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I n t roduc t i on  

As more d a t a  from geothermal systems have 
been ga thered  and analyzed,  t h e r e  has  been 
growing documentat ion and v e r i f i c a t i o n  t h a t  
f r a c t u r e s  have a major e f f e c t  on the  per for-  
mance of most geothermal r e s e r v o i r s .  I n  
c o n t r a s t  t o  o i l  and gas r e s e r v o i r s ,  geothermal 
resources  a r e  o f t e n  encountered i n  rocks with 
low mat r ix  permeabi l i ty ,  such a s  volcanic  f o r-  
mations and p lu ton i c  assemblages. Experience 
a t  s eve r a l  geothermal f i e l d s  has shown t h a t  
r e s e r v o i r  f l u i d s  a r e  produced i n  important 
volumes only from narrow and inf requent  zones 
conta in ing  f r a c t u r e s  t h a t  a r e  both open and 
well-connected hyd rau l i c a l l y .  I n  a d d i t i o n  t o  
t h e i r  importance f o r  w e l l  t a r g e t i n g ,  t h e  loca-  
t i o n  and c h a r a c t e r i z a t i o n  of open f r a c t u r e s  
w i th in  s p e c i f i c  geothermal w e l l s  is a l s o  
v i t a l l y  important  t o  engineers  f o r  i n t e r p r e t-  
ing p r e s su re  and flow t e s t  d a t a ,  and f o r  
des igning  a proper r e i n j e c t i o n  scheme t h a t  
avoids premature thermal breakthrough of 
i n j ec t ed  f l u i d s  i n t o  production we l l s .  This 
paper is a shortened ve r s ion  of an  LBL tech-  
n i c a l  r epo r t  (Golds te in ,  1984) i n  which the  
p r e sen t  s t a t e  of technology i n  f r a c t u r e  detec-  
t i o n  and mapping is reviewed. 
p r e sen t  t h e  au tho r ' s  op in ion  of present  
research  needs. 

Both papers 

De f in i t i ons  

The word f r a c t u r e  used i n  t h i s  r e p o r t  
encompasses the  range of macroscopic openings 
and flow channels  t h a t  would be c l a s s i f i e d  a s  
f a u l t s ,  f r a c t u r e s ,  j o i n t s ,  bedding p l anes ,  o r  
b r ecc i a  zones in a s t r i c t  geo log i ca l  sense .  
For the  purposes of  numerical modeling and 
d a t a  a n a l y s i s ,  a f r ac tu r ed  rock i s  o f t e n  
t r e a t e d  a s  a s i n g l e  or set of p lanar  or disc-  
shaped openings wi th  cons tan t  ape r t u r e s  w i th in  
an otherwise homogeneous and impermeable 
medium. This  i d e a l i z a t i o n  of f r a c t u r e  morpho- 
logy i s  testimony t o  t h e  f a c t  t h a t  our numeri- 
c a l  codes and methods f o r  i n t e r p r e t i n g  f i e l d  
d a t a  a r e  l im i t ed  t o  t h e  most elementary f rac-  
t u r e  .models. Within a given  rock volume f rac-  
t u r e s  may e x h i b i t  a wide range of l eng th s ,  
ape r t u r e s ,  o r i e n t a t i o n s ,  and c o n n e c t i v i t i e s .  
Knowledge of f l u i d  p r e s su re s ,  temperatures,  
composition of f rac ture- f  i l l i n g  ma te r i a l s  
( including secondary o r  hydrothermal minerals  
[Elders ,  198211, and h o s t  rock p rope r t i e s  a r e  

needed t o  de sc r i be  t h e  f r a c t u r e  i n  r e l a t i o n  t o  
t h e  rock. F r ac tu r e  ape r tu r e s  vary over  many 
o rde r s  of magnitude. Those with ape r tu r e s  a t  
l e a s t  in t h e  mm range and l a t e r a l  dimensions 
on t h e  o rde r  of t e n ' s  of meters  a r e  of primary 
i n t e r e s t .  The l a r g e r  openings develop a s  a 
r e s u l t  of magmatic processes ,  l a rge- sca le  
c r u s t a l  deformation,  and a s soc i a t ed  f a u l t i n g .  

Another type of f r a c t u r e  of major i n t e r-  
e s t  i s  the  manmade hydrof rac ture .  This  type 
of  f r a c t u r e  o r  f r a c t u r e  zone is c r ea t ed  by 
p r e s su r i z ing  a we l l  wi th  an app rop r i a t e  ' ' f rac 
f luid ' '  t o  produce a hydraul ic  connection 
e i t h e r  t o  a nearby wel l  or t o  n a t u r a l  f rac-  
t u r e s  missed by t h e  w e l l .  

P r i nc ipa l  Goals 

I n  t h e  context  of geothermal-energy 
development, t h e r e  appear t o  be t h r e e  a r ea s  
where improved c a p a b i l i t i e s  i n  f r a c t u r e  map- 
ping a r e  needed: exp lo r a t i on  and r e s e r v o i r  
d e l i n e a t i o n ,  r e s e r v o i r  modeling, and hydro- 
f r a c t u r e  mapping. 

1. Explora t ion  and Reservoir  Del inea t ion  
inc ludes  s i t i n g  and t a r g e t i n g  of '  exp lo r a t i on  
and development w e l l s  t o  i n t e r s e c t  major 
f r a c t u r e s  or zones of f r a c tu r ed  rocks t h a t  
se rve  as p r i n c i p a l  channels  f o r  flow of  
r e s e r v o i r  f l u i d s .  

2. Reservoir  Modeling inc ludes  developing 
more r e a l i s t i c  3-D s t r u c t u r a l  geologic models 
of  geothermal r e s e r v o i r s  so t h a t  a ccu ra t e  
e s t ima t e s  can  be made of r e s e r v o i r  c apac i t y ,  
p roduc t i v i t y ,  and longevi ty .  Deta i led  da t a  on 
f r a c t u r e  d i s t r i b u t i o n s  is  p a r t i c u l a r l y  impor- 
t a n t  f o r  des igning  r e i n j e c t i o n  schemes. 

3. Hydrofracture Mapping inc ludes  developing 
more r e l i a b l e  methods f o r  determining t h e  - 
o r i e n t a t i o n  and length  of  hyd ro f r ac tu r e s  
c rea ted  f o r  s t imu la t i ng  poorly producing w e l l s  
i n  hydrothermal systems. 

