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FUNDAMENTAL GEOSCIENCES 

INTROD UCTlON 

The second major  program inc ludes  f o u r  pro- 
which i n v o l v e  p r e c i s e  measurements and 

geosciences r e l a t i n g  t o  geothermal energy, t h e  
development o f  t echn iques  f o r  p r e c i s e  measurement 
o f  p h y s i c a l  and chemical p r o p e r t i e s  of g e o l o g i c a l  
m a t e r i a l s  i n  o r d e r  t o  understand g e o l o g i c a l  
phenomena, and a developmental program t h a t  i n -  
c ludes  new and p r o m i s i n g  geoscience s t u d i e s  w i t h  
a v a r i e t y  o f  a p p l i c a t i o n s  i n  energy resource  
development. / The geoscience program r e l a t i n g  t o  geothermal 
energy c o n s i s t s  o f  f o u r  p r o j e c t s .  I n  t h e  p r o j e c t  
on r e s e r v o i r  dynamics, s o p h i s t i c a t e d  codes have 
been w r i t t e n  t o  s i m u l a t e  t h e  dynamics o f  hea t  f l o w  
i n  geothermal r e s e r v o i r  systems. These codes have 
a l s o  been a p p l i e d  t o  t h e  i n v e s t i g a t i o n s  o f  n a t u r a l  
a q u i f e r s  as a s t o r a g e  system f o r  thermal  energy. 
I n  t h e  second p r o j e c t ,  c o r e  samples a r e  s t u d i e d  t o  
de te rm ine  t h e  h i g h  temperature and h i g h  p ressu re  
behavior  o f  a q u i f e r s  i n  t h e  presence o f  s a t u r a t i n g  
f l u i d s .  The t h i r d  p r o j e c t  cove rs  t h e  sys temat i c  
e v a l u a t i o n  o f  t h e  thermodynamic p r o p e r t i e s  o f  
e l e c t r o l y t e s  i n  o r d e r  t o  i n t e r p r e t  t h e  behavior  o f  
geothermal f l u i d s .  The f o u r t h  p r o j e c t  i n v o l v e s  
hvdrothermal  s o l u b i l i t v  measurements o f  v a r i o u s  

a n a l y s i s  o f  p h y s i c a l  and chemical p r o p e r t i e s  o f  
g e o l o g i c  m a t e r i a l s .  These i n c l u d e  measurements 
o f  t h e  thermodynamic p r o p e r t i e s  ( v i s c o s i t y ,  d e n s i t y  
and hea t  c a p a c i t y )  o f  s i l i c a t e  m a t e r i a l s  t o  he lp  
understand magma genesis  and e v o l u t i o n ,  h igh -  
p r e c i s i o n  neu t ron  a c t i v a t i o n  a n a l y s i s  o f  r a r e  and 
t r a c e  elements i n  magmatic m a t e r i a l s ,  and t h e  
p r e c i s e  measurement o f  se i sm ic  wave v e l o c i t i e s  near 
g e o l o g i c a l  f a u l t s ,  i n  o r d e r  t o  de te rm ine  t h e  b u i l d -  
up o f  s t r e s s  i n  t h e  e a r t h ' s  c r u s t .  Suppor t  i s  a l s o  
p rov ided  f o r  t h e  N a t i o n a l  Geothermal I n f o r m a t i o n  

% T h i r d ,  t h e  development program i n  fundamental 
geosciences i nc ludes  s i x  i n n o v a t i v e  p r o j e c t s  pro- 
v i d i n g  techn iques  a p p l i c a b l e  t o  energy resource  
development. These p r o j e c t s  i n c l u d e  research  i n  
t h e  i n  s i t u  l each ing  o f  uranium ore,  p r o p e r t i e s  of  
magmas, removal o f  p y r i t e  from coa l ,  p r o p e r t i e s  of  
s o i l s  and s o f t  rocks,  s t r e s s  f l o w  behavior  o f  
f r a c t u r e d  r o c k  systems, and h i g h - p r e c i s i o n  mass 

m i n e r a l s  t o  e l u c i d a t e  t h e  chemis t r y  and mass 
t r a n s f e r  i n  geothermal systems. 

spect rometry .  

of t h e  a u t h o r s  dur  

e r a t u r e  t o  
rnation i n  

CONSTITUTIVE LAWS 
(2) 

zone. O r ,  i n  a g e n e r a l i z e d  fashion,  
r e s e r v o i r .  Whi le  f l u i d  
p ressu re  changes, t h e  s 
caused by t h e  s t r e s s  ch 
model ing f l u i d  f l o w  i n  
mental n e c e s s i t y  i s  t h e  
l a t i o n  between pore-pre 
f e c t i v e  s t r e s s  ( s k e l e t a  
s a t u r a t e d  systems it i s  

=p- $Pug 

where UI i s  t h e  e f f e c t i v e  s t r e s s ,  a 
s t r e s s ,  JI i s  t h e  pore-pressure head 
d e n s i t y  o f  water, and g i s  t h e  g r a v  
s t a n t .  

