h e  Raft River  Val ley ,  Idaho. Major 
o b j e c t i v e s  were t o  dec ide  whether adequate  l o g s  were ob ta ined ,  whether ade- 

q u a t e  q u a l i t y  c o n t r o l  was main ta ined ,  whether t h e  l o g s  responded as normally 

a n t i c i p a t e d ,  and l as t ,  whether t h e  d a t a  were u s e f u l  i n  t h e  e v a l u a t i o n  of  t h e  

geothermal r e s e r v o i r .  

The Raft River  Valley is i n  t h e  Bas in  and Range Province ,  and is l o c a t e d  

i n  sou th  c e n t r a l  Idaho, sou th  o f  t h e  Snake River P l a i n ,  and n o r t h  o f  t h e  Utah- 

Idaho s ta te  l i n e  (F ig .  1 ) .  For many y e a r s  l o c a l  r e s i d e n t s  i n  t h e  v a l l e y  have 

used h o t  water from s p r i n g s  and sha l low wells f o r  a g r i c u l t u r a l  purposes ,  i n -  

c l u d i n g  greenhouses  and o t h e r  n o n e l e c t r i c a l  a p p l i c a t i o n s .  I n  1973, t h e  s tudy  

began under what is now t h e  US Department o f  Energy (DOE) and t h e  Raft River  

Electr ical  Cooperative.  A s tudy  o f  the  geothermal p o t e n t i a l  o f  t h e  Raft 

River Val ley  was begun t o  assess tech-  
n iques  f o r  u s i n g  low- t o  moderate- 

t empera tu re  h o t  water f o r  power gener- 

a t i o n .  Technology is a v a i l a b l e  t o  

g e n e r a t e  power from high-temperature 

steam, bu t  t h e  water a t  t h e  Raft River  

is  on ly  140-160tC (284-320tF) and is, 

consequent ly ,  o f  margina l  tempera ture  

f o r  c u r r e n t  technology f o r  power 

g e n e r a t i o n .  Thus t h e  p l a n ,  as o r i g i -  

n a l l y  conce ived ,  was t o  b u i l d  a 

demonst ra t ion  p l a n t .  The US Geolog- 

i c a l  Survey (USGS) and s e v e r a l  firms 

and o r g a n i z a t i o n s  have also p a r t i c i -  

p a t e d  i n  t h e  Raft River  r e s o u r c e  

e v a l u a t i o n .  

Exp lo ra to ry  d r i l l i n g  began i n  

t he  area i n  1974. To d a t e ,  f i v e  deep 

e x p l o r a t i o n  and/or  p roduc t ion  wells 
Fig .  1.  Loca t ion  of  Raft River Val ley  o f  approximate ly  1520-m (5000-f t ) '  

dep th  o r  deeper  and two i n j e c t i o n  wi th  r e s p e c t  t o  t h e  Snake 
River  P l a i n  and Idaho Batho- 
l i t h .  wells [ s l i g h t l y  deeper  than  1070 m 
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(3500 f t ) ]  have been d r i l l e d  i n  t h e  va l l ey .  In  a d d i t i o n ,  numerous shallow 

wells have been d r i l l e d  t o  monitor t h e  ground-water system and t o  be t te r  under- 

s t a n d  t h e  nea r - su r face  geology of t h e  area. 

The f i v e  e x p l o r a t i o n  and/or  p roduc t ion  w e l l s  and t h e  two i n j e c t i o n  wells 

were geophys ica l ly  logged us ing  commercial logging  s e r v i c e s .  I n  a d d i t  i o n ,  t h e  

USGS Div i s ion  of  Water Resources a l s o  logged these wells. The o b j e c t  o f  t h i s  

r e p o r t  i s  t o  review t h e  commercial l o g  d a t a  and t o  make d e t a i l e d  a n a l y s i s  o f  

t h e  r e s e r v o i r  p o t e n t i a l .  

A s  a r e s u l t  o f  t h e  geothermal i n v e s t i g a t i o n s  i n  t h e  area, p l ans  are pro- 

g r e s s i n g  t o  b u i l d  a demonst ra t ion  p l a n t .  If f u l l  development is  carried o u t ,  

a d d i t i o n a l  ho t  water product ion  may be needed. Thus, t h e  o b j e c t i v e  i s  t o  p re -  

d i c t  what l o g  a n a l y s i s  t echn iques  might work i n  similar g e o l o g i c a l  envi ron-  

ments, t o  a i d  i n  sugges t ing  what t ypes  of  l o g s  should be run  i n  f u t u r e  wells, 

and t o  de te rmine  p o t e n t i a l  l o c a t i o n s  f o r  d r i l l i n g  o t h e r  wells. 

11. GEOLOGY 

Many of workers have d i scussed  t h e  geology of t h e  Raft River geothermal 

system. Mabey e t  a l .  (19751, Williams e t  a l .  (19751, Zohdy e t  a l .  (19751, 

Ackerman ( 1975> ,  Nichols and Applegate ( 19741, Applegate and Donaldson ( 19771, 

Mabey e t  al .  (19781, have a l l  d i s c u s s e d  t h e  geology and geophysics.  

The Raft River Valley is  i n  t h e  Basin and Range geomorphic province  and 

s e v e r a l  major s t r u c t u r e s  are prominent i n  t h e  va l l ey .  The v a l l e y  is approxi -  

mately 60 km (37 m i >  NS and 25 km (15 m i >  EW. Two major s t r u c t u r e s  are a major 

NE-trending zone, cal led t h e  Narrows zone, and a NS-trending f e a t u r e  c a l l e d  
t h e  Bridge f a u l t  zone (Fig. 2 ) .  These features may have s i g n i f i c a n t  s t r u c t u r a l  

c o n t r o l  on t h e  geothermal system i n  t h e  Raft River Valley. 

