
EVALUATION OF THE FENTON HILL HOT DRY ROCK 

RESERVOIR CHARACTERIZATION USING ACOUSTIC TECHNIQUES 

GEOTHERMAL RESERVOIR 

PART 111. 

J .  N. A l b r i g h t  

- I n t r o d u c t i o n  
The success i n  e s t a b l i s h i n g  f l o w  between w e l l s  a t  Fenton H i l l  i s  due 

i n  p a r t  t o  t he  development o f  crude acous t i c  measurement techniques which 

enabled t a r g e t i n g  of a h y d r a u l i c a l l y  f r a c t u r e d  rock  volume f o r  the  f i n a l  

d i r e c t i o n a l  d r i l l i n g  o f  t he  p roduc t i on  w e l l .  ( 4 3 5 y 6 )  

rev iew subsequent e f f o r t s  t o  d e t e c t  p ressur ized h y d r a u l i c  f r a c t u r e s  i n  t he  

Fenton H i l l  r e s e r v o i r  t h a t  a r e  based on the  ac :qu i s i t i on  o f  da ta  us ing  com- 

m e r c i a l l y  a v a i l a b l e  acous t i c  l o g g i n g  t o o l s  and s i g n a l  p rocess ing techniques 

developed a t  LASL. 

w i l l  be discussed. 

r e s u l t s  o f  t he  e a r l i e r  work have been subs tan t i a ted  and more d e t a i l e d  informa-  

t i o n  rega rd ing  f r a c t u r e s  i n  t he  r e s e r v o i r  has been obta ined.  

The Fenton H i l l  Reservo i r  

Our purpose here i s  t o  

Only the  dua l- we l l  measurements made w i t h  these t o o l s  
I n  t he  a p p l i c a t i o n  o f  these methods a t  Fenton H i l l ,  

_I_-- --- 
The downhole arrangement a t  Fenton H i l l  i s  shown i n  F ig .  111-1. Energy 

E x t r a c t i o n  Well No. 1 (EE-1) and Gran i te  Test  Well  No. 2 (second r e d r i l l e d  

sec t ion ,  GT-2B) a r e  the  i n j e c t i o n  and p roduc t i on  we1 Is r e s p e c t i v e l y .  

te rminates  a t  2.7 km (8882 f t) and EE-1 a t  3.0 km (10,000 f t )  a t  a g r e a t e r  

depth than represented i n  the  f i g u r e .  

approx imate ly  0.7 km (2400 f t )  and te rm ina te  i n  g r a n o d i o r i t e .  

i n  GT-2B account f o r  90% o f  p roduct ion .  I n  o rde r  o f  decreasing flow, the  

f r a c t u r e s  a re  l o c a t e d  a t  2.64 km (8665 f t )  (35%, 2.70 km (8857 ft) (24%), 

2.67 km (8750 f t )  (19%) and 2.69 km (8815 f t )  (12%).  

km (8541 f t ) .  

the  f l o w  moves behind cas ing  from2.92 km t o  2.76 km (9053 ft) where i t  

en te rs  the  r e s e r v o i r  through a h y d r a u l i c  f r a c t u r e .  

64 m (210 f t )  be fo re  the  lowest  e n t r y  p o i n t  i n  GT-2B i s  reached. 

o the r  f r a c t u r e s  over t he  depth i n t e r v a l  2.1-2.9 km (7000 t o  9600 f t )  accept  

water on p r e s s u r i z a t i o n  o f  the  i n j e c t i o n  w e l l ,  b u t  these account f o r  o n l y  a 

small  percentage o f  t h e  i n j e c t i o n  i n t o  the  r e s e r v o i r .  Because o f  t he  depth 

of t he  r e s e r v o i r ,  the  major  f r a c t u r e s  a r e  be l i eved  t o  be always v e r t i c a l  o r  
n e a r l y  so. 

GT-2B 

Both w e l l s  pene t ra te  basement rocks  a t  

Four f r a c t u r e s  

GT-2B i s  cased t o  2.60 

The bottom cas ing  i n  EE-1 i s  a t2 .92  km (9578 f t ) ,  b u t  90% o f  

Water then moves v e r t i c a l l y  

Several 
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Logging Tools and A c q u i s i t i o n  o f  Data 

Two acous t i c  l ogg ing  systems, one f o r  use i n  each w e l l ,  were prov ided 
under subcontract  f o r  t h i s  work by Dresser A t l as ,  Dresser I n d u s t r i e s ,  Inc .  

One system i s  t h a t  used by Dresser A t l a s  i n  p r o v i d i n g  t h e i r  Acous t i l og  l og-  

g i n g  serv ice .  
the  p r i n c i p a l  d i f f e r e n c e  be ing  the  use o f  a more power fu l  t r a n s m i t t e r .  The 

bandpass o f  the  de tec ted  s i g n a l s  t r ansm i t t ed  between w e l l s  was 12 kHz - + 2 kHz. 

