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ABSTRACT 

The Hot Dry Rock geothermal energy p r o j e c t  
began i n  the e a r l y  1970's w i t h  the ob jec t ive  
of developing a technology t o  make 
economically a v a i l a b l e  t h e  l a rge  ubiquitous 
thermal energy of the upper ea r th  c r u s t .  The 
program has been funded by the Department of 
Energy (and i t s  predecessors) and fo r  a few 
years  w i t h  p a r t i c i p a t i o n  by West Germany and 
Japan. An energy r e se rvo i r  was accessed by 
d r i l l i n g  and hydraul ica l ly  f r ac tu r ing  i n  the 
Precambrian basement rock outs ide  the Valles 
Caldera of north-central  New Mexico. Water 
was c i r cu la t ed  through the r e se rvo i r  (Phase I ,  
1978-1980) producing up  t o  5 M W t  a t  132°C. A 
second (Phase 11) r e se rvo i r  has been 
e s t ab l i shed  w i t h  a deeper pa i r  of holes and an 
i n i t i a l  flow t e s t  completed producing about 10 
M W t  a t  190°C. These accomplishments have been 
supported and pa ra l l e l ed  by developments i n  
d r i  11 i ng ,  we1 1 completion and instrumentation 
hardware. Acoustic or microseismic f r a c t u r e  
mapping and geochemistry s tud ie s  i n  addi t ion  
to  hydraulic a n d  thermal data cont r ibu te  t o  
r e se rvo i r  ana lyses .  Studies of some of the 
estimated 430,000 quads of H D R  resources i n  
the U n i t e d  States have been made w i t h  special  
a t t e n t i o n  focused on s i t e s  most advantageous 
f o r  e a r l y  development. 

I NTROOU CT I O N  

The primary ob jec t ive  of the U.S. Hot Dry Rock 
Program is t o  develop and demonstrate an econ- 
omical, commercially usable technology f o r  re-  
covering thermal energy from natural  l y  heated 
rock a t  access ib l e  depths i n  the e a r t h ' s  
c rus t .  While o ther  methods a r e  poss ib le  i n  
d i f f e r e n t  geologic environments, the Program 
has so f a r  concentrated on hot c r y s t a l l i n e  
rock of low i n i t i a l  permeabili ty;  the use o f  
f l u i d  pressure (hydraul ic  f r a c t u r i n g )  t o  
c rea t e  flow passages and hea t - t r ans fe r  sur face  
i n  t h a t  r o c k ;  and o p e r a t i o n  of a c l o s e d ,  
r e c i r c u l a t i n g ,  pressurized-water loop t o  
e x t r a c t  heat from the rock and t r anspor t  i t  t o  
the e a r t h ' s  surface.  Large-scale f i e l d  
experiments a r e  conducted a t  Fenton Hil l  i n  
the Jemez Mountains of northern New Mexico, 
and supporting a c t i v i t i e s  a r e  primarily a t  Los 
Alamos National Laboratory. The l a t t e r  
include development of new or  improved down- 
hole equipment and instruments,  f i e l d  and 
labora tory  experimental and observational 

techniques,  and ana ly t i ca l  and numerical data 
ana lyses  and modeling procedures. Many of 
these developments have been found useful i n  
o ther  experimental programs and i n  a va r i e ty  
of i ndus t r i a l  app l i ca t ions  . 
The technical i s sues  faced i n  H D R  development 
a r e  challenging. Wells must be d r i l l e d  to  
depths where temperatures range from 200 t o  
350°C. su i t ab le  fo r  e l e c t r i c i t y  generation. 
In regions w i t h  favorable geothermal g rad ien t s  
such temperatures a r e  found a t  depths,  of 3 to  
5 k m ,  where t h e  m i n i m u m  component of t h e  
in-situ ea r th  s t r e s s  i s  l i k e l y  t o  be 35 t o  100 
MPa. One must then f r a c t u r e  the rock 
formation, and open the f r a c t u r e s  so t h a t  the 
permeabili ty remains h i g h  a n d  flow re s i s t ance  
i s  low. Furthermore, large areas  of hot rock 
must be adequately bathed to  r e s u l t  i n  high 
heat production. A t  the same time, since a l l  
water must be provided extraneously,  one must 
avoid excessive water losses  to  the country 
rock surrounding the f r ac tu red  r e se rvo i r .  
Furthermore, the technology development must 
assure  t h a t  p o t e n t i a l l y  damaging earthquakes 
wi l l  n o t  be caused by down hole accumulation 
of t h i s  water. One must a l s o  avoid po ten t i a l  
geochemical problems, such a s  sca l ing  of 
sur face  equipment w i t h  p r ec ip i t a t ed  products 
of aqueous rock d i s so lu t ion  and corrosion of 
sur face  and downhole p i p i n g .  

