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ANOMALOUS FRACTURE-EXTENSION PRESSURES I N  GRANITIC 
ROCKS 

LA FRACTURE ANOMALEUX - LES PRESSIONS EXTENSION EN 
ROCHES GRANITIQUES 

UNBEGELN~SSIGER DRUCK F i i ~  DIE AUSDEHNUNG VON 
BRUCHEN I N  GRANIT 

ABSTRACT 

Frac tu re -ex tens ion  pressures  a p p r e c i a b l y  h ighe r  

than t h e  l e a s t  p r i n c i p a l  e a r t h - s t r e s s  have been ob- 

served i n  h y d r a u l i c  f r a c t u r e s  formed i n  a p a i r  o f  3 

km (9600 f t )  deep boreholes d r i l l e d  near  t h e  V a l l e s  
Caldera i n  no r the rn  New Mexico. P r e s s u r i z a t i o n  o f  

open we l l bo res  i n  rock  c o n t a i n i n g  p r e e x i s t i n g  f r a c -  

t u r e s  may open these f rac tu res ,  i n s t e a d  o f  c r e a t i n g  

new f r a c t u r e s  a t  r i g h t  ang les  t o  t h e  l e a s t  p r i n c i p a l  

s t ress .  The pressure  necessary t o  f l o w  i n t o  these 

f r a c t u r e s  may be apprec iab l y  h ighe r  than t h e  l e a s t  

p r i n c i p a l  s t r e s s .  Upon sand-propping one such p re -  

e x i s t i n g  f r a c t u r e ,  a lower  f r a c t u r e  ex tens ion  pressure  

was observed. A second f r a c t u r e  i n  a p a r a l l e l  w e l l -  

bore  92 m (300 f t )  away, a t  t h e  same depth  o f  2 km 

(6500 f t )  e x h i b i t e d  the  lower  f r a c t u r e  ex tens ion  

pressure  w i t h o u t  propping, b u t  w i t h  about  90" d i f f e r -  
ence i n  f r a c t u r e  d i r e c t i o n .  F rac tu res  c rea ted  th rough 

p e r f o r a t i o n s  a t  a depth  o f  3 km (9600 f t)  n o t  o n l y  ex- 
h i b i t e d  breakdown pressures  upon i n i t i a l  p ressu r i za -  

t i o n ,  b u t  sometimes even h ighe r  "breakdown" p ressures  

upon r e p r e s s u r i z a t i o n .  These phenomena may be o f  

i n t e r e s t  i n  t h e  i n t e r p r e t a t i o n  o f  e a r t h  s t r e s s  measure- 

ments made by h y d r a u l i c  f r a c t u r i n g .  

INTRODUCTION -- 
Two ad jacen t  w e l l s ,  i d e n t i f i e d  as GT-2 and EE-1, 

were d r i l l e d  on Fenton H i l l ,  about t h ree  k i l o m e t e r s  

southwest o f  t he  V a l l e s  Caldera r i n g  f a u l t  i n  n o r t h e r n  

New Mexico, i n  t h e  course o f  t h e  Los Alamos S c i e n t i f i c  

Labora tory  Hot Dry Rock Geothermal Energy exper iment.  

The w e l l s  en tered  Precambrian g r a n i t i c  r o c k  a t  a depth  

o f  730 m. Hydrau l i c  f r a c t u r e  exper iments were conduct-  

ed i n  bo th  w e l l s  a t  s i m i l a r  i n te rmed ia te  depths,  about 

1993 m i n  GT-2 and 1963 m i n  EE-1. The h o r i z o n t a l  

d i s tance  between t h e  w e l l s  a t  these depths was o n l y  

90 rn, so i t  was expected t h a t  t h e  f r a c t u r e  d i r e c t i o n  

i n  the  two w e l l s  would be the  same and t h a t  t h e  

pressure  r e q u i r e d  t o  ex tend t h e  f r a c t u r e s  would be 

s i m i l a r .  Th i s  was n o t  t h e  case, and t h e  d isc repancy  

was p u z z l i n g  u n t i l  r e c e n t l y ,  when t h e  da ta  were r e -  

analyzed i n  t h e  l i g h t  o f  l a t e r  h y d r a u l i c  f r a c t u r i n g  
exper iments near  3 km depth.  

