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INTRODUCTION 

Energy e x t r a c t i o n  f rom the  geothermal regime i n  
and above b u r i e d  magma-chambers r e q u i r e s  t h a t  rocks 
be d r i l l a b l e  ( b r i t t l e  o r  s e m i - b r i t t l e )  and boreholes 
be s t a b l e  t o  depths o f  10 km, a t  temperatures t o  
p a r t i a l  me l t ing ,  and i n  a n a t u r a l  o r  manmade aqueous 
environment. C r i t i c a l  a r e  the  shor t - te rm s t rengths  
and d u c t i l i t i e s  t h a t  would govern d u r i n g  and immedi- 
a t e l y  a f t e r  d r i l l i n g ,  and the longer- term, t ime- 
dependent response, t h a t  would i n f l u e n c e  the s t a b i l -  
i t y  o f  a borehole over the  mu1 t i - y e a r  l i f e - e x p e c t a n c y  
o f  a geothermal w e l l .  

A t  l e a s t  i n i t i a l l y ,  we chose t o  i n v e s t i g a t e  the  
s h o r t - t e r n  f a i l u r e  s t rengths  and s t r a i n s  a t  f a i l u r e  
o f  room-dry and water -sa tura ted ,  c y l i n d r i c a l  speci-  
mens ( 2  by 4 cm) o f  Charcoal G r a n o d i o r i t e  (CG), M t .  
Hood Andesi te  (MHA 

sures o f  0, 50, and 100 MPa and a t  temperatures t o  
p a r t i  a1 me1 ti ng. Previous 1 abora tory  work needed t o  
be augmented because v i r t u a l l y  a l l  t e s t i n g  above 
500°C had been done a t  e i t h e r  atmospheric pressure 
(e.g. ,  Mur re l l  and Chakravarty, 1973), a t  too  h i g h  
a c o n f i n i n g  pressure (e.g., Handin, 1966; Car te r ,  
1976; T u l l i s  and Yund, 1977; Car te r  and K i rby ,  1978; 
T u l l i s ,  1979), o r  a t  u n c e r t a i n  e f f e c t i v e  pressures 
(e.g., M u r r e l l  and I s m a i l ,  1976; T u l l i s  and Yund, 
1978; Van d e r  Molen and Paterson, 1979). A v a i l a b l e  
data on creep o f  crystalline rock have suggested that 
deformation r a t e s  are very slow even a t  e leva ted  
temperatures and pressures ( C a r t e r  and Kirby, 1978; 
Handin and Car te r ,  1980; and Car te r  e t  a1 ., 1981). 
Only when p a r t i a l  m e l t i n g  occurs do rock-s t rengths  
vanish and r e l a t i v e l y  low v i s c o s i t i e s  o b t a i n  (Van der 
h l e n  and Paterson, 1979; Friedman e t  a l . ,  1980). 
Hence our  emphasis i s  on the shor t - te rm e f f e c t s .  
Prev ious ly  we d e a l t  w i t h  room-dry specimens o f  these 
t h r e e  rocks  and w i t h  the  Newberry R h y o l i t e  Obsidian 
(Friedman e t  a i . ,  1979, 1980). 
because "dry -ou t ' '  zones may e x i s t  immediately above 
b u r i e d  magma and a data-base f o r  d r y  rocks i s  needed 
f o r  comparison w i t h  water -sa tura ted  counterpar ts  i n  
o r d e r  t o  d i s t i n g u i s h  between e f f e c t i v e  pressure and 
water-weakening e f f e c t s .  
ments on the water -sa tura ted  specimens. 

nd Cuerbio B a s a l t  (CB) a t  a 
s t r a i n  r a t e  o f  10- 1, s- ? , a t  e f f e c t i v e  c o n f i n i n g  pres- 

This was necessary 

Here in  we r e p o r t  on exper i -  

APPARATUS AND PROCEDURES 

The t r i a x i a l - c o m p r e s s i o n  apparatus, i n c l u d i n g  the  
h y d r a u l i c  press and i n t e r n a l l y - h e a t e d  pressure c e l l ,  
the s t a r t i n g  m a t e r i a l s ,  sample prepara t ion ,  and 
p l o t t i n g  o f  t r u e  a x i a l  d i f f e r e n t i a l  s t ress  (MPa) 
aga ins t  convent ional  s t r a i n  (percent  shor ten ing)  are 
f u l l y  descr ibed i n  previous p u b l i c a t i o n s  (Friedman 
e t  a i .  , 1979, 1980). The accuracy o f  measurements 
o f  d i f f e r e n t i a l  force,  shor ten ing ,  e x t e r n a l  c o n f i n i n g  
pressure (Pc) ,  and i n t e r n a l  pore pressure (Pp) i s  o f  
the order  o f  2 percent.  Temperature (T)  i s  known 