F r ac tu r e  Detect ion and Mapping Techniques 

For the  purposes of d i s cus s ion ,  f r a c t u r e  
d e t e c t i o n  and mapping techniques can  be 
ass igned  t o  broad ca t ego r i e s  according t o  t h e  
phys ica l  po in t  of obse rva t i on  or measurement. 
I n  t h i s  r e p o r t  we have chosen t o  group t h e  
techniques a s  fol lows:  ( 1 )  remote-sensing 
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Table 1 
Techniques f o r  Fau l t  and Frac ture  Mapping and C h a r a c t e r i z a t i o n  

A. Remote Sensing Techniques 
S a t e l l i t e  imaging 

Landat m u l t i s p e c t r a l  scanner  (MSS) 
Thematic mapper ("MI 

Low-sun-angle black and whi te  
Color and fa l se- color  i n f r a r e d  (CIR) 
Side-look r a d a r  (SUR) 
Thermal i n f r a r e d  scanner  (IR) 

A i r c r a f t  imaging 

B. Surface Techniques 
Geology 

Detai led mapping of f r a c t u r e s  
Mapping vo lcan ic  v e n t s ;  d a t i n g  e r u p t i o n s  

V o l a t i l e  s o i l  gases (He, Rn, Hg) 

Grav i ty ,  magnetics 
Self  p o t e n t i a l  
E l e c t r i c a l  and electromagnet ic  
Surf ace deformation 
Passive seismic - microearthquake d e t e c t i o n  
Active seismic - high r e s o l u t i o n  seismic 

Geochemistry 

Geophys i c s  

r e f l e c t i o n  with P- and S-wave sources 

C .  Borehole Techniques (Single- hole)  
Geophysical ( w i r e l i n e )  logs 

Cal iper ,  son ic  v e l o c i t y ,  f r a c t u r e  i d e n t i -  
f i c a t  ion,  borehole t e lev iewer  , a c o u s t i c  

D. 

boreho l e  t e lev iewer  , na t u r  a1 gamma, 
induct ion ( r e s i s t i v i t y )  

Impression packer 
Well t e s t i n g  

D r i l l e r ' s  logs 

Core d r i l l i n g  
Tida l  s t r a in- pressure  response 
I n j e c t  ion/product ion tests 
Very-low-frequency (VLF) EM 
Very-high-frequency (VHF) p u l r e  r a d a r  
Ul t rason ic  
Borehole Techniques (Cross- hole).  
Acoustic tomography 
Cross-hole VHF pulse  r a d a r  (tomography) 
Mult iho le  geologic-geochemical c o r r e l a t i o n s  
Tracer  t e s t s  
Mult i-well i n t e r f e r e n c e  t e s t i n g  

Sur face- to-Borehole Techniques 
V e r t i c a l  seismic p r o f i l i n g  
Tube waves a n a l y s i s  
Surface- to-borehole EM 
Mise-a-la-masse dc r e s i s t i v i t y  
Magnetometric r e s i s t i v i t y  
F lu id  i n j e c t i o n  and monitoring a t  s u r f a c e  

o r  i n  observa t ion  w e l l s  using geophones, 
e l e c t r i c -  and magnet ic- field sensors  

Temperature, p ressure  and flo-ter 

Mud l o s s e s ,  p e n e t r a t i o n  r a t e s  

techniques,  ( 2 )  s u r f a c e ,  ( 3 )  borehole ( inc lud-  
ing borehole- to- borehole),  and ( 4 )  surface-to-  
borehole  (Table 1) .  

1. Remote-Sensing Techniques 

Because of t h e  long- standing i n t e r e s t  by 
e x p l o r a t i o n i s t s  i n  s a t e l l i t e  and a i r c r a f t  
imaging systems, most of t h e  techniques l i s t e d  
i n  Table 1 a r e  w e l l  known and i n  r e g u l a r  use 
( L i l l i s a n d  and Kei fe r ,  1979). The low reso lu-  
t i o n  of t h e  mul t i- spec t ra l  scanner  (MSS) 
c a r r i e d  on the  Landsat s a t e l l i t e s  make t h i s  
technique s u i t a b l e  f o r  mapping la rge- sca le  
geologic  f e a t u r e s  such as vo lcan ic  complexes, 
long f a u l t s ,  and l i n e a t i o n s  and c u r v i l i n e a r  
f e a t u r e s .  A mosaic of Landsat images over  
I t a l y  r e p o r t e d l y  showed an extremely c l o s e  
r e l a t i o n s h i p  between l i n e a t i o n s ,  >IO0 km i n  
l e n g t h ,  and 75% of t h e  known thermal spr ings  
(Rarb ie r  and F a n e l l i ,  1976). These authors  
be l ieve  the  l i n e a t i o n s  a r e  s t r u c t u r a l  breaks 
r e l a t e d  t o  p l a t e  c o l l i s i o n s  and volcanism. 
The new seven-channel thematic  mapper (TM) 
c a r r i e d  i n  t h e  Landsat D '  provides a resolu-  
t i o n  of 30 x 30 m o r  2-112 times b e t t e r  than  
t h e  MSS. 

s a t e l l i t e  imagery, r e s o l u t i o n  is  f a r  b e t t e r  
using o p t i c a l  systems aboard a i r c r a f t .  Low- 
and high-sun-angle (co lor  and black and whi te )  
photography has been e f f e c t i v e  f o r  l o c a t i n g  
s u b t l e  co lor  changes and topographic d i s loca-  

In s p i t e  of t e c h n i c a l  improvements i n  

t i o n s  due t o  f a u l t i n g  i n  a l l u v i a l  sediments in  
Nevada (Wollenberg and Golds te in ,  1977) , a t  
geothermal f i e l d s  i n  t h e  Ph i l ipp ines  (Sanyal 
e t  e l . ,  19821, and in I t a l y  ( F u n i c i e l l o  e t  
a l . ,  1982). Differences i n  s o i l  moisture,  
hence p l a n t  v i g o r ,  and ground temperature due 
t o  f a u l t  zones have been d i scerned  on i n f r a r e d  
Ektachrome f i l m  (Babcock, 1971) and by means 
of thermal i n f r a r e d  I R  scanning. 

images are t h a t  they do not r e v e a l  information 
on f l a t- dipp ing  s t r u c t u r e s ,  and the d a t a  
u s u a l l y  r e q u i r e  "ground-truth" surveys.  There 
is always t h e  u n c e r t a i n t y  of e x t r a p o l a t i n g  
s u r f a c e  f e a t u r e s  t o  r e s e r v o i r  depths.  However, 
u s e f u l  information have been obtained where 
remotely sensed d a t a  have been analyzed 
j o i n t l y  with o t h e r  geoscience d a t a  ( s e e  fo l-  
lowing s e c t  ion) .  

General l i m i t a t i o n s  of remotely sensed 

2.  Surface Techniques 

Geological Mapping 

The mapping of f a u l t s ,  j o i n t  s e t s ,  c lea-  
vages and t h e  mapping and da t ing  of vo lcan ic  
e r u p t i o n s  is fundamental t o  developing an idea 
of stress condi t ions  and t h e  o r i e n t a t i o n  and 
l o c a t i o n  of f r a c t u r e s  a t  depth. 