were i n t e r p r e t e d  as t h e  opening o f  p r e e x i s t i n g ,  

perhaps weakly cemented, f r a c t u r e s ,  and i t  was con- 

c luded t h a t  we have probab ly  never broken p r e v i o u s l y  

uncracked rock  by h y d r a u l i c  p ressure  i n  e i t h e r  GT-2 

o r  EE-1. Th is  conc lus ion  d e r i v e s  p a r t i a l l y  f rom t h e  

f a c t  t h a t  breakdown peaks a r e  n o t  observed i n  t h e  

pressure-volume curves, o r ,  i f  such peaks a r e  observed, 

t hey  may reappear when a f r a c t u r e  i s  r e i n f l a t e d  and 

t h e r e f o r e  cannot rep resen t  t h e  i n i t i a l  breakdown o f  

t h e  rock .  The breakdown pressures o f  t h r e e  cores  o f  

s i m i l a r  g r a n i t e  f rom t h e  GT-1 we l l bo re ,  about  2 .5  km 
n o r t h  of GT-2, were measured by B. Haimsonl, and 

averaged 10 MPa.* 
Cores taken f rom GT-2 and EE-1 show numerous 

sea led  f r a c t u r e s ,  u s u a l l y  f i l l e d  w i t h  c a l c i t e  b u t  

sometimes w i t h  more complex m ix tu res .  

a t  1.672 km con ta ined  a v e r t i c a l  f r a c t u r e  o r i e n t e d  

N60E, sea led  w i t h  an assemblage o f  qua r t z ,  c l a y ,  

muscovi te,  b i o t i t e ,  c a l c i t e ,  and tourmal ine .  The 
s t r e n g t h  o f  t h e  f r a c t u r e  f i l l i n g  m a t e r i a l  has n o t  

been measured, b u t  must g e n e r a l l y  be l e s s  than t h a t  

o f  competent rock .  

v e r t i c a l l y ,  o r  d i p p i n g  rough ly  60", and a r e  u s u a l l y  

spaced one t o  e i g h t  cm apar t .  Thus, i n  any h y d r a u l i c  

f r a c t u r i n g  exper iment t h e r e  must be p r e e x i s t i n g  f rac -  
t u res ,  perhaps n o t  o r i e n t e d  normal t o  the  l e a s t  

These l a t e r  exper iments 

One GT-2 c o r e  

These sealed f r a c t u r e s  a r e  o r i e n t e d  h o r i z o n t a l l y ,  

* 
1 MPa = 10  Bar .  
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p r i n c i p a l  s t ress ,  which can be opened a t  lower  pres- 

sure  than i s  r e q u i r e d  t o  fo rm a new f r a c t u r e .  

GT-2 FRACTURE AT 1993 m 

Wel lbore  Geometry. One such f r a c t u r e  was appar- 

e n t l y  formed i n  GT-2 a t  1993 m depth.  F igu re  1 shows 

t h e  geometry o f  t h e  GT-2 w e l l  a t  t h e  t ime. Open h o l e  

packers proved u n r e l i a b l e  i n  GT-2, so a s t e e l  l i n e r ,  

64 m l o n g  and 165 mm i .d . ,  w i th  a p o l i s h e d  bore recep- 

t a c l e  a t  t h e  top, was cemented i n t o  t h e  w e l l b o r e  and 

t h e  d r i l l  p i p e  j o i n e d  t o  it. The bo t tom 61 m o f  t h e  

w e l l b o r e  was uncased. The p e r f o r a t i o n s  shown i n  t h e  

f i g u r e  were n o t  p resen t  a t  t h e  t ime t h e  open ho le  

s e c t i o n  was f r a c t u r e d .  