w i t h i n  2 5"C,  and the  maximum g r a d i e n t  a long the  
l e n g t h  o f  the  specimen i s  30°C a t  1000°C nominal. 
I n  b r i e f ,  ( 1 )  the  2 by 4-cm c y l i n d r i c a l  specimens 
a r e  vacuum-saturated w i t h  tap  water  and s t o r e d  under 
water  u n t i l  they are jacke ted  i n  t h i n - w a l l e d ,  anneal- 
ed copper tubes and emplaced w i t h i n  the  i n t e r n a l  
furnace o f  the t e s t  c e l l  ; ( 2 )  a smal 1 a x i a l  f o r c e  i s  
a p p l i e d  t o  seat and seal o f f  the specimen and the  
c e l l  i s  purged o f  a i r  and f i l l e d  w i t h  the  c o n f i n i n g  
medium o f  argon; (3 )  t he  a x i a l  fo rce ,  e x t e r n a l  con- 
f i n i n g  pressure, and i n t e r n a l  pore pressure are  
r a i s e d  s imul taneously  t o  the  desi r e d  e f f e c t i v e  con- 
f i n i n g  pressure,  Pe = Pc-Pp; ( 4 )  t h e  specimen i s  
heated t o  t e s t  temperature a t  about 10°C/min; ( 5 )  t he  
specimen i s  soaked f o r  15 min, e f f e c t i v e  c o n f i n i n g  
pressure and temperature be ing  r e a d j u s t e d  if neces- 
sary  ( i n c r e a s i n g  soak-t ime t o  1 hour does n o t  s i g n i -  
f i c a n t l y  a f f e c t  t he  r e s u l t s ) ;  (6 )  t he  specimen i s  
loaded a x i a l l y  such t h a t  01 > u2 = u ?  = P,, where u i  
a r e  the  e f f e c t i v e  p r i n c i p a l  compressive stresses, Pe 
remain ing s e n s i b l y  cons tan t  because s t r a i n s  b e f o r e  
macroscopic f r a c t u r e  a re  small , o n l y  about 1 percent.  

Using the  l a b o r a t o r y  data t o  p r e d i c t  boreho le  
s t a b i l i t y  where u1 > u2  > u3, we s h a l l  assume t h a t  
u l t i m a t e  compressive s t r e n g t h  a t  f a i l u r e ,  the  peak 
value o f  t he  d i f f e r e n t i a l  s t r e s s ,  u l - 0 3 ,  a t  a p a r t i -  
c u l a r  temperature, i s  a f u n c t i o n  o n l y  o f  mean s t r e s s ,  
om = (01 + u2 + 03) /3 .  Thus f o r  each t e s t  we com- 
pu te  (u I -u~ )  and am and l i s t  them together  w i t h  the  
total shortening at macroscopic failure that serves 
as a measure o f  r e l a t i v e  d u c t i  1 i t y  (Table 1 ) . 
a l s o  show t he  angle e between the  l o a d  a x i s  (q) and 
the  macroscopic f a u l t .  

EXPERIMENTAL RESULTS 

The exper imental  data on Charcoal g r a n o d i o r i t e ,  
Cuerbio b a s a l t ,  and M t .  Hood andes i te  are l i s t e d  i n  
Tab le  1.  A l l  t e s t s  were done a t  a nominal s t r a i n -  
r a t e  o f  lO-4/sY and a l l  were stopped s h o r t  o f  t o t a l  
l o s s  o f  cohesion o f  t he  d e f o m d  specimens. 
shor ten ing  curves a r e  s i m i l a r  t o  those pub l ished 
p r e v i o u s l y  (Friedman e t  a1 . , 1979, 1980). 
t he  CG show w e l l  d e f i n e d  u l t i m a t e  s t rengths  a t  4% 
shor ten ing  and then pronounced work-so f ten i  ng as 
s l i p  occurs a long f a u l t s .  
u l t i m a t e  s t rengths  a t  53% shortening, and quas i -  
s teady-state,  d u c t i l e  f low,  p a r t i c u l a r l y  a t  the  
h i g h e r  temperatures where p a r t i a l  m e l t i n g  occurs.  
The p l o t s  o f  u l t i m a t e  s t r e n g t h  versus temperature 
f o r  the water -sa tura ted  rocks are  compared w i t h  
t h e i r  counterpar ts  f o r  d r y  specimens (F igures  1, 2, 

Charcoal G r a n o d i o r i t e  

o r  Pc = Pp = 50 MPa) s t r e n g t h  decreases gradudFlyy= 
w i t h  i n c r e a s i n g  temperature u n t i l  i t  vanishes a t  

We 

Stress- 

Those f o r  

Those f o r  the  WA e x h i b i t  

3 ) .  

A t  zero e f f e c t i v e  c o n f i n i n g  pressure (Pc = 0 
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about 1050°C where p a r t i a l  m e l t i n g  i s  pervas ive (F ig -  
u r e  1 ) .  The r e p r o d u c i b i l i t y  o f  d u p l i c a t e  t e s t s  under 
t h e  same c o n d i t i o n s  i s  regarded as r e l a t i v e l y  good 
for t r i a x i a l  t e s t i n g  o f  s t a t i s t i c a l l y  homogeneous 
and i s o t r o p i c  rocks l i k e  the  g r a n o d i o r i t e .  The 
s t rengths  o f  d r y  and water -sa tura ted  specimens a r e  
v i r t u a l l y  i d e n t i c a l  a t  400" and 1015°C; wet speci -  
mens a r e  somewhat the  s t r o n g e r  i n  t h e  range of 460" 
t o  990°C. 

