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ACOUSTIC IPISTRIJMENTATION I 
FOR CHARACTERIZATION OF HYDR4LZIC Et4CTURES I N  DRY HOT ROCK ! 
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Evon L. Stepbani  
B i l l y  E. Todd 

Geothermal Energv Grouu 
Los Alamos S c i e n t i f i c  Laboratory 

Univers i ty  of C a l i f o r n i a  
Los Alamos, Xew Yexico 87545 

-. ABSTRACT 

The primary o b j e c t i v e s  of t h e  pos t  hydraul ic  f r a c -  
t u r e  experiments  i n  Geothemal  Test Hole Xo. 2 a r e  
t o  s tudy  nethods of measuring t h e  l o c a t i o n ,  or ien-  
t n t i o n ,  and shape of t h e  c rack  and t o  determine t h e  
s t a b i l i t y  of pressur ized  f r a c t u r e  systems. Detect ion 

- of f r a c t u r e  dimensions and o r i e n t a t i o n  of t h e  geo- 
thermal r e s e r v o i r  i s  important f o r  c r e a t i n g  and 
understanding t h e  opera t ion  of a d r y  hot  rock energy- 

. e x t r a c t i o n  system. These o b j e c t i v e s  r e q u i r e  develop- 
Eent of downhole ins t ru-Jenta t ion  capable  of charac- 
t e r i z a t i o n  of hydraul ic - f rac ture  systems i n  high- 
t e n p e r a t u r e  and high-pressure borehole  environments. 
The development of t h e  downhole ins t rumenta t ion  m u s t  
emphasize r e l i a b i l i t y  of measuring devices  and e lec-  
t romechanical  components t o  f u n c t i o n  proper ly  a t  
borehole  temperatures  of 250'C and p r e s s u r e s  of 690 
b a r s  (10,000 p s i ) .  I 

BTRODUCT ION 

Large-scale commercial use  of geothermal energy began 
i n  1904 when n a t u r a l  steam from w e l l s  i n  the  Larde- 
rello r e g i o n  of I t a l y  w a s  f i r s t  piped t o  low-pressure 
t u r b i n i s  used t o  d r i v e  smal l  e lectr ic  genera tors .  
Geother-l>al energy has  s i n c e  s lowly expanded f o r  use  
d i r e c t l y  as h e a t  as w e l l  as f o r  genera t ing  e l e c t r i c -  
i t y .  Commercial use  of h e a t  from t h e  e a r t h ' s  i n t e -  
r i o r  h a s  so f a r  been l i m i t e d  t o  those  a r e a s  where 
n a t u r e  has  provided a geologic  s i t u a t i o n  i n  which 
t h e  h e a t  i s  t ranspor ted  t o  t h e  s u r f a c e  by convect ive 
c i r c u l a t i o n  of  steam o r  very hot  water .  The a r e a s  
a r e  loca ted  by t h e  obvious presence of f m a r o l e s ,  
geysers ,  o r  ho t  spr ings .  

When a geothermal r e s e r v o i r  produces superheated 
("dry") steam, i t  can be channeled from a d r i l l e d  
h o l e  through a c e n t r i f u g a l  s e p a r a t o r  i n t o  a turbo- 
genera tor  t o  produce e l e c t r i c a l  power. The geother- 
mal power p l a n t s  a t  Lardere l lo ,  I t a l y  and The Geysers 
i n  nor thern  C a l i f o r n i a  employ such n a t u r a l  d ry  steam 
t o  produce r e l a t i v e l y  c l e a n ,  economical power. 

Xatura l ly  hydro therna l  systems i n  which t h e  r e s e r v o i r  
f l u i d  i s  hot water (liquid-dominated systems) a r e  
tluch more numerous than a r e  those  i n  w:iich i t  i s  d r y  
steam. Large-scale developnent of " l iquid-docinated" 
geothermal s y s t e n s  f o r  genera t ing  e l e c t r i c i t y ,  how- 
ever ,  h a s  been undertaken only a t  Wairakei, Yew 
Zealand and. Cerro P r i e t o ,  _Yexico, --_The-_use-of. 1 , 

subterranean hot  water on a la rge-sca le  b a s i s  f o r  
space hea t ing  i s  found only  i n  Ice land ,  Hungary, 
a d  t h e  Soviet  Union, a l though t h e r e  are smaller 
develouments a t  s e v e r a l  o t h e r  p l a c e s  around t h e  
world (1). 