The Raft River Valley is  a l a t e  Cenozoic downwarp bounded by f a u l t i n g  on 

t h e  west, s o u t h ,  and east (Williams e t  a l . ,  1975). The downwarp is f i l l e d  

w i t h  a combination of T e r t i a r y  sed iments  and v o l c a n i c s  t h a t  o v e r l i e  Pa leozo ic  

and Precambrian rocks.  The T e r t i a r y  d e p o s i t s  are composed o f  P l e i s t o c e n e  and 

Holocene g r a v e l ,  a l l uv ium,  s i l t ,  and sand ,  i n  a d d i t i o n  t o  t h e  t u f f a c e o u s  s e d i -  

ments,  v o l c a n i c s ,  sed iments ,  and conglomerates o f  t h e  P l iocene  S a l t  Lake For- 

mation. Beneath t h e s e  u n i t s  are complex Pa leozo ic s  t h a t  i nc lude  q u a r t z i t e ,  

s c h i s t ,  and o t h e r  metamorphics t h a t  o v e r l i e  Precambrian r o c k s ,  p r i n c i p a l l y  of 
q u a r t z  monzonite. The lower p o r t i o n  of t h e  T e r t i a r y  s e c t i o n ,  t h e  Pa leozo ic  
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Fig .  2. Major s t r u c t u r a l  e lements  i n  
t h e  Raft R ive r  Val ley (modi- 
f i e d  from Mabey e t  a l . ,  1978). 

metamorphics, and perhaps t h e  Precam- 
b r i a n  q u a r t z  monzonite,  are of p r i -  

mary importance i n  t h e  geothermal  

system. 

111. SURFACE GEOPHYSICS 

Extens ive  geophys ica l  su rveys  

were conducted i n  t h e  area by t h e  

USGS and i n c l u d e  g r a v i t y ,  magnet ic ,  

r e f r a c t i o n  seismic, r e s i s t i v i t y ,  

aud iomagne to te l lu r i c ,  s e l f - p o t e n t i a l ,  

and t e l l u r i c  su rveys  (Corr ington ,  

1977). These s t u d i e s  i n d i c a t e  t h e  

p re sence  o f  approximate ly  2000 m 

(6500 f t )  o f  Cenozoic sed imentary  and 
v o l c a n i c  rocks ,  which is i n  agreement 

w i t h  t h e  g e n e r a l  g e o l o g i c a l  i n t e r p r e -  

t a t i o n .  Large-scale s t r u c t u r a l  fea- 

t u r e s  as i n t e r p r e t e d  from LANDSAT 

imagery are c l e a r l y  e v i d e n t  i n  t h e  

geophys ica l  s t u d i e s  and c o n s i s t e n t  

w i t h  g e o l o g i c a l  i n t e r p r e t a t i o n s .  

I V .  BOREHOLE DATA 

F igu re  3 shows t h e  r e l a t i v e  l o c a t i o n s  o f  t h e  f i v e  deep wells and t h e  two 

i n j e c t i o n  wells t h a t  have been d r i l l e d .  The deep wells were d r i l l e d  t o  t e s t  

both  t h e  Narrows and t h e  Bridge s t r u c t u r e s .  A l l  f i v e  exp lo ra t ion /p roduc t ion  

wel ls  were d r i l l e d  t o  dep ths  i n  excess  o f  1375 m (4500 f t ) .  I n j e c t i o n  wells 

were d r i l l e d  t o  dep ths  o f  more than  1075 m (3500 f t ) .  This  s tudy  i s  p r i m a r i l y  

concerned w i t h  t h e  f i v e  e x p l o r a t i o n  and product ion  wells. 
RRGE No. 1 was d r i l l e d  t o  a depth  o f  1520 m (4988 f t ) .  It i s  uncased 

from 1104 m (3622 f t )  t o  1520 m (4988 f t ) ,  and i s  capable  of producing 

4739 R/min (1250 gal. /min). 
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I R R G E  2 
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P R G F  3 9 

2 5  

Fig. 3. Loca t ions  o f  wells d r i l l e d  
t o  da te .  S o l i d  c i rc les  are  
producing w e l l s ,  shaded h a l f  
c i rc les  are very  poor pro- 
d u c e r s ,  and open c i r c l e s  are 
i n j e c t  i on  wells. 

(3470 f t )  t o  1585 m (5200 f t ) .  Tnis  

57 Q/min (15  ga l . /min) .  

RRGE No. 2 was d r i l l e d  t o  a 

dep th  o f  1994 m (6543 f t )  and is  

uncased below 1288 m (4227 f t ) .  Ex- 

t r a p o l a t i o n s  from t e s t  d a t a  and 

i n j e c t i o n  d a t a  coupled wi th  temper- 

a ture  logging  show t h a t  product ion  

occur s  from small i n t e r v a l s  a t  dep ths  

o f  about  1341 m (4400 f t ) ,  1585 m 

(5200 f t ) ,  and 1829 m (6000 f t ) .  

This  w e l l  is  capable  o f  producing 

3032 Q/min (800 ga l . /min) .  

RRGE No. 3 has  t h r e e  l e g s .  

Most o f  t h e  product ion  is from l e g  C. 

Legs A and B produce very  l i t t l e  

f l u i d .  Leg C is open between 1292 m 

(4240 f t )  and 1804 m (5920 f t ) .  

RRGE No. 4 has  two legs. They 

a r e  open from approximate ly  1053 m 

well has  very  poor production-about 

RRGE No. 5 is capable  of  producing 2464 Q/min (650 g a l . / m i n ) ,  and it  i s  

open from 1039 m (3408 f t )  t o  1504 m (4934 f t ) .  