A t  50-MPa e f f e c t i v e  pressure (Pc = 50, Pp = 0 o r  
Pc = 100, Pp = 50) t h e  rock  i s  much s t r o n g e r  a t  a l l  
tempera tu res .  Reproduci b i  1 i ty  i s g e n e r a l l y  o n l y  
f a i r ,  b u t  the  s t rengths  o f  wet specimens a t  800" 
and 810°C a r e  v i r t u a l l y  i d e n t i c a l  , and t h e  s t r e n g t h s  
o f  a l l  wet specimens i n  t h e  range o f  615" t o  900°C 
l i e  c lose  t o  those of d r y  specimens a t  Pe = 50 and 
f a r  below those a t  Pc = Pe = 100 MPa, suggest ing 
t h a t  pore pressures must be n e a r l y  f u l l y  e f f e c t i v e .  

The presence o f  water  does n o t  s i g n i f i c a n t l y  
a f f e c t  e i t h e r  s t r e n g t h  o r  d u c t i l i t y .  A l l  specimens 
a r e  e s s e n t i a l l y  b r i t t l e ,  f a i l i n g  by  macroscopic 
shear f r a c t u r i n g  a t  s t r a i n s  o f  the  order  o f  1 per-  
c e n t  (Table 1 ) .  

M t .  Hood Andesi te  

This  rock i s  f i n e r - g r a i n e d  b u t  more porous and 
permeable t h a t  t h e  CG, and i t s  m a t r i x  con ta ins  minor  
amounts o f  g lass.  It i s  much weaker than the  grano- 
d i o r i t e  a t  a l l  e f f e c t i v e  pressures and temperatures. 
A t  P c  = PP = 0, the  s t r e n g t h  o f  t h e  d r y  andes i te  
remains n e a r l y  cons tan t  as temperature i s  increased 
from 25" t o  1000°C, b u t  suddenly vanishes a t  about 
1050°C ( F i g u r e  2 ) .  
regarded as good. The s t rengths  o f  d ry  and of wet  
specimens a t  Pc = Pp = 50 MPa a r e  i d e n t i c a l  a t  615"C, 
b u t  t h e  wet andes i te  i s  much the  weaker a t  7OO0C, 
and i t s  s t r e n g t h  vanishes when p a r t i a l  m e l t i n g  
occurs, u n l i k e  t h a t  o f  t h e  g r a n o d i o r i t e .  The m e l t i n g  
temperature f o r  t h i s  rock  i s  reduced >150°C by t h e  
presence o f  water .  

A t  t h e  h i g h e r  50-MPa e f f e c t i v e  c o n f i n i n g  pressure 
(Pc = 50, Pp = 0 o r  Pc = 100, Pp = 50) t h i s  rock  i s  
much s t r o n g e r  a t  a l l  temperatures. Again c o n t r a r y  
t o  t h e  behav io r  o f  t h e  g r a n o d i o r i t e ,  t h e  s t r e n g t h  o f  
wet  andes i te  i n  t h e  range o f  600" t o  920°C l i e s  w e l l  
below t h a t  o f  t h e  d r y  rock and f a r  below t h a t  a t  
Pc = 100, P 0. Furthermore, t h e  s t r a i n s  a t  
f a i l u r e  of !hi wet  specimens a r e  somewhat t h e  l a r g e r .  

Cuerbio B a s a l t  

R e p r o d u c i b i l i t y  o f  t e s t s  i s  

R e l a t i v e l y  few data a r e  a v a i l a b l e  f o r  t h i s  dense, 
t i g h t  rock,  b u t  t h e  e f f e c t s  o f  water  s a t u r a t i o n  a r e  
s t i l l  e v i d e n t  (F igure  3 ) .  The s t rengths  o f  t h e  d r y  
rock  a t  Pc = 0 i s  l i t t l e  a f f e c t e d  by h e a t i n g  f rom 
25" t o  900°C. 
about 500 MPa a t  25°C t o  about 350 a t  600" t o  about 

A t  Pc = 50, t h e  s t r e n g t h  drops f rom 

100 a t  1000°C. 
700" t o  180 a t  1000". 

A t  Pc = 100, i t  drops from 465 a t  

The s t r e n g t h  o f  t h e  water -sa tura ted  b a s a l t  a t  zero 
e f f e c t i v e  c o n f i n i n g  pressure (Pc = Pp = 50 MPa) i s  
much l i k e  t h a t  o f  t h e  d r y  rock t o  about 750°C; above 
800" i t  drops r a p i d l y  t o  60 MPa a t  945". The b a s a l t  
too  i s  e s s e n t i a l l y  b r i t t l e  a t  a l l  pressures and 
temperature (Tab1 e 1 ) . 

Mechanism o f  Deformation 

As noted  i n  Table 1 most o f  t h e  water -sa tura ted  
rock  specimens a r e  macroscop ica l l y  shat tered,  i .e., 
they f a i l e d  a long two o r  more shear f r a c t u r e s  o r  
f a u l t s .  Th is  o f t e n  g ives  r i s e  t o  an apparent  steady- 
s t a t e  o r  work-so f ten ing  s t ress-shor ten ing  curve.  
Crys ta l  p l a s t i c  f l o w  i s  conspicuous o n l y  i n  favor -  
a b l y  o r i e n t e d ,  k inked b i o t i t e .  True d u c t i l e  f l o w  
occurs w i t h  i n c i p i e n t  m e l t i n g .  I n  i t s  very  i n c i p i e n t  
stages t h i s  m e l t i n g  occurs a t  g r a i n  boundar ies asso- 
c i a t e d  w i t h  b i o t i t e  o r  hornblende, w i t h i n  fe ldspar  
and q u a r t z  g r a i n s  as m a n i f e s t  by i s o l a t e d  patches 
o f  ves icu les ,  o r  a long f r a c t u r e s  s i m i l a r  t o  t h a t  
found by Van d e r  Molen and Paterson 