A t  s u f f i c i e n t  depth,  rock hot  enough t o  be  p o t e n t i -  
a l l y  u s e f u l  as an energy source  e x i s t s  everywhere. 
IC =any p laces ,  d r y  hot  rock i s  a t  depths  sha l low 
enough t o  be reached a t  moderate c o s t  w i t h  e x i s t i n g  
d r i l l i n g  equipment. A r e c e n t  survey of a v a i l a b l e  
reg iona l  heat-flow d a t a  i n  t h e  l ini ted S ta t e s  ind i -  
c a t e s  t h a t  about 7% of t h e  Western Heat-Flow Pro- 
v ince  (about 95,000 square  m i l e s  i n  13  wes tern  
s t a t e s )  conta ins  d r y  hot  rock  a t  t e m  e r a t u r e s  above 
790°C a t  depths  of 5 'a (16,400 f t ) (  5 I .  

For t h e  las t  4 y e a r s ,  t h e  L o s  Alamos S c i e n t i f i c  
Laboratory (LASL) has  been a c t i v e l y  i n v e s t i g a t i n g  
t h e  p o t e n t i a l  f o r  e x t r a c t i n g  geothermal energy i n  
those areas of  t h e  United S t a t e s  t h a t  c o n t a i n  d r y  
hot  rock  a t  moderate depths .  A man-made geothermal 
r e s e r v o i r  would be  formed by d r i l l i n g  i n t o  an iden- 
t i f i e d  region of s u i t a b l y  hot  rock  and c r e a t i n g  a 
very l a r g e  s u r f a c e  area f o r  h e a t  t r a n s f e r  by use of 
a l a rge-sca le  hydraul ic  f r a c t u r i n g  technique.  
c i r c u l a t i o n  loop would be formed by d r i l l i n g  a 
second hole  and i n t e r c e p t i n g  t h e  t o p  of t h e  f r a c t u r e d  
region. The hea t  contained i n  t h i s  r e s e r v o i r  would 
be brought t o  t h e  s u r f a c e  by t h e  buoyant c i r c u l a t i o n  
of water. The water i n  t h e  loop would be p r e s s u r i z e d  
a t  t h e  s u r f a c e  t o  main ta in  t h e  l i q u i d  phase,  thereby 
i n c r e a s i n g  t h e  r a t e  of hea t  t r a n s p o r t  up t h e  with-  
drawal ho le  as  compared t o  t h a t  of  steam (Fig.  1 ) .  

A 

Prel iminary experiments and a n a l y s e s  i n d i c a t e  t h a t  
thermal stresses c r e a t e d  by cool ing  of t h e  hot  ruck  
nay gradual ly  e n l a r g e  t h e  f r a c t u r e  system and extend 
tb.2 u s e f u l  l i f e t i m e  of t h e  o r i g i n a l  r e s e r v o i r  f a r  
beyond t h e  planned 15 years .  

La.SL'S GEOTHERMAL ENERGY PROJECT 

The i n i t i a l  geothermal source  demonstrat ion p r e s e n t l y  
being conducted by LASL is l o c a t e d  on t h e  Jemez Pla-  
teau i n  t h a t  par t  of t h e  Rocky Mountains ex tending  
i n t o  nor thern  New Mexico. A s  t h e  r e s u l t  of rela- 
t i v e l y  recent  vo lcanic  a c t i v i t y ( 3 1 ,  a l a r g e  amount 
of hea t  i s  s t i l l  r e t a i n e d  i n  t h e  rock under ly ing  
t h e  a r e a  wi th in  a few k i lometers  of t h e  s u r f a c e .  On 
th2  b a s i s  o f  ex tens ive  s t u d i e s  and f i e l d  exper i -  

1 

, nents(l*), t h e  "Fenton H i l l "  s i t e - ( a b o u t  32 k, west 

- 
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of L O ~  Alanos) was selected for development of the 
first dry hot rock energy experiment- The primary ---achieve intersection of the fracture-system with 
objective of the dry hot rock geothermal energy the second borehole. Mapping the fracture/reservoir 
extraction experiment is to investigate and demon- was also inportant to develop understanding of the 
strate the techniques of drilling into hot granitic flow and heat-transfer properties. Development of 
rock, fracturing it by hydraulic pressure, produc- downhole instrumentation capable of characterizing 

the hydraulic fracture system in the high-tempera- 

dimensions and orientation of this fracture to . - 

iing connFcted circulation loops, and then circula- 
i ting water to extract the heat and transport it to --ture-and high-pressure borehole environment was 1 the-surface. 
$ search and developnent in geochemistry, geophysics, 

; other areas related to mploying an economical and 
'envlrorcientally acceptable energy extraction system. 

