
PROCEEDINGS, Eleventh Workshop on Geothermal Reservoir: Engineering 
Stanford University, Stanford, California, January 21-23, 1986 
SGP-TR-93 

FRACTURE DETECTION: INTERPRETATION OF WELL LOGS TO SELECT 
PACKER SEATS AND LOCATE INJECTION INTERVALS 

D. s. Dreesen, K. L. Burns, P. Chavez, 2 .  V. Dash, S. Kelkar, J. Kolar ,  and s. s. Levy 

E a r t h  and Space Sciences D i v i s i o n  
Los Aliimos Nat iona l  Labora to ry  

Los A'lamos, New Mexico 87544 

ABSTRACT 

A w i r e l i n e  and mud l o g g i n g  program has been 
conducted i n  c o n j u n c t i o n  w i t h  r e d r i l l i n g  
opera t i ons  i n  w e l l  EE-3 a t  the  Fento-n H i l l  H o t  
Dry Rock (HDR) s i t e  near V a l l e s  Caldera., New 
Mexico.  The t r a j e c t o r y  f o r  t h e  new bo re ,  
EE-3AS pene t ra ted  a f r a c t u r e d  zone s t i m u l a t e d  
f rom a d j a c e n t  w e l l  EE-2 and thereby 
e s t a b l i s h e d  h y d r a u l i c  communication. To t e s t  
and s t i m u l a t e  s e l e c t e d  zones i n  EE-3A 
i n f l a t a b l e  open h o l e  packers designed f o r  h i g h  
temperature s e r v i c e  were used. Proper 
i d e n t i f i c a t i o n  and s e l e c t i o n  o f  packer seats  
was c r u c i a l  t o  the  success o f  the  p r o j e c t .  
The l o g g i n g  program s u c c e s s f u l l y  i d e n t i f i e d  
f i v e  competent packer seats  i n  s i x  a t tempts.  
W i r e l i n e  temperature, c a l i p e r ,  son ic  
t e l e v i e w e r  and n a t u r a l  gamma r a y  l o g s  were 
used i n  c o n j u n c t i o n  w i t h  mud logs,  d r i l l  
c u t t i n g s  and d r i l l i n g  parameter data t o  l o c a t e  
f r a c t u r e s ,  out-of-gage hole, temperature 
anomalies and m i n e r a l i z e d  zones which were 
avoided i n  s e l e c t i o n  of the  packer seats .  

INTRODUCTION 

The Los Alamos N a t i o n a l  Laboratory  has been 
engaged f o r  t h e  p a s t  decade i n  d e v e l o p i n g  
technology f o r  energy e x t r a c t i o n  f rom h o t  d r y  
rock  r e s e r v o i r s .  As a p a r t  o f  the  development 
o f  a second, deeper, h o t t e r  r e s e r v o i r  (Phase 
111, f i e l d  exper iments a r e  i n  progress a t  the  
HDR t e s t  s i t e .  The p r imary  o b j e c t i v e  o f  the  
f i e l d  o p e r a t i o n s  has been t o  achieve h y d r a u l i c  
communication between w e l l s  EE-2 and EE-3 a t  
depths r a n g i n g  from 11~500-13,200 f e e t .  Thus 
c o l d  water  can be i n j e c t e d  down one w e l l  and 
h o t  water  produced a t  the  o t h e r  w e l l .  The 
r o c k  mass su r round ing  the  G o  w e l l s  was 
s t i m u l a t e d  w i t h  the  i n j e c t i o n  o f  l a r g e  volumes 
of water. Subsurface microseismic d e t e c t o r s  
were used t o  map the  micro-earthquakes d u r i n g  
and a f t e r  the  massive i n j e c t i o n s  (House e t  
al. ,  1985). A f t e r  f a i l i n g  t o  e s t a b l i s h  a 
connection, EE-3 was s i d e t r a c k e d  ,and r e d r i l  l e d  
(EE-3A) on a l ower  t r a j e c t o r y  t o  i n t e r s e c t  a 
h i g h  d e n s i t y  r e g i o n  i n  t h e  c loud  o f  
microseismic even ts  surrounding EE-2 r e s u l t i n g  
from the  l a r g e s t  i n j e c t i o n  which used f i v e  
m i l l i o n  g a l l o n s  o f  f r e s h  water. The 8-1/2 
i n c h  w e l l b o r e  was d r i l l e d  f rom 9,300 to 13,180 
f e e t  encoun te r ing  temperatures i n  excess o f  
260°C. 

A number o f  r e s e r v o i r  s t i m u l a t i o n  t e s t s  were 
conducted a t  va r ious  depths d u r i n g  r e d r i l l i n g  
operat ions.  Due t o  t h e  e x i s t e n c e  o f  a low 
p r e s s u r e  r e g i o n  a t  10,250 f e e t ,  t h e  l o w e r  
i n t e r v a l s  had t o  be i s o l a t e d  f rom t h i s  zone 
and open h o l e  packers were s e l e c t e d  as the  
o n l y  p r a c t i c a l  method t o  e f f e c t i v e l y  s t i m u l a t e  
and i n t e r r o g a t e  the  we l l bo re .  T h i s  was 
accompl ished w i t h  the  use o f  a r e c e n t l y  
improved, open hole, i n f l a t a b l e  packer 
(Dreesen e t  al. ,  1985 and 1986). The h i g h  
i n i t i a l  temperature, l a r g e  thermal cyc les,  
h i g h  d i f f e r e n t i a l  pressures and ab ras i ve  open 
h o l e  environment c rea ted  an ext remely 
c h a l l e n g i n g  environment f o r  open ho le  packer 
operat ions.  Packer sea ts  had t o  be s e l e c t e d  
t o  a v o i d  enlarged, f r a c t u r e d ,  incompetent  o r  
mechanica l ly  weak borehole.  A r e l i a b l e  
l o g g i n g  program was e s s e n t i a l  f o r  success fu l  
packer ope ra t i ons  and the  r e s e r v o i r  
development and t e s t i n g  program. 