The incent ive  f o r  meeting these challenges is  
the enormous resource base t h a t  HDR energy 
provides.  Unl i ke hydrothermal r e s e r v o i r s ,  
which a r e  r a r e l y  found, po ten t i a l  H D R  
r e s e r v o i r s  under l ie  much of the world. Even 
i f  one cons iders  j u s t  the h i g h  grade 
resources ,  i . e . ,  regions w i t h  geothermal 
g rad ien t s  g rea t e r  than 40"C/km, the H D R  
resource base i n  the U.S. alone represents  .a  
thermal energy equiva len t  t o  nearly 100 
mi l l ion  Megawatt-centuries, about ten times 
t h a t  of coal depos i t s .  

An In t e rna t iona l  Energy Agency Implementing 
Agreement adopted i n  1979 provided f o r  
p a r t i c i p a t i o n  by o ther  count r ies  i n  the Fenton 
Hill P ro jec t  of the U.S. Hot Dry Rock Geo- 
thermal Energy Development Program Nhich, 
u n t i l  then, had been sponsored so le ly  by the 
U.S. Department of Energy and i t s  predecessor 
agencies.  Under the IEA Agreement, 
Kernforschungsanlage - Ju l i ch  GmbH ( r ep re -  
sen t ing  the Federal Republic of Germany) and 
the New Energy Development Organization (rep-  
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resent ing  the Government of Japan) have par- 
t i c i p a t e d  i n  the P ro jec t  s ince 1980. Their 
pa r t i c ipa t ion  included p a r t i a l  f i nanc ia l  sup-  
p o r t  of the P ro jec t ,  membership i n  i t s  In t e r -  
national S teer ing  Committee, and assignment of 
s c i e n t i s t s  and engineers who worked a s  S ta f f  
Members a t  Los Alamos National Laboratory. 
German pa r t i c ipa t ion  i n  the Fenton Hil l  
P ro jec t  ended i n  1985 and Japanese p a r t i c i -  
pation ended i n  1986. Informal cooperation a s  
exchange of i n  forma ti on con t i  nues . 

EARLY ACCOMPLISHMENTS 

The w o r l d ' s  f i r s t  ho t  d r y  rock geothermal  
energy system was completed a t  Fenton Hill i n  
1977,  enlarged i n  1979 by addi t iona l  hydraulic 
f r ac tu r ing ,  and operated successfu l ly  f o r  more 
than a year.  I t  was constructed by d r i l l i n g  a 
hole from the sur face  t o  a depth of approxi- 
mately 3000 m ,  i n to  g r a n i t i c  rock a t  about 
185°C; producing l a rge  hydraulic f r a c t u r e s  
centered a t  a b o u t  2600 m depth; and d i r ec -  
t i o n a l l y  r e d r i l l i n g  to  i n t e r s e c t  those f r a c -  
t u r e s .  Results of r e se rvo i r  t e s t i n g  a r e  
provided by Dash e t  a l .  (1983).  

To extend the technology t o  the temperatures 
and r a t e s  of hea t  production required t o  s u p -  
p o r t  a commercial power p l an t ,  cons t ruc t ion  of 
a l a r g e r ,  h o t t e r ,  system was i n i t i a t e d  a t  
Fenton Hill  in 1979. This i s  often r e fe r r ed  
to  a s  ou r  Phase I1 system. Two new holes,  
about 50 m a p a r t  a t  the surface,  were d r i l l e d  
d i r e c t i o n a l l y ,  the deeper one to  a v e r t i c a l  
depth of 4.66 km -- where the rock temperature 
was 327°C. As was the case in the shallower 
system described above, i t  was expected t h a t  
p lanar  hydraulic f r a c t u r e s  produced from these 
holes would be s u b s t a n t i a l l y  v e r t i c a l ,  w i t h  a n  
approximately north-northwest s t r i k e .  To 
provide the horizontal  separa t ion  required to  
thermally i s o l a t e  a s e r i e s  o f  such f r a c t u r e s ,  
the bottom 1000 m of each hole was d r i l l e d  
toward the eas t -no r theas t  and inc l ined  35' 
from the v e r t i c a l .  Figure 1 shows a pers- 
pective view. The upper wel l ,  EE-3, l i e s  300 
m above the lower wel l ,  EE-2 ,  i n  the s lan ted  
i n t e r v a l .  Also shown i n  Figure 1 i s  a Phase I 
r e se rvo i r  well which conta ins  a geophone 
sonde. T h i s  sonde, and s imi l a r  seismic sen- 
so r s  emplaced i n  o ther  boreholes,  d e t e c t  and 
loca t e  the microearthquakes t r iggered  d u r i n g  
hydraulic f r ac tu r ing  (House, Keppler and 
Kaieda, 19851. 