The first exploratory borehole drilled at the Fenton 
Bill site was designated Geothermal Test Hole No. 2 
(GT-2). Drilling began o x  February 17, 1974 and the 
Precambrian granitic surface was reached at 733 m 
(2404 ft) on Y!rch 30(5). Drilling continued in the 

The field studies will inciude re- 

-+ heat flow, seismlogy, environmental effects and 

granitic basenent rock to a depth of 2042 p1 (6700 
ft). Following the first drilling phase, a series 
of experinents was conducted to study the nature 
and physical behavior of the hydraulic fractures 
created in the granitic section of the borehole 
from 1928 to 2042 n (6326 to 6700 ft). Various 
diagnostic logging operations were performed by 
well-logging service companies during the drilling 
2nd testing phase (6). 
designed to aeasure rock breakdown and crack- 
Extension pressures in the borehole, where bo t Q- 

LASL instrumentation was 

hole teqeratures at this depth reached 145°C F7P . 
Upon conpletion of the series of experiments at the 
intermediate depth, GT-2 was drilled to a final 
depth of 2932 m (9619 ft) on December 22, 1974 (8). 
Various diagnostic logging operations were again 
perfomed by the well-logging service conpanies, 

experienced as tha bottom-hole rock temperature 
reached 197'C. 
wnts k=s conducted to determine the permeability 
of the rock at the bottom of GT-2 and to investi- 
gate the extent of any natural fracture system 
gthat might already exist. On March 27, 1975, a 
-11 hydraulic fracture was formed at the bottom 
of the borehole vith an estimated radius of 30.5 m 
(100 ft) and a volume of 3028 liters (800 gal). The 
face permeability of the fracture was calculated 

'although many problems with equipment failures were 

A number of pressurization experi- 

:to be 0 . 3  microdarcy. Xumerous experiments and 
,riksasure=lents were conducted in various zones extend- 
iing from 2759 m (9150 ft) to the bottom of the 
borehole. A series of hydraulic-fracture-initiation, 

c fracture-extension and punping experiments was con- 
ducted in these zones to determine principal tec- 
tonic stress, stress variations, and the leak-off 
rate of the fracturing fluid. Measurements were 

' pLrforned during these experinents to characterize 
,the fracture and to deternine stability of the 
pressurized fracture system. A fracture near the 
,bottom of GT-2 was eventually extended to a radius 
of about 120 n (400 ft). 

Drilling began on the first energy extraction bore- 
hole (EE-1) on Xay 26, 1975. It was completed in 
,October at a depth of 3064 n (10,053 ft) and a 
Eeasured botton-hole tenperature of 205.5"C. The 
'downhole circulation loop was completed by employ- 
ing directional drilling techniques to turn the 
EE-1 borehole to intercept the fracture created in ._.__- GT-2 LF-ig :- 2) .-It_ -was->-opoj tan_t_t-obtain-_t he , I 

1 

therefore required. 

BOREHOLE ACOUSTIC P+SURENENTS 

The acoustic signals generated by a seismic source 
consist of two types of body waves. The conpres- 
sional waves (P-waves) propagate parallel to the 
direction of particle displacement throughout the 
media. 
compression, the P-waves can propagate through them. 
The transverse or shear waves (S-waves) propagate 
in the shear mode or perpendicular to the direction 
of particle displacement in solids. Since gases 
and liquids have no rigidity and cannot oppose 
shearing, the S-waves cannot be propagated through 
them. In any given solid medium, compressional 
waves travel at a higher velocity than the shear 
waves (9) . 
These properties exhibited by acoustic energy 
prompted LASL to pursue acoustic techniques as one 
method of mapping the fracture system and to deter- 
mine the relative trajectories of the two boreholes. 
A downhole triaxial geophone package is employed to 
detect acoustic signals from discrete fracturing 
events as the hydraulic fracture is extended. Sig- 
nals recorded from the oriented downhole triaxial 
geophone system are analyzed to deternine the loca- 
tion of the events producing each signal. The 
relative positions of the two deep boreholes as a 
function of depth may be determined by use of 
acoustic ranging techniques. A seismic signal gene- 
rated in one borehole is detected by the oriented 
triaxial geophone located at a known depth in the 
second borehole. The measured travel times of the 
acoustic waves and analysis of first motions at the 
geophone positions confirm the relative positions 
of the two boreholes. 