and t h e  coalescence o f  microcracks i n t o  t h e  macro- 
scop ic  f a u l t s  a re  t h e  major  mechanisms of deforma- 
t i o n .  Q u a n t i t a t i v e  assessment o f  the  abundance o f  
these m i c r o f r a c t u r e s  i n  wet t e s t s  shows t h a t  they 
a r e  n o t  more abundant than i n  d r y  counterpar ts .  
That  i s ,  about t h e  same number o f  mic ro f rac tu res  
occurs p r i o r  t o  f a i l u r e ,  wet o r  d ry .  

(1979) .  

As ide f rom t h e  i n c i p i e n t  me1 t i n g ,  m i c r o f r a c t u r i n g  

MECHANISMS FOR WATER-WEAKENING 

Water-weakening can owe t o  ( a )  chemisorp t ion  o r  
s t r e s s  c o r r o s i o n  e f f e c t s  a t  crack t i p s  t h a t  reduce 
f r a c t u r e  s t r e n g t h s  (e.g., rev iew by Anderson and 
Grew, 1977), ( b )  lowered m e l t i n g  p o i n t s ,  and ( c )  
l o w e r i n g  o f  t h e  c r i t i c a l  reso lved shear s t resses  
f o r  d i s l o c a t i o n  g l i d i n g ,  i .e., y i e l d  s t rengths  f o r  
c r y s t a l - p l a s t i c  mechanisms (e.g., Griggs and B l a c i c ,  
1965; Griggs, 1974; Balderman, 1974; T u l l i s ,  1979). 
A l l  t h r e e  , e f f e c t s  i n v o l v e  h y d r a t i o n  o f  t h e  s i l a n o l  
bonds i n  s i l i c a t e s .  The h i g h e r  i s  t h e  temperature, 
t h e  more s i g n i f i c a n t  i s  t h i s  phenomenon l i k e l y  t o  
be (Griggs, 1967). Wi thout  d e t a i l e d  t h i n - s e c t i o n  
and perhaps TEM s tud ies  (scheduled f o r  t h e  f u t u r e ) ,  
we can n o t  say which o f  these mechanisms has lowered 
t h e  s t r e n g t h  o f  t h e  andes i te  a t  e leva ted  tempera- 
t u r e s ,  b u t  i t  i s  g e n e r a l l y  recognized t h a t  H20 must 
g a i n  access t o  t h e  c r y s t a l  sur faces  ( i t e m  a ,  above) 
and then t o  t h e i r  subs t ruc tures  ( i tems b and c, 
above) t o  e f f e c t  t h e  h y d r o l y t i c  weakening. I t  is  
n o t  s u r p r i s i n g  t h e r e f o r e ,  t h a t  o f  t h e  t h r e e  rocks  
tested,  t h e  andes i te  shows t h e  g r e a t e s t  weakening 
probab ly  because i t s  r e l a t i v e l y  l a r g e r  p o r o s i t y  (10- 
12 percent)  a l lows g r e a t e r  access o f  t h e  pore water  
t o  i t s  i n t e r n a l  sur faces.  

I n  t h e  d u c t i l e  regime temperature (300-500°C) 
a f f e c t s  t h e  water-weakening o f  q u a r t z  (Gr iggs,  1967; 
Balderman, 1974). Our maximum temperatures much 
exceed these. More r e c e n t l y  however, a pressure 
e f f e c t  has been found, as water  i s  d r i v e n  f rom t h e  
sur faces  o f  pores and c racks  i n t o  t h e  ad jacent  
c r y s t a l  s t r u c t u r e s  a t  h i g h  pressure ( T u l l i s ,  1979). 
Our pore pressures (50 and 100 MPa) a r e  smal l  com- 
pared t o  those (1000 and 1500 MPa) needed i n  t h e  
l a b o r a t o r y  t o  achieve t h i s  e f f e c t  ( T u l l i s  and Yund, 
1978), so t h a t  water-weakening ( i t e m  c, above) i s  
n o t  expected. Instead,  t h e  b r i t t l e  response o f  o u r  
specimens suggests t h a t  t h e  water-weakening o f  t h e  
andes i te  i s  due t o  s t r e s s - c o r r o s i o n  and/or t h e  
reduced m e l t i n g  temperature. This  view i s  suppor ted 
by t h e  microfracture-abundance data which i n d i c a t e  
t h a t  t h e  same number o f  m i c r o f r a c t u r e s  form regard-  
l e s s  o f  water-content .  Th is  number appears t o  be 
c r i t i c a l  f o r  f a i l u r e ,  and when t h e  specimen i s  water-  
weakened t h i s  c r i t i c a l  assemblage o f  f r a c t u r e s  i s  
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obta ined a t  a lower  e x t e r n a l l y  imposed d i f f e r e n t i a l  
s t r e s s .  Thus, l o c a l  f r a c t u r e  s t rengths  must be 
reduced i n  t h e  presence o f  water .  