LOGGING PROGRAM 

The l o g g i n g  p rog ram i n c l u d e d  i n  t h e  EE-3A 
d r i l l i n g  p l a n  sought t o  i d e n t i f y  and l o c a t e  
e f f e c t i v e  packer seats. Most o f  the  w e l l b o r e  
was assumed t o  be u n s u i t a b l e  due t o  one o r  
more o f  the  f o l l o w i n g  c o n d i t i o n s :  overs ized,  
i r r e g u l a r  broken o u t  o r  washed o u t  bore, open 
f r a c t u r e s  i n t e r s e c t i n g  the  bore, minera l  
f i l l e d  f r a c t u r e s  and j o i n t e d  o r  weak r o c k  more 
s u s c e p t i b l e  t o  f r a c t u r i n g  than  the  t a r g e t e d  
i n j e c t i o n  zone (Hickman e t  al. .  1985; Warren, 
1981). P o t e n t i a l  packer sea ts  were l o c a t e d  
by u s i n g  mud logs,  temperature l o g s  and 
c a l i p e r  logs. Open ho le  and 
t h r o u g h - d r i l l - p i p e  gamma r a y / c o l l a r  l o c a t o r  
l o g s  were used t o  c o r r e l a t e  d r i l l  p i p e  and 
open .ho le  w i r e l i n e  d e p t h s .  The USGS h i g h  
temperature t e l e v i e w e r  was r u n  t o  i n v e s t i g a t e  
c a l i p e r  l o g  data o f  unusual cha rac te r .  F i g u r e  
1 p r e s e n t s  a c o m p o s i t e  c o r r e l a t i o n  o f  t h e  
v a r i o u s  l o g s  used ove r  one r e g i o n  o f  i n t e r e s t .  
Table 1 s u m r i z e s  the  s t i m u l a t i o n  t e s t s  and 
packer sea ts  by packer run. 

Mud Logging and Geologica l  I n t e r p r e t a t i o n :  
D r i l l  c u t t i n q s  were c o l l e c t e d  and examined a t  
the  w e l l s i t e -  by comnerc ia l  mud loggers.  A 
complete geothermal d r i l l i n g  data l o g  
i n c l u d i n g  d r i l l  p i p e  depth, d r i l l  r a t e  (F igure  
l a ) ,  l i t h o l o g y ,  f l o w l i n e  temperatures, gas 
c o n t e n t  and suppor t i ng  d r i l l i n g  data were a l s o  
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c o l l e c t e d  and p r e s e n t e d  on  a t e n  f e e t  p e r  
sample d isp lay .  M ine ra l  i d e n t i f i c a t i o n  and 
f r a c t u r e  examinat ion by b i n o c u l a r  and 
pe t rog raph ic  microscope, x-ray d i f f r a c t i o n ,  
and e l e c t r o n  microprobe a n a l y s i s  were 
performed. Resu l t s  were used t o  prepare a 
l i t h o l o g i c  l o g  (F igure  l b )  showing the  
approximate l o c a t i o n  o f  geo log i c  u n i t  
boundaries, d i k e s  and minera l  f i l l e d  
f rac tu res .  Gross gamma measurements of 
c u t t i n g  samples were made (F igure  IC) i n  a 
r e g i o n  o f  p a r t i c u l a r  i n t e r e s t  t o  compare 
d r i l l i n g  p i p e  depths w i t h  w i r e l i n e  gamma r a y  
depths (F igure  I d ) .  

W i r e l i n e  Logging and Procedures: A 
?-conductor. te t r a f l  uoroe thv lene  ( T t  t 1 t e f l o n  
i n s u l a t e d  l o g g i n g  cab le  and cab le  head r a t e d  
f o r  cont inuous s e r v i c e  a t  320'C were used t o  
r u n  t h e  Los Alamos p r o j e c t  l o g g i n g  sondes 
(Dennis e t  al. .  1985) and the  USGS h i g h  
temperature te lev iewer .  Pressure c o n t r o l  
equipment f o r  the  h i g h  temperature l o g g i n g  
c a b l e  was l i m i t e d  t o  1000 p s i g .  A c a s i n g  
c o l l a r  l o c a t o r  was r u n  i n  c o n j u n c t i o n  w i t h  
o t h e r  sondes f o r  depth c a l i b r a t i o n .  

A commercial " s l i m  h o l e "  gamma r a y / c o l  l a r  
l o c a t o r  p rov ided  a t h r o u g h - d r i l l - p i p e  l o g  i n  a 
d r i l l  s t r i n g  coo led  w i t h  low f l o w  r a t e  
c i r c u l a t i o n .  

Temperature Logging: The temperature sonde 
uses a t h e r m i s t o r  probe w i t h  h i g h  accuracy and 
r e s o l u t i o n .  It i s  r e a d i l y  f i e l d e d ,  r e l i a b l e  
and more e a s i l y  rep laced  than o t h e r  sondes. 
There fo re  i t  was r u n  p r i o r  t o  r u n n i n g  o t h e r  
l o g g i n g  sondes. Cable t e n s i o n  and t o o l  
turnaround were moni tored c a r e f u l l y  t o  assure 
ho le  c o n d i t i o n s  were s u i t a b l e  f o r  the  c a l i p e r  
l o g g i n g  t o  f o l l o w .  Surveys were r u n  a t  60 t o  
150 f t / m i n  b o t h  i n t o  and  o u t  o f  t h e  w e l l .  
Depths were c o r r e c t e d  f o r  thermal l a g  t i m e  and 
cable s t r e t c h  ( turnaround) .  