I 
i 

Since gases, liquids, and solids oppose 

- 

i 
DOWOLE INSTRLMENTATION i / 
The most severe limitations to the use of measuring 
equipment in the geothermal well are associated with 
the high-temperature and high-fluid-pressure effects 
on the instrumentation cable and associated cable- 
head assemblies ( 7 ) .  Commercially-available armored 
instrument cable uses seven Tefzel-insulated con- 
ductors. The conductors are wrapped around a filled 
core to insure uniform circular construction. The 
weight-supporting steel armor also serves as the 
electrostatic shield. 
the LASL downhole geophone package in the borehole 
is rated for operation at temperatures above 200OC. 

The cable used to position 

Initial attempts to use acoustic methods in the bore- 
holes emvloyed high-temperature geophones* mounted 

*Walker-Hall-Sears of Houston, Texas Model 2-3 modi- 
fied for high temperature: coil resistance, 730 ohms; 
natural frequency, 6 Hz; intrinsic sensitivity, 
1.2 V/in./sec; damning, 767; of critical. 
b i 1 

-- 
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_II - ---_ _ _  - ' i n  a c r a d l e  assembled i n  a mult ipurpose instrumen- 

I (open) w a l l  depended on t h e  v e r t i c a l  t i l t  of  about 
15 degrees  of t h e  wel lbore  and a length  of t h e  down- 

hole  sonde s u f f i c i e n t  t o  a l low a t  l e a s t  one poin t  j of  contac t .  Ear ly  tests revealed s e v e r a l  problems 
; w i t h  t h i 6  f i r s t  assembly. The geophone output  was 
; n o t  adequate  t o  d r i v e  t h e  long s i g n a l  l i n e s  f o r  t h e  ' microseismic events  encountered a t  depth;  a d d i t i o n a l  
I downhole g a i n  was requi red .  I t  v a s  a l s o  apparent  

->a t h a t  a more p o s i t i v e  coupl ing of t h e  sonde t o  t h e  
' b o r e h o l e  w a l l  was necessarv f o r  increased response 

t a t i o n  package (Fig. 3 ) .  Coupling i n t o  t h e  uncased - 

___ __ -__-- - 
To i n c r e a s e  output  s i g n a l  s t r e n g t h  and improve t h e  
Zozxhole s ignal- to-noise  ra t io ,  a n  o p e r a t i o n a l  
z p l i f i e r  c i r c u i t  was used as  shown i n  Fig. 7 .  The 
Harris 2620 o p e r a t i o n a l  a m p l i f i e r  w a s  t e s t e d  a t  
2CO'C f o r  s e v e r a l  24-hr per iods  and operated con- 
t inuous ly  with o n l y  s l i g h t  degrada t ion  i n  s p e c i f i -  
c a t i o n s .  Four geophones were arranged i n  s e r i e s  
f o r  each or thogonal  s e t  and were a l s o  wired i n  
j a r a l l e l  wi th  a high-temperature r e s i s t a n c e  equal  
t o  the Qeophone c o i l  r e s i s t a n c e .  P o l a r i t y  of  f i r s t  
r a t i o n s  was c a r e f u l l y  observed f o r  each geophone 
Guring f a b r i c a t i o n  of t h e  c r a d l e  assembly (F ig .  8) 

to t h e  microseismic events  generated dur ing  f r a c t u r e  
ex tens ion .  - - a l l w e d - f o r - a n  i n c r e a s e  i n  g a i n  bv a f a c t o r  of  2 and 

t o  i n s u r e  s i g n a l  enhancement. This  c o n f i g u r a t i o n  

Geometric c o n s t r a i n t s  imposed upon the  o u t s i d e  
dimensions of t h e  downhole sonde p lace  severe  re- 
s t r i c t i o n s  on t h e  space a v a i l a b l e  f o r  instrumen- 
t a t i o n .  Pressures  up t o  621  b a r s  (9000 p s i )  are 
p o s s i b l e  a t  depths  of 3048 m (10,000 f t ) , t h e  sum- 
mation of a 276-bar (4000-psi) h y d r o s t a t i c  head 
p l u s  a 345-bar (5000-psi) pumping c a p a b i l i t y .  The 
h i g h  p r e s s u r e  combined with t h e  high te-perature  
causes  r a p i d  d e t e r i o r a t i o n  of exposed components 
such as  O-ring seals and e l e c t r i c a l  feed-throughs. 