A s i g n a l  r e p e t i t i o n  r a t e  of 5 s ignals/second and a l ogg ing  r a t e  o f  0.1 m/s 
(20 ft/rnin)was used when e i t h e r  t o o l  was .in opera t ion .  

measurements i s  i l l u s t r a t e d  i n  F i g .  111-1 and i s  as f o l l o w s .  Wi th  t he  

r e c e i v e r  i n  f i xed  p o s i t i o n  i n  GT-2, t he  t r a n s m i t t e r  i n  EE-1 was moved from 

an i n c l i n a t i o n  of 45' above the  r e c e i v e r  t o  45" below it. 
was moved i n  the  same manner. 

i n t e r v a l  of i n t e r e s t  was logged. A staggered sequence was fo l lowed i n  l og-  

g ing  upwards. 

when the  w e l l s  and r e s e r v o i r  f r a c t u r e  system were a t  a h y d r o s t a t i c  o r  unpres- 

su r i zed  c o n d i t i o n  and subsequent ly when r e s e r v o i r  pressure was e leva ted  t o  

values approaching t h a t  be l i eved  necessary t o  p a r t  f r a c t u r e  faces. 

D i r e c t  r a y  paths o f  the s i g n a l s  t r ansm i t t ed  between w e l l s  t raversed  

s l a n t  d is tances  up t o  46 m (150 f t )  and h o r i z o n t a l  d is tances  as s h o r t  as 

15 m (48 f t ) .  i n  the  reg ion  between 

w e l l s  were t r ave rsed  by a t  l e a s t  two s i g n a l s  hav ing d i r e c t  r a y  paths of 
d i f f e r e n t  inc idence  i n  bo th  unpressur ized and p ressur ized  cond i t i ons .  

Resu l ts  

analyses o f  t h e  waveform o f  s i gna l s  t r ansm i t t ed  between w e l l s  i s  viewed i n  

terms of the  acous t i c  a t t e n u a t i o n  i n  t h e  r e s e r v o i r .  
f a c i l i t a t e d  us ing  Power l ogs  and Equi-Power l ogs  (NEP l ogs )  o f  the  k i n d  

reviewed i n  re ferences 7 and 8. The recen t  work shows t h a t  c h a r a c t e r i s t i c  

acous t i c  waveforms i d e n t i f i e d  us ing  t he  NEP rep resen ta t i on  can be used t o  

s imply  descr ibe  the  e x t e n t  and na tu re  o f  the r e s e r v o i r .  

r ep resen ta t i on  over l a r g e  v e r t i c a l  dimensions i n  the r e s e r v o i r  under hydro- 

s t a t i c  cond i t i ons .  The s i g n i f i c a n c e  o f  each o f  the waveforms i s  n o t  under- 

stood i n  d e t a i l  : reasonable hypotheses can be advanced which a r e  cons t ra ined  

The second system i s  a mod i f i ed  ve rs i on  o f  the f i r s t  w i t h  

The sequence o f  t r a n s m i t t e r  and r e c e i v e r  movements f o r  the dua l- we l l  

Next, the  r e c e i v e r  
Th is  sequence was f o l l owed  u n t i l  the  depth 

The e n t i r e  sequence o f  opera t ions  was conducted twice:  f i r s t ,  

3 Volume elements as small as 16 cm 

An i n t e r e s t i n g  p i c t u r e  o f  the  Fenton H i l l  exper iment emerges when recen t  

Such a s tudy i s  g r e a t l y  

Each waveform f i n d s  
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by the  changes i n  a t t e n u a t i o n  t h a t  were observed on p r e s s u r i z a t i o n  o f  

t he  r e s e r v o i r .  

The s i g n a l s  t r a n s m i t t e d  between w e l l s  have been found t o  have one o f  

t h r e e  d i s t i n c t i v e  waveforms. 

designated as S, P, o r  D type, depending on the  r e l a t i o n s h i p  between the  

peak ampl i tude o f  the  compressional wave a r r i v a l  and t h e  peak ampl i tude of 

the  shear wave a r r i v a l .  

i n  the  P- type f o r  comparable P-wave ampl i tudes,  t he  ampl i tude o f  t he  shear 

wave i s  seve re l y  a t tenuated o r  n o t  observed w i t h i n  reasonable l i m i t s  t o  i t s  

app rop r ia te  a r r i v a l  t ime.  

peak P-wave ampl i tudes comparable t o  t h a t  observed anywhere i n  the s i g n a l  coda. 

The Powerlogs f o r  s i g n a l s  t r a n s m i t t e d  between w e l l s  i s  g iven i n  F ig .  

111-3. The l ogs  a r e  subdiv ided i n  segments accord ing  t o  r e c e i v e r  p o s i t i o n .  

