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ABSTRACT 

One o f  the c r i t i c a l  steps i n  developing a hot dry 
rock geothermal system i s  the c rea t ion  o f  f low 
paths through the rock between two wellbores. To 
date, c i r c u l a t i o n  systems have on ly  been created 
by d r i l l i n  one wellbore. hyd rau l i ca l l y  f rac tu r i ng  
the  we l l  ?which induces microearthquakes). loca- 
t i n g  t h e  microear thquakes and then d r i l l i n g  a 
second wel lbore through the zone o f  seismici ty.  A 
technique for analyzing the pa t te rn  o f  se ismic i ty  
t o  determine where f rac tu re  planes are located i n  
the  se ismica l l y  ac t i ve  region has recent ly  been 
deveolped. This al lows us t o  d i s t i ngu ish  por t ions  
o f  the se ismfca l l y  ac t i ve  volume which are most 
l i k e l y  t o  c o n t a i n  s i g n i f i c a n t  f l o w  paths.  We 
app l ied  t h i s  technique t o  seismic data co l lec ted  
dur ing  a massive hydrau l i c  f rac tu r i ng  (MHF) t rea t -  
ment and found t h a t  the f rac tu re  planes determined 
by the seismic method are confirmed by borehole 
temperature and ca l i pe r  logs which i nd i ca te  where 
permeable f rac tu res  and/or zones o f  weakness 
i n t e r s e c t  the wellbores. A geometric model based 
on these planes and we l l  l o g  data has enhanced our 
understanding o f  the reservo i r  f low paths created 
by f rac tu r ing  and i s  consistent w i th  resu l t s  ob- 
ta ined dur ing product ion t e s t i n g  o f  the reservo i r .  

INTRODUCTION 

The use of microearthquake loca t ions  t o  accurately 
loca te  hydrau l i c  f rac tu res  i s  an essent ia l  step i n  
the  development o f  Hot Dry Rock (HDR) technolo y 
During the course o f  t he  DOE Fenton H i l l  Hot %r; 
Rock Geothermal Energy Program, considerable 
e f f o r t  has been made i n  evaluat ing se ismic i ty  as a 
means of determining where f l u i d  has penetrated 
the geothermal rese rvo i r  dur ing hydraul ic i n jec -  
t i o n s  ( A l b r i g h t  and Hanold, 1986; Pearson. 1981; 
House e t  al., 1985). During phase I 1  of the HDR 
p ro jec t .  we have conducted many in jec t i ons  i n t o  
wellbores EE-2. EE-3 and EE-3A to f rac tu re  various 
regions o f  the  po ten t i a l  geothermal reservo i r .  
Some o f  these experiments are described i n  Table 
1. O f  p a r t i c u l a r  impor tance was a 21.600 m3 
i n j e c t i o n  i n t o  wel lbore EE-2. ca l l ed  Exp 2032. 
which induced a la rge  number o f  microearthquakes. 
We located man o f  these microearth uakes (House 
e t  al.. 1985. louse. 1987) and used t\e densi ty o f  
l o c a t i o n s  t o  s e l e c t  a t r a j e c t o r y  f o r  w e l l b o r e  
EE-3A which, when d r i l l e d  was found t o  penetrate 
hydraul ica l ly -created f rac tu res  (Dreesen e t  a1 ., 
1985). 

I n j e c t i o n s  i n t o  var ious i n t e r v a l s  o f  EE-3A where 
the w e l l  penetrated the zone o f  se ismic i ty  induced 
by Exp 2032 y ie lded  incons is ten t  r e s u l t s  i n  ob- 
t a i n i n g  hydrau l i c  communication w i t h  EE-2. This 
demonstrated t h a t  the reservo i r  i s  complex and 
cannot be simply modeled as a vo lumet r i ca l l y  
d i s t r i bu ted .  h igh l y  f rac tu red  rese rvo i r  throughout 
the  reg ion  occupied by the microearthquake l o -  
c a t i o n s .  Knowledge o n l y  o f  r e g i o n s  w i t h  h i g h  
se i sm ic i t y  i s  i n s u f f i c i e n t  t o  guarantee t h a t  a 
flow path  w i l l  be encountered dur ing d r i l l i n g .  
Thus, techniques t h a t  de f ine  f low paths and model 
t he  rese rvo i r  s t ruc tu re  are needed. 