The dobmhole geophone package as  i t  has evolved 
over  t h e  p a s t  year  i s  shown i n  Fig.  4. This  d i a -  
g r a m  d e s c r i b e s  t h e  phys ica l  l ayout  of t h e  coupl ing 
mechanism (arm and a c t u a t i n g  d e v i c e ) ,  t h e  i n s t r u -  
mentat ion housing, and t h e  cable-head assenbly .  
The body of t h e  sonde i s  made from AIS1 4340 s teel  
which h a s  been h e a t  t r e a t e d  t o  i n s u r e  a y i e l d  
s t r e n g t h  of 827.4 b a r s  (120,000 p s i ) .  The e n t i r e  
package i s  3.55 m (12 f t )  i n  l e n g t h  with a maximum 
diameter  of 9.2 cm (3-5/5 i n . ) .  The assenbled 
package weighs 7 6 2  kg (120 l b s ) .  

F igure  5 shows t h e  coupl ing system used t o  f o r c e  
the sonde a g a i n s t  t h e  borehole  wal l .  The arm-actu- 
a t i n g  device  i s  d r i v e n  by a smll dc motor w i t h  a 
b u i l t - i n  gear  reduct ion  of 6 4 7 : l .  The output  of 
t h e  motor i s  f u r t h e r  reduced by a l e a d  screw mecha- 
nism. The motor h a s  a r a t e d  torque of 214.3 Nm 
(186 in . - lbs)  and is s p e c i f i e d  f o r  cont inuous 
o p e r a t i o n  a t  125°C. The nutor  was tested for i n t e r -  
m i t t e n t  du ty  ( s e v e r a l  hours) a t  20OoC and has  ope- 
r a t e d  s a t i s f a c t o r i l y  downhole. T o t a l  t r a v e l  t i m e  
of  t h e  arm from t h e  f u l l y  r e t r a c t e d  p o s i t i o n ,  
enclosed i n  t h e  sonde housing, t o  t h e  f u l l y  extended 
p o s i t i o n  (22.9 cm o r  9 i n . )  i s  a p p r o x h a t e l y  2 min. 
A balanced p i s t o n  h a s  been designed i n t o  t h e  actu-  
a t i n g  mechanism t o  equal ize  loading  i n  borh d i r e c -  
t i o n s .  The t o t a l  f o r c e  of t h e  arm a g a i n s t  t h e  
borehole  w a l l  i s  about 90.7 k g / f t  (200 l b s ) .  The 
a c t u a t i n g  l inkage  inc ludes  a shear  p in  t o  r e l e a s e  
t h e  extended arm should t h e  motor f a i l  downhole. 

F igure  6 i s  a schematic diagram of t h e  downhole 
I geophone sonde showing t h e  a r rangerent  of t h e  geo- 

phones, dewar, and a m p l i f i e r  package, a c t u a t i n g  
motor and cable-head connectors .  The Viton O-ring 

: s ea l s  a r e  s p e c i f i e d  t o  n e e t  t h e  borehole  requi re -  
ments of p r e s s u r e  and temperature. I t  has  been 
found, however, t h a t  t h i s  e las tomer tends  t o  become 
b r i t t l e  when exposed t o  t h e  downhole environments 

experimental  i n s e r t i o n .  
j f o r  s e v e r a l  hours and m u s t  be replaced f o r  each 

t 
1 I 

- 
a l s o  increased  t h e  r e l i a b i l i t y  of t h e  geophone pack- 
age.  The frequency response curves  shown i n  Fig.  7 
correspond t o  t h e  open-loop g a i n  of the  a m p l i f i e r  
( A ) ,  t h e  a c t u a l  a m p l i f i e r  response with a ga in 'of  
100 (E), and t h e  response of t h e  system d r i v i n g  t h e  
amored  instrument c a b l e  (C).* The instrument  c a b l e  
introduced another  s e r i o u s  l i m i t a t i o n  f o r  t h e  down- 
hole  a T p l i f i e r  a r r a y  s i n c e  only  seven conductors  
3 e r 2  a v a i l a b l e  f o r  wi r ing  t h e  t r i a x i a l  package as  
shorn i n  Fig. 9. The common r e f e r e n c e  conductor 
an? common power supply r e s u l t e d  i n  poor comon-mode 
r e j e c t i o n  and excess ive  c r o s s t a l k .  