i 

GT-2 F rac tu re  C r e a z .  The open ho le  s e c t i o n  

was p ressu r i zed  t o  17.2 MPa f o r  one minute ,  d u r i n g  

wh ich  t ime 250 9. o f  water  was i n j e c t e d  i n t o  t h e  f r a c -  

t u r e .  No breakdown peak and no w e l l  d e f i n e d  i n s t a n -  
taneous s h u t - i n  p ressure  was observed, as may be seen 

i n  F ig .  2. I n  l a t e r  p ressu r i za t i ons ,  t h e  peak pres- 

su re  changed s l i g h t l y  as the  f l o w  r a t e  was changed, 

b u t  remained cons tan t  i n  t ime a t  a steady f l o w  r a t e ,  

as may be seen i n  F ig .  3. The i n i t i a l  r a t e  o f  r i s e  

o f  pressure,  6.2 MPa p e r  minu te  i s  c l o s e  t o  t h a t  due 
t o  c o m p r e s s i b i l i t y  o f  water  i n  t h e  d r i l l  p i p e  -- t h e  

f r a c t u r e  a p p a r e n t l y  remains c losed  u n t i l  a c e r t a i n  

p ressure  i s  reached, a c t i n g  somewhat l i k e  a f l a p  va l ve .  

ne r  survey conducted i n  GT-2, and F ig .  5 shows t h e  

r e s u l t  o f  t h e  survey, wh ich  showed t h a t  two en t rance 

reg ions  o f  equal  l e n g t h  were p resen t  i n  the  we l l bo re ,  
w i t h  l eng ths  c o n s i s t e n t  w i t h  two p a r a l l e l  v e r t i c a l  

f r a c t u r e s .  The f l ows  i n t o  these f r a c t u r e  connect ions  

were equal .  Th i s  unusual geometry suggested t h a t  

these f r a c t u r e s  were p r e e x i s t i n g ,  and, f rom t h e i r  

equal  f l o w  acceptance, p robab ly  j o i n e d  toge the r  near 

the  we1 1 bore.  
GT-2 F r a c t u r e  O r i e n t a t i o n .  The f r a c t u r e  depths 

ob ta ined  f rom t h e  sp inne r  survey were v e r y  u s e f u l  i n  

p o s i t i o n i n g  impress ion  packers. Packers were s e t  

over  each f r a c t u r e  and i n f l a t e d .  

graph o f  these packers showing impressions o f  a lmost  

v e r t i c a l  complex i n t e r s e c t i o n s .  These impressions 

were taken a f t e r  an a d d i t i o n a l  600 m o f  d r i l l i n g  

which may e x p l a i n  t h e  e r o s i o n  a t  t h e  edges o f  t he  

f r a c t u r e s .  Borehole t e l e v i e w e r  scans o f  t h i s  reg ion  

show fea tu res  t h a t  agree i n  depth  w i t h  those ob ta ined  

f rom t h e  sp inne r  survey  and whose o r i e n t a t i o n s  a r e  

GT-2 F r a c t u r e  Geometry. F igu re  4 d e p i c t s  a sp in -  

~- 

Figure  6 i s  a photo- 

s i m i l a r  t o  those ob ta ined  f rom t h e  impress ion  packers.  

TABLE 1 

F rac tu re  Measurements i n  GT-2 a t  6525-6570 ft. 

Upper F rac tu re  Lower F r a c t u r e  
Or ien ta -  V e r t i c a l  Or ien ta -  V e r t i c a l  

!2l t i o n  Range (m) t i o n  Range (m) 

Te lev iewer  N3"E 1989-93 N12"E 1989-2002 

Impress ion  

Sp inner  -- 1989-93 -- 1989-2002 

-- N25"E Packer N25"E -- 

Summary o f  P r e l i m i n a r y  GT-2 F r a c t u r e  In fo rma t ion .  

The GT-2 f r a c t u r e ( s )  began t o  accept f l u i d  f r e e l y  a t  

p ressures  near 17 MPa. I t  ( t h e y )  i n t e r s e c t e d  t h e  

we l l bo re  i n  two d i s t i n c t  reg ions  about 4.2 m l o n g  

separated by 4 m. 