With i nc reas ing  depth the  h o r i z o n t a l  d i s tance  between w e l l s  decreases. The 

l ogs  a re  n o t  c o r r e c t e d  f o r  geometr ic  spreading. Th i s  c o r r e c t i o n  however i s  

independent o f  pressure c o n d i t i o n s  i n  t he  r e s e r v o i r .  

p r e s s u r i z a t i o n  w i t h  depth below 2.67 km (8450 f t ) .  

i n  a t t e n u a t i o n  i s  noted i n  the  cen te r  o f  bo th  unpressur ized and pressur ized 

sec t i ons  of t he  2.63 km (8642 f t )  segment. 

changes by  a f a c t o r  o f  10 g r e a t e r  throughout  t he  sec t i ons  below t h e  d i s -  

c o n t i n u i t y  than above i t .  

a t t e n u a t o r  i n  t h e  r e s e r v o i r .  The d i s c o n t i n u i t y  i s  w e l l  w i t h i n  the  bounds of 

t he  g r a n o d i o r i t e  s e c t i o n  o f  t h e  r e s e r v o i r .  A p r imary  a t t e n u a t o r  i s  p robab ly  

n o t  one b u t  perhaps the  severa l  mega- fractures which formed t h e  pr imary  f low 

paths p r i o r  t o  the  1000-hr heat  e x t r a c t i o n  experiment. 

t u r e s  a l l  i n t e r s e c t  GT-2B below t h i s  depth.  

F igure  111-2 shows the  waveforms which we have 

The S- type e x h i b i t s  a s t rong  S-wave a r r i v a l  whereas 

The D-type shows an emergent P-wave onset  and 

Shown i n  t h e  Power l o g  i s  a general  increase i n  a t t e n u a t i o n  on r e s e r v o i r  

A marked d i s c o n t i n u i t y  

On pressurization,attenuation 

We c a l l  t h e  d i s c o n t i n u i t y  t he  top o f  the  p r i m a r y  -- 

The producing f r a c -  

O f  spec ia l  i n t e r e s t  i s  t he  2.7 km (8850 f t )  sec t ion .  The magnitude 

o f  t h e  a t t e n u a t i o n  increases w i t h  depth throughout  the  sha l lower  sec t i ons  

i n  bo th  pressur ized and unpressur ized r e s e r v o i r  c o n d i t i o n s  even though we1 1- 
bore d is tances have c losed f rom 37 t o  21 m (120  t o  70 f t ) .  I n  the  2.7 km 

(8850 f t )  s e c t i o n  the  magnitude o f  the  a t t e n u a t i o n  i s  reduced by a f a c t o r  
o f  n e a r l y  100. 

l a r g e  - -  a f a c t o r  o f  1000. 

respects  which cannot be d iscussed here. 

The increase i n  a t t e n u a t i o n  w i t h  p r e s s u r i z a t i o n  however i s  

Th i s  s e c t i o n  o f  t h e  r e s e r v o i r  i s  unique i n  o t h e r  
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The s p a t i a l  d i s t r i b u t i o n  o f  t he  waveforms t r ansm i t t ed  through the  
r e s e r v o i r  i s  shown i n  F i g .  111-4 as t he  v a r i o u s l y  co lo red  areas. A lso  

i n d i c a t e d  a r e  the l o c a t i o n s  o f  the i n j e c t i o n  p o i n t  i n  EE-1, t he  p roduc t ion  

p o i n t s  i n  GT-2 and the  top  o f  the p r imary  a t t enua to r .  

Now take the  l i b e r t y  o f  a s s o c i a t i n g  the  P-  and D-type s i g n a l s  w i t h  two 

d i f f e r e n t  f r a c t u r e d  reg ions  even though the na tu re  o f  these systems has n o t  

been thus f a r  es tab l i shed .  

caps the r e s e r v o i r ,  a P- type r e g i o n  dominates, and smal l  wedges o f  each type 
i n c l u d i n g  D, a r e  found i n  the  lower  sec t i on  o f  the  r e s e r v o i r .  On p ressu r i z -  

i n g  the  system the  S-type cap r e g i o n  t ransforms t o  a P- type and the  mixed 

types o f  the  lower  p a r t  conve r t  t o  D-type. One can reasonably assume t h a t  

p r i o r  t o  h y d r a u l i c  s t imu la t i on ,  the  r e s e r v o i r  cons is ted  o f  e n t i r e l y  S- type 

reg ions,  the r e d  l i t h o l o g y  i n  F ig .  111-4. 
t h e i r  s p a t i a l  d i s t r i b u t i o n  i n  the  r e s e r v o i r ,  and the changes i n  waveform 

e f f e c t e d  by p r e s s u r i z a t i o n  a re  o f  g loba l  s i g n i f i c a n c e  i n  understanding t he  

r e s e r v o i r .  Changes i n  s i gna l  type occur even above the  con tac t ,  a r eg ion  

q u i t e  removed from the  i n j e c t i o n  and p roduc t ion  f r ac tu res .  A communi t i v i t y  

of waveform mod i f i ca t i on  appears t o  e x i s t ,  such t h a t  on p r e s s u r i z a t i o n  of 