F l u i d  i n  t n e s e  wells r anges  i n  tempera ture  from 133°C (272'F) t o  1 4 7 O C  

(296'F). Most o f  t h e  wells are around 138OC (28OOF) tempera ture  wi th  RRGE 

No. 3 as t h e  h o t t e s t  and RRGE No. 5 as t h e  c o l d e s t .  

A r e l a t i v e l y  complete s u i t e  o f  l o g s  was run  i n  each w e l l .  The l o g  s u i t e s  

va ry  s l i g h t l y  depending on t h e  s e r v i c e  company and t h e  s p e c i f i c  logging  pro- 

gram. The b a s i c  s u i t e  inc luded  t h e  fo l lowing  logs : t empera tu re ,  one-ara 

c a l i p e r ,  a c o u s t i c ,  e l ec t r i ca l ,  neu t ron ,  and dens i ty .  Add i t iona l  l o g s  were run 

i n  a few wells,  i n c l u d i n g  t h e  s p e c t r a l  gamma and f r a c t u r e  l o g s  and t h e  d i p  and 
flow meters. The l o g s  were in tended  t o  be recorded  i n  ana log  and d i g i t a l  

forms f o r  ease i n  d a t a  process ing .  

A t .  t h e  i n i t i a t i o n  o f  t h i s  s t u d y ,  it was r e p o r t e d  t h a t  t h e  l o g  d a t a  had 

a l l  been d i g i t i z e d  excep t  f o r  t h e  d a t a  from RRGE No. 1 and No. 2. Consequent- 

l y ,  f o r  t h i s  s t u d y ,  funding  was rece ived  t o  d i g i t i z e  a p o r t i o n  of  t h e  commer- 

c i a l  geophys ica l  l o g s  from RRGE No. 1 and No. 2. Unfo r tuna te ly ,  i t  was 
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d i scove red  t h a t  none of  t h e  o t h e r  data were d i g i t i z e d .  There was n o t  

s u f f i c i e n t  funding t o  d i g i t i z e  t h e  o t h e r  l o g s  so  t h i s  s tudy  was res t r ic ted  t o  
t h a t  small q u a n t i t y  of data. Therefore ,  our  a n a l y s i s  must be based on commer- 
c i a l l y  d i g i t i z e d  p o r t i o n s  of RRGE No. 1 and No. 2 and a small hand-d ig i t i zed  

sample of RRGE No. 4. RRGE Nos. 1 and 2 w i t h  good product ion  are compared 

w i t h  very  poor p roduc t ion  from RRGE No. 4. 

Water was t h e  d r i l l i n g  f l u i d  f o r  a l l  t h e  wells. Consequently, there are 
s e v e r e  problems wi th  bo reho le  s i z e .  The one-arm c a l i p e r  l o g  recorded a sig- 

n i f i c a n t  amount of t h e  time a t  full scale and t h u s ,  c o r r e c t  borehole  s i z e  was 

n o t  measured. Borehole s i z e  c o r r e c t i o n  cannot  be made t o  the  o t h e r  l o g  data 

when t h i s  occurs .  F igu re  4 shows some o f  t h e  data from t h e  zone o f  i n t e r e s t  

i n  RRGE No. 2. Some of t h e  major l i t h o l o g i c  changes can  be seen  on t h e  raw 
l o g s ,  b u t  i t  is d i f f i c u l t  t o  d e f i n e  detai led zones of  i n t e r e s t .  

F ig .  4. Represen ta t ive  s e c t i o n  of g e o p m s i c a l  logs from RRGE No. 4. 
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V. DATA ANALYSIS 
The i n t e r p r e t a t i o n  of geophys ica l  l o g s  has  been r e f i n e d  e x t e n s i v e l y  f o r  

petroleum a p p l i c a t i o n s .  Unfor tuna te ly ,  t h e  Raft River l i t h o l o g y  is  no t  com- 

posed of sequences ;  t h e s e  rocks  are much more complex and have log  responses  

t h a t  are almost t o t a l l y  unknown. For example, i n  a p o r t i o n  o f  t h e  Raft River 

wells, q u a r t z i t e ,  t u f f ,  q u a r t z  monzonite, s c h i s t ,  t u f f aceous  sands tones ,  and 

shales  and silts are encountered. The l o g  response  from t h e s e  materials i s  

unique compared w i t h  t h e  c lass ica l  responses .  Consequently,  character is t ic  

responses  must be noted and an a t t empt  made t o  understand t h e  g e o l o g i c a l  para-  

meters caus ing  these responses .  

The first o b j e c t i v e  i n  t h e  data a n a l y s i s  was t o  i d e n t i f y  s p e c i f i c  rock 

types  t o  provide  b e t t e r  c o r r e l a t i o n  among rock types  and l o g  responses  f o r  

subsequent  d r i l l i n g .  A second o b j e c t i v e  was t o  e v a l u a t e  product ion  c o n t r o l s ,  

and/or  t o  assess t h e  a b i l i t y  o f  a g iven  w e l l  t o  produce,  and t o  d e f i n e  t h e  

product ion  zone ( s> .  

The first s t e p  was t o  d e s c r i b e  a conceptua l  model of  t h e  r e sources  t o  

a i d  i n  t h e  a n a l y s i s  o f  t h e  da ta .  Applegate and Donaldson (1977) have charac-  

t e r i z e d  t h e  Raft River  geothermal  system as similar t o  a number of o t h e r  geo- 

thermal  systems i n  t h e  Basin and Range and Snake River P l a i n  areas. The model, 

shown i n  Fig. 5,  r e l i e s  on moving heat from wi th in  a c r y s t a l l i n e  rock toward 

t h e  s u r f a c e  of t h e  E a r t h ,  where t h e  heat is t rapped  and concen t r a t ed  beneath a 

d e b r i s - f i l l e d  basin.  The thermal c o n d u c t i v i t y  i s  s i g n i f i c a n t l y  lower i n  t h e  

BASEMENT ALLUVIAL F I L L  

Fig. 5. S i m p l i s t i c  model f o r  t h e  Raft 
River geothermal  system 
(Applegate and Donaldson, 
1977). 

b a s i n  m a t e r i a l  t han  i n  t h e  c r y s t a l l i n e  

rock. Consequently,  t h e r e  is  a h e a t  
build-up a t  t h e  base of t h e  b a s i n - f i l l  

rocks.  If t h e r e  are f l u i d s  and con- 

d u i t s  ( f a u l t s  o r  f r a c t u r e s )  t h a t  a l low 

t h e s e  f l u i d s  t o  c i r c u l a t e ,  t hen  one 

has  c i r c u l a t i n g  h o t  f l u i d s  i n  t h e  

system. This  is  t h e  proposed n a t u r e  

o f  t h e  Raft River  geothermal  system. 