N t o  NNE. 

The s t r i k e  o f  t h e  f r a c t u r e s  were 

EE-1 FRACTURE AT 1 9 a  
The GT-2 f r a c t u r e  exper iments were c a r r i e d  o u t  

i n  September 1974. Almost one yea r  l a t e r ,  i n  August, 

1975, t h e  EE-1 w e l l  was d r i l l e d  t o  2099 m. A 10-3/4 

in .  cas ing  was r u n  f rom t h e  su r face  t o  1957 m. 

f i r s t  a t tempt  t o  f r a c t u r e  t h e  open ho le  s e c t i o n  f a i l -  

ed because a porous zone near t h e  bottom made i t  i m -  
p o s s i b l e  t o  p r e s s u r i z e  t h e  we l l bo re  above 8.27 MPa 

a t  a pumping r a t e  o f  10.6 U s .  
a t  1975 m and t h e  r e g i o n  above i t  p ressu r i zed  a t  

.574 U s  th rough t h e  10-3/4 i n .  cas ing  t o  c r e a t e  a 

f r a c t u r e .  

w i t h  t h e  packer a t  t h i s  l o c a t i o n  and a t  2048 m, about 

73 m lower .  Both  p l o t s  show a break near 9 MPa, b u t  
a t  t he  upper l o c a t i o n  t h e  pressure  cont inued t o  r i s e  

t o  about  13 MPa where a su r face  l e a k  developed. A t  
t h e  lower  p o s i t i o n  t h e  pressure  l e v e l e d  o f f  a t  9 MPa, 

suggest ing  a l e a k  th rough o r  around t h e  packer t o  t h e  

porous r e g i o n  below. 
bo t tom t o  1975 m dep th  t o  sea l  o f f  t h e  porous reg ion ,  

and t h e  remain ing  open w e l l b o r e  was p ressu r i zed  f o r  

v a r i o u s  exper iments.  
shown i n  F ig .  8. 

a f i r s t  a t tempt  t o  use an impress ion  packer t o  

de termine o r i e n t a t i o n  i s  shown i n  F ig .  9. A sharp 

breakdown a f t e r  an i n i t i a l  p ressure  r i s e  appeared a t  

12.4 MPa. Th is  breakdown was a t t r i b u t e d  t o  t h e  i m -  
p ress ion  packer cove r ing  t h e  f r a c t u r e ,  b u t  t he  n e x t  

i n f l a t i o n ,  f o r  a s e l f - p o t e n t i a l  measurement, showed 

a s i m i l a r  b u t  more compl ica ted  breakdown a t  a s l i g h t l y  

A 

A packer was centered  

F i g u r e  7 shows t h e  pressure- t ime h i s t o r y  

A cement p l u g  was s e t  f rom t h e  

The geometry a t  t h i s  t ime i s  

EE-1 Experiments. The pressure  t ime  cu rve  f rom 
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h ighe r  p ressure  (F ig .  10). On t h e  same day, t h e  

n e x t  i n f l a t i o n ,  an a t tempt  t o  measure a c o u s t i c  a t -  

t e n u a t i o n  a r i s i n g  f rom f r a c t u r e  i n f l a t i o n ,  showed a 

s l i g h t  break a t  1.11.7 MPa (F ig .  l l ) ,  and another  i n -  

f l a t i o n  showed t h e  break back near 12.4 MPa (F ig .  12)  
The break appeared t o  be d im in i sh ing ,  b u t  t he  n e x t  

i n f l a t i o n ,  s t i l l  on t h e  same day, looked ve ry  much 

l i k e  F ig .  9, w i t h  a we l l -deve loped pressure  breakdown 

as t h e  f r a c t u r e  opened (F ig .  13). A s l i g h t  i n d i c a -  

t i o n  o f  t h e  break reappeared t h e  n e x t  day (F ig .  14).  
A second, success fu l ,  a t tempt  was made t o  g e t  an 

impress ion  o f  t h e  f r a c t u r e  t o  de termine o r i e n t a t i o n ,  

as descr ibed below. 