FRACTURING THE NEW RESERVOIR 

In 1982, hydraulic f r ac tu r ing  experiments were 
conducted a t  the deepest depths i n  the two new 
wel l s .  Unexpectedly, the s t imula ted  zones 
produced were three-dimensional r a t h e r  than 
p lanar ,  inc l ined  r a t h e r  than v e r t i c a l ,  
according to  loca t ion  of microseismic events ,  
and d i d  not meet each o ther  or  connect the two 
wel l s  hydraul ica l ly .  The unexpected 
non-vertical  i nc l ina t ion  of the microseismic 
zone i s  believed to  be r e l a t e d  t o  the presence 
of a cooling magma body beneath a volcanic 

Figure 1 .  
boreholes and geophone emplaced f o r  micro- 
earthquake monitoring during f r a c t u r i n g .  

Perspec t ive  view o f  Phase I 1  

ca ldera  a few kilometers e a s t  of Fenton Hill  
which a1 tered the e a r t h  s t r e s s e s .  

In December 1983 a massive hydraulic 
f r a c t u r i n g  operation was conducted i n  which 
21,000 cubic meters of water were in j ec t ed  a t  
3.5 km i n  the lower well a t  downhole pressure  
and  average flow r a t e  of 83 MPa and 100 l / s .  
De ta i l s  a r e  provided by Dreesen and Nicholson 
(1985),  and House, Keppler and Kaieda (1985).  
Figure 2 shows the loca t ions  of the 
microearthquakes induced. The s e n s i t i v i t y  of 
the downhole seismic sensors enabled de tec t ion  
of events w i t h  body wave magnitudes a s  low as  
-5, on a n  ex t r apo la t ion  of the r e l a t i v e  
Richter s c a l e ,  b u t  Figure 2 shows on ly  850 
h i g h  qua l i t y  events w i t h  magnitudes from -3 to  
0. Note t h a t  se i smic i ty  i s  induced over a 
rock volume t h a t  i s  about 0.8 km h i g h ,  0.8 k m  
wide i n  the N-S d i r e c t i o f ,  and about 0.15 km 
t h i ck ,  or  about 0.05 km of s t imula ted  rock 
volume. T h i s  rock volume is  3000 times grea t -  
e r  than the water volume in j ec t ed .  House e t  
a l .  (1985) concluded tha t :  
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Figure 2 .  Hypocentral locat ions of micro- 
earthquakes induced by massive hydraulic 
f r a c t u r i n g  in in j ec t ion  well EE-2 

1. First motions of the microearthquakes and 
the f a u l t  plane so lu t ions  determined from the 
sur face  a r r ay  of seismometers ind ica ted  a 
shea r - s l ip  motion, probably along e x i s t i n g  
rock j o i n t s .  This suggests t h a t  any t e n s i l e  
o r  o s c i l l a t o r y  source mechanism may generate 
only very weak seismic s igna l s .  

2. The f i n i t e  th ickness ,  0.15 km, of the zone 
of se i smic i ty  and i t s  s p a t i a l  growth imply the 
c rea t ion  of a zone of j o i n t  s t imu la t ion ,  
r a the r  than a s i n g l e  f r a c t u r e .  

Fehler (1984) performed spec t r a l  ana lys i s  of 
many of the microearthquake coda, and found 
power spec t r a l  d e n s i t i e s  cons i s t en t  w i t h  usual 
earthquake mechanics, i . e . ,  shear s l ippage.  
Corner frequencies were of the order of 300 
Hz, and based upon the work of Brune (19701, 
Fehler found t h a t  the c h a r a c t e r i s t i c  dimension 
of the rock surface mobilized f o r  each 
shea r - s l ip  event  was of the order o f  10 m ,  
comparable to the spacing of the major j o i n t s  
observed i n  well surveys. 