It h a s  a source  of  water t h a t  h a s  been 

hea ted  a t  t h e  base o f  t h e  sedimentary 
rocks  and has  moved up through frac- 

t u r e s  i n t o  pore space created by t h e  

f r a c t u r i n g  o r  i n t o  pore  space  i n  t h e  

7 sedimentary material. 



Although it is  n o t  germane t o  t h i s  d i s c u s s i o n ,  it is  clear t h a t  t h e  

s t r u c t u r a l  c o n t r o l s  on t h e  Raft River geothermal  system are much more complex 

than  the  diagram. I n  fac t ,  i t  has been sugges ted  by Mabey e t  al. (1978) t h a t  

t h r u s t  f a u l t i n g  may g r e a t l y  compl ica te  t h e  s t r u c t u r e .  T h i s  is  suppor ted  by 

t h e  complex i t i e s  of t h e  l i t h o l o g i e s  i n  t h e  deeper  wells t h a t  sugges t  t h e r e  may 

be p o r t i o n s  o f  r epea ted  Pa leozoic  s e c t i o n  d i r e c t l y  ove r ly ing  t h e  basement rock. 

These s t r u c t u r a l  compl ica t ions  do n o t  d i r e c t l y  a f fec t  most o f  t h e  l o g  i n t e r -  

p r e t a t i o n  problems, bu t  are  s i g n i f i c a n t  i n  unders tanding  t h e  n a t u r e  and o r i g i n  

of  t h e  poros i ty .  

Among t h e  s e v e r a l  f a c t o r s  t h a t  must be assessed t o  e v a l u a t e  t h e  geo the r -  

mal r e s e r v o i r  are t h e  r e l a t i v e  importance o f  f r a c t u r e s ,  i n t e r g r a n u l a r  p o r o s i t y ,  

and t h e  e f fec ts  of  a l t e r a t i o n  products .  It was a n t i c i p a t e d  t h a t  f r a c t u r e s  

could be a major c o n t r o l  on t h e  p roduc t ion  o f  geothermal  f l u i d s  because an  

e x t e n s i v e  network o f  f r a c t u r e s  would i n c r e a s e  p o r o s i t y  and provide  a geothermal  

r e s e r v o i r  w i t h  e x c e l l e n t  product ion  c a p a b i l i t i e s .  The presence  o f  a p p a r e n t l y  
permeable and porous sed imentary  rocks ,  however, s u g g e s t s  t h a t  these rocks  may 

c o n t r i b u t e  t o  t h e  p r o d u c t i v i t y .  A l t e r a t i o n  p roduc t s  could be b e n e f i c i a l  or  

de t r imen ta l .  The a l t e r a t i o n  could produce a d d i t i o n a l  p o r o s i t y  o r  t h e  r e s u l t i n g  

a l t e r a t i o n  p roduc t s  could c l o g  t h e  po ros i ty .  

A method o f  d e f i n i n g  rock t y p e s  i s  impor tan t  i n  a s s e s s i n g  t h e  n a t u r e  o f  

t h e  p o r o s i t y  and t h e  c o n t r o l s  on t h e  r e s e r v o i r .  Rock-typing in fo rma t ion  from 

c r o s s - p l o t t i n g  t echn iques ,  p o r o s i t y  v a r i a t i o n s  wi th in  t h e  de f ined  rock  t y p e s ,  

and some in fo rma t ion  from flow meters and tempera ture  logs should  a i d  i n  t h e  

de te rmina t ion  o f  t h e  p roduc t ion  zones and t h e i r  na ture .  Each format ion  can be 

thought  o f  as  having fou r  components t h a t  w i l l  de te rmine  t h e  response  t o  t h e  

v a r i o u s  p o r o s i t y  t o o l s  (Fig.  6): t h e  format ion  ma t r ix ,  which i n  i t s e l f  can be 

q u i t e  complex; a l t e r a t i o n  p roduc t s ;  pore  ( i n t e r g r a n u l a r )  p o r o s i t y ;  and f r a c t u r e  

po ros i ty .  Each p o r o s i t y  t o o l  should respond a l i t t l e  d i f f e r e n t l y  t o  these f o u r  

components. For example, t h e  neut ron  l o g  may d e t e c t  t h e  a l t e r a t i o n  p roduc t s  

w i t h  t h e i r  water of  h y d r a t i o n  a s  p o r o s i t y ,  and may d e t e c t  t h e  f r a c t u r e  poro- 

s i t y ,  whereas t h e  s o n i c  l o g  may d e t e c t  some e f fec t  from t h e  a l t e r a t i o n  pro- 

d u c t s ,  bu t  may n o t  detect  t h e  effects  o f  f r a c t u r e s .  Therefore ,  we thought  

t h a t  t h e  d i f f e r e n c e  i n  response  might be d i a g n o s t i c .  With these though t s  i n  
mind, and a f t e r  examinat ion of t h e  geophys ica l  l o g s ,  i t  was decided t h a t  t h e  

t h r e e  p o r o s i t y  t o o l s  ( s o n i c ,  d e n s i t y ,  and neu t ron )  provided t h e  most usab le  
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DENSITY 