EE-1 F rac tu re  O r i e n t a t i o n .  A s e r i e s  o f  SP l o g s  

( s e l f - p o t e n t i a l )  r u n  be fore ,  d u r i n g  and a f t e r  t h e  

f r a c t u r i n g  i n  EE-1 showed q u i t e  p r e c i s e l y  t h e  i n i -  

t i a t i o n  o f  t h e  f r a c t u r e  and i t s  depth.  The f r a c t u r e  

aga in  i n t e r s e c t e d  t h e  w e l l b o r e  i n  two places, as i n  

GT-2. Two impress ion  packers were centered  a t  1962 m 

and 1965 m, t h e  f r a c t u r e  i n f l a t e d  by p r e s s u r i z i n g  

t h e  cas ing  (F ig .  15 ) ,  and the  packers then i n f l a t e d  

th rough t h e  d r i l l  p i p e  t o  squeeze them i n t o  t h e  open 

f r a c t u r e .  

showed a ve ry  d i s t i n c t  r i d g e  $1 mm wide by 1 mm h i g h  

(F ig .  16).  The o r i e n t a t i o n  ( s t r i k e )  o f  these f r a c -  

t u r e s  was N70W, a90° t o  t h a t  o f  t h e  GT-2 f r a c t u r e .  

The impressions were a lmost  p a r a l l e l  t o  t h e  we l lbore ,  

i n d i c a t i n g  n e a r l y  v e r t i c a l  f r a c t u r e s .  
Summary o f  EE-1 F rac tu re  In fo rma t ion .  The EE-1 

f r a c t u r e ( s )  began t o  accept  f l u i d  a t  pressures near 

12.4 MPa. I t  ( t h e y )  i n t e r s e c t e d  t h e  w e l l b o r e  i n  two 

reg ions  about  3 in apar t .  

t u r e ( s )  was N70'W. 

r 

Examinat ion o f  t h e  packer a f te rwards  

The s t r i k e  o f  t h e  f r a c -  

RECONCILIATION OF DIFFERENCES BETWEEN EL-1 AND GT-2 

FRACTURES. 
As the  l a s t  exper iment i n  t h e  GT-2 f r a c t u r e ,  i t  

was propped w i t h  4500 kg o f  sand. A f t e r  t h e  sand was 

emplaced, t f ie  f r a c t u r e  was aga in  p ressu r i zed  as shown 

i n  F ig .  17. Several  changes were observed. I t  now 

took  20 minutes,  a t  the/ same f l o w  r a t e  as i n  F ig .  3, 
t o  i n f l a t e  t h e  f r a c t u r e  t o  12.4 MPa, w h i l e  the  i n f l a -  

t i o n  shown i n  F ig .  3 took  two minutes.  I n  a d d i t i o n ,  

t he  pressure  l e v e l l e d  o f f  near  t h i s  va lue ,  which was 

a l s o  the  pressure  a t  which EE-1 began t o  accept  f l u i d  

f r e e l y .  

p a r t  o f  a p r e e x i s t i n g  s e t  con jugate  t o  the  EE-1 se t ,  

and was o r i e n t e d  so as t o  see a h ighe r  normal s t r e s s .  

I t  seems l i k e l y  t h a t  t he  GT-2 f r a c t u r e  was 

I t  i n t e r s e c t e d  a f r a c t u r e  w i t h  normal s t r e s s  l i k e  t h a t  

o f  t h e  EE-1 f r a c t u r e ,  c l o s e  enough t o  the  w e l l b o r e  so 

t he  f r a c t u r e  connect ion  c o u l d  be propped by t h e  t r e a t -  

ment app l i ed .  