The above r e s u l t s  i nd ica t e  a f r a c t u r i n g  
mechanism which i s  i ncons i s t en t  w i t h  
conventional t heo r i e s  of hydraulic f r a c t u r i n g  
(Hubbert and Wi l l i s ,  1957; Daneshy, 1973) 
which p r e d i c t  t h e  p ropaga t ion  of a s i n g l e  
f r a c t u r e  caused  by t e n s i l e  f a i l u r e  of t h e  
rock. However, the H D R  r e s u l t s  a r e  cons i s t en t  

w i t h  Lockner and Byerlee (19771, who observed 
a t r a n s i t i o n  from t e n s i l e  to  shear f r ac tu r ing  
when low flow r a t e s  were in j ec t ed  i n t o  labor-  
a to ry  rock specimens; and our observations 
were confirmed a t  the B r i t i s h  Hot Dry Rock 
r e se rvo i r  i n  Cornwall where i t  was observed 
(Pine and Batchelor, 1984) t h a t  f r a c t u r i n g  
occurred a s  a zone of mul t ip le  f r a c t u r e s ,  and 
t h a t  shear sl ippage along e x i s t i n g  j o i n t s  was 
the dominant mechanism. Because these j o i n t s  
a r e  pre-ex is t ing  natural  f r a c t u r e s ,  i t  i s  
perhaps inappropr ia te  to r e f e r  t o  the proces: 
of forc ing  water i n t o  them a s  " f r a c t u r i n g ;  
"s t imula t ion"  is used ins tead  i n  the remainder 
of this r epor t .  

The s t imula t ion  r e s u l t s  j u s t  discussed, and 
the important r o l e  played by shear ,  r a t h e r  
than tension,  have important impl ica t ions  n o t  
only f o r  HDR programs, b u t  a l s o  f o r  st imula- 
t i o n  of o i l  and  gas r e se rvo i r s .  So important 
i s  "shear s t imula t ion"  t h a t  i t  i s  a key r e -  
search issue i n  the U.S. and HDR p r o j e c t s ,  a n d  
serves a s  an important bas i s  f o r  co l l abora t ive  
research .  For example, the FRIP code (Fluid 
Rock In t e rac t ion  Program), developed f o r  the 
B r i t i s h  HDR p ro j ec t  by Peter Cundall, ' i s  a l s o  
used a t  Los Alamos, and r ecen t  improvements 
have been cos t-shared by both HDR p ro j ec t s .  

ACHIEVING HYDRAULIC COMMUNICATION 

Despite the huge volume of water i n j ec t ed  in 
the lower well d u r i n g  the 1983 massive hy- 
d rau l i c  f r ac tu r ing ,  the st imulated zone did 
not propagate in to  the v i c i n i t y  of the upper 
wel l ,  a s  shown in Figure 2, and no hydraulic 
communication between the two wel l s  was ob- 
served. Another l a rge  f r ac tu r ing  operation 
was conducted, t h i s  time in the upper wel l ,  
b u t  the two s t imula ted  zones d i d  not overlap 
and again no communication was observed. 
Consequently, i n  March of 1985 the upper well 
was s i d e t r a c k e d  a t  a dep th  of 2.9 k m ,  and 
d i r e c t i o n a l l y  d r i l l e d  a s  shown i n  Figure 3 
through the f r a c t u r e  zone assoc ia ted  w i t h  the 
lower well .  T h i s  r e d r i l l e d  well i s  r e f e r r ed  
to  as EE-3A. 

Precursor s igns of an impending connection 
were observed when water flowed i n t o  the r e -  
d r i l l e d  well when the o ther  well was pres- 
sur ized  t o  12 MPa. I t  was decided to  improve 
the hydraulic communication qua l i t y  of j o i n t s  
n e a r  3.6 km by s t i m u l a t i n g  them w i t h  h i g h  
pressure.  T h i s  was accomplished by s e t t i n g  a 
spec ia l ly  developed, high temperature packer 
(Dreesen and Mi l l e r ,  1985) a t  a depth of 3.52 
km. where the d r i l l  hole was reasonably 
smooth, and t h e n  pumping water i n t o  the e n t i r e  
open hole in t e rva l  between the packer and the 
bottom of the hole, which was located a t  3.72 
km a t  this time. The physical s i t u a t i o n  '5 
depicted i n  Figure 3. A volume of 1,670 m 
was in j ec t ed ,  p r imar i ly  a t  r a t e s  of 15 t o  27 
l / s ,  and a t  downhole pressures  ranging from 66 
t o  75 MPa. A rap id  r i s e  i n  p ressure  occurred 
a t  EE-2, and two hours a f t e r  the commencement 
of pumping in EE-3A, EE-2 was p u t  on 