( 1 )  

i s  t h e  t o t a l  
p, i s  t h e  

t a t i o n a l  con- 

( 3 )  

g a n i c  s o i l s .  

The a f o r e s a i d  concepts were d iscussed i n  a 
p r e s e n t a t i o n  e n t i t l e d ,  "The S i g n i f i c a n c e  o f  t h e  

1 . 



2 

Storage Parameter i n  Saturated-Unsaturated Flow" 2 
presented b e f o r e  t h e  American Geophysical Union. 

CHEM I CAL TRANSPORT 

The t r a n s p o r t  o f  r e a c t i v e  o r  n o n - r e a c t i v e  
species i n  f l o w i n g  groundwater i s  o f  fundamental 
i n t e r e s t  i n  many branches o f  e a r t h  sc iences (e.g., 
r a d i o a c t i v e  waste d i sposa l  and geothermal r e i n -  
j e c t i o n ) .  K a t h e m a t i c a l l y  t h e  mechanism o f  chemi- 
c a l  t r a n s p o r t  i s  c u s t o m a r i l y  s imu la ted  by t h e  con- 
v e c t i v e - d i f f u s i o n  equa t ion  o f  t h e  form 

where D i s  a d i f f u s i o n  c o e f f i c i e n t ,  v i s  t h e  pore- 
v e l o c i t y  o f  t h e  f l u i d  and C i s  c o n c e n t r a t i o n .  
Wh i le  t h e  numer ica l  s i m u l a t i o n  o f  ( 4 )  i s  g e n e r a l l y  
s a t i s f a c t o r y  when D i s  l a r g e  (i.e., d i f f u s i o n  
dominates convec t i on ) ,  t h e  s o l u t i o n s  a r e  a f f e c t e d  
s i g n i f i c a n t l y  by numer ica l  d i s p e r s i o n  when D i s  
r e l a t i v e l y  smal l  (convect ion-dominated systems). 
Recent f i e l d  i n v e s t i g a t i o n s  seem t o  suggest t h a t  
many f i e l d  s i t u a t i o n s  may be c h a r a c t e r i z e d  by low 
d i f f u s i o n .  Therefore,  a b i l i t y  t o  s u c c e s s f u l l y  
handle convect ive-dominated d i f f u s i o n  problems i s  
o f  c o n s i d e r a b l e  p r a c t i c a l  i n t e r e s t .  

A s tudy  o f  t h e  f o r m u l a t i o n  o f  t h e  c o n v e c t i v e  
d i f f u s i o n  equa t ion  suggested t h a t  r e f o r m u l a t i n g  
t h e  problem d i r e c t l y  i n  an i n t e g r a l  form and re -  
examin ing t h e  s o l u t i o n  procedure w i l l  g r e a t l y  h e l p  
m in im ize  t h e  problem o f  numer ica l  d i s p e r s i o n .  
Acco rd ing l y ,  work was commenced d u r i n g  t h e  summer 
o f  1977 t o  s o l v e  t h e  one-dimensional c o n v e c t i v e  
d i f f u s i o n  equa t ion  by i n t e g r a l  methods. By t h e  end 
o f  summer, t h e  p r e l i m i n a r y  c a l c u l a t i o n a l  model was 
developed and f a v o r a b l e  comparisons achieved w i t h  
a n a l y t i c a l  s o l u t i o n s  o f  low d i f f u s i o n  problems. 