PARTIAL MELTING 

I n  our  water -sa tura ted  t e s t s  o n l y  i n c i p i e n t  stages 
o f  p a r t i a l  m e l t i n g  have been ob ta ined w i t h  <3 percent  
g lass found a long g r a i n  boundaries and a x i a l  f r a c -  
t u r e s  i n  CG specimen 308 and MHA specimens 297, 305, 
312, and 325 (Table 1 ) .  
those o f  Van der  Molen and Paterson (1979) on a 
f i  ne-gra i  ned q u a r t z  monzonite i n two impor tan t  ways. 
They observe (1 ) more p a r t i a l  me1 t i n g  than we do a t  
800°C; and ( 2 )  a gradual decrease i n  s t r e n g t h  f rom 
about 250 MPa a t  5 percent  m e l t  t o  about 60 MPa a t  
15 percent  mel t ,  and then a drop t o  <1 MPa a t  24 
percent  me l t .  I n  c o n t r a s t  we f i n d  l a r g e r  s t r e n g t h  
reduc t ions  f rom much smal le r  amounts o f  me l t .  The 
f i r s t  r e s u l t  p robab ly  o b t a i n s  because t h e i r  specimens 
are "soaked" a t  P and T f o r  100 minutes p r i o r  t o  
shor ten ing  (as opposed t o  15 minutes f o r  ours )  and 
t h e i r  s t r a i n - r a t e  (10-55-1) i s  one order  o f  magnitude 
s lower  than ours.  We have no ready exp lanat ion  f o r  
t h e  second r e s u l t  because t h e i r  e f f e c t i v e  pressures 
a r e  unknown. 

Our r e s u l t s  d i f f e r  f rom 

BOREHOLE STABILITY 

The r a t i o n a l e  f o r  o u r  s i m p l i s t i c  scheme t o  pre- 
d i c t  borehole s t a b i l i t y  i s  d e t a i l e d  by  Friedman e t  
a l .  (1979, 1980). I n  b r i e f ,  ( 1 )  t h e  experimental 
u l t i m a t e  d i f f e r e n t i a l  s t r e s s  and mean s t r e s s  a t  
f a i l u r e  f o r  each r o c k  a r e  p l o t t e d  i n  t h r e e  ( F i g u r e  4)  
o r  two dimensions (F igure  5 ) .  ( 2 )  Pure ly  mechanical 
borehole-s t resses a r e  c a l c u l a t e d  f rom e l a s t i c  theory  
w i t h  c e r t a i n  assumptions about t h e  f a r - f i e l d  s t resses  
(Oh equal i n  a l l  d i r e c t i o n s  and Oh/Ov = 2 ,  1, o r  0.5), 
borehole f i l l i n g  (open o r  f i l l e d  w i t h  a m a t e r i a l  w i t h  
t h e  d e n s i t y  o f  1 .O g/cc)  and t h e  water  conten t  o f  t h e  
rock ( d r y  o r  sa tura ted)  (Friedman e t  a1 . , 1979, 
Table 6 ) .  ( 3 )  The borehole s t resses as a f u n c t i o n  
o f  depth a r e  then drawn as sur faces i n  t h r e e  dimen- 
s ions  o r  s t r a i g h t  l i n e s  ( l o c i )  on t h e  p l o t s  con- 
t a i n i n g  t h e  f a i l u r e  da ta  (F igures 6 and 7, respec- 
t i v e l y ) .  ( 4 )  I n  o r d e r  t o  use t h e  l a b o r a t o r y  data t o  
p r e d i c t  f a i l u r e  of a borehole,  we assume t h a t  u l t i -  
mate s t r e n g t h  (u1-u3) a t  f a i l u r e  i s  a f u n c t i o n  o n l y  
o f  t h e  e f f e c t i v e  mean s t r e s s ,  Om = (ul + a2 + u 3 ) / 3  
and temperature. ( 5 )  I f  a t  a g iven mean pressure,  
say 50 MPa, t h e  s t r e n g t h s  f o r  a g iven rock  exceed 
t h e  boreho le  d i f f e r e n t i a l  s t ress ,  then t h e  borehole 
w i l l  be s t a b l e .  That  i s ,  i t  w i l l  n o t  f a i l  by shear 
f r a c t u r i n g  i n  t h e  s h o r t  term. ( 6 )  I n t e r s e c t i o n s  o f  
1 i n e s  connect ing s t r e n g t h  da ta  f o r  a g iven tempera- 
t u r e  and t h e  boreho le-s t ress  l o c i  mark t h e  boundaries 
between t h e  f i e l d s  o f  s t a b i l i t y ,  c o n t a i n i n g  a l l  
p o i n t s  t o  the  l e f t  o f  t h e  l o c i  o f  borehole s t resses ,  
and o f  i n s t a b i l i t y ,  c o n t a i n i n g  a l l  p o i n t s  t o  t h e  
r i g h t .  S ta ted  another  way, t h e  borehole w i l l  f a i l  
i f  t h e  boreho le-s t ress- loc i  i n t e r s e c t  the  f a i l u r e  
sur face ( F i g u r e  4 ) .  P r e d i c t i o n s  based on t h e  d r y  
s t rengths  o f  a l l  t h r e e  rocks a r e  g iven i n  Friedman 
e t  a l .  (1979, 1980). 