The a l t e r n a t i v e  approach t o  t h e  a m p l i f i e r  package 
requi red  a method t o  c o o l  a ba t te ry-opera ted  d i f f e r -  
e n t i a l  a m p l i f i e r  f o r  a per iod of 1 2  h r s  i n  t h e  200°C 
envi ronien t .  The schematic of a Burr Brown 313670 
d i f f e r e n t i a l  ampl i fe r  i s  shown i n  Fig.  10. The 
a r p l i f i e r  and a s s o c i a t e d  b a t t e r y  pack w e r e  po t ted  
w i t h  a Dow Corning s i l icone- rubber  epoxy and housed 
i n  an i c e - f i l l e d  g l a s s  devar (Fig. 11). Providing 
t h e  dc power f o r  dormhole a m p l i f i e r  opera t iona l lowed 
f o r  conple te  i s o l a t i o n  of each geophone system, 
thereby reducing c r o s s t a l k  and ground-loop problems. 
Balance of each a m p l i f i e r  w a s  achieved whi le  i t  w a s  
sujzerged i n  an ice  ba th ,  t h u s  reducing dc d r i f t  
dur ing  downhole o p e r a t i o n s .  The g a i n  of t h i s  ampli- 
f i e r  w a s  se t  a t  1000 and t h e  response i s  shown i n  
Fig. 10, Curve A.  Curve B d e s c r i b e s  t h e  response 
of t h e  a m p l i f i e r  d r i v i n g  t h e  instrument  cable .  
F igure  1 2  shows t h e  geophone c r a d l e  and dewar pack- 
age  ready to be  assembled i n  t h e  pressure-sealed 
dor;;lhole sonde. An a d d i t i o n a l  ref inement  was t h e  
encapsula t ion  of t h e  a m p l i f i e r  and b a t t e r y  pack i n  
a s o l i d  b r a s s  tube  (Fig.  1 3 ) ,  i n c r e a s i n g  the  volume 
of i c e  i n  t h e  dewar and extending t h e  downhole l i f e -  
t i n e  by s e v e r a l  hours. 

S i g n a l s  from t h e  geophones were condi t ioned i n  a sur-  
f a c e  record ing  f a c i l i t y  through a d i f f e r e n t i a l  ampli- 
Eier and fm mult iplexed f o r  high-frequency record ing  
on analog magnetic tape .  The t a p e s  w e r e  reproduced 
on a wideband recorder  and t h e  s i g n a l s  processed i n  
a Hewlett Packard 5451B Four ie r  Analyzer and Data 
Processor .  

F I S D  RESULTS I 
1 

To determine t h e  s p a t i a l  o r i e n t a t i o n  of hydraul ic  
f r a c t u r e s ,  s e v e r a l  experiments were conducted employ- 
i n g  t h e  downhole geophone sonde. 

*Cable e l e c t r i c a l  parameters  w e r e  measured a t  230 
o'ms p e r  conductor ,  100 megohms conductor t o  armor, 
0.54 pF capac i tance  p e r  conductor p a i r ,  and 5.75 
nFI inductance per  p a i r .  

During i n f l a t i o n  

! 
i 
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of t h e  f r a c t u r e  o r i g i n a t i n g  i n  GT-2, d i s c r e t e  acous- p r i o r i t y .  This  development inc ludes  not  o n l y  t h e  

* t ic  s i g n a l s  generated by n ic rose ismic  events  a long . - problems assoc ia ted  wi th  makinp: r e l i a b l e  measure- 
, t h e  p lane  of t h e  f r a c t u r e  w e r e  de tec ted  by t h e  geo- ments i n  t h e  h o s t i l e  environment encountered i n  the  

geothermal borehole ,  but  a l s o  demands a cont inuous  
, o f  2827 m (9277 f t ) .  updat ing and refinement of new a n a l y t i c a l  techniques.  
phones locked i n t o  t h e  rock w a l l  i n  EE-1 a t  a depth  

c e r e  recorded from one such event .  The s i g n a l s  I 
were processed t o  produce Lissa jou  f i g u r e s  descr ib-  Much of  t h e  hardware p r e s e n t l y  employed i n  t h e  ' 

ing  t h e  p a r t i c l e  v e l o c i t y  of t h e  a r r i v i n g  compres- - -  experimental  program has reached maximum o p e r a t i n g  

crs- . 