N E U T R O N  

DEFINITIONS : 

O B  = bulk dens i ty  

pM = matrix dens i ty  

A T  

V 

VLd FM = f r a c t i o n a l  proportion of 
matr ix  

VM PAP = a l t e r a t i o n  product dens i ty  

= t r a n s i t  time 

= veloc i ty  of formation 

= f l u i d  ve loc i ty  

= matrix v e l o c i t y  

VAp = a l t e r a t i o n  product ve loc i ty  

K1, K2 = constants  
f r a c t i o n a l  proportion of  

= a1 t e r a t i o n  products 

P W  = water dens i ty  +n = neutron poros i ty  

$ F  = f r a c t u r e  porosi ty  

$p = pore porosi ty  

Fig. 6. Log response  equa t ions  o f  a s i m p l i s t i c  model of  t h e  rocks  i n  t h e  Raft 
River geothermal system. 

d a t a  f o r  i n t e r p r e t a t i o n ,  and we concen t r a t ed  on a n a l y s i s  schemes us ing  d a t a  

from t h e s e  t o o l s .  

S e v e r a l  approaches were cons idered  t o  s o l v e  t h e  problems. The p r in -  

c i p a l  approach involved  s e v e r a l  s t anda rd  c r o s s - p l o t t i n g  t echn iques ,  s u c h  as  

son ic -dens i ty ,  neut ron-dens i ty ,  and sonic-neutron. These c r o s s  p l o t s ,  shown 

i n  Figs. 7 t o  15, c l e a r l y  d e l i n e a t e  t h e  major rock  t y p e s  wi th in  t h e  Pa leozoic-  

Precambrian s e c t i o n  and i n  a p o r t i o n  of  t h e  younger rocks  ove r ly ing  t h e  Paleo- 
zo ic s .  

F igu res  7 and 8 show d a t a  from RRGE No. 1 f o r  t h e  depth i n t e r v a l  from 

1392 m (4568 f t )  t o  1525 m (5002 f t) .  On both  p l o t s ,  t h e  q u a r t z i t e  d a t a  p o i n t s  

9 



are well grouped, whereas t h e  s c h i s t  d a t a  are more s c a t t e r e d .  On both g raphs ,  

however, t h e  d a t a  do n o t  fo l low t h e  45O l i n e  o f  one-to-one correspondence t h a t  

is c h a r a c t e r i s t i c a l l y  seen  f o r  sed imentary  rocks. This  d e p a r t u r e  s u g g e s t s  

t h a t  t h e  metamorphics have o t h e r  f a c t o r s  a f f e c t i n g  t h e i r  response  such as 

p o r o s i t y  type  and d i s t r i b u t i o n  and mineralogy. 

F igu res  9 through 12 show c r o s s - p l o t  d a t a  from RRGE No. 2. F igu re  9 
shows d a t a  from 1158 m (3800 f t )  t o  1275 m (4184 f t ) .  The rocks  i n  t h i s  sec- 

t i o n  are from t h e  T e r t i a r y  S a l t  Lake Formation. The sands tone  and s i l t s t o n e  

40 1.99 

c 

0 
2.65 

+ + 

-10 I I 1 I I 

40 AT 120 
(PS/ft) 

Fig. 7. P l o t  of % sands tone  (ss)  vs  AT f o r  t h e  dep th  i n t e r v a l  1392 m 
(4568 f t )  t o  1525 m (5002 f t )  i n  RRGE No. 1. 
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Fig. 8. P l o t  of  4~ ( s s )  vs  @n ( s s )  f o r  t h e  depth  i n t e r v a l  1392 m 
(4568 f t )  t o  1525 m (5002 f t )  i n  RRGE No. 1. 

can  be broken i n t o  d i s t i n c t  rock  types  by c r o s s  p l o t t i n g  4, (dens i ty -de r ived  

p o r o s i t y )  v s  AT ( s o n i c  t r a n s i t  time). F igu res  10 through 12 a r e  data from 

d e p t h s  between 1392 m (4563 f t )  and 1509 m (4952 f t ) .  Three d i s t i n c t  g roupings  

are  seen  on these p l o t s  f o r  t h e  t h r e e  rock  types--sandstone ( S a l t  Lake Forma- 

t i o n ) ,  s c h i s t ,  and q u a r t z i t e .  On a l l  t h e s e  c r o s s  p l o t s ,  @D vs  AT, @ vs 

4n (neut ron-der ived  p o r o s i t y )  and 4n v s  AT, t h e  sands tone  fo l lows  t h e  

c h a r a c t e r i s t i c  p a t t e r n  of sed imentary  rocks. The metamorphics do n o t  f i t  t h i s  

p a t  t e rn .  
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Fig. 9. P l o t  of (ss) v s  AT f o r  t h e  depth i n t e r v a l  1158 m (3800 f t )  t o  
1275 m (4184 ft) in RRGE No. 2. 
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Fig. 10. Plot of 4~ (ss) vs AT for the depth interval 1392 m (4568 ft) t o  
1509 m (4952 ft) in RRGE No. 2. 