Temperature surveys were r u n  i n  w e l l  EE-3A 
preceding and f o l l o w i n g  each packer 
experiment. Anomalies and v a r i a t i o n s  f rom the  
background temperature g r a d i e n t  were used t o  
i n f e r  f r a c t u r e  i n l e t s / o u t l e t s  w i t h i n  +10 f e e t  
(F igure  lg ,  F i g u r e  2). More p r e c i s e  T o c a t i o n  
o f  f r a c t u r e s  was o f t e n  p rec luded  by the  h i g h  
pressures t h a t  prevented l o g g i n g  d u r i n g  
i n j e c t i o n  o r  e a r l y  shut - in .  The packer 
c o n f i g u r a t i o n  prevented l o g g i n g  below it. 
Vent ing and c i r c u l a t i o n  o f  the  w e l l  was 
r e q u i r e d  p r i o r  t o  removal and t h i s  r e s u l t e d  i n  
a s m e a r i n g  o f  f l u i d  e n t r a n c e s  a n d  made i t  
d i f f i c u l t  to determine the f racture locations. 

C a l i p e r  Logging: The Los Alamos c a l i p e r  t o o l  
i s  a 3-independent-arm t o o l  c o n f i g u r e d  to 
measure ho le  d iameters f rom 5 to 14 inches. 
Mechanical l i nkage ,  magnetic c o u p l i n g s  and 
h i g h  temperature, r o t a r y  po ten t i omete rs  a r e  
used t o  c o n v e r t  borehole r a d i u s  t o  an 
e l e c t r o n i c a l l y  measured output .  The sonde was 
r u n  w i t h  the  arms r e t r a c t e d .  They were 
e x t e n d e d  t o  l o g  o u t  o v e r  t h e  i n t e r v a l  o f  
i n t e r e s t  and then r e t r a c t e d  f o r  removal. 

Logging speeds v a r i e d  from 5 t o  40 f t / m i n .  
Pre- log and pos t - l og  c a l i b r a t i o n s  were made t o  
c a l c u l a t e  c o r r e c t i o n s  f o r  the  c a l i p e r  pad wear 
w h i c h  was s i g n i f i c a n t  on r u n s  o f  o v e r  200 
feet .  The t o o l  was r u n  w i t h  two bow 
c e n t r a l i z e r s  s t r a d d l i n g  the  measuring arms. A 
s l i p  and s t i c k  movement o f  the  t o o l  was 
i n d i c a t e d  by c a l i p e r  l o g  q u a l i t y  below 12.600 
f e e t .  

Accurate c a l i p e r  l o g s  were r e q u i r e d  t o  s e l e c t  
packer seats  (F igure  I f ) .  Over-extension o f  
the  h i g h  temperature des ign i n f l a t a b l e  packer 
e lement  ( i n  the range o f  9.5 i n c h  d iamete r )  
made the  element s u s c e p t i b l e  t o  r u p t u r e .  
Washouts, breakouts o r  ledges which cou ld  
e a s i l y  go undetected u s i n g  a s i n g l e  o r  dual  
a rm c a l i p e r  can a l s o  r u p t u r e  t h e  e l e m e n t .  
A f t e r  the  packer r u p t u r e d  d u r i n g  i n i t i a l  
i n f l a t i o n  on  r u n  f i v e  ( T a b l e  1) a r e p e a t  
c a l i p e r  l o g  showed t h a t  an i n o p e r a t i v e  arm on 
the  p rev ious  l o g  had, i n  f a c t ,  t r a c k e d  through 
a washed o u t  f r a c t u r e  w i t h  no s i g n i f i c a n t  
response by the  o t h e r  two arms (F igure  3 ) .  A 
new packer s e a t  was s e l e c t e d  30 f e e t  above the  
p rev ious  packer depth and a successfu l  
i n j e c t i o n  o f  1-1/2 m i l l i o n  g a l l o n s  was 
completed w i t h  no evidence o f  a packer leak.  

Telev iewer  logg ing :  The motor i n  the  l o g g i n g  
sonde would n o t  operate i n  the  p r imary  
i n t e r v a l  o f  i n t e r e s t  below 12.400 f e e t .  b u t  
was o p e r a t i o n a l  above 12,200 f e e t  so l o g s  were 
r u n  ove r  severa l  a l t e r n a t e  depth i n t e r v a l s .  A 
l o g g i n g  speed o f  5 f t / m i n  p rov ides  the  most 
d e t a i l e d  image. However s t i c k - s l i p  mot ion o f  
the  sonde a t  low l o g g i n g  speeds r e s u l t e d  i n  
imagery t h a t  was t o t a l l y  i ncoheren t  a t  5 
f t / m i n  and o n l y  p a r t i a l l y  coherent  a t  10 
f t /m in .  A l o g g i n g  speed o f  20 f t / m i n  was used. 
The b e s t  l o g s  were o b t a i n e d  i n  t h e  d e p t h  
i n t e r v a l  between 11,200 and 12,000 f e e t ,  where 
h o l e  i n c l i n a t i o n  ( f r o m  the  v e r t i c a l )  was about  
10 degrees. Below t h a t  i n t e r v a l ,  w i r e - l i n e  
drag aggravated the  s t i c k - s l i p  motion. Above 
t h a t  i n t e r v a l ,  the  i n c l i n a t i o n  was as h i g h  as 
20 degrees and image q u a l i t y  d e t e r i o r a t e d  due 
t o  p o o r  c e n t r a l i z a t i o n  o f  t h e  t o o l  a n d  an  
i nc rease  i n  s t i c k - s l i p  motion. The r e s u l t s  
emphasize the  need f o r  improved c e n t r a l i z i n g  
assembl ies f o r  imaging t o o l s .  