Careful  mapping and three- dimensional 
f a u l t  a n a l y s i s  was p a r t i a l l y  success fu l  a t  t h e  
Redondo Canyon, Val les  Caldera (Behrman and 
Knapp, 1980). Unfortunately,  many of t h e  
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major f a u l t s  were found t o  be sealed by 
hydrothermal minerals  a t  depth (Hulen, 1982; 
Hulen and Nielson,  1982), a f a c t  which could  
not  have been predic ted from s u r f a c e  observa- 
t ions .  On t h e  p o s i t i v e  s i d e ,  t h e r e  is evi-  
dence from t h e  L a r d a r e l l o  Geothermal F i e l d ,  
I t a l y  ( G i a n e l l i  e t  a l . ,  1978),  The Geysers 
Geothermal F i e l d ,  C a l i f o r n i a  (McLaughl i n ,  
19811, and Cos0 Volcanic F i e l d ,  C a l i f o r n i a  
(Brophy, 1984) t h a t  s t r u c t u r a l  i n t e r p r e t a t i o n s  
based on s u r f a c e  mapoing, aided by remote 
sens ing ,  can i n d i c a t e  where h iph ly  f r ac tu red  
rocks are l i k e l y  t o  occur.  In t h e s e  a reas  
product ive  f r a c t u r e s  have been i n t e r s e c t e d  by 
d r i l l i n g  near the  c r e s t s  of a n t i c l i n a l  f o l d s  
o r  i n  h o r s t  b locks ,  presumably because exten- 
s i o n a l  near- surface hor i zon ta l  stress keeps 
f r a c t u r e s  open t o  an apprec iab le  depth.  

Geochemical Surveys 

Chemical analyses  of s o i l s  and s o i l  gases 
are r o u t i n e l y  used t o  help  d i s c e r n  hydrother-  
mal discharge a reas .  Anomalous concen t ra t  ions 
of gases  such as H e ,  H2, Rn and Hg, a s soc ia t ed  
wi th  hydrothermal-magmatic processes ,  have 
been used by many i n v e s t i g a t o r s  t o  i n f e r  t h e  
presence of h ighe r  permeabi l i ty  zones. Geo- 
chemistry can o f t e n  be u s e f u l  i n  a reas  of 
r ecen t  cover and l imi t ed  outcrops .  Local 
hydrology may seve re ly  d i s t o r t  the  anomalies. 

Geophysical Surveys 

Each geophysical technique has provided 
informat ion on f l u i d  flow pa ths  o r  areas of 
f a u l t  ing- fractur ing a t  s p e c i f i c  geothermal 
f i e l d s .  This  sub jec t  a lone could f i l l  volumes. 
Magnetics a r e  r o u t i n e l y  used i n  Ice land t o  
d e l i n e a t e  d ikes ,  some of which have high 
pe rmeab i l i t y  margins (Wlma s son, 1976 ; 
Flbvenz and Georgsson, 1982).  Se l f- po ten t i a l ,  
e l e c t r i c a l ,  and electromagnetic- sounding 
methods have ( o r  appear t o  have) de l inea ted  
r e s i s t i v i t y  anomalies a s soc ia t ed  wi th  f l u i d  
flow along f a u l t s  o r  zones of f r ac tu red  rocks 
a t  a number of geothermal r e s e r v o i r s ,  e .g . ,  
Cerro P r i e t o ,  Baja C a l i f o r n i a  (Lippmann et  
a l . ,  1984), Roosevelt  Hot Spr ings ,  Utah (Ross 
e t  a l . ,  19821, Beowawe, Nevada (Zoback, 19791, 
and Dixie  Val ley,  Nevada (Wilt  and Goldste in ,  
1983). Among the  less widely used e l e c t r i c a l  
techniques ,  t h e  "head-on" r e s i s t i v i t y  p r o f i l-  
ing,  i s  claimed t o  be h igh ly  sensitive t o  sub- 
v e r t i c a l ,  conductive f r a c t u r e  zones i n  Ice land 
(FlBvenz, 1984) and t h e  magnetometric resist- 
i v i t y  method (MMR) i s  a l s o  claimed t o  be 
e f f e c t i v e  f o r  d e t e c t i n g  s u b v e r t i c a l ,  t h i n  con- 
duc to r s  (Edwards, 1974). "Circular  v e r t  i c a l  
e l e c t r i c a l  soundings" done i n  Yemen a r e  repor-  
ted  t o  have determined the  dominant d i r e c t i o n  
of f r a c t u r e s  i n  basement rocks (S taga l ino  e t  
a l . ,  1982). This  technique is a quadr ipole  
Schlumberger sounding t h a t  provides  informa- 
t i o n  on apparent  r e s i s t i v i t y  a n i s o t r o r y ,  hence 
p r e f e r r e d  d i r e c t i o n s  of c u r r e n t  flow. 

a r e a s  are cha rac te r i zed  by anomalously high 
l e v e l s  o f  seismic noise  due t o  subsurface  
processes  such as  thermal s t r e s s  cracking and 

It has  been conjectured t h a t  geothermal 

f l u i d  flow along f a u l t s .  Simple ground no i se  
surveys have v ie lded  high l e v e l s  o f  no i se  over  
s e v e r a l  geothermal f i e l d s  [Taupo, New Zealand, 
(Clacy, 1968),  The Geysers (Lange and Westphal, 
1960), and a t  seve ra l  l oca t ions  w i t h i n  the  
Imper ia l  Vallev (Douze and S o r r e l l s ,  1972) ) .  
However, t hese  high no i se  l e v e l s  can be caused 
by a c o u s t i c  resonance e f f e c t s  in the  basin-  
f i l l i n g  sediments (Liaw and McEvilly, 1979).  
A more u s e f u l  pass ive  se ismic  technique f o r  
f a u l t  and f r a c t u r e  mapping is the  microearth-  
quake method (mol. In  t h i s  technique a t i g h t  
a r r a y  of d e t e c t o r s  is deployed t o  map micro- 
earthquake hypocenters,  and t o  determine d i s -  
placements and s t r e s s  o r i e n t a t i o n s  a s soc ia t ed  
wi th  a c t i v e  f a u l t s .  E O  surveys  have been 
conducted success fu l ly  a t  many geothermal 
f i e l d s ,  including East Mesa (Combs and Hadley, 
1977),  Cos0 (Combs and Ro t s t e in ,  1976),  and 
Wairakei (Hunt and Lat te r ,  1982). It has been 
found t h a t  swarm a c t i v i t y  a long a c t i v e  f a u l t s  
is unpred ic t ab le ,  thus  neces s it a t  ing equipment 
and techniques  designed f o r  long monitoring 
dura t ions  (over  one month). Automatic data-  
a c q u i s i t i o n  and process ing equipment is 
a v a i l a b l e  t o  handle  large- array se ismic  d a t a  
(McEvilly and Majer, 1982). 