13 



40 

O D  

0 

-10 - 

1.99 

2.32 

2.65 

_--\ 

P (g/cm 3'1 * + +  +:\ 
+ + + + +  

B 
++ + ++ 

/ I SANDSTONE 
e +  

+ +  + / 
+ +++ + 

+ +  

/ + +  + 
+ + +  

/' ++* + 
+ / 

i' 
\ 

---- -: 
f "\ QUARTZITE 

+ 

3 0 40 

Fig. 11. Plot of $D (ss) vs $., (ss) for the depth interval 1392 
(4568 ft) to 1509 m (4952 ft) in RRGE No. 2. 
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1509 m (4952 f t )  i n  RRGE No. 2. 
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Figures  13  through 15 are c r o s s  p l o t s  o f  t h e  same parameters  for the 

dep th  i n t e r v a l  1408 m (4618 f t )  t o  1539 m (5050 f t )  i n  RRGE No. 4. Again, 

three d i s t i n c t  g roups  became a p p a r e n t - - s i l t s t o n e ,  schis t ,  and q u a r t z i t e .  The 

s i l t s t o n e  f i ts  t h e  sedimentary p a t t e r n , ,  whereas the  metamorphics f a l l  i n t o  

r e l a t i v e l y  t i g h t  groups. I n  fact ,  f o r  t h e  p l o t  o f  $, v s  c $ ~ ,  t h e  e l o n g a t e  

t r e n d  is o r thogona l  t o  t he  s t anda rd  t r end .  A review of  t h e  data for o t h e r  

wells shows a similar p a t t e r n .  This  p a t t e r n  is, undoubtedly,  ve ry  s t r o n g l y  

in f luenced  by t h e  mineralogy as well as p o r o s i t y .  
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Fig. 13. P l o t  of $D (ss) v s  A T  f o r  t h e  dep th  i n t e r v a l  1408 m. (4618 f t )  t o  
1539 m (5050 f t )  i n  RRGE No. 4. 
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The problems o f  mineralogy appear  t o  be s i g n i f i c a n t  when t h e  effects of 

a l t e r a t i o n  are cons idered .  Both the  s c h i s t  and t h e  q u a r t z i t e  have a f a i r l y  

complex mineralogy. The schis t  i s  desc r ibed  by Corr ington  (1977) as dark  brown 

t o  g r a y ,  f i n e -  t o  medium-grained b i o t i t e  s ch i s t ,  and f ine-gra ined  g n e i s s  t h a t  

c o n t a i n s  q u a r t z  o r  q u a r t z - f e l d s p a r  l e n s e s ,  and the  q u a r t z i t e  is descr ibed  as 

white ,  t a n ,  o r  l o c a l l y  p a l e  g r e e n  q u a r t z i t e  w i t h  muscovite-quartz schis t  be- 

tween some beds. T h i s  makeup s u g g e s t s  t h a t  a l t e r a t i o n  should be cons idered .  
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Fig. 14. P l o t  of (ss)  v s  A T  f o r  t h e  dep th  i n t e r v a l  1408 m (4618 f t )  t o  
1539 m (5050 f t )  i n  RRGE No. 4. 
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A change i n  t h e  p r o p e r t i e s  could r e s u l t  from a l t e r a t i o n  of mafic mine ra l s  i n  

t h e  s c h i s t  and/or  q u a r t z i t e  t o  c l a y  minera ls .  This dec rease  i n  t h e  pe rcen tage  

o f  mafic mine ra l s  and i n c r e a s e  i n  t he  amount of  c l a y  mine ra l s  would r e s u l t  i n  

a decrease i n  d e n s i t y ,  and perhaps a r e d u c t i o n  i n  pore  space ,  which could  

account  f o r  some of  t h e  s t r a n g e  t r e n d s  seen  on the  @ vs  @ n  c r o s s  p l o t .  

The same effect  has been noted by Glenn and Hulen (19791, who determined t h e  

makeup o f  rock  i n  Sec. 14-2 of  Utah S ta te  Geothermal t h a t  had been logged. 

Glenn and Hulen's data are shown i n  Fig. 16. For t h e  main c o n s t i t u e n t s  o f  t h e  

D 

r o c k s ,  a g r a i n  d e n s i t y  of  2.71 g/m3 was used ,  and a d e n s i t y  of  3.15 g/m 3 
was used f o r  t he  mafics. The volume o f  bound water  i n  t h e  maf ics  is 10%. The 

g r i d  i l l u s t r a t e d  i n  Fig. 16 would change as t h e  d e n s i t i e s  vary  ( c o n t r a c t  o r  

expand) and r o t a t e  as t h e  bound water pe rcen tage  changed. The g r i d  r o t a t e s  

coun te r  c lockwise  as t h e  bound water pe rcen tage  inc reases .  

With t h i s  model, s e v e r a l  o b s e r v a t i o n s  can be noted on Figs. 8 ,  1 1 ,  and 

D 
15. F i r s t ,  t h e  data p o i n t s  r e p r e s e n t  more a l tered rock  f o r  i nc reased  4 

(decreased bulk i n t e n s i t y )  f o r  a g iven  rock  type. Second, t h e  mafic minera l  

composition and/or  t he  percentage  o f  bound water may va ry  somewhat from well 

t o  w e l l .  T h i r d ,  t h e  q u a r t z i t e - s c h i s t  r e l a t i o n s h i p  is c o n s i s t e n t  f o r  R R G E s  

No. 1 and No. 2, whereas i t  i s  d i f f e r e n t  f o r  RRGE No. 4. 

From t h e s e  data,  we surmised t h a t  bo th  t h e  q u a r t z i t e  and s c h i s t ,  a t  l eas t  
i n  p a r t ,  are more a l tered i n  RRGE No. 4 than  i n  RRGE No. 1 and No. 2. T h i s  i s  

i n d i c a t e d  by t h e  l lup- to- the- le f t t l  s h i f t  of most o f  t h e  s c h i s t  data p o i n t s ,  and 

t h e  e l o n g a t i o n  of  the t r e n d  of  t h e  q u a r t z i t e  p o i n t s  i n  t h e  same d i r e c t i o n .  

The i n d i c a t e d  i n c r e a s e  i n  a l t e r a t i o n  may have clogged t h e  p o r o s i t y  (pores  o r  

f r a c t u r e s )  t o  t he  p o i n t  t h a t  pe rmeab i l i t y  i s  reduced and product ion  minimized. 