S tud ies  o f  the  t e x t u r e  o f  the  imagery i n d i c a t e  
t h a t  coherent  images were ob ta ined  f o r  abou t  
95 p e r c e n t  o f  the  logged i n t e r v a l s .  
I ncoheren t  imagery i s  c h a r a c t e r i z e d  by a 
t e x t u r e  termed "shading" as  i l l u s t r a t e d  by 
C l a r k  (1981) .  The 5 p e r c e n t  o f  i n c o h e r e n t  
imagery, f rom comparison w i t h  c a l i p e r  logs,  
p robab ly  corresponds w i t h  zones o f  mu1 t i p l e .  
open f r a c t u r e s .  It i s ,  i n  f a c t ,  reasonable t o  
i n t e r p r e t  a l l  the  i n c o h e r e n t  p o r t i o n s  o f  the  
imagery as  open f r a c t u r e  zones. T h i s  means 
t h a t  the  t e l e v i e w e r  y i e l d e d ,  p r e f e r e n t i a l l y ,  
coheren t  imagery f o r  non - f rac tu red  p a r t s  of 
the  we1 1 bore. While t h i s  r e s u l t  i s  
d i s a p p o i n t i n g  f o r  s t u d i e s  o f  the  h y d r a u l i c  
aper tures,  i t  was t u r n e d  t o  advantage i n  
s e l e c t i n g  l o c a t i o n s  f o r  packer seats. 
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Two types o f  geo log i ca l  f e a t u r e s  were 
e x t r a c t e d  from imagery (F igure  l h  and li). 
The f i r s t  i s  the  d i s c r e t e ,  dark, l i n e a r  
f e a t u r e  which, as i s  well-known, corresponds 
t o  f r a c t u r e s  o r  j o i n t s .  The t e x t u r a l  
appearance i s  p robab ly  due t o  wave-guide 
a b s o r p t i o n  (Burns, 1986). The second i s  a 
d i f f u s e ,  o r  d i spe rsed  f e a t u r e  w i t h i  two 
p o s s i b l e  causes. It may be due t o  f o l i a t i o n  
o r  t o  f r a c t u r e s  o f  a p e r t u r e  l e s s  t h a n  t h e  
son ic  wavelength. The two t ypes  a r e  shown 
separa te l y  on the  accompanying f i g u r e s .  
Whatever the  g e o l o g i c a l  cause o f  the  second 
t ype ,  i t  was f o u n d  t h a t  i t  i s  c l e a r  and 
d i s t i n c t i v e  i n  smooth r e g i o n s  o f  the  we l l bo re ,  
as i n d i c a t e d  by the c a l i p e r  log,  and obscured 
o r  i n v i s i b l e  i n  rough sect ions.  

There were t h e r e f o r e  two c r i t e r i a  f o r  f i n d i n g  
smooth, sound, u n f r a c t u r e d  p o r t i o n s  o f  the  
w e l l b o r e  f rom t e l e v i e w e r  l o g s  which were 
s u p p o r t e d  by  c a l i p e r  r e s u l t s :  t h e  l a c k  o f  
i n c o h e r e n t  "shading"  and the  v i s i b i l i t y  o f  
d i f f u s e  fea tu res .  These were f e l t  t o  g i v e  a 
r e l i a b l e  d iagnos is  o f  ho le  c o n d i t i o n  and were 
a major  c o n s i d e r a t i o n  i n  choosing t h e  f i n a l  
packer seat. 

Open Hole Gamma Ray Logging: A !geiger 
d e t e c t o r  gamma r a y  sonde was r u n  i n  the  open 
ho le  o f  EE-3A t o -  t i e  the  n a t u r a l  gamma r a y  
depth s i g n a t u r e  t o  p r o j e c t  w i r e l i n e  depths. 
The commercial des ign e l e c t r o n i c s  f o r  the  t o o l  
a r e  t h e r m a l l y  p r o t e c t e d  i n  a dewar housing 
w i t h  a cerrobend h e a t  s ink.  The t o o l  operates 
a t  t e m p e r a t u r e s  o f  300'C f o r  more t h a n  6 
hours. The gamma r a y  s i g n a t u r e  ob ta ined  was 
r e a d i l y  c o r r e l a t e d  w i t h  s i g n a t u r e s  ob ta ined  
w i t h  the  commercial t h r o u g h - d r i l l - p i p e  log.  
Most l o g s  were r u n  a t  60 t o  80 f t / m i n .  
Logging speeds as low as 40 f t / m i n  were 
r e q u i r e d  t o  o b t a i n  a good r e p e a t  s i g n a t u r e  
w i t h  the  dewared t o o l .  

Gamma R a y K o l l a r  Loca to r  C o r r e l a t i o n  Log: A 
commercial h i a h  t e m e r a t u r e  a a m  r a v  / c o l l a r  
l o c a t o r  l o g  was r u n  t h r o u g 6  d r i l l  -pipe. It 
was determined t h a t  a packer r u p t u r e  occu r red  
as a r e s u l t  o f  s e t t i n g  the  packer i n  en la rged  
hole. There were two p o s s i b l e  e x p l a n a t i o n s  
f o r  p o s i t i o n i n g  t h e  p a c k e r  a t  a n  i m p r o p e r  
depth: (1) The depth c o r r e l a t i o n  between the  
c a l i p e r  l o g  a n d  d r i l l  p i p e  was i n c o r r e c t .  
Open h o l e  and t h r o u g h - d r i l l - p i p e  . gamma r a y  
l o g s  c o n f i r m  t h a t  t h e  packer had been s e t  a t  
the  p roper  depth. Tag bot tom .depths had been 
s u c c e s s f u l l y  used t o  c o r r e c t  w i r e l i n e  depth t o  
d r i l l  p i p e  depth. (2) The c a l i p e r  arm pads 
f a i l e d  t o  t r a c k  through a washout. T h i s  i n  
f a c t  occurred as i s  d iscussed under c a l i p e r  
logging.  