i n  use ,  h igh- reso lu t ion  se ismic  r e f l e c t i o n  
wi th  modern 2-D and 3-D imaging techniques  is 
r ece iv ing  the  g r e a t e s t  amount of a t t e n t i o n ,  
and t h e r e  a r e  repor ted cases where both f l a t  
and s teeply- dipping f a u l t s  were de tec ted  and 
p rope r ly  imaged. How w e l l  t he  technology can 
be extended t o  geothermal environments remains 
l a r g e l y  unanswered. Because of t he  volcanic-  
p l u t o n i c  rock assemblages and t h e  hydrothermal 
a l t e r a t i o n  e f f e c t s  p resen t  in t y p i c a l  geother-  
mal environments,  i t  is an arguable  po in t  
whether seismic r e f l e c t i o n  w i l l  have broad 
a p p l i c a t i o n  t o  geothermal- reservoir mapping 
problems. However, t h e  few publ ished r e s u l t s  
t o  d a t e  from geothermal areas have been 
encouraging. Denlinger and Kovach (le811 
showed t h a t  se ismic  r e f l e c t i o n  a t  C a s t l e  Rock 
Springs (The Geysers) w a s  u s e f u l  f o r  d e t e c t i n g  
f r a c t u r e  systems w i t h i n  the  steam r e s e r v o i r ,  
as w e l l  as f o r  ob ta in ing  o t h e r  s t r u c t u r a l -  
s t r a  t ip raph ic  informat ion.  Blake s l e e  ( 1984) 
processed se i smic- re f l ec t ion  d a t a  obta ined by 
t h e  Comision Federa l  de E l e c t r i c i d a d  over  t h e  
Cerro  P r i e t o  Geothermal F i e l d  and was a b l e  t o  
d e f i n e  s u b t l e  f a u l t  f e a t u r e s  and v e l o c i t y  
v a r i a t i o n s  be l i eved  r e l a t e d  t o  t e c t o n i c  and 
hydrothermal e f f e c t s .  

3. Borehole Technioues 

Of a11 t h e  su r face  geophysical  techniques  

Deep boreholes  provide the  chance t o  use 
a wide range of techniaues  f o r  f r a c t u r e  detec-  
t i o n  and c h a r a c t e r i z a t i o n ,  p a r t i c u l a r l y  f rac-  
t u r e s  i n t e r s e c t e d  by t h e  hole .  Recovered 
co res ,  p e n e t r a t i o n  rate and mud loss l o g s ,  and 
t h e  s u i t e  of geophysical logs comprise a s tan-  
dard da ta  set  f o r  determining t h e  depth a t  
which f r a c t u r e s  occur ,  a s  w e l l  a s  information 
on t h e i r  s t r i k e  and dip .  In  r ecen t  yea r s  
s t u d i e s  of co res  and c u t t i n g s  from geothermal 
wells  d r i l l e d  a t  Roosevelt  Hot Spr ings ,  Cerro 
P r i e t o ,  Cos0 Hot Spr ings ,  and Val les  Caldera 
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have shown t h e  hydrothermal a l t e r a t i o n  and 
trace- element geochemistry a r e  u s e f u l  tech- 
niques f o r  i den t i f y ing  hot- f lu id  flow channels  
and f o r  e s t ima t ing  p a s t  f l u i d  temperatures and 
chemis t r i e s .  A l l  of t h i s  information is  essen- 
t i a l  t o  a complete geometrical  understanding 
o f  t h e  f r a c t u r e  network w i th in  e i t h e r  ind i-  
v idua l  s t r a t i g r a p h i c  hor izons  o r  the  composite 
r e s e r v o i r  r eg ion  (Keys, 1982). 

Geophysical Well Logging 

Good r e s u l t s  i n  f r a c t u r e  d e t e c t i o n  have 
been repor ted  from t h e  use of geophysical  w e l l  
logs  (Suau and Gar tner ,  1980; Keys, 1984). 
However, when used i n  high- temperature (> 
200°C) geothermal we l l s ,  geophysical  and 
o t h e r  w i r e l i n e  devices  have f a i l e d  u n l e s s  t h e  
hole  was precooled wi th  su r f ace  wa t e r s  and t h e  
logging was completed r ap id ly ,  o r  u n l e s s  t h e  
t o o l s  ( e l e c t r o n i c s ,  s e a l s ,  and cab l e s )  were 
hardened t o  wi ths tand  prolonged exposure t o  
h igh  temperature and co r ro s ive  condi t ions .  
There a r e  few commercial t o o l s  t h a t  work a t  
temperatures above 22SoC, and mst  r equ i r e  an  
uncased w e l l .  There a l s o  e x i s t  a number of 
spec i a l i z ed  high- temperature logging t o o l s  
t h a t  w i l l  ope r a t e  i n  t h e  250 t o  275OC range,  
developed by government agencies and t h e i r  
research  l a b o r a t o r i e s .  Many of these  t o o l s  
a r e  one-of-a-kind and t he r e fo r e  not gene ra l l y  
a v a i l a b l e .  For example, Fred P a i l l e t  of t h e  
Water Resources Div is ion  of t h e  USGS claims t o  
have geothermal w e l l  logging t o o l s  t h a t  a r e  
f unc t i ona l  t o  a temperature of approximately 
260°C f o r  8 hours ope ra t i ng  time and a 
logging t r uck  winch t h a t  holds 15,000 f e e t  of 
a 7-conductor cab le .  

f r a c t u r e  l e n g t h ,  and they r e so lve  f r a c t u r e  
ape r tu r e s  poorly.  F r ac tu r e  o r i e n t a t i o n  can be 
determined only by a few devices  (dipmeter  and 
a c o u s t i c  te lev iewer ,  f o r  example). Italfman e t  
a l .  (1984) used w i r e l i n e  logs from over  100 
we l l s  t o  cha rac t e r i z e  t h e  Cerro  P r i e t o  f i e l d ,  
which is p r imar i l y  con t ro l l ed  by s t r a t i g r a p h i c  
u n i t s  t h a t  communicate h y d r a u l i c a l l y  v i a  a few 
major f a u l t s .  

F r ac tu r e  I d e n t i f i c a t i o n  Log@ ( a  modi- 
f i e d  ve r s ion  of a dipmeter  log) were run i n  
t h e  shallow coo l e r  p a r t s  o f  the  Baca geother-  
mal we l l s  (Val les  Caldera)  t o  determine 
whether f r a c t u r e  s t r i k e  d i r e c t i o n  was r e l a t e d  
t o  w e l l  p roduc t i v i t y  (Union, 1982). Analysis  
showed a n  average s t r i k e  d i r e c t i o n  roughly 
perpendicular  t o  t h e  major s t r u c t u r e  i n  t h e  
a r e a ,  t h e  northeast- s t r i k i n g  Redondo Creek 
graben. No d e f i n i t e  r e l a t i o n s h i p  between 
measured f r a c t u r e  o r i e n t a t i o n  and w e l l  
p roduc t i v i t y  could be d iscerned ,  but  t h i s  
could have been due t o  t h e  l im i t ed  sampling of 
f r a c t u r e s  i n  t h e  coo l e r  p a r t  of t h e  w e l l s .  