Here we concent ra te  on t h e  l i k e l i h o o d  o f  s t a b l e  
boreholes i n  water -sa tura ted  CG and MHA (F igures  7 
and 8, r e s p e c t i v e l y ) .  The a v a i l a b l e  data i n d i c a t e  
(1 )  b o t h  rocks would a f f o r d  s t a b l e  boreholes t o  >10 
km if oh/av were 1.0 and t h e  boreholes were f i l l e d  
w i th  a m a t e r i a l  o f  d e n s i t y  1.0 g/cc; ( 2 )  boreholes 
i n  CG would be s t a b l e  t o  >10 km a t  a l l  assumed con- 
d i  t i o n s  prov ided t h a t  the  temperature d i d  n o t  exceed 

about 800°C; ( 3 )  boreholes would be much l e s s  s t a b l e  
i n  the water-weakened MHA, and depending upon the  
f a r - f i e l d  c o n d i t i o n s  would f a i l  a t  700°C a t  depths 
rang ing  f rom 2 t o  5 km; and ( 4 )  boreholes even i n  
the  MHA would be s t a b i l i z e d  apprec iab ly  i f  k e p t  
cool 5 700°C. 

We have addressed t h e  m a t t e r  o f  shor t - te rm bore- 
h o l e  s t a b i l i t y .  They do n o t  cons ider  t ime e f f e c t s ,  
i r r e g u l a r i t i e s  a t  t h e  borehole w a l l  t h a t  would con- 
c e n t r a t e  the  s t resses  and enhance f a i l u r e ,  o r  e x i s t -  
i n g  n a t u r a l  f r a c t u r e s .  Nor have we t r e a t e d  super- 
posed thennomechanical s t resses a r i s i n g  f rom c o o l i n g  
a borehole i n  h o t  count ry  rock.  
t o  d imin ish  t h e  d i f f e r e n t i a l  s t resses  a t  t h e  borehole 
w a l l  and s o  promote s t a b i l i t y .  

These would tend 

CONCLUSIONS 

Data f r o m  water -sa tura ted  specimens o f  t h e  grano- 
d i o r i t e  and andesi te ,  compared t o  room-dry counter-  
par ts ,  i n d i c a t e  (1) t h e  pore pressures a r e  e s s e n t i a l -  
l y  communicated throughout  each t e s t  specimen so t h a t  
they  are  f u l l y  e f f e c t i v e ;  ( 2 )  a t  Pe = 0 and 50 MPa 
[Pc and P o f  50 MPa and o f  100 and 50 MPa, respec- 
t i v e l y ]  t l e  g r a n o d i o r i t e  does n o t  water-weaken; ( 3 )  
a t  these same e f f e c t i v e  pressures t h e  more porous 
and f i n e r - g r a i n e d  andes i te  begins t o  e x h i b i t  water- 
weakening a t  about  600OC; ( 4 )  a t  P = 0 and 870-900°C 
t h e  a n d e s i t e ' s  s t r e n g t h  averages 26 MPa w h i l e  t h e  
s t r e n g t h  o f  d r y  specimens a t  t h e  same P and T exh i -  
b i t  a s t r e n g t h  o f  100 MPa, i . e . ,  s t r e n g t h  i s  reduced 
by a f a c t o r  o f  5; (5 )  a t  Pe = 50 MPa and 92OOC t h e  
a n d e s i t e ' s  wet  s t r e n g t h  i s  45 MPa compared t o  160 
MPa dry;  ( 6 )  t h e  b a s a l t  a t  Pe = 0, appears t o  be 
water-weakened a t  800°C; ( 7 )  d u c t i l i t y  o f  t h e  water- 
sa tura ted  specimens deformed a t  temperatures l e s s  
than t h a t  o f  m e l t i n g  e x h i b i t  u l t i m a t e  s t r e n g t h s  a t  
l e s s  than 2 percent  shor ten ing  and then work-sof ten 
a long f a u l t s ,  i .e . ,  l i k e  t h e i r  d r y  counterpar ts  t h e  
rocks remain b r i t t l e  up t o  t h e  onset  o f  m e l t i n g ;  
( 8 )  again as do t h e  d r y  counterpar ts ,  t h e  wet speci -  
mens deform p r i m a r i l y  by microscop ic  f r a c t u r i n g  
t h a t  coalesces i n t o  one o r  more macroscopic f a u l t s ;  
and (9 )  t h e  temperature f o r  i n c i p i e n t  m e l t i n g  o f  
t h e  andes i te  i s  decreased >15OoC i n  t h e  water-  
s a t u r a t e d  t e s t s .  

bo th  wet and d r y  specimens i n d i c a t e :  ( 1 )  c r y s t a l l i n e  
rocks should be d r i l l a b l e  because they remain b r i t t l e  
u n t i l  p a r t i a l  m e l t i n g  occurs, and p e n e t r a t i o n  r a t e s  
should inc rease w i t h  temperature because o f  a cor-  
responding decrease i n  b r i t t l e  f r a c t u r e  s t rength ;  
(2 )  boreholes i n  " w a t e r - f i l l e d "  ho les should be 
s t a b l e  t o  >10 km a t  temperatures <Tm; ( 3 )  i f  tempera- 
t u r e s  a r e  k e p t  t o  17OO0C, even open boreholes i n  
g r a n o d i o r i t e  a r e  a p t  t o  be s t a b l e  t o  >10 km; and 
( 4 )  open boreholes i n  t h e  andes i te  would be much 
l e s s  s t a b l e ,  and a t  s i m i l a r  temperatures would f a i l  
a t  2 t o  5-km depth. Work t o  date on i n t a c t  spec i -  
mens suggests i t  i s  s c i e n t i f i c a l l y  f e a s i b l e  t o  d r i l l  
t o  b u r i e d  magma chambers a t  depths t o  10 km. Bore- 
ho les can be s t a b i l i z e d  by keeping them as coo l  as 
p o s s i b l e  and s u b j e c t  t o  a borehole pressure equiva- 
l e n t  t o  t h a t  o f  a column o f  water  a t  25°C. 