RESULTS OF THE LOGGING PROGRAM 

The l o g g i n g  p r o g r a m  p r o v i d e d  ' i n p u t  t o  t h e  
success fu l  packer ope ra t i ons  and a l s o  added 
s i g n i f i c a n t l y  t o  the  r e s e r v o i r  d e s c r i p t i o n  
process complementing i n j e c t i o n  and t r a c e r  
data. R e s u l t s  t h a t  c o n t r i b u t e d  t o  the  r'eser- 
v o i r  d e s c r i p t i o n  i n c l u d e d  depth c o r r e l a t i o n  o f  

d r i l l i n g  data w i t h  w i r e l i n e  data, l o c a t i o n  o f  
a c t i v e  f r a c t u r e s ,  m ine ra l  f i l l e d  f r a c t u r e s  and 
f o l i a t i o n s  and fo rma t ion  chanqes. 
Depth C o r r e l a t i o n :  
between w i r e l i n e  and d r i l l  p i p e  depths. 

Table 2 shows c o r r e l a t i o n s  
Depth 

measurements made on v a r i o u s  r u n s  u s i n g  the  
same w i r e l i n e  v a r i e d  l e s s  than f o u r  f e e t .  
Depths measured u s i n g  d i f f e r e n t  w i r e l i n e s  
v a r i e d  a s  much a s  20 f e e t .  When w o r k i n g  
w i t h i n  600 f e e t  o f  the  bot tom o f  the  hole, t a g  
bot tom depths were used s u c c e s s f u l l y  t o  make 
the  d r i l l  p i p e  / w i r e l i n e  depth c o r r e c t i o n .  

A l o g g i n g  r u n  was r e q u i r e d  f o r  each sonde r u n  
s i n c e  mu1 t i p l e x i n g  equipment f o r  the  Los 
Alamos open h o l e  l o g g i n g  t o o l s  (now u n d e r  
development) was n o t  a v a i l a b l e .  Where accu ra te  
p a c k e r  d e p t h s  were r e q u i r e d ,  a n  open h o l e  
gamma r a y  l o g  was r u n  on the  w i r e l i n e  
c u r r e n t l y  i n  use t o  c o r r e l a t e  w i t h  a 
t h r o u g h - d r i l l - p i p e  gamma r a y  log .  

There was a l s o  concern t h a t  d r i l l  p i p e  depth 
d i sc repanc ies  may have occurred.  Gamma r a y  
measurements were made on the  d r i l l  c u t t i n g s  
over  an i n t e r v a l  o f  s p e c i f i c  concern i n  
s e l e c t i n g  the  packer s e a t  for r u n  7. t o  assure 
t h a t  the  mud l o g  depths a t  the  packer s e a t  
were on depth w i t h  the  t h r o u g h - d r i l l - p i p e  
gamma r a y  l o g  b e i n g  u s e d  t o  p o s i t i o n  t h e  
packer. The r e s u l t i n g  measurements l e d  t o  an 
a l t e r n a t e  c o r r e l a t i o n  presented i n  F igu re  l a ,  
b and c (dashed l i n e ) .  

A c t i v e  F rac tu res :  A c t i v e  f r a c t u r e s  were 
'Iocated u s i n g  p re -  and p o s t - i n j e c t i o n  
temperature logs.  F u l l  i n t e r p r e t a t i o n  o f  
p o s t - i n j e c t i o n  l o g s  r e q u i r e d  modeling o r  
s i m u l a t i o n  u s i n g  a w e l l b o r e  h e a t  t r a n s f e r  code 
i n  o r d e r  t o  c a l c u l a t e  t h e  f l o w  s p l i t .  However 
t h e  raw l o g  d a t a  were a d e q u a t e  t o  d e t e c t  
f r a c t u r e s  and s e l e c t  packer seats .  
Temperature l o g s  o f  the  EE-3A w e l l b o r e  a r e  
shown on F igu res  l g  and 2. The major  a c t i v e  
f r a c t u r e s  i n f e r r e d  u s i n g  these and o t h e r  l o g s  
a r e  a l s o  d e p i c t e d  i n  F i g u r e  2. O r i e n t e d  
cores were ob ta ined  b u t  t h e r e  i s  cons ide rab le  
ev idence t h a t  the  o r i e n t a t i o n s  were n o t  
r e p r e s e n t a t i v e  o f  most o f  the  wel lbore.  Where 
l o g  q u a l i t y  i s  adequate the  t e l e v i e w e r  l o g  
p rov ides  the  b e s t  i n f o r m a t i o n  on f r a c t u r e  
o r i e n t a t i o n .  , 

L i t h o l o g y  and S t r u c t u r e :  L i t h o l o g i c a l  banding 
was de tec ted  i n  mud logs,' t e l e v i e w e r  l o g s  and 
cores. More ' d e t a i l e d  l i t h o l o g i c  i n f o r m a t i o n  
was ob ta ined  by l a b o r a t o r y  examination. 
Compar i son  o f  c o r e  a n d  t e l e v i e w e r  d a t a  i s  
c o n t i n u i n g  t o  . r e s o l v e  the  ques t i on  o f  
d e t e c t a b i l i t y  o f  f a b r i c  elements such as 
cleavage and f o l i a t i o n  ( d i f f u s e  fea tures) .  