LAND SUBS I DENCE 

compaction i n  isotherma l5  as we1 I as non-iso- 
therma l 4  systems have a I ready been developed a t  
LBL. These models, however, do n o t  i n c l u d e  t h e  
p ropaga t ion  o f  r e s e r v o i r  de fo rma t ion  t o  t h e  land 
s u r f a c e  th rough  t h e  overburden, e s p e c i a l l y  when 
t h e  r e s e r v o i r  i s  b u r i e d  a t  a g r e a t  depth. I f  we 
recogn ize  t h a t  r e s e r v o i r  de fo rma t ion  i s  p r i m a r i l y  
caused by t h e  i n t e r n a l  l oad ing  process o f  pore- 
p ressu re  wi thdrawal  and t h a t  t h e  overburden de- 
forms a r e  t h e  boundary d isp lacements imposed a t  
t h e  rese rvo i r -ove rbu rden  boundary, i t  becomes 
apparent  t h a t  an e f f i c i e n t  and economic way o f  
model ing land subsidence 4s t o  employ a dual  model 
u s i n g  t h e  e x i s t i n g  models ,4 (wh ich  have been 
found so ve ry  w e l l  s u i t e d  f o r  r e s e r v o i r  deforma- 
t i o n )  f o r  s i m u l a t i n g  t h e  r e s e r v o i r  and use t h e  
more genera l  (and expensive)  n o n - l i n e a r  f i n i t e  
e lement  models f o r  s i m u l a t i n g  t h e  overburden 
deformat ion.  Acco rd ing l y ,  work was i n i t i a t e d  
d u r i n g  t h e  second h a l f  o f  t h e  year on a ve ry  
genera l  pseudo-e las t i c  f i n i t e  e lement  model f o r  
overburden deformat ion.  By t h e  end o f  t h e  year, 
t h i s  model, developed by W.N. Houston and A.G. 
Kasim o f  t h e  Department o f  C i v i l  Engineer ing,  
U n i v e r s i t y  o f  C a l i f o r n i a  a t  Berke ley,  was be ing  
used f o r  pa ramet r i c  s t u d i e s  on a two- layered sys- 
tem. The r e s u l t s  a r e  s l a t e d  t o  be presented i n  

Numerical models f o  s i m u l a t i n g  r e s e r v o i r  

t h e  Eng ineer ing  Research Conferences o f  t h e  Ameri- 
can S o c i e t y  o f  C i v i l  Engineers, Pensacola, F l o r i d a ,  
January, 1978. 

FLOW I N FRACTURED POROUS MED I A 

I t  i s  known from f i e l d  exper ience  t h a t  many 
geothermal w e l l s  and deep waste d i sposa l  w e l l s  may 
be i n t e r s e c t e d  by n a t u r a l  o r  a r t i f i c i a l  f r a c t u r e s .  
Although, i n  genera l ,  t h e  r e s e r v o i r  c o u l d  be 
i d e a l i z e d  as a porous medium, t h e  f r a c t u r e s  may 
so dominate t h e  f l o w  near t h e  w e l l  t h a t  due con- 
s i d e r a t i o n  w i l l  have t o  be g i ven  i n  model ing t h e  
p ressu re  t r a n s i e n t  behavior  o f  such w e l l s .  
I i t e r a t u r ~ ,  a n a l y t i c  t echn iques  (e.g. t h e  Gree;'s 6 
f u n c t i o n s  ) as  w e l l  as s e m i - a n a l y t i c  t echn iques  
have been used t o  s tudy f l ow  t o  f r a c t u r e d  w e l l s .  
However, t hese  techn iques  a r e  l i m i t e d  by t h e  con- 
s t r a i n t s  imposed on a n a l y t i c  s o l u t i o n s .  I n  o r d e r  
t o  be a b l e  t o  handle a r b i t r a r i l y  complex problems, 
t h e  numer ica l  model d veloped e a r l i e r  by Narasim- 
han and W i t h e r ~ p o o n ~ , ~  was appl i e d  t o  t h e  s tudy o f  
near-wel l  f l ow  phenomena i n  w e l l s  i n t e r c e p t e d  by 
f i n i t e  c o n d u c t i b i l i t y  v e r t i c a l  f r a c t u r e s .  The 
v a l i d i t y  o f  t h e  model was s u c c e s s f u l l y  v e r i f i e d  by 
comparison w i t h  known a n a l y t i c  and s e m i - a n a l y t i c  
s o l u t i o n s .  The a b i l i t y  o f  t h e  model t o  hand le  
we l l -bo re  s to rage  and deformable f r a c t u r e s  was 
a l s o  v e r i f i e d .  