Fehler e t  a l .  (1987) developed the three p o i n t  
method t o  determine the loca t ions  and or ien ta t ions  
o f  planes along which microearthquakes occurred. 
hence f i n d i n g  l i k e l y  f l ow  paths. They appl ied the 
method t o  loca t ions  o f  microseismic events ac- 
companying Exp 2032 and found planes w i th  f i v e  
unique or ien ta t ions .  I n  order t o  lend f u r t h e r  
c r e d i b i l i t y  t o  t h e  method, i t  i s  i m p o r t a n t  t o  
co r re la te  the  loca t ions  o f  these planes w i t h  o ther  
data from the  reservo i r .  I n  t h i s  paper, we 
describe the co r re la t i on  o f  the pos i t i ons  o f  these 
f i v e  planes w i t h  wel lbore temperature anomalies, 
i n d i c a t i n g  where f r a c t u r e  zones i n t e r s e c t  we1 1 - 
bores (Murphy, 1982). and ca l i pe r  anomalies which 
i n d i c a t e  where zones o f  weakness i n t e r s e c t  
wellbores. 

The t h r e e  p o i n t  method i s  a th ree -d imens iona l  
extension o f  a two-dimensional procedure developed 
by Lutz (1986). The method, along w i t h  tes ts  t o  
demonstrate i t s  v a l i d i t y ,  are described i n  d e t a i l  
by Fehler e t  al., (1987) so on ly  a b r i e f  descrip- 
t ion  w i l l  be given here. To apply the method, a l l  
microearthquake loca t i ons  are taken three a t  a 
t ime i n  order t o  determine o r ien ta t i ons  ( s t r i k e  
and d ip )  o f  a l l  poss ib le  planes i n  the data set. 
The range o f  a l l  poss ib le  o r i en ta t i ons  i s  d i v ided  
i n t o  subsets o f  s im f la r  (e.g. 22') o r i en ta t i ons  
and the  number o f  planes w i t h i n  each subset i s  
counted and c o r r e c t e d  f o r  a shape b i a s .  The 
subset w i t h  the greatest  number o f  three-pofnt  
so lu t i ons  gives the  general o r i en ta t i on  o f  the  
dominant plane, and the  microearthquakes t h a t  
c o n t r i b u t e  t o  t h i s  subse t  a re  i d e n t i f i e d .  A 
p re l im inary  l oca t i on  of the plane i s  determined by 
p l o t t f n g  the  loca t ions  of these microearthquakes. 
Add i t iona l  planes can be found by removing the  
events t h a t  occur along the  planes given by 
previous so lu t ions  and reapply ing the  method. 
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Feh le r  (1987) has applied the three po in t  method 
-to locat ions of  microseismic events accompanying 
f o u r  hydraul ic  i n j e c t i o n s  i n t o  the Fenton H i l l  
reservo i r .  His r e s u l t s  led  him to conclude t h a t  
t he  microseismic events t h a t  accompany water 
i n j e c t i o n s  i n t o  c r y s t a l l i n e  rock are caused by 
shear s l i p  along pre-ex is t ing j o i n t s  or  planes of  
weakness i n  the rock. We i n f e r  these t o  be the 
dominant paths f o r  f l u i d  flow. The se ismica l ly  
a c t i v e  p o r t i o n s  o f  t he  p lanes a re  s i g n i f i c a n t  
because the e f f e c t i v e  stresses have changed enough 
i n  these regions to cause s l i p  to occur. This 
change i n  stress i s  associated w i t h  the presence 
o f  pressur ized f l u i d .  The extent o f  the zone of 
weakness t o  regions beyond the se ismica l ly  ac t i ve  
po r t i on  o f  a plane i s  uncertain. However, i t  i s  
poss ib le  t h a t  t h i s  zone extends beyond the 
se ismica l ly  ac t i ve  por t ion,  but  t h a t  microearth- 
quakes d i d  not  occur i n  these regions because of 
va r ia t i ons  i n  mechanical proper t ies o f  the rock or 
because the f l u i d  t h a t  penetrated beyond the 
se ismica l ly  ac t i ve  region was o f  i n s u f f i c i e n t  
pressure t o  induce se ismic i ty .  