E a r l y  i n  t h e  d r i l l i n g ,  a p o s s i b l e  c o r r e l a t i o n  
between l a r g e  d r i l l  c u t t i n g d h i g h  d r i l l i n g  
r a t e s  and h i g h  b i o t i t e  concen t ra t i ons  (based 
on w e l l s i t e  measurements) was observed. 
Packer sea ts  were s e l e c t e d  t o  a v o i d  r e g i o n s  of 
l a r g e  o r  i r r e g u l a r  c u t t i n g s ,  h i g h  b i o t i t e  
concen t ra t i ons ,  h i g h  secondary minera l  
c o n c e n t r a t i o n s  and h i  g h pene t r a  ti on r a t e s  
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based  on t h e  a s s u m p t i o n  t h a t  any  o f  t h e s e  
m i g h t  be i n d i c a t i v e  o f  weak o r  incompetent  
rock.  Subsequent l a b o r a t o r y  s tudy has shown 
t h a t  s imple b i o t i t e  c o n t e n t  i s  n o t  the  
c o n t r o l l i n g  f a c t o r ,  b u t  may p r o v i d e  some 
i n d i c a t i o n  o f  r o c k  s t r e n g t h  o r  competence. 
A l l  o f  the  packers were s e t  i n  g r a n o d i o r i t e  
w i t h  b i o t i t e  concen t ra t i ons  o f  l e s s  than 10%. 

Minera l  -F i  1 l e d  F r a c t u r e s  : M i n e r a l - f i l l e d  
f r a c t u r e s  were i d e n t i f i e d  by l a b o r a t o r y  
examinat ion o f  the  d r i l l  c u t t i n g s  and core 
where a v a i l a b l e .  The use o f  h i g h  v i s c o s i t y  
s e p i o l i t e  g e l  d r i l l i n g  f l u i d  removed c u t t i n g s  
up t o  0.2 inches l o n g  and complete f r a c t u r e s  
up t o  0.08 inches wide were detected. 
C u t t i n g s  c o n t a i n i n g  f r a c t u r e  su r faces  broken 
d u r i n g  d r i l l i n g  were a l s o  observed. Several 
thousand c u t t i n g s  per  sample had t o  be 
examined t o  d e t e c t  even moderate ly  abundant 
f r a c t u r e s .  From t h i s  study, r e g i o n s  w i t h  h i g h  
d e n s i t y  o f  m i n e r a l - f i l l e d  f r a c t u r e s  were 
i d e n t i f i e d  (F igure  l b ) .  

T e x t u r a l  r e l a t i o n s  w i t h i n  f r a c t u r e  f i l l i n g s  
show t h a t  many f r a c t u r e s  have been repea ted ly  
r e a c t i v a t e d  i n  the  p a s t  and c o u l d  be a c t i v a t e d  
d u r i n g  packer i n f l a t i o n  and r e s e r v o i r  
s t i m u l a t i o n .  I n f o r m a t i o n  about  m i n e r a l - f i l l e d  
f r a c t u r e s  was used i n  s e l e c t i n g  the  l a s t  two 
packer seats. 

Microseismic Earthquake Dens i t y  P l o t :  An 
earthquake d e n s i t y  p l o t  was cons t ruc ted  u s i n g  
earthquakes mapped d u r i n g  the  5 m i l l i o n  g a l l o n  
i n j e c t i o n  i n t o  EE-2. The number o f  
earthquakes l o c a t e d  w i t h i n  300 f e e t  (100 
meters)  o f  a g i ven  measured w e l l  depth a r e  
compared w i t h  the  a c t i v e  f r a c t u r e s  i n f e r r e d  
f rom temperature l o g s  (F igure  2). There i s  a 
c o r r e l a t i o n  between the  se ismic d e n s i t y  and 
the  connect ing and non-connecting f rac tu res .  
Regions o f  h i g h  d e n s i t y  surround and i n  some 
cases o v e r l a p  the  connec t ing  f ra ,c ture 
ent rances . 
S t i m u l a t i o n  T e s t i n g  Program: The s t i m u l a t i o n  
t e s t i n g  program, summarized i n  Table 1, 
achieved two goals :  ( 1 )  S t i m u l a t e  the  
r e s e r v o i r  i n  the  v i c i n i t y  o f  the  new w e l l b o r e  
(EE-3A) t o  e s t a b l i s h  and enhance h y d r a u l i c  
connect ions w i t h  EE-2. ( 2 )  Assess i n j e c t i o n  
p o t e n t i a l  and determine i n j e c t i o n  
p r e s s u r e / r a t e  r e 1  a t i o n s h i  ps f o r  the  s t i m u l a t e d  
i n t e r v a l s .  The f i r s t  two t e s t s  below the  low 
pressure r e g i o n  were p r i m a r i l y  f o r  the  purpose 
o f  e v a l u a t i n g  packer performance w h i l e  the  
subsequent t e s t i n g  had s p e c i f i c  r e s e r v o i r  
t e s t i n g  o b j e c t i v e s  (Ke lkar  e t  al. ,  19861. 
Volumes up t o  1-1/2 m i l l i o n  g a l l o n s  o f  water  
and t e s t  d u r a t i o n s  up t o  100 hours were 
achieved u s i n g  the  packer system. H y d r a u l i c  
communication between the  two w e l l s  was 
e s t a b l i s h e d  through severa l  w e l l  d e f i n e d  
f r a c t u r e  ent rances a t  depths between 11,700 
and 12,550 fee t .  