From these data,  we can s p e c u l a t e  on t h e  degree of  a l t e r a t i o n ;  however, 

i t  does n o t  appear  p o s s i b l e  t o  draw d e f i n i t i v e  conc lus ions  about  t h e  n a t u r e  o f  

t h e  p o r o s i t y  i n  t h e  product ion  zones. The re fo re ,  we eva lua ted  o t h e r  parameters 

t o  o b t a i n  in fo rma t ion  on p o r o s i t y  t y p e  and d i s t r i b u t i o n .  One parameter was 

based on t h e  d i f f e r e n c e  between t h e  t r a n s i t  time i n  microseconds and t h e  

dens i ty -de r ived  p o r o s i t y  i n  pe rcen t  d iv ided  by t h e  t r a n s i t  time. T h i s  para- 

meter is  shown on c r o s s  p l o t s  as 

19 



20 

10 

% 

0 

-10 

0 30 

Fig. 16. P l o t  of 9, (ss) v s  $ n  (Is) f o r  Utah S t a t e  Geothermal Well-14-2. 
Depth i n t e r v a l  457 m (1500 f t )  t o  488 m (1600 f t ) ,  p s  = 
2.71 g/m3, prn = 3.15 g/m3, and vel% H20 i n  mafics is 10%. 
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and is  a f f e c t e d  by changes i n  t h e  bulk d e n s i t y  and t h e  v e l o c i t y  o r  t r a n s i t  

time. These f a c t o r s  ( d e n s i t y  and v e l o c i t y )  a l s o  d e f i n e  e l a s t i c  moduli. There- 

f o r e ,  Q may be thought  o f  as both  t h e  d i f f e r e n c e  between two d i f f e r e n t  p o r o s i t y  

responses  and as  a s t r e n g t h  parameter. Changes i n  t h e  v e l o c i t y - d e n s i t y  rela- 
t i o n s h i p  should r e s u l t  i n  changes i n  s l o p e ,  and t h e  d i f f e r e n t  rock t y p e s  should 

be d i s t r i b u t e d  i n  somewhat d i f f e r e n t  p o r o s i t y  ranges. A l t e r a t i o n  p roduc t s  

and/or  f r a c t u r i n g  should cause  a change i n  s l o p e  (a f l a t t e n i n g )  and s c a t t e r  

w i t h i n  a g iven  rock  type. 

F igu res  17 through 21 show Q c r o s s  p l o t t e d  vs $D. Figure  17 shows 

d a t a  f o r  t h e  dep th  i n t e r v a l  1275 m (4184 f t )  t o  1392 m (4568 f t ) ,  and Fig. 18 

shows data f o r  t h e  i n t e r v a l  1392 m (4568 f t )  t o  1525 m (5002 f t ) ,  both from 

RRGE No. 1. S e v e r a l  d i s t i n c t  p a t t e r n s  are  seen  f o r  t h e  v a r i o u s  rock types.  

The q u a r t z  monzonite p l o t  shows some scat ter  t h a t  i n d i c a t e s  a v a r i a t i o n  i n  t h e  

v e l o c i t y - d e n s i t y  r e l a t i o n s h i p  wi th  t h e  fo rma t ion ,  which is probably  i n d i c a t i v e  

of f r a c t u r e  d i s t r i b u t i o n .  The q u a r t z i t e  has a ve ry  t i g h t  data grouping t h a t  

p robably  i n d i c a t e s  e i t h e r  very  l i t t l e  p o r o s i t y  o r  a very c o n s i s t e n t  p o r o s i t y  

d i s t r i b u t i o n  wi th in  t h e  u n i t .  T h i s  i m p l i e s  t h a t  t h e  q u a r t z i t e  h a s  very  few, 

if any ,  f r a c t u r e s .  The s c h i s t  d a t a  p o i n t s  on both  Figs. 17 and 18 a re  more 

s c a t t e r e d ,  which s u g g e s t s  t h a t  t h e  v e l o c i t y - d e n s i t y  r e l a t i o n s h i p  v a r i e s  g r e a t l y  

w i t h i n  t h e  u n i t ,  and t h u s  may i n d i c a t e  s i g n i f i c a n t  f r a c t u r i n g  wi th in  t h e  

s c h i s t .  The t u f f a c e o u s  s i l t s t o n e  i s  complex i n  l i t h o l o g y  and a l s o  complex i n  

i t s  response.  There is a d i s t i n c t  t r e n d  t h a t  may i n d i c a t e  v a r i a t i o n  i n  t h e  

b a s i c  po re  p o r o s i t y  wi th in  t h e  u n i t ,  b u t  t n e  s c a t t e r  probably i n d i c a t e s  t h a t  

t h e  s i l t s t o n e  has s i g n i f i c a n t  fractures. 
F igu res  19 and 20 are  p l o t s  of  Q v s  0, f o r  RRGE No. 2. F i g u r e  19 i s  

f o r  t h e  i n t e r v a l  from 1392 m (4563 f t )  t o  1509 m (4952 f t )  whereas Fig.  20 is  

f o r  1509 m (4952 f t )  t o  1626 m (5336 f t ) .  In  t h i s  well ,  t h e  s c h i s t  appea r s  t o  

have a s i n g u l a r  v e l o c i t y - d e n s i t y  r e l a t i o n s h i p ,  which i m p l i e s  less f r a c t u r i n g .  

The sands tone  shows some d a t a  p o i n t  s c a t t e r ,  which may i n d i c a t e  f r a c t u r i n g .  