S- type reg ions  a re  conver ted t o  P-type, and P- type i n  t u r n  a r e  conver ted t o  

D-type. 

shear ing s t resses  o f  t h e  magnitude assoc ia ted w i t h  h i gh  frequency acous t i c  

s i gna l s .  

w i t h  p ressu r i za t i on .  

the  r e s e r v o i r  under i n v e s t i g a t i o n  t he  o n l y  S- type reg ion  observed i n  t he  

r e s e r v o i r  conver ted t o  P- type on p ressu r i za t i on .  Shearing s t resses  were n o t  

t r ansm i t t ed  hence f r a c t u r e s  a re  p resen t  i n  t he  S-type reg ion .  The f r a c t u r e s  

must however have s u f f i c i e n t  con tac t  area i n  t he  unpressur ized s t a t e  so t h a t  

l o s s  o f  shear waves by s c a t t e r i n g  o r  back r e f l e c t i o n  does n o t  occur .  

I n  t he  unpressur ized system an S- type reg ion  

C l e a r l y  t h e  waveform types, 

There can be l i t t l e  disagreement t h a t  the S- type r o c k  suppor ts  

Fur ther ,  i n  t he  absence of f r ac tu res ,  shear phases w i l l  n o t  vanish 

Our observat ions i n d i c a t e  t o  the c o n t r a r y  t h a t  w i t h i n  

Because P- type reg ions  do n o t  t r ansm i t  shear waves, i t  may imp ly  t h a t  

these reg ions  c o n t a i n  mega- fractures which have s i n g l e  o r  mu1 t i p l e  s i n g l e  

par ted  surface areas exceeding severa l  acous t i c  s i g n a l  wavelengths i n  one 

dimension. 

p ressur ized  above the  l e a s t  c o n f i n i n g  s t r e s s  should be P- type. 

One a n t i c i p a t e s  t h a t  o n l y  reg ions  con ta in i ng  mega- fractures 

Somewhat 
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unexpected i s  t h a t  t h i s  c o n d i t i o n  i s  met l o c a l l y  i n  t he  r e s e r v o i r  w i t h o u t  

p r e s s u r i z a t i o n .  Indeed one i s  l e d  t o  t h e  conc lus ion  t h a t  t he  f r a c t u r e s  do 

e x i s t  which have mismatched pa r ted  sur faces caused by r e l a t i v e  d i sp lace-  

ments o r  chemical d i s s o l u t i o n  r e s u l t i n g  i n  a sel f- propped c o n d i t i o n .  

between S and P i s  an apparent c o n t r a d i c t i o n .  Components o f  shear ing  s t r e s s  

(shear waves) normal t o  pa r ted  f r a c t u r e  sur faces should propagate through 

the  f r a c t u r e  even though t h a t  component p a r a l l e l  t o  t h e  f r a c t u r e  surfaces i s  

r e f l e c t e d .  

b u t  i n  f a c t  i s  n o t .  A s o l u t i o n  t o  t h i s  dilemma has n o t  been found. 

The ex i s tence  of P- type reg ions  and t h e  absence of a c l e a r  t r a n s i t i o n  

The a r r i v a l  o f  a shear phase through P rock  should be observed 

Several observat ions  p r o v i d e  i n f o r m a t i o n  rega rd ing  t h e  na tu re  o f  D- type 

reg ions .  

type bounded success ive ly  by P- and S- type reg ions ,  e x i s t s  i n  t he  r e s e r v o i r  

a t  h y d r o s t a t i c  pressure.  

reg ions  a re  n o t  minimum phase, r a t h e r  they  a r e  emergent. 

a r r i v a l s  a r e  absent. 

t o  D- type on p r e s s u r i z a t i o n  shows h i g h  r e l a t i v e  a t t e n u a t i o n .  

D- type reg ions  may conta in ,  i n  a d d i t i o n  t o  p a r a l l e l  s t r i k i n g  mega- fractures, 

con jugate  mega- fractures, o r  numerous f r a c t u r e s  w i t h  s u f f i c i e n t l y  small  

pa r ted  areas so t h a t  t r a n s m i t t e d  compressional and shear waves a re  scat te red.  

Most o f  t he  r e s e r v o i r  when p ressu r i zed  i s  D-type. A wedge of D- 

Compressional waves t r a n s m i t t e d  through D-type 

The s e c t i o n  o f  the  r e s e r v o i r  e x h i b i t i n g  convers ion 

Obvious shear wave 

By in ference 
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