Geophysical logs g ive  no in fonuat ion  on 

Well Tes t i ng  Techniques 

Because c a l i p e r  and s tandard  geophysical  
logs  do not  always i d e n t i f y  t h e  p r i n c i p a l  
f l u  id-produc ing f r a c t u r e s  , supplementary we1 1 
t e s t i n g  is  o f t e n  done t o  d i s t i n g u i s h  open 
f r a c t u r e s  from those  t h a t  may be sea led  by 

a l t e r a t i o n  minera ls  o r  mud f i l t r a t e  (Keys, 
1984). A review of some single- and mult i-  
wel l- tes  t i n g  techniques f o r  f r a c tu r ed  r e se r-  
v o i r s  was g iven  by Ramy and Gr ingar ten  (1982). 
In p r a c t i c e ,  sp inne r  surveys a r e  made i n  flow- 
ing wells, and pressure- temperature p r o f i l e s  
a r e  o f t e n  run i n  shut- in wells. By using 
prec  ise temperature me asur  eme n t  s i n  boreho 1 e s 
and mathematical modeling, Drury e t  a l .  (1984) 
have descr ibed  c h a r a c t e r i s t i c  s i g n a l s  i n  
temperature p r o f i l e s  caused by co ld  o r  ho t  
wa t e r  flow i n t o  o r  out  of the  borehole v i a  
f r a c t u r e s .  In p r i n c i p l e ,  small Flow r a t e s  of 
6 x 
meter ho le ,  bu t  t h e  r e s o l u t i o n  of the tech-  
nique is reduced by va r ious  f a c t o r s ,  such a s  
no i s e  i n  g r ad i en t  measurements a r i s i n g  from 
flow between feed zones (Castaneda and Horne, 
1981) and temperature anomalies due t o  thermal- 
conduc t i v i t y  v a r i a t i o n s  nea r  t h e  wellbore.  

producing f r a c t u r e s  i n  an i n t e r v a l ,  i t  is some- 
times pos s ib l e  t o  e s t ima t e  a mean ape r tu r e .  
For example, f o r  a geothermal we l l  d r i l l e d  
i n t o  g r a n i t i c  basement, Benson (1982) est ima-  
ted mean f r a c t u r e  ape r tu r e s  from a pressure-  
t r a n s i e n t  ana ly s i s .  The p r e s su re  build-up 
curve ind ica ted  a permeabil i ty- thickness (kH) 
of - 8.4  x 10-5 md-ft f o r  t h e  open i n t e r v a l .  
Assuming t h a t  f r a c t u r e  ape r tu r e  can be ex- 
pressed by t h e  cubic law (Snow, 1968); 

m3s-l  can  be de t ec t ed  in a 5 h - d i a -  

I f  one can determine t h e  number of f l u id-  

- b 3 m ,  

Benson es t imated  a range of pos s ib l e  f r a c t u r e  
a p e r t u r e s  f o r  assumed numbers of equally- sized 
f r a c t u r e s .  

The t i d a l  s t r a i n  method (Hanson and Owen, 
1982) was used a t  the  Ra f t  R ive r  Geothermal 
F i e l d ,  and t h e  p r i n c i p a l  d i r e c t i o n s  of  f rac-  
t u r e  o r i e n t a t i o n  ca l cu l a t ed  a r e  repor ted  t o  be 
i n  good agreement wi th  s t r u c t u r e  t rends  found 
from s u r f a c e  geology and Landsat images. The 
t i d a l  i n t e r p r e t a t i o n s  a r e  based in  wellhead 
and downhole p r e s su re  measurements taken 
dur ing  conventional  well-pumping t e s t s .  Well- 
head d a t a  were obta ined  w i th  commtrcial ly 
a v a i l a b l e  p r e s su re  t r an sduce r s ;  downhole d a t a  
were taken wi th  a temperature-compensated 
qua r t z  p r e s su re  probe. 
s epa ra t i ng  t h e  small t i d a l  responees from 
barometric  and pumping e f f e c t s .  

Data a n a l y s i s  requi red  

In-Hole Geophysical Techniques 

A major unresolved problem i n  f r a c t u r e  
mapping i s  t h e  d e t e c t i o n  and mapping of a 
f r a c t u r e  zone missed by t h e  borehole  but 
occurr ing  w i t h i n  tens  of meters  from t h e  hole .  
On t h e  assumption t h a t  a l a r g e  ape r tu r e  crack 
i s  a good r e f l e c t o r  of high- frequency e l e c t r o-  
magnetic and u l t r a s o n i c  waves, both in-hole 
VRF pu l se  r ada r  and u l t r a s o n i c  a cous t i c  tech-  
niques have been eva lua ted  and t e s t e d  t o  some 
degree under con t ro l l ed  su r f ace  condi t ions ,  
such as in cold ,  near- surface g r a n i t i c  rocks 
(Chang, 1984; Chang e t  a l . ,  1984). Reflected 
s i g n a l s  from f r a c t u r e s  have been observed, but  
t h e  technology ha s  no t  been extended t o  geo- 
thermal environments. There seems t o  be tech- 
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n i c a l  o b s t a c l e s  t h a t  need t o  be addressed.  
F i r s t ,  t h e r e  is  the  common problem of tempera- 
t u r e  e f f e c t s  on e l e c t r o n i c  components, s e a l s ,  
cableheads,  and cab les .  Second, t h e r e  is the 
engineering problem of developing d i r e c t i o n a l  
and s t e e r a b l e  energy sources t h a t  w i l l  opera te  
i n  the  confines of a narrow wellbore.  L a s t l y ,  
there  i s  the  problem of i d e n t i f y i n g  t h e  s i g n a l  
sought from t h e  c l u t t e r  caused by o t h e r  geo- 
1 og ic  a1 d i  s con t inu i t i e  s (Harte nbaum and Rawson, 
1980). 