The q u a r t z i t e  and t h e  q u a r t z  monzonite show some scat ter  i n  t h e  data p o i n t s ,  

which may be i n d i c a t i v e  of  f r a c t u r i n g .  From t h e s e  d a t a ,  one would a n t i c i p a t e  

some p roduc t ion  is coming from t h e  sands tone ,  t h e  q u a r t z i t e ,  and t h e  q u a r t z  

monzonite. A check o f  i n d i v i d u a l  d a t a  p o i n t s  should b e t t e r  p inpo in t  t h e  i n d i -  

v i d u a l  p roduc t ion  zones. 

F igu re  21 is Q v s  $D f o r  RRGE No. 4 f o r  t h e  i n t e r v a l  1408 m (4618 f t )  

t o  1593 m (5050 f t ) .  The s c h i s t  and q u a r t z i t e  are  desc r ibed  by a ve ry  l i n e a r  
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Fig. 17. P l o t  of  Q vs  4~ (ss)  f o r  t h e  depth i n t e r v a l  1275 m (4184 f t )  t o  
1392 m (4568 f t )  i n  RRGE No. 1. 
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Fig. 18. P l o t  of Q vs $D (9s) f o r  t h e  depth i n t e r v a l  1392 m (4568 f t )  t o  
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set  o f  data p o i n t s ,  which impl i e s  l i t t l e  if any f r a c t u r i n g .  Even t h e  s i l t s t o n e  

shows a very  t i g h t  grouping  o f  data p o i n t s  implying l i t t l e  f r a c t u r i n g .  

O f  numerous o t h e r  c r o s s  p l o t s  g e n e r a t e d ,  some showed promise,  bu t  need 

more a n a l y s i s .  One i n t e r e s t i n g  p l o t  was 

An i n c r e a s e  i n  

i n  RRGE No. 2 f o r  

i n d i c a t e  zones o f  

t h i s  p l o t  is t h a t  

+ n  - O D  
@D 

the  depth  i n t e r v a l  1392 m (4568 f t )  t o  1509 m (4952 f t )  may 

i n c r e a s e d  f r a c t u r i n g  w i t h i n  t h e  sandstone. A problem w i t h  

+D and/or  + n  a; t h e r e f o r e ,  t h e  c r o s s  p l o t  must be re- 

vamped t o  a t t empt  t o  compensate f o r  t h i s  problem (F ig .  22). 

V I .  SUMMARY AND CONCLUSIONS 

The l o g  r e sponses  f o r  complex rocks ,  i n c l u d i n g  t u f f a c e o u s  sed iments ,  

metamorphics, and q u a r t z  monzonite are  more complicated t h a n  t h o s e  i n  t y p i c a l  

sed imentary  rocks. Cross -p lo t t i ng  t echn iques  c l e a r l y  d e l i n e a t e  t h e  complex 

rock  t y p e s  and zones o f  i n c r e a s e d  a l t e r a t i o n  and i n c r e a s e d  f r a c t u r i n g .  

The c r o s s  p l o t s  i n d i c a t e  t h a t  t h e  q u a r t z  monzonite, s c h i s t ,  and s i l t s t o n e  

are f r a c t u r e d  i n  RRGE No. 1. I n  RRGE No. 2 ,  t h e  q u a r t z i t e ,  q u a r t z  monzonite, 

and sands tone  appear  fractured. I n  both wells,  t h e  f r a c t u r i n g  may have en- 

hanced t h e  i n t e r g r a n u l a r  p o r o s i t y  i n  t h e  s i l t s t o n e  and sands tone  and,  hence,  

improved production. The q u a r t z i t e  appea r s  altered i n  RRGE No. 1 ,  whereas i n  

RRGE No. 2 t h e  q u a r t z i t e  and s c h i s t  are more a l tered i n  t h e  q u a r t z i t e  t han  i n  

t h e  schist .  In  RRGE No. 4 ,  f r a c t u r i n g  must be minimal, and t h e  s c h i s t  and 

q u a r t z i t e  appear  t o  be altered. The l a c k  o f  f r a c t u r i n g  i n  t h e  s c h i s t ,  qua r t z -  

i t e ,  and s i l t s t o n e ,  and the  p a r t i a l  s e a l i n g  o f  t h e  s i l t s t o n e  w i t h  a l t e r a t i o n  

p roduc t s  c o n t r i b u t e s  t o  the  lack o f  p roduc t ion  from RRGE No. 4. 
The product ion  i n  t h e  Raft River  geothermal system comes from s e v e r a l  

fo rma t ions  nea r  t h e  sediment-basement complex. F r a c t u r i n g  may enhance t h e  

normal product ion  from t h e  i n t e r g r a n u l a r  po ros i ty .  A l t e r a t i o n  p roduc t s  could 

be reducing  e f f e c t i v e  p o r o s i t y  i n  some of  t h e  u n i t s .  Mul t ip l e  stages o f  

f a u l t i n g  ( o l d e r  t h r u s t s ,  followed by younger normal f a u l t s )  may have c o n t r o l l e d  

t h e  d i s t r i b u t i o n  o f  f a u l t i n g .  
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Care fu l  c r o s s  p l o t t i n g  o f  data from a l l  o f  t h e  wells a t  Raft River should 

c o n t r i b u t e  t o  be t te r  unders tanding  o f  t h e  n a t u r e  o f  t h e - r e s e r v o i r  and a f u r t h e r  

r e f i n e d  i n t e r p r e t a t i o n  technique. A p a r t i c u l a r  b e n e f i t  would be a be t te r  ap- 

p r e c i a t i o n  o f  t h e  e f f e c t s  o f  a l t e r a t i o n  p roduc t s  on log r e sponses ,  and perhaps 

a q u a n t i t a t i v e  procedure f o r  ana lyz ing  a l t e r a t i o n .  The p o r o s i t y  l o g s  provide  

t h e  most u s e f u l  data  and should be run  i n  subsequent wells i n  a d d i t i o n  t o  a 

multiarmed cal iper  and a spectral  too l .  
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