RESULTS OF THE THREE POINT METHOD 

The three p o i n t  method was appl ied to a dataset 
cons is t ing of 844 loca t i ons  o f  microearthquakes 
accompanying Exp 2032, approximately 51  o f  the 
locatable microearthquakes recorded during the 
i n j e c t i o n .  The f i v e  planes associated w i th  Exp 
2032 a l l  passed the s t a t i s t i c a l  s ign i f icance t e s t  
t h a t  there be a less than 1 i n  10000 p r o b a b i l i t y  
o f  be ing i d e n t i f i e d  by chance. These p lanes 
contained 382 (324) of the Exp 2032 locations. A 
least-squares determinat ion (Schomaker e t  al. .  
1959) o f  the best f i t  to the locat ions t h a t  f e l l  
about each plane was used t o  r e f i n e  each plane’s 
o r i e n t a t i o n .  The p lanes  thus determined were 
i d e n t i f i e d  w i t h  a number t o  represent the order i n  
which they were found by app l i ca t i on  of the three 
p o i n t  method ( the lcwer the number, the greater 
the s t a t i s t i c a l  s ign i f i cance  o f  the plane). 

H i s t o  rams o f  the number o f  microearthquakes as a 
functqon of t h e i r  perpendicular distance from 
t h e i r  b e s t - f i t  p l a n e  were generated. I n  some 
cases, the histogram contained we l l  defined peaks 
(see Figure 1) .  If the peaks i n  the d i s t r i b u t i o n  
were separated by greater than 20 m, roughly the 
r e l a t i v e  uncer ta in ty  i n  microearthquake locat ions 
(House. 1987). we assumed t h a t  each peak repre- 
sented one plane and f u r t h e r  segregated the 
l o c a t i o n s .  The o r i e n t a t i o n s  o f  t h e  r e s u l t i n g  
planes were then determined using the least -  
squares method. I f  m u l t i p l e  planes w i th  s i m i l a r  
o r  equivalent o r i en ta t i ons  were found, a l e t t e r  
was placed next to the plane number. 

COMPARISON OF THREE-POINT RESULTS 
W I T H  TEMPERATURE AN0 BOREHOLE CALIPER LOGS 

A f t e r  the planes were i d e n t i f i e d ,  the depth where 
each plane in tercepted each wel lbore was 
c a l c u l a t e d .  Table I 1  l i s t s  a l l  o f  t h e  p lanes 
found  by t h r e e  p o i n t  a n a l y s t s  o f  the Exp 2032 

microearthquake locat ions and the i n te rcep t  
depths. The co r re la t i on  of  these in te rcep ts  w i t h  
f l u i d  i n j e c t i o n  zones (as determined from 
temperature logs)  and/or wi th  zones o f  weakness 
(as determined from ca l ipe r  log breakout zones) 
a re  a l s o  descr ibed.  I n  a d d i t i o n ,  t h e  t y p i c a l  
surface f l u i d  i n j e c t i o n  pressure f o r  each 
i n j e c t i o n  i n t e r v a l  i s  l i s t e d .  We also i nd i ca te  
whether the i n te rsec t i on  between the, we1 lbo re  and 
the plane occurs i n  a seismical ly ac t i ve  p o r t i o n  
o f  the plane or extension o f  the plane beyond the 
se ismica l ly  ac t i ve  zone. The angle between the 
plane and wel lbore i s  given since the length o f  
i n t e r s e c t i o n  between the plane and borehole has 
greater  uncer ta in ty  f o r  low angle i n te rcep ts  due 
to uncer ta in t i es  i n  borehole and microearthquake 
locat ions.  I n  addit ion, low angle i n te rcep ts  may 
r e s u l t  i n  a l o n g e r  zone o f  d i s t u r b a n c e  i n  t h e  
bo reho le  l o g s  due t o  a longer  p o r t i o n  o f  t h e  
wel lbore being i n  close prox imi ty  to the f rac tu re .  
We w i l l  now desc r ibe  i n  d e t a i l  a f e w  o f  t h e  
re la t i onsh ips  between the w e l l  logs and the 
seismic plane in tercepts .  