The s i g n a l s  shown i n  Fig. 14 

i 

s i o n  phase. The geophones, H1 and H2, record t h e  
par t ic le  v e l o c i t y  i n  t h e  h o r i z o n t a l  p lane  (Fig. 15) .  
The a n g l e  of t h e  Lissa jou  p a t t e r n  descr ibed  by t h e  
passing s i g n a l  d e f i n e s  t h e  source  d i r e c t i o n  i n  t h e  
h o r i z o n t a l  plane. 
sponse of  t h e  v e r t i c a l  geophone completes t h e  spa- 
t ia l  d e t e r n i n a t i o n  of t h e  source  d i r e c t i o n .  The 
d i s t a n c e  from t h e  geophone sonde t o  t h e  focus  of  t h e  
event  i s  de tern ined  by measuring t h e  t i m e  d i f f e r e n c e  
between t h e  arrivals of t h e  compressional phase and 
t h e  shear  phase s i n c e  t h e  propagat ing v e l o c i t i e s  of 
t h e  r e s p e c t i v e  phases are knosm. Pre l iminary  analy- 

S imi la r  a n a l y s i s  us ing  t h e  re- 

-7 
sis of 30 events  de tec ted  dur ing  t h i s  experiment 

. r e s u l t e d  i n  t h e  l o c a t i o n  of a hydraul ic  f r a c t u r e  
approxi-=ately 24.4 m (80 f t )  from t h e  sonde p o s i t i o n  
v i t h  a la te ra l  ex tens ion  of a t  least  152 III (500 f t )  
i n  a d i r e c t i o n  327'W (Fig.  16). Addi t iona l  i n f l a -  

' t i o n  and ex tens ion  experiments employing t h e  down- 
b o l e  geophone sonde w i l l  provide b e t t e r  r e s o l u t i o n  
of t h e  shape and o r i e n t a t i o n  of  t h e  f r a c t u r e .  

i r o u s t i c  ranging experiments were conducted for t h e  
purpose of  d e t e n i n i n g  t h e  r e l a t i v e  p o s i t i o n  of  GT-2 
w i t h  res?ect t o  EE-1. The downhole geophone sonde 
Gas deployed i n  GT-2 a t  predetermined depths  t o  re- 
cord t h e  a c o u s t i c  s i g n a l s  generated i n  EE-1 by 
f i r i n g  a series of high-teuperature  d e t o n a t o r s  a t  
equiva len t  depths  i n  EE-1. A s i n g l e  v e r t i c a l  geo- 
phone. placed i n  t h e  downhole de tona tor  package, 
e s t a b l i s h e d  f i r i n g  times. F igure  17  is a n  example 

- o f  t h e  s i g n a l s  recorded by t h e  geophone package i n  
, GT-2 dur ing  t h e  ranging event .  Again, s i n c e  t h e  
1 compressional wave v e l o c i t y  i n  t h e  l o c a l  rock  i s  

- 

h o r n  (5.85 km/sec), t h e  d i s t a n c e  from t h e  source  
(de tona tors )  and t h e  geophone sonde i n  t h i s  i n s t a n c e  

temperature s p e c i f i c a t i o n s .  N e w  materials must be  
incorporated i n t o  t h e  des ign  of components such as  
motors, t ransducers ,  seals, c a b l e  and head assem- 
b l i e s ,  i f  f u t u r e  measurements a t  depths  approach- 
i n g  12,500 f t  and bottom-hole temperatures  exceeding 
250°C a r e  t o  produce r e l i a b l e  d a t a .  