E x t r a p o l a t i o n s  o f  s t r e n g t h  and d u c t i l i t y  d a t a  f o r  
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Figure  1 .  U l t i m a t e  s t r e n g t h  versus temperature f o r  
Charcoal Granod ior i te .  S o l i d  c i r c l e s  show data p o i n t s  
a t  c o n f i n i n g  pressures o f  0, 50, and 100 MPa f o r  
room-dry specimens. S o l i d  s t a r s  and squares show 
data p o i n t s  f o r  water -sa tura ted  specimens a t  Pe o f  
0 and 50 MPa, r e s p e c t i v e l y .  

MT. HOOD ANDESITE 
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Figure  2. U l t i m a t e  s t r e n g t h  versus temperature f o r  
M t .  Hood Andesite. S o l i d  c i r c l e s  show data f o r  room- 
d r y  specimens a t  c o n f i n i n g  pressures o f  0, 50, and 
100 MPa. S tars  and squares show data f o r  water -sa tur -  
a ted  specimens a t  Pe o f  0 and'50 MPa, r e s p e c t i v e l y .  
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Table 1 .  Experimental Data f o r  Warer-Saturated Charcoal Granod ior i te ,  Cuerbio Basa l t  and Ht.  Hood Andesi te Shortened a t  8 - l .  

Rock Type Conf in ing  Pore E f f e c t i v e  Temp. I'ean U l t imate  Shorteninq 
Stress St rength  a t  F a i l u r e  
(I.IPd) (MPa! 

and Pressure 
Specimen No. (MPa) 

CHARCOAL GRANOOIORITE 

280 IO0 

286 50 

287 50 
289 50 

291 50 

294 50 

308 50 

31 1 50 
320 100 

314 100 
31 7 100 

324 100 

CUERBIO BASALT 

296 50 
304 50 
307 50 

309 , 50 

310 50 

318 IO0 

MT. HOOD ANOESITE 

306 50 

290 50 

300 50 

30 I 50 

302 50 
303 50 

297 50 

305 50 

327 100 

319 IO0 
324 100 

312 100 

325 100 

Pressure Pressure 
(MPa! (MPd) ("C! 

_. 

100 
45 

45 

50 
50 
50 
50 

50 
50 

50 

50 

50 

50 

50 

50 

50 

50 

50 

50 

50 

50 
50 
50 
50 

50 

50 

50 
50 
50 
50 
50 

0 
5 

5 

0 
0 
0 
0 

50 0 

50 
50 50 

0 
0 

0 

0 
i) 

50 

0 
0 
0 

0 
0 
0 
0 
0 

50 

50 

50 
50 

50 

400 

460 

61 0 

740 

835 

945 

1015 

990 

61 5 
800 

900 

a i o  

41 5 
765 

916 

850 

945 

820 

615 
720 

800 

a45 

855 

870 
870 

580 

600 
610 

610 

745 

920 

CUERBIO BASALT 

t 

50 
50 

50 
35 

25 

20 

I 5  

15 

210 

I 7 0  
155 

174 

a5 

80 

30 

45 

20 

110 

35 

25 

25 

20 
15 

10 

0 

IO 

120 

I25 
115 

85 

65 

150 

I50 
150 

100 
75 

55 
40 

40 

485 
360 

i 315 

372 

255 

235 

90 

135 

60 

I80 

IO5 
70 

70 

55 
40 

35 

5 

25 

205 

225 

190 

110 

45 

r- 
Wet Tests 

Pa = 50 MPa I- 'e, 

- _  

Wet Tests 
Pa = o  

0 Unconfined 

R=50 MPa 

0 200 400 600 800 x)OO 
TEMPERATURE ("C) 

- 

0. 7  

1.0 

I .o 
0.9 

0.6 

0 .4  

1.3 

1.7 

1.6 

1 .5  

0.6 
0.8 

0.9 

0.3 

0. I 

1 .o 

0.6 
0.6 
0.6 
0.8 

0.8 

0.8 
1 .o  
0.7 

I .5 

2.0 

3.2 

3.4 

3.1 

Shattered, dork-softened t o  50 MPa a t  1.9% shor ten ing  

E = 2 3 0 '  ]Heated a t  d i f f e r e n t i a l  s t r e s s  o f  150 MPa u n t i l  specimen f a i l e d .  
Shat te red  

Shattered. m r k - s o f t e n e d  a long mu1 t i p l e  f rac tu res  t o  45 MPa a t  2.7% shortening. 

E = 34', work-softened a long f a u l t  t o  15 MPa a t  2.5% shortening. 

E = 34'. work-softened a long f a u l t  t o  1 5  MPa d t  2.1X shortening. no ~ m l t i n g .  

Shattered, m r k - s o f t e n e d  a long f a u l t  t o  25 HPa a t  3.2% shor ten ing  p a r t l 3 l l y  m e l t i n g .  

Shattered. 