Packer Resu l t s :  Packer performance was much 
b e t t e r  than expected. Out o f  seven runs  two 
packers r u p t u r e d  d u r i n g  i n i t i a l  i n f l a t i o n .  

Leakage around the  packer was observed on o n l y  
two packer  runs. Packer damage caused the  
l e a k  on r u n  2. A packer s e a t  l o c a t e d  between 
two f r a c t u r e s  which were b o t h  connected t o  
EE-2 e x p l a i n e d  the  leakage observed d u r i n g  r u n  
7. The a b i l i t y  t o  s e l e c t  s u i t a b l e  i n t e r v a l s  
f o r  packer seats  and a w e l l  p lanned and 
sys temat i c  approach t o  the  exper imen ta l  p lans  
p layed a major r o l e  i n  the successful program. 

CONCLUSIONS 

The EE-3A l o g g i n g  program was c r u c i a l  i n  
s e l e c t i o n  o f  packer sea ts  f o r  the  r e s e r v o i r  
t e s t i n g  program. The mud l o g g i n g  p r o g r a m  
p r o v i d e d  w e l l s i t e  i n p u t  t o  focus the  c a l i p e r  
l o g g i n g  on reg ions  w i t h  good p o t e n t i a l  packer 
seats. The th ree  arm c a l i p e r  l o g  was needed 
t o  e l i m i n a t e  s e c t i o n s  o f  bore t h a t  were t o o  
l a r g e  f o r  the  h i g h  temperature packer element. 
T h i s  was conf i rmed on packer  r u n  5 where the  
packer element r u p t u r e d  a f t e r  i t  was s e t  u s i n g  
two a rm o u t p u t  f rom t h e  t h r e e  a rm c a l i p e r  
sonde. Temperature l o g s  p r o v i d e d  s u f f i c i e n t l y  
accu ra te  l o c a t i o n  o f  f r a c t u r e s  t o  s e l e c t  
packer  seats. The l o g g i n g  program has a l s o  
c o n t r i b u t e d  t o  the unders tand ing  o f  r e s e r v o i r  
s t r u c t u r e  w h i c h  a t  t h i s  p o i n t  i s  i n  good 
agreement w i t h  o t h e r  r e s e r v o i r  data. 

The importance o f  m u l t i p l e  arm c a l i p e r  l o g g i n g  
and good w i r e l i n e  depth c o r r e c t i o n s  was 
demonstrated d u r i n g  these operat ions.  H igh  
temperature w i r e l i n e  l o g g i n g  has been shown t o  
be a u s e f u l  i n v e s t i g a t i v e  t o o l  i n  g r a n i t i c  
rock.  A s i x  arm, h o t  ho le  c a l i p e r ,  a h i g h  
temperature mu1 t i p l e x i n g  system and h i g h  
p ressu re  w e l l  c o n t r o l  equipment f o r  l a r g e  
d iameter  h o t  ho le  w i r e l i n e s  a r e  needed t o  make 
the  techniques desc r ibed  commerc ia l ly  v i a b l e .  
A method t o  e l i m i n a t e  the  severe s t i c k - s l i p  
movement o f  the  the  c a l i p e r  and t e l e v i e w e r  
sondes i n  the  i n c l i n e d ,  a b r a s i v e  we l l bo res  a t  
Fenton H i l l  would make the  c a l i p e r / t e l e v i e w e r  
and open ho le  packers a powerfu l  and 
complementary we1 1 bore e v a l u a t i o n  system. 
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TABLE 1. PACKER SEAT SELECTION AND RESERVOIR TEST DATA 

RUN 
- 
1 

2 

3 

4 

5 

6 

7 

TEST INTERVAL+ 
( f t .  1 

10,829-10,875 

10,841-11,615 

11,537 

11,537-12,203 

12,585 

12,555-13,180 

11,976-12,550 

. .  

BOREHOLE DESCRIPTION* 
DIAMETER SECONDARY BIOTITE 

( i n )  M1NE:RALS % % 

8.75 1 3-5 

8.75 2 3-5 

8.9 2 5-7 

8.9 2 5-7 

9.2** 1 (5 

9.2 1 (5 

9.1 2 <lo 

INJECTION 
VOLUME TIME 

( g a l )  ( h r )  

6,000 1.5 

140,000 10 

420,000 20 

1.4~10~ 38 

1.5~10~ 84 

COMMENTS 

I n i t i a l  packer t e s t ,  no 
leakage observed. 

Packer de f l a ted ,  moved 
and leaked. 

Packer damaged d u r i n g  r u n  
i n  and f a i l e d  t o  set .  

Small  l e a k  v i a  f r a c t u r e  
suspected. Connection t o  
EE-2 es tab l i shed .  

Packer r u p t u r e d  d u r i n g  
i n i t i a l  i n f l a t i o n .  

No leakage observed. 

2nd connect ion  t o  EE-2 
es tab l i shed ,  1 BPM 
leak  observed. Bypass t o  
upper EE-2 connect ion  
formed leak  path. 

* Diameter based on c a l i p e r  log.  M ine ra l  percentages based on w e l l s i t e  mud l o g  es t imates .  
Country rock  l i t h o l o g y  was i d e n t i f i e d  as  b i o t i t e  g r a n o d i o r i t e  on the  mud log .  

+ I n i t i a l  depth  corresponds t o  packer s e t t i n g  depth. 

** Repeat c a l i p e r  l o g  showed a 4.9 i n c h  r a d i u s  wash o u t  o r  break o u t  on one s i d e  o f  bore. 

TABLE 2. DEPTH CORRECTIONS FROM COMMERCIAL AND LOS ALAMOS WIRELINE GAMMA RAY LOGS 
USED FOR RUN 6 AND 7 PACKER SEAT SELECTIONS. 