Cros s-Ho le Technique s 

I n  s i t u a t i o n s  where two or  more c l o s e l y  
spaced ( <  30 m) wells a r e  a v a i l a b l e ,  a g r e a t  
d e a l  can be determined about major f r a c t u r e s  
o r  flow paths connecting p a i r s  of wel l s .  Well- 
to-well c o r r e l a t i o n s  of geologic  and geophys- 
i c a l  w e l l  log d a t a  a r e  r o u t i n e l y  done t o  
i d e n t i f y ,  i f  poss ib le ,  major through-going 
f r a c t u r e s .  Because wel l s  may not  be c l o s e  
enough t o  provide much information on the  
in te r- wel l  d i s t r i b u t i o n  of f r a c t u r e s ,  t r a c e r  
tests  coupled t o  m u l t i - w e l l  p r e s s u r e - i n t e r f e r -  
ence t e s t s  have been conducted. These t e s t s  
a r e  designed t o  a s c e r t a i n  whether flow pa ths  
e x i s t  between the  w e l l s  and t o  develop a 
f r a c t u r e  model based on t r a c e r  breakthrough 
times and pressure  responses between i n j e c t i o n  
and observa t ion  w e l l s  (Bodvarsson, 1981; 
Bodvarsson and Tsang, 1982; Home, 1982; 
Pruess  and Narasimhan, 1982; Gudmundson, 1984). 
For modeling t r a c e r  r e t u r n s  t h e  main problem 
i s  t h a t  a flow geometry must be assumed, a 
p r i o r i .  Thus, t h e  geometric c h a r a c t e r i z a t i o n  
of f a s t  paths  between w e l l s  remains u n c e r t a i n  
(Pruess  and Bodvarsson, 1984). Another 
problem may r e s t  with the  t r a c e r s  used;  e . g . ,  
t r a c e r  m a t e r i a l  may be l o s t  due t o  adsorp t ion ,  
ion  exchange, and chemical r e a c t i o n s  with rock 
and pore f l u i d s  (Vet te r  and Zinnow, 1981). A t  
t h i s  s tage  of t r a c e r  s t u d i e s ,  we lack r e a l i s -  
t i c  numerical methods t o  model f l u i d- t r a c e r  
t r a n s p o r t  through a f r a c t u r e d  medium, as w e l l  
as the  appropr ia te  chemical k i n e t i c  d a t a  t o  
use i n  these  codes t o  account f o r  t h e  water-  
rock r e a c t  ions.  

I n  response t o  engineering problems 
a s s o c i a t e d  wi th  tunnel ing and underground 
excava t ions ,  i n v e s t i g a t o r s  have developed and 
t e s t e d  c rossho le  (tomographic) techniques i n  
which u l t r a s o n i c  a c o u s t i c  waves (Paulsson and 
King, 1980; King e t  e l . ,  1984) o r  VHF e l e c t r o-  
magnetic pu lses  (Ramirez e t  a l . ,  1982; Wright 
and Watts,  1983) a r e  t ransmi t ted  between 
sources  i n  one w e l l  and a s t r i n g  of d e t e c t o r s  
i n  an  ad jacen t  wel l .  Var ia t ions  i n  v e l o c i t y  
and amplitude of the  d i r e c t  wave between each 
source and r e c e i v e r  p o s i t i o n  can provide 
information on the  d e n s i t y  and (sometimes) t h e  
o r i e n t a t i o n  of f r a c t u r e s .  To d a t e ,  most of 
t h e  geotomographic work has  been experimental 
and l imi ted  t o  ho les  only meters a p a r t .  The 
t o o l s  and i n t e r p r e t a t i o n  techniques have not 
been extended t o  geothermal environments. 

t h e  cross- hole techniques do not depend on 
s t e e r a b l e ,  d i r e c t i o n a l  antennas. However, t h e  
eventual  success  of such techniques w i l l  

I n  c o n t r a s t  t o  t h e  s ingle- hole techniques,  

r e q u i r e  high-energy sources t h a t  can be used 
i n  geothermal w e l l s .  In a d d i t i o n ,  l a r g e  
l a t e r a l  v a r i a t i o n s  in  v e l o c i t y  (2 10%) may 
occur ,  n e c e s s i t a t i n g  more complicated analyses  
accounting f o r  curva ture  of the ray paths.  

4. Surface- to-Borehole Techniques 

The f o u r t h  category of techniques,  a r e  
the  surface- to- borehole methods, so named 
because t h e  measurements r e q u i r e  a combinat ion 
of s u r f a c e  and in-hole sources and d e t e c t o r s .  

V e r t i c a l  Seismic P r o f i l i n g  

V e r t i c a l  Seismic P r o f i l i n g  ( W P )  i s  
conducted us ing  both P- and S-wave s u r f a c e  
sources  ( u s u a l l y  mechanical v i b r a t o r s  a t  one 
o r  more l o c a t i o n s  near t h e  wel l .  Di rec t  and 
r e f l e c t e d  waves a r e  de tec ted  by down-hole geo- 
phones clamped t o  the  wel l  w a l l  a t  i n t e r v a l s .  
VSP has been used mainly t o  t r a c e  seismic 
events  observed a t  the s u r f a c e  t o  t h e i r  po in t  
of o r i g i n  i n  the  e a r t h  and t o  o b t a i n  b e t t e r  
e s t i m a t e s  f o r  the  a c o u s t i c  p r o p e r t i e s  of a 
s t r a t i g r a p h i c  sequence (Balch e t  a l . ,  1982). 
G a l ' p e r i n  (1980) VSP research  in  the  IISSR, 
including recen t  r e s u l t s  of 3-cmponent VSP 
(P- and S-wave sources with 3-component 
d e t e c t o r s )  t o  e s t i m a t e  Po isson ' s  r a t i o .  

While much of t h e  i n t e r e s t  in VSP has  
centered on b e t t e r  s t r a t i g r a p h i c  i n t e r p r e t a -  
t ions ,  p a r t i c u l a r l y  i n  a reas  where conven- 
t i o n a l  surface- to- surface r e f l e c t i o n  surveys 
have not proved e n t i r e l y  s a t i s f a c t o r y ,  VSP 
conducted by using m u l t i p l e  P- and S-wave 
sources around a w e l l  may r e s o l v e  l o c a l  
s t r u c t u r a l  d i s c o n t i n u i t i e s  and f r a c t u r e  zones 
near  the w e l l .  However, i n  t h i s  regard  VSP 
may be considered experimental .  A t  Fenton 
H i l l ,  New Mexico, an  S-wave shadow zone was 
d i scerned  by VSP before  and a f t e r  a hydrofrac 
opera t ion  a t  2300-feet depth (Feh le r  e t  a l . ,  
1982). On t h e  b a s i s  of VSP d a t a  from t h r e e  
sho t  p o i n t s ,  a f i n i t e- d i f f e r e n c e  model showed 
t h a t  t h e  shadow d a t a  f i t t e d  o t h e r  information 
about the  hydrofrac.  However, due t o  the  low- 
frequency S-wave source and t h e  long wave- 
length  of the  S-wave (200 f e e t )  i n  the medium, 
i t  would seem t h a t  t h e  f r a c t u r e d  reg ion  must 
have dimensions.of a t  l e a s t  50 f e e t .  This 
sugges t s  t h a t  f r a c  f l u i d  invaded a l a r g e  
volume of rock ,  n o t  simply a planar  f r a c t u r e  
and a narrow leak-off zone ad jacen t  t o  the 
f r a c t u r e  . 