I n j e c t i o n  Zone In tercepts  i n  EE-2 

Planes 1 and 5A i n t e r s e c t  borehole EE-2 i n  the 
i n t e r v a l ,  from 3530 t o  3658 m. where water was 
f i r s t  i n j e c t e d  during Exp 2018. A second large 
i n j e c t i o n  i n t o  t h i s  i n te rva l ,  Exp 2020, was 
conducted before a sand and b a r i t e  p lug was set a t  
3550 m (Dreesen and Nicholson, 1984) p r i o r  t o  Exp 
2032. The p lug was intended t o  cause the 
f r a c t u r i n  f l u i d  to penetrate the few remaining 
exposed k a c t u r e s  whi le  preventing extension o f  
the sand-covered fractures. Howevkr, subsequent 
analysfs o f  the Exp 2032 seismic data shows t h a t  
the f r a c t u r i n g  f l u i d  flowed i n t o  the f rac tu res  
t h a t  were supposed to be plugged where they 
i n te rsec ted  EE-2. Since plane 1A i n te rsec ts  EE-2 
w i t h i n  3 m of the top o f  the plug and a t  a small 
angle. i t  i s  very close to the open hole region o f  
the wellbore. During Exp 2032. t h i s  resu l ted  i n  a 
quick break down o f  the rock between the open hole 
and the f rac tu re  and subsequent f l ow  i n t o  t h i s  
plane. The close prox imi ty  o f  the three-point-  
determined plane t o  EE-2 thus provides an 
explanat ion f o r  the observed f l o w  i n t o  f rac tu res  
t h a t  had prev ious ly  been considered inaccess ib le  
to water. 

F i g u r e  1 shows a h i s tog ram o f  t h e  number o f  
seismic events occurring over 1 m i n t e r v a l s  
perpendicular to plane 1. There are two d i s t i n c t  
peaks I n  the histogram suggesting the existence o f  
two planes. The EE-2 temperature log  taken a f t e r  
Exp 2018. pro jected onto the l i n e  normal t o  plane 
1, is”  a lso presented i n  Figure I .  The log- to-  
histogram c o r r e l a t i o n  shows t h a t  l oca t i ons  o f  
temperature anomalies created by the f l u i d  
i n j e c t i o n  correspond f a i r l y  w e l l  w i t h  the 
l oca t i ons  where the peaks o f  the histogram occur. 
We consider each peak to be a t  the center o f  one 
plane. The c o r r e l a t i o n  o f  temperature anomalies, 
which i nd i ca te  zones where f l u i d  was in jec ted ,  
w i t h  the microearthquake-defined planes f u r t h e r  
j u s t i f i e s  our decision to s p l i t  the o r i g i n a l  p lane 
i n t o  two planes. I n  t h i s  case. the two planes 



have the same o r ien ta t i on  as was found f o r  the 
o r i g i n a l  plane 1. 

Seismic In tercepts  i n  EE-3A 

E€-3A in te rcep ts  the seismic regions o f  planes 2, 
38. 4A. 48 and SA. Figure 2 shows a histogram o f  
the t o t a l  number o f  events associated w i t h  these 
planes pro jected p a r a l l e l  to each plane onto the 
EE-3A wellbore. Four d i s t i n c t  groups are 
apparent; those events associated w i th  plane 38. 
planes 5A and 4A. plane 4B. and plane 2. 

The events  assoc ia ted  w i t h  p l a n e  4B and w i t h  
planes 5A and 4A co r re la te  best w i t h  the E€-3A 
i n j e c t i o n  zone observed on the post-2059 and 
post-2067 temperature logs, shown above the 
histogram i n  F igure 2. 

Only minor borehole temperature anomalies are 
corre la ted w i t h  the in tercepts  of  planes 2 and 38. 
Exp 2032 seismic l oca t i on  density o r i g i n a l l y  l e d  
us t o  conclude t h a t  the r e g i o n  o f  the p l a n e  2 
i n t e r c e p t  was a h igh l y  developed p o r t i o n  o f  the 
reservo i r .  However, an i n j e c t i o n  i n t o  the reg ion 
o f  EE-3A containing the i n te rcep t  w i t h  plane 2. 
Exp 2061. resu l ted  i n  more than 90% of  the water 
being i n jec ted  a t  the bottom of  EE-3A. near ly  150 
m f a r t h e r  downhole. We b e l i e v e  t h a t  t h e  h i g h  
normal s t r e s s  on p lane  2, due t o  i t s  low d i p ,  
severely r e s t r i c t e d  f low i n t o  t h i s  plane and 
forced the water t o  enter and s t imulate a deeper, 
higher-dip j o i n t  system not  connected to the Exp 
2032 reservo i r .  The lack o f  a major i n j e c t i o n  
zone a t  the plane 38 i n te rcep t  i s  no t  s i g n i f i c a n t  
because t h i s  reg ion was never i so la ted  from the 
low pressure zones above (see section on rese rvo i r  
s t r u c t u r e )  and stimulated. 

I n  Table 111. we sumnarize s i g n i f i c a n t  features o f  
wel lbore/plane in te rcep ts  i n  both the seismic and 
aseismic regions. 