I n  t h e  

NUMERICAL M3DELING OF THE NON-LINEAR DIFFUSION 
EQUAT I ON 

The mathematical s i m u l a t i o n  o f  groundwater 
systems leads t o  t h e  c o n s i d e r a t i o n  o f  a non - l i nea r ,  
p a r a b o l i c  d i f f e r e n t i a l  equa t ion  o f  t h e  form 

( 5 )  

where K i s  p e r m e a b i l i t y ,  $ i s  p o t e n t i a l  and S i s  
t h e  s t o r a g e  c o e f f i c i e n t .  I t  i s  w e l l  known t h a t  , 

equa t ion  ( 5 )  c o u l d  be n u m e r i c a l l y  so l ved  u s i n g  t h e  
method o f  f i n i t e  d i f f e r e n c e s ,  i n t e g r a t e d  f i n i t e  9 
d i f f e r e n c e s ,  o r  f i n i t e  elements. I t  was shown 
by Narasimhan e t  a l .  t h a t  one c o u l d  maximize t h e  
advantages o f  t h e  i n t e g r a t e d  f i n i t e  d i f f e r e n c e s  
and t h e  f i n i t e  elements by combining them i n t o  a 
s i n g l e  a l g o r i t h m  i n  which t h e  conductance m a t r i x  
i s  formed us ing  t h e  f i n i t e  e lement  approach, and 
t h e  s o l u t i o n  process i s  c a r r i e d  o u t  u s i n g  t h e  
mixed e x p l i c i t - i m p l i c i t  s t r a t e g y  used i n  t h e  i n t e -  
g r a t e d  f i n i t e  d i f f e r e n c e  scheme. D u r i n g  f i s c a l  

subsur face hydro logy problems was demonstrated. 
I n  a d d i t i o n  work was i n i t i a t e d  i n  t h e  summer t o  
prepare a users!  gu ide  ( w i t h  examples) f o r  t h e  new 
a l g o r i t h m s  ( c a l l e d  FLUMP); t h i s  work was c o n t i n u -  
i ng  a t  t h e  end o f  t h e  year. 

1977, t h e  a p p l i c a b i l i t y  o f  t h e  new approach t o  10 

PLANNED ACTIVITIES 

D u r i n g  1978, t h e  users!  gu ide  f o r  FLUW i s  ex- 
pected t o  be completed. Research work on a l l f i t h e  
o t h e r  aspects  r e f e r r e d  t o  above w i l l  be cont inued.  
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THERMAL ENERGY STORAGE IN AQUIFERS 
C. F.  Tsang and M .  I .  Lippmann 

I NTRODUCT I ON 

The development o f  p r a c t i c a l  and low-cost 
methods f o r  s t o r i n g  l a r g e  amounts o f  thermal  
energy i s  o f  fundamental importance f o r  t h e  
u t i l i z a t i o n  o f  s o l a r  energy as w e l l  as t h e  imple- 
men ta t i on  o f  t o t a l  energy systems. The b a s i c  
f u n c t i o n  o f  a s t o r a g e  system i s  t o  a c t  as a b u f f e r  
between t i m e - v a r y i n g  energy i n p u t s  and thermal  
and/or power demands. The purpose o f  t h e  p r e s e n t  
p r o j e c t  i s  t o  s tudy  t h e  f e a s i b i l i t y  o f  s t o r i n g  h o t  
water i n  n a t u r a l  a q u i f e r s  underground. The pur- 
pose i s  t o  understand t h e  hydrodynamic and thermal  
behavior  of an a q u i f e r ,  t o  e s t i m a t e  t h e  e f f i c i e n c y  
o f  thermal  s t o r a g e  and r e t r i e v a l ,  and t o  suggest 
op t ima l  arrangements f o r  implementation. 

.Aqu i fe rs  a r e  g e o l o g i c  fo rma t ions  t h a t  c o n t a i n  
and conduct  water. They a r e  found a t  depths 
r a n g i n g  from a few meters t o  seve ra l  k i l omete rs .  
Conf ined a q u i f e r s  a r e  those  bounded above and be- 
low by impermeable l a y e r s  and s a t u r a t e d  w i t h  
water under pressure.  For many years such aqu i -  
f e r s  have been used f o r  l i q u i d  waste d i sposa l  and 
f o r  s t o r i n g  f r e s h  water, o i l  products ,  and gas. 
However, t h e i r  use f o r  h o t  water s t o r a g e  i s  a r e -  
l a t i  e l y  new c ncep t  suggested by obbimov e t  
al.,Y Kazmann,' and Meyer and Todd' i n  t h e  e a r l y  
1970's. 