-9- 



\ I- 

1o.w 

11.m 

I' 

n 
12.w 

13.000 

HORIZONTAL DISTANCE IMI 
IVlEW OlRECTlON FROM SOUTH TO NORTH1 

Figure 3. Elevation view of r e s e r v o i r ,  look- 
ing North. 
s t imula t ion  of EE-3A, which r e su l t ed  in low 
flow re s i s t ance  connection between EE-2 and 
EE-3A. The flow paths ind ica ted  a r e  inferred 
from j o i n t  locat ions determined from a temp- 
e r a t u r e  survey in EE-3A. 

Packer shown allowed supplementary 

production and water flowed o u t .  A t  f i r s t  the 
outflow r a t e  was small ,  b u t  by r e p e t i t i v e l y  
surging the well i . e . ,  by shu t t ing  i t  i n  fo r  a 
while, then quickly venting i t ,  the outflow 
r a t e  was s t e a d i l y  increased,  and a t  the end of 
the t e s t  i t  a t t a i n e d  a value of 10 I / s .  A 
post-connection temperature survey taken i n  
EE-3A on May 30 showed t h a t  several  ne" j o i n t s  
had been stimulated which served a s  flow 
e n t r i e s  from EE-3A to  the r e se rvo i r .  Figure 3 
p o r t r a y s  the po ten t i a l  flow paths ,  which 
appear sho r t  i n  this e leva t ion  view, b u t  bear 
i n  mind t h a t  EE-2 and EE-3A a r e  ho r i zon ta l ly  
separated by 150 m a t  the depth a t  which the 
two wel l s  appear t o  i n t e r s e c t .  

Following t h i s  successful connection the re- 
d r i l l i n g  continued and three add i t iona l  stim- 
u la t ions  were conducted w i t h  open hole pack- 
e r s .  The second s t imula t ion  was conducted 
very deep, a t  3.83 km, and f a i l e d  t o  r e s u l t  i n  
addi t iona l  hydraulic communication and w i t h  
flow indica ted  going down from the bottom of 
the borehole. The t h i r d  s t imula t ion  occurred 
a t  3.65 km, a depth about midway between the 
successful and unsuccessful ones, and another 
hydraulic connection was achieved. In 
February 1986 the f i n a l  s t imula t ion  
was attempted, a t  3.76 km, b u t  l i t t l e  evidence 
of hydraulic communication was observed. 

In summary, the two shallower,  and successful , 
s t imula t ions  were m r e  c e n t r a l l y  loca ted  with- 
in the zone of se i smic i ty  induced d u r i n g  the 
1983 massive s t imula t ion  of EE-2. The i n -  
j ec t ion  depths of the two deeper, unsuccess- 
f u l ,  s t imu la t ions  were s t i l l  wi th in ,  b u t  

c lo se r  t o  the perimeter o f ,  the 1983 seismic 
zone. While the seismic zone induced by these 
two unsuccessful s t imula t ions  tended to  grow 
down and away from the  1983 s e i s m i c  zone ,  
never the less  there  was s u f f i c i e n t  overlap of 
the zones t h a t  hydraulic connection of the 
wel l s  would have been expected. This i l l u s -  
t r a t e s  the complex nature of s t imula t ion  of 
j o in t ed  rock - one cannot expect t o  encounter 
h i g h  permeabili ty st imulated rock everywhere 
i n  the seismic zone. Instead,  d i s c r e t e ,  and 
o f t en  well spaced, natural  j o i n t s  a r e  stimu- 
l a t ed .  Hence, one needs to  examine ca re fu l ly  
the complete three dimensional nature of the 
seismic zone, and track i t s  development w i t h  
time. Of p a r t i c u l a r  promise a r e  the r ecen t  
developments a t  both the B r i t i s h  and US H O R  
programs of techniques for  de tec t ing  l i nea -  
ments i n  the seismic zones which may reveal 
the presence of those natural  f r a c t u r e s  most 
successful 1 y s t i  mu1 a ted.  