A source of no ise  i n  VSP surveys comes 
from tube o r  Stonley waves, h i c h  a r e  high- 
amplitude guided waves in  the  wellbore.  
Although they a r e  exc i ted  mainly by t h e  
Rayleigh waves ("ground r o l l " )  c r o s s i n g  t h e  
wellhead ( they  a r e  p a r t i c u l a r l y  severe  i f  t h e  
source is c l o s e  t o  t h e  w e l l ) ,  tube  waves may 
a l s o  be exc i ted  by body waves impinging on 
f r a c t u r e s  t h a t  i n t e r s e c t  the wel lbore (Cheng 
e t  a l . ,  1982). Consequently, t h e r e  has been 
some i n t e r e s t  in  developing methodologies t o  
der ive  f r a c  ture-penneab il i t y  in f  orma t ion from 
t h e  tube waves ( P a i l l e t ,  1980). Crampin (1978, 
1984, i n  p r e s s )  and o t h e r s  have argued t h a t  
VSP conducted wi th  3-component geophones might 
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prove extremely usefu l  f o r  mapping t h e  f rac-  
tured  condi t ions  of rocks i f  one were ab le  t o  
e x t r a c t  seismic an i so t ropy  information from 
the  shear-wave s p l i t t i n g  e f f e c t .  

Mise-a-la-Masse E l e c t r i c a l  and 
Electromagnetic Methods 

The mise-a-la-masse r e s i s t i v i t y  tech-  
niques (Danie l s ,  1983) a r e  app l icab le  when a 
c u r r e n t  e l e c t r o d e  can be implanted d i r e c t l y  
i n t o  a subsurface conductor. The channel ing 
of c u r r e n t  produces a l a r g e r  and more diagnos-  
t i c  s u r f a c e  anomaly. By mapping and i n t e r p r e t -  
ing s u r f a c e  p o t e n t i a l s ,  one can then ob ta in  a 
b e t t e r  3-D p i c t u r e  of the conductor. This 
approach has extended information away from a 
w e l l  i n  a few known cases where a geothermal 
w e l l  has  i n t e r s e c t e d  a product ive f r a c t u r e  
zone ( e . g . ,  Kauahikaua e t  a l . ,  1980: Tagamori 
e t  a l . ,  1984). The w e l l  cas ing ,  energized 
with a very low-frequency square-wave c u r r e n t ,  
se rves  a s  one e l e c t r o d e ;  t h e  second c u r r e n t  
e l e c t r o d e  is planted f a r  from t h e  w e l l .  
E lec t r i c- f  i e l d  v a r i a t i o n s  a r e  mapped a t  the  
s u r f a c e  around t h e  w e l l  by a closely- spaced 
g r i d  of or thogonal  e l e c t r i c  d ipo les .  
r e s i d u a l  map i s  prepared t o  remove the  e f f e c t s  
of e a r t h  l a y e r i n g ,  t h e  r e s u l t s  a r e  analyzed t o  
r e v e a l  d i s t o r t i o n s  caused by c u r r e n t  channel- 
ing from t h e  w e l l  cas ing  i n t o  t h e  conductive 
f r a c t u r e  zone. 

i s  a r e l a t e d  method. One technique under 
s tudy i s  based on inducing c u r r e n t s  i n  a con- 
duc t ive  f r a c t u r e  zone using a powerful low- 
frequency t r a n s m i t t e r  coax ia l  wi th  the w e l l .  
Diagnost ic  information on the  f r a c t u r e  zone is 
obtained by running a magnet ic- field d e t e c t o r  
i n  the w e l l .  Whether t h i s  technique w i l l  work 
i n  cased wel l s  and whether a "crack" anomaly 
can be d i s t ingu ished  from a " thick"  s t r a t i -  
graphic  conductor a r e  t o p i c s  under s tudy a t  
LBL . 

The magnetometric r e s i s t i v i t y  (MVX) 
method i s  similar i n  some respects t o  dc 
r e s i s t i v i t y  and EM methods. 
d i r e c t l y  s e n s i t i v e  t o  the  conductor ,  MMR i s  
s e n s i t i v e  t o  the  r e s i s t i v i t y  c o n t r a s t  between 
the  hos t  rock and the  f e a t u r e  sought. Surface- 
to- borehole MMR is  c a r r i e d  out  wi th  a low- 
frequency,  v e r t i c a l  grounded b ipo le  source ( a  
p a i r  of c u r r e n t  e l e c t r o d e s )  i n  t h e  w e l l  and a 
synchronous magnetic d e t e c t o r ,  u s u a l l y  3 compo- 
n e n t s ,  f o r  mapping the  f i e l d  a t  the  sur face .  
Because t h e  primary magnetic f i e l d  i s  zero  
everywhere a t  o r  above t h e  s u r f a c e  of a uni- 
form e a r t h ,  t h e  measured magnetic f i e l d s  
r e f l e c t  only c u r r e n t  d i s t o r t i o n s  caused by 
inhomogeneities such as a p lanar  conductor 
(Nabighian and Oppliger ,  1980; Edwards, 1984; 
Nabighian e t  a l . ,  1984). The method i s  insen-  
s i t i v e  t o  topography, but  r e q u i r e s  good know- 
ledge of r e c e i v e r  l o c a t i o n s .  MMR can be used 
i n  the  cross- hole conf igura t ion  (Edwards, 1984; 
Nahighian e t  a l . ,  1984), but not i n  f u l l y  
cased w e l l s .  

A f t e r  a 

Surface- to-borehole electromagnet i c s  (EM) 

Whereas EM i s  

Other Experimental Techniques 

Cer ta in  experimental  techniques being 
evaluated f o r  mapping hydrof rac tures  may be 
a p p l i c a b l e  t o  shal low systems of  n a t u r a l  
f r a c t u r e s  as wel l .  In these  experiments one 
a t t empts  t o  make t h e  f r a c t u r e  or f r a c t u r e  zone 
more d e t e c t a b l e  by pumping v a s t  amounts of 
f l u i d  with s p e c i a l  p r o p e r t i e s  i n t o  a packed- 
o f f  i n t e r v a l  of t h e  w e l l .  I n j e c t i o n  only o r  a 
combination of i n j e c t i o n  and backflow t e s t s  
a r e  made i n  conjunct ion with e l e c t r i c a l ,  mag- 
n e t i c ,  and seismic monitoring a t  the  s u r f a c e  
and i n  observa t ion  wells with t h e  o b j e c t i v e  of 
mapping the  h e i g h t ,  o r i e n t a t i o n  and length of 
the  f r a c t u r e d  zone. In a d d i t i o n  to  t h e  VSP 
experiment mentioned above, o t h e r  e f f o r t s  
include : 
1. 

2 .  

3 .  

4.  