Shattered, e = 36" ( b e s t  f a u l t ) .  

Shattered, e * 34' ( b e s t  f a u l t ) .  

Shattered, specimen he ld  a t  T = 810°C 45 minutes p r i o r  t o  a p p l i c a t i o n  of 
d i f f e r e n t i a l  s t ress .  

e = 27".  

Shattered, work-softened a long m u l t i p l e  f rac tu res  t o  115 MPa a t  1.7% shortening. 

Shattered. work-softened w i t h  s t i c k - s l i p  t o  135 MPa a t  2.5% shortening. 
Shattered. work-softened a long m u l t i p l e  f rac tu res  t o  60 MPa a t  3.44, shortening. 

Shattered. 

Shattered, work sof tened a long m u l t i p l e  f rac tu res  t o  45 MPa a t  2.71 shortening. 

Shattered, B = 35' l b e s t  f a u l t )  

Shatterea, uork-softened a long m u l t i p l e  f rac tu res  t o  25 MPa a t  1.8% shortening. 

Shattered, work-softened a long m u l t i p l e  f rac tu res  t o  25 MPa a t  2.0% shortening. 

Shattered, work-softened a long m u l t i p l e  f rac tu res  t o  20 MPa a t  3.5% shortening. 

Shattered, ,*ork-softened a long m u l t i o l e  f rac tu res  t o  15 fiPa a t  4.0% shortening. 

Shattered, work-softened a long m u l t i p l e  f rac tu res  t o  1 5  MPa a t  4.3: shortening. 

Shattered, work-softened a long m u l t i p l e  f rac tu res  t o  20 MPa a t  3 . 1 %  shortening. 

D u c t i l e .  no f r a c t u r i n g  o r  f a u l t i n g .  t o t a l  shor ten ing  2.8% Defore t e s t  stopped. 

Shattered, work-softened a long m u l t i p l e  f rac tu res  t o  IO MPa a t  2.5% 
shortening, i n c i p i e n t  m e l t i n g  ( ? )  

Shattered. work-softened a long m u l t i p l e  f rac tu res  t o  195 MPa a t  3.5Z shortening. 

Shattered, work-softened a long mu1 t i p l e  f rac tu res  t o  215 MPa a t  4.1% shortening. 

Shattered, work-softened a long m u l t i p l e  f rac tu res  t o  190 MPa a t  3.2% shor ten ing .  

Ductile, no f a u l t s  t o  3.5% shor ten ing  i n c i p i e n t  me l t ing .  

D u c t i l e .  no f a u l t s  t o  3.3: shor ten ing  i n c i p i e n t  m e l t i n g .  

-, 
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Figure 3 .  
for Cuerbio Basalt.  Solid and open c i r c l e s  show data 
for room-dry specimens a t  confining pressures of 0, 
50, and 100 MPa. Solid stars  and squares show data 
for water-saturated specimens a t  Pe  = 0 and 50 MPa, 

U 1  timate strength versus temperature Figure 4 .  Failure surface for room-dry MHA i n  
three dimensions to be compared with similar data 
plotted i n  two dimensions (Figure 5 ) .  Differential 
and mean s tress  are plotted for 25" ( s o l i d  d o t ) ,  400" 
( c r o s s ) ,  700' (open c i r c l e ) ,  and 960-100OO (open 

respectively.  square). 
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Figure 5. Failure surfaces for room-dry ( l i gh t  
gray) and water-saturated (cross-hatched) specimens 
of M t .  Hood Andesite. 
the fa i lure  surface upwards toward lower mean- and  
di fferenti  a1 -stress levels . 

Water-weakening has translated 
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Figure 6 .  Diagram shows in three dimensions the 
fa i lure  surface for room-dry M t .  Hood Andesite and 
two se t s  of borehole stresses ( I  and 11). Failure 
surface intersects o n l y  one loci of borehole stresses 
( I )  a t  depths of 4 . 9 ,  4.0,  3.0, and  1.8 km for 
temperatures o f  25",  400°, 700°, and 960-1O0O0C, 
respectively. 
gradient o f  the borehole stresses,  which i s  fixed 
for each se t  of assumptions. 

These depths are determined from the 
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Figure 7 .  Assessment of borehole s t ab i l i t y  in 
water-saturated Charcoal Granodiorite a t  Pe of 0 
( so l id  dots) and 50 MPa ( so l id  s t a r s ) .  
correspond t o  data located imnediately to l e f t .  
borehole-stress loci and  the i r  corresponding depth 
scales are given. Failure i s  expected when a l ine  
connecting d a t a  for a given temperature intersects 
a borehole s t ress  locus. 
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Figure 8.  Assessment of borehole s t ab i l i t y  in 
water-saturated M t .  Hood Andesite a t  Pe = 0 ( so l id  
c i rc les )  and 50 MPa (solid s t a r s ) .  Details are 
same as those in Figure 7 .  



DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the 
United States Government. Neither the United States Government nor any agency 
thereof, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal liability or responsibility for the accuracy, completeness, or use- 
fulness of any information, apparatus, product, or process disclosed, or represents 
that its use would not infringe privately owned rights. Reference herein to any spe- 
cific commercial product, process, or service by trade name, trademark, manufac- 
turer, or otherwise does not necessarily constitute or imply its endorsement, recom- 
mendation, or favoring by the United States Government or any agency thereof. 
The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof. 
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