RESERVOIR STRUCTURE 

I n  the previous section we described some o f  the 
co r re la t i ons  between se ismica l ly  ac t i ve  regions o f  
t h e  p lanes and bo reho le  i n j e c t i o n  zones. I n  
Tables I1 and 111 we show evidence t h a t  a l l  planes 
except plane 4 may be associated w i t h  reg ional  
f a u l t s  o r  zones of weakness; i.e. the aseismic 
plane-wel l  bore i n te rcep ts  have been corre la ted 
w i  t h  wel lbore breakout zones and/or low i n j e c t i o n  
pressure zones. 

The three p o i n t  method was applied t o  locat ions o f  
mfcroearthquakes accompanying f o u r  f r a c t u r i n  
experiments ca r r i ed  out  i n  wellbores EE-2, EE-3 
and EE-3A and i t  was found t h a t  t h e  genera l  
o r i e n t a t i o n  o f  plane 4 ( s t r i k e  N7.E. d i p  67'E) i s  
t he  o n l y  common o r i e n t a t i o n  found f o r  a l l  t h e  
experiments (Fehler, 1987). Fehler showed t h a t  
t h i s  o r i e n t a t i o n  i s  close to the o r i e n t a t i o n  of 
t h e  p lane  w i t h  the  l a r g e s t  r a t i o  o f  shear t o  
normal stress and i s  thus most l i k e l y  t o  be the 
s l i p  plane f o r  earthquakes when the s t ress f i e l d  
i s  perturbed by f l u i d  i n jec t i ons .  

F i g u r e  3 i s  a p e r s p e c t i v e  v iew showing t h e  3 
wellbores and the seismic regions of the planes. 
From F i g u r e  3 i t  i s  e v i d e n t  t h a t  a l l  o f  t he  
seismic regions i n  planes 1 through 5 are i n t e r -  
connected, and tha t  f low through the se ismica l ly  
ac t i ve  regions of  the planes could have created 
the complete set o f  seismic planes forming the Exp 
2032 reservo i r .  

I n  order t o  determine how the existence of  various 
planes a f f e c t s  other planes, we examined the i n -  
tersect ions o f  the seismic region o f  each plane 
w i t h  the se ismic and aseismic r e g i o n s  o f  each 
remaining plane (Table IV) .  We conclude t h a t  both 
the se ismica l ly  ac t i ve  and aseismic por t ions of 
p lane 3A are major b a r r i e r s  t o  f rac tu re  extension 
i n  the reservo i r .  Four planes approach plane 3A; 
none p e n e t r a t e  i t  by more than a few meters.  
Plane 3A appears t o  be a l o w  pressure l eak -o f f  
zone which was seismic only i n  a small, 16.000 mz, 
reg ion connected d i r e c t l y  t o  planes 1A.  18, and 
4C. Just  10 m below plane 3A l i e s  plane 3B w i th  a 
seismic reg ion extending over 100.000 mz. Plane 
38 i s  penetrated by a l l  the planes t h a t  stop a t  
p lane 3A. Plane 38 must open a t  a s i g n i f i c a n t l y  
h i g h e r  p ressu re  than 3A, i n d i c a t i n g  an ab rup t  
t r a n s i t i o n  i n  f r a c t u r i n g  pressure i n  t h i s  region. 
An abrupt change i n  f r a c t u r i n g  pressure w i t h  depth 
was found i n  the v i c i n i t y  o f  the seismic po r t i ons  
o f  planes 3A and 3B (Kelkar e t  al.. 1986). Figure 
3 shows a poss ib le  d i r e c t  f l o w  path from EE-3A t o  
EE-2 through plane 38. though t h i s  has not  been 
observed. Our i n a b i l i t y  t o  develop t h i s  connec- 
t i o n  can be e x p l a i n e d  by t h e  e x i s t e n c e  o f  a 
low-pressure sink, p lane 3A. which i s  we l l  
connected and i n  close prox imi ty  t o  plane 38. 

FLOW PATHS 

F i g u r e  4 i s  a schematic showing which p lanes 
i n t e r s e c t  i n  t h e i r  respect ive seismic regions and 
can thus be considered t o  be connected paths f o r  
f l u i d  flow. The f i g u r e  a lso shows which planes 
have wellbores i n te rsec t i ng  t h e i r  seismic regions. 
The thickness o f  l i n e  connecting the various 
features i s  q u a l i t a t i v e l y  propor t ional  t o  our 
assessment of the a b i l i t y  of water to f low from 
one f e a t u r e  t o  another ,  which i s  taken t o  be 
propor t ional  to the length of  the i n te rsec t i ons  i n  
t h e  se i sm ic  reg ions .  I n  the  d i s c u s s i o n  t h a t  
fol lows, we assume t h a t  a l l  f r ac tu res  have low 
impedance and t h a t  the greatest  res is tance t o  f low 
occurs a t  the' i n te rsec t i ons  between planes and a t  
plane/wel lbore in tersect ions.  