TESTING THE NEW RESERVOIR 

In March and April of 1986 the new re se rvo i r  
was readied fo r  preliminary t e s t i n g  by ce- 
menting-in a l i n e r  i n  well EE-3A; f i n i s h i n g  
the surface piping system; readying the 
water-to-air  heat exchanger used previously 
f o r  the Phase I r e se rvo i r ;  and h i r i n g  a 
s e rv i ce  company t o  pump water ( i n j e c t i o n  
capab i l i t y  of 30 l / s  and 35 MPa). 

The I n i t i a l  Closed-loop flow t e s t  was begun 
May 19. 1986 and completed June 18 ,  1986. 
Cold water was in j ec t ed  i n t o  EE-3A. and hot 
water produced from EE-2.  The h o t  water was 
cooled to  20°C in the heat exchanger before 
being r e in j ec t ed .  Major flow parameters a r e  
presented i n  Table I ,  and these a r e  compared 
w i t h  values measured i n  the enlarged, e a r l i e r  
Phase I r e se rvo i r  and the Br i t i sh  program. 

COMPARISON OF THREE HDR RESERVOIRS 
AFTER ONE MONTH OF OPERATION 

DEPTH OF RESERVOIR Iml 

TEMPERATURE OF RESERVOIR I'CI 

MODAL VOLUME Imll 

SURFACE TEMPERATURE I*CI 

THERMAL POWER IMWl 

PRODUCTION FLOW RATE 111d 

INJECTION WELL PRESSURE 1MP.I 

CORRECTED IMPEDANCE IGP. d m l l  

WATER LOSS RATE AT ID DAYS 111.1 

21111 

195 

' 1 0  

135 

1 

7 

10 

1 7  

1 1  116%1 

3550 

24a 

350 

191 

9 

13 

a 

2 2  

60133%1 

2 . a  

85 

2m 

76 

1 

4 

+ 
1 0  

0 I 110461 

D u r i n g  the course of the 30 day t e s t  the flow 
impedance of the r e se rvo i r  dec l ined ,  and a t  
the end was about half  i t s  i n i t i a l  value. 
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Furthermore, the f ina l  impedance was nearly 
equal to  t h a t  measured i n  the Phase I r e s -  
e r v o i r  a f t e r  a comparable pe r iod  of t ime ,  
desp i t e  the f a c t  t h a t ,  on average, the e f -  
f e c t i v e  confining s t r e s s  ac t ing  to close 
j o i n t s  i s  over three times higher i n  the new 
re se rvo i r .  Two t r ace r  experiments were con- 
ducted d u r i n g  the 30 days, and the modal vol- 
ume, a Table I c h a r a c t e r i s t i c  measure of the 
void volume of major f r a c y r e s  and j o i n t s ,  
increased from 270 t o  350 m . This i s  q u i t e  
promising, a s  a reduction of impedance could 
be the r e s u l t  of flow channeling, i . e . ,  the 
tendency fo r  the water to  sweep t h r o u g h  fewer 
f r a c t u r e s  of l a rge r  ape r tu re ,  r e s u l t i n g  i n  
smaller modal volumes and heat production, 
r a t h e r  than the increased modal volume 
a c t u a l l y  observed. 

The water l o s s  r a t e ,  expressed as a f r ac t ion  
of the in j ec t ed  flow r a t e ,  was higher t h a n  the 
Phase I value a f t e r  a comparable period, b u t  
t h i s  may be an a r t i f a c t  of our cons tan t  exper- 
i m e n t a t i o n  d u r i n g  t h e  30 days of tes t ing.  
Many s h u t - i n  experiments were conducted, a s  
well a s  changes of i n j ec t ion  flow r a t e  and 
production well pressure,  t h u s  precluding t h e  
a t ta inment  of quasi-steady s t a t e  water l o s ses .  
In addi t ion  we a t t r i b u t e  t h i s  short-term l o s s  
r a t e  to  the l a rge  highly f rac tured  volume of 
the several  f r a c t u r e  and s t imula t ion  e f f o r t s  
and the increas ing  volume due to h i g h  i n j ec -  
t ion pressures  maintained and evidenced by 
microsei smic a c t i v i t y .  

Seismicity d u r i n g  this experiment was qu i t e  
low, and the l a r g e s t  event r eg i s t e red  about 
0 .4  on t he  e x t r a p o l a t e d  R i c h t e r  body wave 
sca l e .  Observation of coupon t e s t  specimens 
ind ica t e  very low corrosion ( 1 5  mils per year 
o r  0.38 mm/yr). F ina l ly ,  this s h o r t  t e s t  was 
designed to  measure hydrological, ,and volume 
p rope r t i e s ,  and so was never intended to  be 
run long enough to  measure po ten t i a l  thermal 
drawdown. A t e s t  of about one year duration 
i s  present ly  scheduled t o  begin i n  1988. 