DEPTHS DEPTH CORRECTIONS 
P I P E  THRU DP O P t N  HOLt mU DP LOG OPEN HOLt LOG' - -. FEATURE - 

Whipstock 

GR Spike** 

GR Spike 

GR Spike 

GR Spike 

GR Spike 

GR Spike 

Tag Bottom 

9,391* 

9,584 

10,048 

10,910 

11,761 

12,454 

13,038 

13,170 

9,376 

9,573 9,571 

10,036 10,040 

10,896 10,902 

11,746 11,755 

12,440 12,453 

13,021 13,037 

13,155 

11 

12 

14 

15 

14 

17 

15 

* 
** 

Top o f  wh ips tock  s e t  a t  9,380 ft. w i t h  p rev ious  r i g  and d r i l l  s t r i n g .  

H igh  gamma r a y  coun t  over  a narrow i n t e r v a l .  

15 

13 

8 

8 

6 

1 

1 

-211- 



REFERENCES 

Burns, K.L. (19861, "Geological structures 
from televiewer logs o f  GT-2, Fenton H i l l .  
Par t  1 - feature extraction", LA-MS report, 
Los Alamos National Laboratory, 25 pp.. i n  
press. 

Clark, W.P. (1981), "Landsat 3 Return Beam 
Vidicon response a r t i f ac ts .  A repo r t  on RBV 
photographic product character is t ics  and 
qua l i t y  coding system'', EROS Data Center, 
Department o f  I n te r i o r ,  Sioux Fal ls,  13 pp. 

Dennis, B.R., Koczan, S.P. and Stephani, E.L. 
(19851, "Hig h-Tempera tu re  Borehole 
Instrumentation," LA-10558-HDR. UC-66b. 

Dreesen, D.S. and M i l l e r ,  J.R. (September 12, 
1985). "Open Hole Packer and Running Procedure 
f o r  Hot Dry Rock Reservoir Testing,'' 
Proceedings Fourth Annual Department o f  Energy 
Geothermal Program Review, Washington, D. C. 

Dreesen, D.S., M i l l e r ,  J.R., Halbardier, F.A. 
and Nicholson, R.W. (19861, "Open Hole Packer 

f o r  High Pressure Service i n  a Five Hundred 
Degree Farenheit Precambrian Well bore." 
Proceedings IADC/SPE 1986 D r i l l i n g  Conference, 
Dallas, Texas. 

Hickman, H.H., Healy, H.H. and Zoback, M.D. 
(June 19851, " In  S i t u  Stress, Natural Fracture 
Dis t r ibut ion,  and Borehole Elongation i n  the 
Auburn Geotherml Well, Auburn, New York." 
Journal o f  Geophysical Research, Vol. 90, No. 

House, L., Keppler, H. and Kaieda, H. (August 
19851, "Seismic Studies o f  a Massive Hydraulic 
Fractur ing Experiment, " Transactions 
Geothermal Resources Council, Vol. 9-Part 11. 

Kelkar, S., Zyvoloski, G. and Dash, Z. (1986). 
"Pressure Testing o f  a High Temperature, 
Natural ly Fractured Resevoir," t h i s  workshop. 

Warren, W.E. (December 19811, "Packer-Induced 
Stresses During Hydraulic Well Fracturing," 
Transactions o f  the ASME, Vol. 103, p. 
336-343. 

87, p. 5497-5512. 

-212- 



I 
N 

W 

Drilling Logs Los Alamos Wireline 1 Los Alamos Wireline 2 
Commercial 

Open Hole 
Gamma Count Caber 

USGS Televiewer Open Hole 
TemDerature Discrete Diffuse Gamma Coui 

................ ................ ................ 

............... ................ c ................ 

............ ............... : ....... 

Granodiorite Fractures 
C. d. a. b. e. 

- 
i 

i 

I 

I 

i 
I 

t;.:.:.:.:.:..* 

' ?  
: 
i 

i;.:.:.:.:.:.:.+ 

I 

,! 

i 
! 
i 

! 

: I 

\ 
\ 
: 

5 0  55117 

f. 

YI 

.. . . . . . . . . . . . .  ................. ................ 

................ ................. ................ 

................. ................ 6 I ................. 15ooc 9- 

.."... ..............._ .................... 

................. 

00 3600 00 3600 

h. i. i .  

Figure 1 .  Example o f  well logs used for  selecting packer sea ts .  
1 .  
2. 

Correlation based on through-drill-pipe and wire-line gama ray logs r u n  a f t e r  d r i l l i n g  was completed. 
Alternate correlation o f  dr i l l ing  logs based on gamma ray counts o f  d r i l l  cutt ings.  
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Figure 3. 
per survey showing a break-out near 12,600 f e e t  
The packer f a i l e d  i n  run #5 when set  a t  t h i s  
depth. 
survey w i th  on ly  two arms functioning. 
heavy t race i s  from the same survey using the 
two funct ion ing arms. 

The l i g h t e s t  t race i s  a 3-arm c a i i -  

The medium t race i s  an e a r l i e r  ca l iper  
The 

5 Packer Run Number 
Packer Seat n i  .:. .:. 

:::I Stimulated Interval 

:C TD or PBTD - Fractures first observed 
after pumping operations where 
communication with EE-2 was 
demonstrated 

V d  Fractures first observed 
after pumping operations that 
showed no evidence of 
communications with EE-2. 

Figure 2 .  
temperature l o g  compared t o  f rac tu re  entrances detected i n  s t imulat ion 
t e s t  # 1 t o  7. 

A histogram o f  microseismic event densi t ies and a t yp i ca l  
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