A r e l a t l v e l y  poor f l ow  path from E€-3A t o  EE-2 i s  
shown: p l a n e  4A. t h e  major  i n j e c t i o n  f r a c t u r e  
dur ing Exp 2067. appears t o  be poorly connected t o  
the main p a r t  o f  the reservo i r ,  which helps ex- 
p l a i n  the high f l ow  impedance and water losses 
during t h i s  experiment (Hendron, 1987). I f  plane 
4C, and p o s s i b l y  p l a n e s  3A and 38. c o u l d  be 
included i n  the f low path, the po ten t i a l  e x i s t s  
f o r  a much la rge r  rese rvo i r  than t h a t  determined 
from t race r  tes ts  conducted during Exp 2067, the 
l a s t  major i n j e c t i o n  i n t o  the reservo i r .  This 
i nc lus ion  may have occurred temporar i ly  a f t e r  a 



gas-water mix ture conta in ing  5000 kg o f  n i t rogen 
was i n j e c t e d  down EE-3A d u r i n g  Exp 2067. The 
residence t i m e  f o r  the n i t rogen mixture was ap- 
proximately 5 times longer than tha t  measured f o r  
rad ioac t ive  t racers  i n j e  ted before and a f t e r  the 
n i t rogen i n j e c t i o n  ( R o h o n  e t  al., 1987). 
Cndicating tha t  the low densi ty mix tu re  penetrated 
regions o f  the reservo i r  t ha t  t racer-containing 
water d id  not reach. 

CONCLUSIONS 

Comparisons o f  we l l  l og  data w i t h  planes deter- 
mined using the three p o i n t  method show s t r i k i n g  
evidence t h a t  the seismic planes ac tua l l y  do 
ex i s t .  We have shown data t o  support our 
assert ion t h a t  the planes def ined by the th ree  
p o i n t  method a c t  as f l ow  paths and/or ba r r i e rs  to 
plane extension. The planes defined by the three 
p o i n t  method provide a consistent p i c t u r e  o f  a 
rese rvo i r  whose s t ruc tu re  i s  i n  basic agreement 
w l t h  our present understanding o f  the regional  
s t ress  f i e l d .  This increases our confidence i n  
u s i n g  se ismic da ta  as a gu ide  i n  de te rm in ing  
f rac tu re  locat ions.  

The p o s s i b i l i t y  of d r i l l i n g  and completing a we l l  
t h a t  i s  connected to a f rac tu re  system induced by 
hydrau l i c  s t imu la t ions  i n  a nearby we l l  can be 
enhanced by the app l i ca t i on  o f  the three p o i n t  
method t o  a h i g h  q u a l i t y  s e t  o f  l o c a t i o n s  o f  
microseismic events accompanying the  i n jec t i on .  
With the knowledge o f  f r a c t u r e  o r ien ta t ions  gained 
p r i o r  to d r i l l i n g ,  we can se lec t  ta rge ts  and com- 
p l e t i o n  zones which provide desired rese rvo i r  s i r e  
and impedance charac ter i  s t i  cs . Thus a major 
d i f f i c u l t y  i n  c rea t ing  a ho t  dry rock geothermal 
system can thus be overcome. 
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TABLE 111 

OISTINGUISHIV. FEATURES CORRELATED TO YELL INTERCEPT 

2018 OlI19-20I82 ff-2 3WO-3656 910 0.0315 48.3 

2020 i w ~ - o ~ ~ u  LE-2 3 ~ 8 - 1 6 ~ 6  3.090 0.0928 46.9 

2023 1UMI82 f i - 3  3162-4004 1S.f 0.0172 12.9 

2032r I Z / M - W / ~ ~  (6-2 3szn-35~0 ZI.ZM 0.1140 48.0 

m2 ' 05115-19/84 f f -3  3420-3588 1.600 0.0265 41.4 

2052 M116-1101/85 f f -2  3Y8-355OW 4.080 0.0050 14.5 

2059- 05127-28/05 fi-3). 3516-3719 1.590 0.0106 31.7 

2061 06/29-07102/85 ff-Y 38274017 5.2yI 0.0106 31.0 

2062.. 01/18-20185 fi-U 341-3825 5.770 0.0106 35.9 

2066 0UW)-02101186 ff-Y 3155-3914 3.770 0.0199 46.9 

2 0 6 7 R l I C ~ 1 0 5 / 1 9 ~ l ~ ~ / 8 6  ff-Y UIl-3150 3 1 . W  0.0106 26.9 
O.Ol85  30.3 