SUPPORTING ACTIVITIES 

In addi t ion  to  the d r i l l i n g  and s t imula t ion  
a c t i v i t i e s  described above, the following 
a c t i v i t i e s  have continued. These a c t i v i t i e s  
a r e  expected t o  have s i g n i f i c a n t  impact on the  
continuing development of HDR technology. 

1. In a cooperative program w i t h  Westfalische 
Berggewerkschaftskasse of Bochum, FRG, a h i g h -  
temperature borehole acous t i c  televiewer has 
been des igned  and f a b r i c a t e d ,  and w i l l  be 
f i e l d  t e s t ed  a t  the end of February 1987. A 
televiewer measures the t ravel  time of u l t r a -  
sonic pulses r e f l e c t e d  from the borehole wall 
to  map i r r e g u l a r i t i e s  i n  the r e f l e c t i n g  
sur face  -- such a s  natural  or  hydraulic 
f r a c t u r e s  -- v r i t h  a h i g h  degree of r e so lu t ion .  
In addi t ion  to  a number of acous t i c  and therm- 
a l  design improvements, t h i s  new instrument i s  
of modular cons t ruc t ion  to  f a c i l i t a t e  f i e l d  
assembly and maintenance. and incorpora tes  a 

downhole microprocessor t o  control data 
co l l ec t ion  and produce a d i g i t a l  signal f o r  
transmission to  the surface.  

2. In a d d i t i o n  t o  conven t iona l  a n a l y s e s  of 
microseismic data co l l ec t ed  during press- 
u r i za t ion  tests, special  s tud ie s  have been 
made of low-frequency, long-period events t h a t  
occur e a r l y  i n  p re s su r i za t ion ,  which may rep- 
r e s e n t  t e n s i l e  f r a c t u r e s .  Downhole-tool coup- 
l i n g  phenomena a r e  being inves t iga t ed  t o  
improve design of geophone sondes. There has 
been fu r the r  improvement of the hodogram tech- 
nique of seismic-event l oca t ion ,  and software 
has been developed f o r  a Masscomp computer 
t h a t  has g rea t ly  increased the speed and 
accuracy of on-line event loca t ion  d u r i n g  
s t imula t ion  and flow experiments. T h i s  system 
wi l l  be employed f o r  a more comprehensive look 
a t  e a r l i e r  data .  Good progress has been made 
i n  co r re l a t ing  fau l t -p lane  so lu t ions  w i t h  the 
loca t ions  of seismic events .  

3. An ac t ive  seismic in t e r roga t ion  method has 
been developed t h a t  uses an acous t i c  source 
t r a n s m i t t e r  t h a t  " s c a n s "  a s e c t i o n  of one 
wellbore,  while a r ece ive r  i s  s t a t ioned  i n  the  
ad jacen t  well bore. The t r ansmi t t e r  houses a 
35 magnetos t r ic t ive  source t h a t  opera tes  a t  
the frequency of 8.5 kHz. The t r ansmi t t e r  can 
be t r iggered  a t  r a t e s  of u p  t o  5 pu lses  per 
second. An accelerometer,  mounted coaxia l ly  
w i t h  the magnetos t r ic t ive  source,  provides a 
zero time fo r  each pulse. The rece iver  con- 
s i s t s  of a p i ezoe lec t r i c  transducer t h a t  i s  
tuned for  maximum response a t  the transmission 
f r equency .  The r e c e i v e r  g a i n  can be con- 
t r o l l e d  automatically downhole or manually 
from the surface control u n i t .  The charac- 
t e r i s t i c s  of t he  medium t h r o u g h  which the  
acous t i c  v ib ra t ions  pass a r e  deduced from the 
charac te r  of the received s i g n a l s  and from 
t h e i r  a r r i v a l  t imes  a t  t h e  d e t e c t o r .  The 
d i s t ance  between two boreholes can be measured 
w i t h  considerable accuracy, and the presence 
of f l u i d - f i l l e d  f r a c t u r e s  i n  the formation can 
be determined. 