REFEREFTCES 1 -- 

i M S  measured t o  be 9.2 m- (30.2 f t ) .  

t co::cLus10xs . 
1 

' The a c o u s t i c  nethod t o  map hydraul ic  f r a c t u r e s  i n  
: deep geothencal  boreholes  is one of s e v e r a l  methods 

a c o u s t i c  e x p e r b e n t  has  proven t o  be  s u c c e s s f u l  and 
' m w  under i n v e s t i g a t i o n  a t  LASL.* The downhole (7) 

; ? 2 s  e s t a b l i s h e d  t h e  p r i o r i t y  t o  develop more ad- 
I ~ a n c e d  techniques.  One area of  major concern is  

t h e  t r u e  o r i e n t a t i o n  of t h e  seismic sonde downhole. 
It i s  i o ? o r t a n t  t o  determine t h e  p o s i t i o n  of t h e  

3 : r i a x i a l  geophone c r a d l e  once t h e  instrument  pack- 
age i s  locked i n t o  t h e  borehole  w a l l .  S e v e r a l  
tekhniques inc luding  a magnetic compass photographic  
le-pice. gyroscope survey,  and plumb-bob alignment 
b v e  been used wi th  very l i n i t e d  success ,  p r i m a r i l y  
due t o  t h e  high-texperature  e f f e c t s  encountered i n  ( 9 )  
t h e  borehole .  Fur ther  development of a downhole 
o r i e n t a t i o n  device  has  been assigned t h e  h i g h e s t  

*Xethods now under development a t  LASL t o  map 
h y d r a u l i c  f r a c t u r e s  i n  deep geothermal boreholes  
inc lude  spontaneous e l e c t r i c a l  p o t e n t i a l ,  induced 
e l e c t r i c a l  p o t e n t i a l ,  hole-to-surface e l e c t r i c a l  
r e s i s t i v i t y ,  and v e r t i c a l - c o i l  induct ion  techniques.  

(8) 
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'IGURE 1. Dry Rock Geothermal Energy 
System 
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FIGURE 2. Intermediate Dry Hot Rock Energy 
Extraction System 

I 

:: 

- -1 

i 

i 

________ ---FLGUFE 3. ____Multipurpose Downholc..Instrumentation.- Sonde __-____ 1 
I 



I2 FEET . 
I20 LBS. ' 

7 CONDUCTOR CABLE w- 
2 510 DIA CABLE 

3 5/8' INSTRUMENT 

HEAD 

PACK AGE 

I GEOPHON~ HOUSING 

MECHANICAL ARM 

3 5/8n DIA. 
DOWNHOLE 

IN STR U MEN T 
PACKAGE 

F I G U R E  4 I I 

-_ 

HIGH TEMPERATURE 
MOTOR 

LEAD SCREW 

GRAPHITE FILLED 
TEFLON SEALS 

BALANCE PISTON 

LOAD SPRING 

CRICKET ARM 

V 

i 
I 

1 
1 F I G U R E  5. 
I '  in Downhole Instrument Sonde 

Locking Arm and Actuating Device 

I 
-2 

. .. 
f'" 



7 7 - 0  c : r j  

3 W6.0 D. S T E R C A S E  

AMPLIFIER a BATTERY 
IN WATERPROOF CAN 

GLASS DEWAR 3 REP'O 
(ICE FILLED) 

VERTICAL GEWHONE 

HORIZONTAL GEOPHONES 

MOTOR 

i 

I /  ELECTRONICS 
PACKAGE 

r'IGURE 6. Electronics P a c k a g e  in Downhole 
Instrument S o n d e  

RI-ME6 

c2 

e3 

84 

bcouu 
HXM TEMPERATURE DOWNHDLE 
OPERATIONAL AMPLIFIER 

t-. 

IO 100 IK IOK I O O X  IM IOY IOOY 
FREQUENCY RESPONSE HZ 

HA-2620 I 

F I G U R E  7. High Temperature Downhole 
L--_- -- Ope-r a t io n a l-%p 1 i f igr 

.- . . .. . __  - _. . . . . ~ . . . . . - . . .. _ _  - _..._ - . . 
t 



w -  - - 
! 

: 
i 
i 

i 

i -  t i 

: 
I 
i 
i 

j 

I 
- 

-4 

ICC COOLEO WWNHOLE 
DIFfCRENTIAL AMPLIFIER 

DOWmOLE WlRlHG DIAGRAM --. 
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FIGUm 11. Dewar Assembly with Amplifiers and Battery Pack I 
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F I G U R E  12. Acoustic Crad le  and Dewar Assembly 
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F I G U F S  13. Slimline Amplifier and Battery Pack 
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