'1cIUal InJrctlon Inurva ls  msed on -ratwe w n r y s  an sptclfi.d I n  laD1r 11. 
#Only 31 very la u 9 n i t u r  wrMqurkn en recorded during this la pnswn l n h c t i m .  A t  
l o w  lnhct lon  rates d 4 s  m i o n  I u s  mind virtually a ~ a i ~ m l ~ .  
*This i s  Vn f f - 2  W uhich l a  a t u i b u u d  w I h  c n a t i q  wst M tll rrwvolr tla s y s u  
connrcting ff-3). to *#+. 
tr lnjrction also # c u r w  a t  3280 h n  tl* 9510'  a s l n 9  i s  du ed 
"Rerrrvolr comwctim M- a~ Et-2 u b a s t r a u d  4 t L i w  EL+. 

2 268 27N 

U 151 67Y 

31 151 67Y 

41 006 61f 

TULE I! .  DMRCLATIW OT K L L  Lot DATA II) ULCULAlCO KLLBORC I N l I R C f P T S  K RufS 
LOCATEU FOR I X V f R I K U !  2031 I f f - 2  *IF) i U I W O U A K [  LOCAlIOMS 

?lam Description k l l  ln t t rcept im nest Corrt1ation to 1 R t l . t " T .  
Yell Depth Seismic and cal ipw lop data - Azimuth D~J a (.) -* C p v l  along wrllbom ID) 

I A  331 16f 2 3616 19.3 yrs r ip .  3 .  38.yIPa 1- r j o r  in) .  lonr 
3590-3622 

2 2017 16.0 no lo 1001 
3 2023 17.7 IIO lorrholt b e *  out zone 1984-2013 

2 355E (9.3 yrs fl . 3 38.5 I V a  d d d l r  r j o i  i s j .  zone 

2 2081 13.1 IW lo togs 
3 2811 1.1 no Itnor bn* out z m t  2835-tly7 
3 z090 10.9 no low 
31 3340 5.7 no Lrekole brr& out z m t  3320-3322 

2 4101 42.8 no a r  
3A 3860 69.4 yes Tip. 4. 38.Olh tnp. anmaly 38563M5 

2 3263 45.2 no ont 
3 3104 54.0 no 12.9 I P a  i n j .  mnr 30663175 

2 3281 44.8 yes 14.1 Ih i n j .  IOM mlmr -1y 

3 3119 52.6 no 12.) Ih in j .  z m e  3060-3175 
31 3181 32.8 yn f l9 .  4. 9.5 I V a  in j .  zone 3066-3133 

2 316 9.6 no 14.7 Ih inj .  zone W ~ W  a o u l y  

2 3838 6.3 no m e  
3A 3574 17.1 yes Fi9. 4. 31.5 I P a  l i l n  Icn  l n j .  IOM 

3&-3k9 
18 331 16f 

h r r h o l t  h a t  out lonr 3851-3870 

31  3159 32.6 (IO F19. 4. 9.5 Ik InJ.  ZOIW 3066-3133 

3290-335I). S-5/8* a s l q  col lap(~ brlw 
3267 

W - 3 1 7 0  

3572-3603 

4m 0% WE 

4c me ~ I L  

M 213 6CN 2 3641 37.4 yn f19. 3, 38.5 ma tazlt  .(nor m m ~ ,  

3 3533 36.1 no 39.5 I P a  l n j .  mnr 3542-48 and 3567-68 
U 3534 31.1 ma fi 4 31 5 I h  wver ICFT inj .  zmrs 

2 4030 48.3 10 ont 
3 3919 50.6 no 10 109s 
3A JWO 45.5 no Flp. 4. 38.5 I V a  1 ~ .  a-1, 3923-3%26 

3618-3621 

&3ioz ;M 3520-3523 

Sefsmlc Plane 

Main i n j e c t i o n  i n t e r v a l  for 
l n j e c t l o n s  l n t o  EE-2 preceed- 
i n g  Eap. 2032.. 