4.  Recent reservoir-engineering a c t i v i t i e s  
have included numerical and ana ly t i ca l  s tud ie s  
of f l u i d  flow i n  deformable j o i n t s ;  estim- 
a t i o n s  of f r a c t u r e  ape r tu re s  from hydraulic 
data and o f  f r ac tu red - re se rvo i r  s i z e  from the 
r e s u l t s  of hydraul ic - f rac tur ing  experiments; 
and model.ing of thermal e f f e c t s  d u r i n g  a 
va r i e ty  of pressure- t rans ien t  t e s t s .  

5. Geochemical s tud ie s  have included i n v e s t i -  
ga t ions  of the degradation of s e p i o l i t e  d r i l l -  
ing muds a t  h i g h  temperatures, corrosion and 
c a l c i t e  deposit ion i n  surface-system com- 
ponents, . a va r i e ty  of chemically r eac t ive  
t r a c e r s ,  and the adsorption of such t r a c e r s  on 
rock surfaces .  The r eac t ive  t r a c e r  technique 
will use the extreme temperature dependence of 
chemical reac t ion  r a t e s  t o  map the progress of 
the thermal f r o n t  i n  an HDR r e se rvo i r  d u r i n g  
long term energy ex t r ac t ion .  Der iva t ives  of 
bromobenzene a r e  e x c e l l e n t  candida tes  f o r  r e -  
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a c t i v e  t r a c e r s  in h i g h  temperature geothermal 
r e se rvo i r s  from 200-3OO'C. 

6.  Corrosion r e s i s t ance  of the logging cable 
accounts f o r  many of the l i m i t a t i o n s  t o  work 
i n  geothermal boreholes. Tes ts  a r e  in pro- 
gress  t o  determine e f f e c t s  of br ines  where 
s u l f i d e s  and ch lor ides  a re  present .  Tes ts  a r e  
a l s o  planned t o  determine work hardening of 
tubular  cores used i n  a v a i l a b l e  magnesium 
oxide-insulated cables .  More s t u d i e s  a r e  
needed to  determine cooling methods when re-  
t r i ev ing  cables  from very h o t  wellbores.  In 
add i t ion ,  development of high-temperature 
e l e c t r o n i c s  using special  devices such a s  
in t eg ra t ed  thermionic c i r c u i t s  wil l  cont r ibu te  
to  r e l i a b l e  operation of logging too l s  up t o  
temperatures of 500°C. 

7. The E l e c t r i c  Power Research I n s t i t u t e  has 
undertaken a n  independent s t u d y  of the 
economic potent ia l  of commercial hot dry rock 
energy sys terns. 

CONCLUSIONS 

Seismic monitoring provides a view of f r a c t u r e  
systems which is unobtainable by any other 
means a t  the depths of i n t e r e s t  here. These 
seismic observa t ions ,  supported by r e s u l t s  i n  
B r i t a i n  a s  well a s  from the rock mechanics 
l a b ,  i nd ica t e  t h a t  i n j e c t i n g  low v i scos i ty  
f l u i d ,  l i k e  water,  i n t o  jo in t ed  rock r e s u l t s  
i n  mul t ip le  j o i n t  s t imula t ion  caused by 
shear-slippage, not the s ing le  t e n s i l e  f r a c -  
t u r e  of conventional theory. Guided by micro- 
earthquake maps, an e x i s t i n g  well wa3 
s ide t racked  and  r e d r i l l e d  in to  the 0.05 k m  
s t imula ted  zone c rea ted  by e a r l i e r  massive 
hydraulic i n j e c t i o n s  a t  EE-2. The r e d r i l l e d  
well encountered zones of permeabili ty induced 
by the e a r l y  s t imula t ion  b u t  i t  required 
supplementary stimula t i  on before good flow 
communication could be e s t ab l i shed  between the 
two w e l l s .  Two of t h e  f o u r  supp lemen ta ry  
s t imula t ions  were successful i n  making hy- 
d r a u l i c  connections,  and the new re se rvo i r  
appears promising. In May and June of 1986 we 
completed an i n i t i a l  closed-loop flow test to  
acquire preliminary information on r e se rvo i r  
behavior,  and a s  shown i n  Table I ,  the new 
rese rvo i r  represents  a considerable improve- 
ment over the old Phase I r e s e r v o i r .  A long 
term t e s t  i s  planned. Armed w i t h  these re-  
s u l t s ,  a s  well a s  complementary r e s u l t s  i n  
Europe and  Japan, the stage should be s e t  f o r  
successful commercial adapta t ion  o f  H D R  tech- 
no1 ogy . 
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