I n j e c t i n g  a conducting f l u i d  ( e . p . ,  a c i d )  
and measuring changes in  s e l f  p o t e n t i a l s  
by a s u r f a c e  e l e c t r o d e  a r r a y .  
I n j e c t i n g  a conductive f l u i d  while  ener-  
giz ing  the  cas ing  wi th  a low-frequency 
c u r r e n t  and monitor ing e i t h e r  the  change 
of s u r f a c e  p o t e n t i a l s  by means of an 
e l e c t r o d e  a r r a y  a t  t h e  s u r f a c e  (Hart  e t  
a l . ,  1983) .o r  magnetic f i e l d  changes by 
s u r f a c e  and borehole magnetometers. 
I n j e c t i n g  of a f e r r o f l u i d  o r  magnetized 
p a r t i c l e s  and gel  i n t o  a f r a c t u r e  and 
monitor ing changes i n  t h e  magnetic f i e l d  
a t  the  s u r f a c e  or  i n  observa t ion  w e l l s .  A 
shallow experiment has been performed 
(Wood e t  a l . ,  1983) and a fundamental 
s tudy has been conducted by LBL t o  de te r-  
mine whether t h e  weak s i g n a l  ( i n  t h e  
milligamma range)  from a "magnetic" f r a c-  
t u r e  a t  l a r g e  depths can be e x t r a c t e d  and 
i d e n t i f i e d  from t h e  many n o i s e  sources 
( ins t rumenta l  , n a t u r a l  f i e l d s ,  and v ibra -  
t ional-mechanical  n o i s e )  encQuntered i n  
the  f i e l d .  
Pressur iz ing  a zone wi th  water  or  an 
ordinary f r a c  f l u i d  and monitoring and 
l o c a t i n g  d i s c r e t e  micrgseisma by a tri- 
a x i a l ,  high- temperature geophone package 
during i n j e c t i o n  and a f t e r  the  pumping i s  
stopped (Pearson,  1981; Batra et a l . ,  
1984). Encouraging r e s u l t s  have been 
reported a t  s e v e r a l  ho t  d ry  rock s i t e s :  
Fenton H i l l ,  New Mexico (Pearson,  19811, 
the  Carnmenellis g r a n i t e ,  England 
(Batchelor  e t  a l . ,  1983) , and t h e  Yakedake 
Geothermal F i e l d ,  Japan (Yamaguchi e t  a l . ,  
1984).  The observed se i smic  a c t i v i t y  i s  
bel ieved t o  be due, i n  major p a r t ,  t o  
shear  f a i l u r e  along f r a c t u r e s  and j o i n t s  
t h a t  is induced when the  pore p ressure  
exceeds the normal s t r e s s  ac ross  the  open- 
ings.  Locatable  microseismic even ts  out-  
l i n e  the genera l  o r i e n t a t i o n  of the f r a c-  
tured region.  Experiments show t h a t  t h e  
f r a c t u r e  l eng th  and d i r e c t i o n  determined 
from microseismici ty  a f t e r  the w e l l  is 
shut- in may not agree with the  r e s u l t s  of 
hydrau l ic  measurements i n  nearby observa-  
t i o n  w e l l s .  This sugges t s  t h a t  we a r e  f a r  
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from t o t a l  understanding the  source mech- 
anisms of t he  microseisms. 

Research Needs 

This review has indicated a number of 
r e sea rch  top ic s  t h a t  would enhance the  p resen t  
F rac tu re  Detect ion p a r t  of the  DOF Geothermal 
Reservoir  D e f i n i t i o n  Research Program. With- 
out  regard t o  funding l e v e l ,  p r i o r i t y ,  o r  
cos t- sharing wi th  indus t ry  and o t h e r  Federal  
agenc ies ,  we l i s t  below t h e  more promising 
approaches and techniques .  
1. 

2. 

3 .  

4.  

5. 

6. 

7. 

8. 

9 .  

Develop and compile case- his tory  informa- 
t i o n  on t h e  r e l a t i o n  of r eg iona l  and l o c a l  
f a u l t s  and stresses,  determined from 
remotely sensed and s u r f a c e  measurements, 
t o  f a u l t- f r a c t u r e  d i s t r i b u t i o n s  and or ien-  
t a t i o n s  w i t h i n  geothermal r e s e r v o i r s .  In 
con.iunction with t h i s  work, r e sea rch  on 
f r a c t u r e  genes i s  and t h e  s t a t i s t i c a l  d i s -  
t r i b u t i o n  of f r a c t u r e s  seems appropr i a t e .  
Continue research on t he  j o i n t  a p p l i c a t i o n  
of h igh- resolut  ion su r face  se ismic  r e f l e c-  
t i o n ,  v e r t i c a l  s e i smic  p r o f i l i n g ,  and geo- 
physical  logging t o  the  imaging of f a u l t s  
and f r a c t u r e d  zones w i t h i n  geothermal 
r e s e r v o i r s .  
In conjunct ion wi th  2 ,  extend t h e  u s e f u l  
temperature range and inc rease  the  re l ia-  
b i l i t y  o f  downhole ins t ruments  and packers .  
This work should concen t ra t e  on t he  more 
u s e f u l  types  o f  logs f o r  f r a c t u r e  informa- 
t i o n ;  e . g . ,  a c o u s t i c  t e l ev iewer ,  a c o u s t i c  
v e l o c i t y ,  h igh- reso lu t ion  dipmeter,  and 
va r ious  types o f  nuc lea r  logs .  
Continue research on techniques  and i n t e r-  
p r e t a t i o n  of d a t a  from w e l l  i n j e c t i o n /  
product ion t e s t s  and multiple-well  i n t e r-  
ference  t e s t s  f o r  deducing f r a c t u r e  para- 
meters. 
Evaluate the  t echn ica l  f e a s i b i l i t y  of 
severa  1 experiment a1 techniques f o r  
d e t e c t i n g  and mapping f r a c t u r e s  not 
i n t e r s e c t e d  by a wel lbore;  e . p . ,  
( a )  surface- to- borehole EM and MMR, 
( b )  in-hole EM (VLF and VHF pu l se  r a d a r ) ,  
( c )  in-hole u l t r a s o n i c  a c o u s t i c ,  and 
( d )  geotomography, 
t o  f r a c t u r e  d e t e c t i o n  i n  t h e  geothermal 
environment. Build and test  prototype 
ins t ruments  f o r  t h e  more promising tech-  
nioues .  
Continue research on t r a c e r s  and t r a c e r  
techniques ,  including t h e  development of 
b e t t e r  numerical methods t o  model macro- 
scopic  f r a c t u r e  flow, including p rov i s ions  
f o r  chemical- reaction k i n e t i c s .  
Evaluate  the  concept of e x t r a c t i n g  f r ac-  
t u r e  informat ion from tube waves and run 
experiments i n  w e l l s  t h a t  i n t e r s e c t  f rac-  
t u r e s  t h a t  have a l ready been f a i r l y  w e l l  
c h a r a c t e r  k e d .  
Evaluate  and t e s t  improved methods f o r  
mapping t h e  l eng th  and o r i e n t a t i o n  of 
hy d r of r ac t u r  e 8 .  

Compare va r ious  su r face  e l e c t r i c a l  tech- 
niques  f o r  f a u l t  mapping ( e . g . ,  head-on 
r e s i s t i v i t y ,  WR) by means of f i e l d  t e s t s  
and numerical models. 
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