Dcg se:smic target  f o r  E E - 3 A  
t r a j e c t o r y .  Ulable to i n j e c t  
i n t o  €E-3A ln tercept  r q l o n  to 
cause f lw I n  EE-2 dur ing 
Eap. 2061 o r  Eap 2066. 

In tercepts  are near temp. 
surv depths o f  9.5 t o  14.5 
M P ~  R o w  pressure) i n j e c t i o n  
i n t e r v a l s .  Provlded a s d s n i c  
path frm the reservo i r  to 
EE-3A backside r h i c h  f lored 
0.2 l lsec  during Eap. 2051. 

Main l n j e c t i o n  i n t e r v a l  during 
r e s e r v o i r  c f r c u l a t i o n  frm 
EE-3A t o  EE-2. (EapS. 2059. 
2061 and 2067 1 .  

Plane I C  has no se lsn lc  In tercepts .  

Plane Y i s  m i n j e c t i o n  i n t e r -  
va l  f o r  eaperiments p r e c e d i n g  
Eap 2032.. It was thc only 
selsmic plane connected to both 
EE-2 an6 EE-31, dur ing Eap. 2067. 

Plane 9 has no seismic In tercepts .  

Aseismic Eatenslon of Plane 

Borehole breakout zones close 
t o  3 of 4 in tercepts  r i t h  
c a l i p e r  logs. 

None 

In tercepts  are near temp. 
survey depths Of 9.5 t o  14.5 
MPa ( l o r  pressure) i n j e c t i o n  
i n t e r v a l s  (€ips.  2032 L 20521 

Plane 4A in tersects  EE-2 a t  a 
low pressure 11.5 MPa i n j e c -  
t l o n  l n t e r v a l .  (EID. 2052) 

Plane SA In tercepts  E E - 3  near 
Eap. 2042 i n j e c t i o n  i n t e r v a l .  
No sefsmlc planes w t h  t h e  
sane o r i e n t a t i o n  *ere located 

the 3 pOfnt method on 
~ ~ ~ % p .  2042 seismic data. 

*It  I s  assumed t h a t  bcyond h e  near r l l b o r e  area the planes uere a lso t r i b u t a r l e s  
fm tk InJect ion f l u i d  dur lng Eap. 2032. 

TABLE I V  

ASEISMIC REGION - PLANE SEISMIC REGION 
s e i s m t c  Planes seismic Planes 

k i s m l c  Planes ADproachlng and k l r m i c  Planes Approaching and 
Penetrat ing Stopping Penetrat ing Stopplng 

1 A  3 1 2 0 

18 4 1 3 3 

2 3 0 0 0 

3A 0 3 0 4 

38 3 0 2 0 

4A 3 

3 48 

4c 4 

SA 2 

1 6 

0 7 

1 5 

1 0 

58 2 0 1 0 

TOTALS 27 8 26 9 

SO 214 56M 

~ n 9 1 t  of wellbore t o  plam *t la mglt a l l a s  mrr (.viation i n  -11 inerrsect W t h s  *n tn 
p l a n  locat lm lnaccuracirs. 
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FIGURE 2. Hlstogram showing the number of selsmlc 
events projected parallel to each plane onto well- 
bore EE-SA. Only  selsmic events from planes 
Intersectlng the wellbore In the selsmically 
active portions of t h e  planes are shown. 
Temperature logs are shown for  Exp 2061. Exp 2059 
and Exp 2067. 

FIGURE 1. Histogram of the number of microearth- 
quakes associated w i t h  plane 1 as a function of 
perpendicular distance from t h a t  plane. Above the 
hlstogram i s  a temperature log o f  wellbore E€-2 
taken af te r  Exp 2018 as projected onto the normal 
of plane 1. Since wellbore Is not perpendicular t o  
plane 1. sca le  for d i s tance  along wellbore i s  
different t h a n  t h a t  for scale for distance perpen- 
dicular to  plane. 

3300 3Ea 3m 4050 
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FIGURE 3. Perspective view o f  the three wellbores 
and the seismically active portions of the Exp 
2032 planes identified using the three point 
method. 
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FIGURE 4. Schematic showing the interconnections 
between various seismic planes and w e l l  bores. The 
thickness o f  l i n e s  connecting the various fea tures  
i s  proport ional  to how e a s i l y  f l u i d  i s  estimated 
t o  f low between the fea tures .  