M I  SLEAD I NG PRESSURE BREAKDOWNS 

As shown above, repeated  apparent  p ressure  break- 

T h i s  phenomena may be due 

downs have been observed i n  p r e v i o u s l y  f r a c t u r e d  

sec t i ons  o f  open we l l bo re .  

t o  a "cak ing"  o f  suspended p a r t i c l e s  a g a i n s t  t h e  w e l l -  

bore  w a l l  around t h e  f r a c t u r e  en t rance.  Such a 

phenomenon appears i n  exaggerated fo rm i n  p e r f o r a t i o n  

f r a c t u r e s .  F igu re  18 and F igu re  19 show t h e  i n i t i a l  

breakdown and repump o f  two such f r a c t u r e s  a t  depths 

of 2880 m and 2911 in i n  GT-2. A f t e r  these f r a c t u r e s  

were c rea ted ,  an a t tempt  was made t o  grow them t o -  

ge ther  by s t r a d d l i n g  bo th  s e t s  o f  p e r f o r a t i o n s  w i t h  a 
s t r a d d l e  packer and i n f l a t i n g  them s imu l taneous ly .  

The a t tempt  was n o t  success fu l ,  b u t  an i n t e r e s t i n g  

f e a t u r e  o f  i t  was t h a t  34.5 MPa had t o  be a p p l i e d  t o  

the  p e r f o r a t i o n s  be fo re  e i t h e r  f r a c t u r e  would accept  

f l u i d ,  a p a i r  o f  remarkably h igh  second breakdown 

va lues .  

i n  open holes,  we have concluded t h a t  measurements o f  

t h e  two h o r i z o n t a l  p r i n c i p a l  e a r t h  s t resses  i n  ou r  

Precambrian r o c k  by t h e  s tandard  h y d r a u l i c  f r a c t u r -  

i n g  techn iques  i s  d i f f i c u l t ,  i f  n o t  imposs ib le ,  and 

t h a t  measurements o f  t h e  l e a s t  p r i n c i p a l  compressive 

s t r e s s  by f r a c t u r e  ex tens ion  pressures  a t  low f l o w  
r a t e s  may a l s o  g i v e  va lues  wh ich  a r e  too  h igh ,  
because p r e e x i s t i n g  f r a c t u r e s  a r e  u n l i k e l y  t o  be 

S ince  such f a l s e  breakdown va lues  a l s o  appear 

a l i g n e d  a long  o r  normal t o  t h e  present -day  p r i n c i p a l  

s t resses .  
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ILLUSTRATIONS 

F i g  1. Geometry o f  t h e  GT-2 we l l bo re .  

F i g  2. Sur face  pressure  and f l o w  d u r i n g  i n i t i a l  

p ressur  z a t i o n  o f  GT-2 we l l bo re .  
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Illustrations (Continued) 

pressurization of GT-2 wellbore. 
Fig. 3. Surface pressure and flow during later 

Fig. 4 .  Geometry of spinner survey in GT-2. 
Fig. 5. Results of spinner survey in GT-2. 
Fig. 6. Impression packers retrieved from GT-2. 
Fig. 7. Surface pressure vs time in EE-1, with 

i packer in two locations. 
Fig. 8. Geometry of EE-1 wellbore after cement 

plug emplaced. 
Fig. 9. Surface pressure vs time in first 

attempt to use impression fracture for orientation. 
Fig. 10. Surface pressure vs time when self- 

potential measurement carried out in EE-1. 
Fig. 11. Surface pressure vs time during subse- 

quent acoustic experiment in EE-1. 
Fig. 12. Surface pressure vs time in second EE-1 

acoustic experiment. 
Fig. 13. Surface pressure vs time in first 

induced potential measurement in EE-1. 
Fig. 14. Surface pressure vs time in second 

induced potential measurement in EE-1. 
Fig. 15. Complex surface pressure vs time curve 

observed during second (successful ) impression 
packer experiment. 

Fig. 16. Photograph of EE-1 impression packer. 
Fig. 17. Surface pressure vs time at same flow 

rate as in Fig. 3, after sand propping fracture. 
Fig. 18. Initial pressurization through casing 

perforations, and subsequent repump, near bottom o f  

Fig. 19. Similar to Fig. 18, but 30 m lower in 
GT-2. 

cased region of GT-2. 
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