The p h y s i c a l  b a s i s  o f  t h e  concept  o f  s t o r i n g  
h o t  or c o l d  water i n  a q u i f e r s  l i e s  i n  : ( 1 )  t h e  
low thermal  c o n d u c t i v i t i e s  of caprock and bedrock 
m a t e r i a l s ,  (2) t h e  a ge volumes o f  many a q u i f e r s  
( o f  t h e  o r d e r  o f  10 m 1, and ( 3 )  t h e  c a p a b i l i t y  o f  
s t o r i n g  water under h i g h  pressures.  To e s t i m a t e  

?4 
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t h e  f e a s i b i l i t y  and e f f i c i e n c y  o f  such a s t o r a g e  
system, t h e  behavior  d u r i n g  i n j e c t i o n  and w i t h -  
drawal c y c l e s  must be understood, such as: ( 1 )  
thermal  behavior  o f  and h e a t  loss f rom t h e  system 
d u r i n g  success ive c y c l e s  o f  o p e r a t i o n ;  (2) pres-  
su re  d i s t r i b u t i o n  i n  t h e  a q u i f e r  d u r i n g  t h e  pro-  
cess; and ( 3 )  rock -wa te r  chemical r e a c t i o n s  and 
t h e  r e s u l t i n g  change i n  a q u i f e r  p e r m e a b i l i t y .  

I t  i s  o n l y  r e c e n t l y  t h a t  s o p h i s t i c a t e d  compu- 
t e r  models have been developed t o  s tudy  these  
q u e s t i o n s  u s i n g  t h e  proper  p h y s i c a l  c o n d i t i o n s  and 
parameters, and t o  make r e a l i s t i c  p r e d i c t i o n s  o f  
t h e  energy recove ry  e f f i c i e n c y  o f  a q u i f e r  s t o r a g e  
systems. F r hermore, p h y s i c a l  models and f i e l d  

concept. These w i l l  n o t  o n l y  p r o v i d e  da ta  t o  
v e r i f y  numer ica l  models, b u t  a l s o  g i v e  an i nd i ca -  
t i o n  o f  t h e  f e a s i b i l i t y  and p o s s i b l e  problems t h a t  
may be encountered d u r i n g  t h e  implementat ion of  
t h e  a q u i f e r  s t o r a g e  concept. 

THIS YEAR'S ACTIVITIES 

exper iments 8,s have been i n i t i a t e d  t o  t e s t  t h i s  

I n  t h i s  p r o j e c t ,  which was s t a r t e d  December 
1976, we made use o f  a numer ica l  model developed 
a t  t h e  LBL t o  i n v e s t i g a t e  h o t  and c h i l l e d  water 
s torage.  The numer ica l  model employed i s  c a l l e d  
"CCC" which s t a n  s f o r  T o n d u c t i o n ,  Convection, 
and Compaction." g,7 I t  i s  based on he so-cal led 
i n teg ra ted - f  i n  i te -d  i f fe rence  method.' The mode I 
computes h e a t  and mass f l o w  i n  three-d imensional  
wa te r -sa tu ra ted  porous systems. Concurrent  w i t h  
t h e  mass and energy f low,  t h e  v e r t i c a l  de fo rma t ion  
o f  t h e  a q u i f e r  system i s  s imu la ted  u s i n g  t h e  
d imensional  c o n s o l i d a t i o n  t h e o r y  o f  Terzaghi .  8"- 



4 

Thus t h e  f o l l o w i n g  p h y s i c a l  e f f e c t s  can be in-  
c luded  s imu l taneous ly  i n  t h e  same c a l c u l a t i o n s .  

* Flow o f  h o t  and c o l d  water  w i t h  l a r g e  
v i s c o s i t y  and d e n s i t y  d i f f e r e n c e s  

* E f f e c t s  o f  temperature on r o c k  and 
p r o p e r t i e s  (e.g., h e a t  capac i t y ,  v 
and d e n s i t y )  

* Heat  convec t i on  and conduc t ion  i n  
f e r ,  caprock and bedrock 

E f f e c t s  o f  g r a v i t y  on f l u i d  f l o w  

E f f e c t s  o f  r e g i o n a l  groundwater f l  

f l u i d  
scos i t y ,  

he aqui -  

W 

. Combined e f f e c t s  o f  many i n j e c t i o n  and 
wi thdrawal  c y c l e s  

S p a t i a l  v a r i a t i o n s  i n  a q u i f e r  p r o p e r t i e s .  

P o s s i b l e  compaction and t h e  assoc ia ted  land 
subsidence due t o  p ressu re  changed d u r i n g  
t h e  i n j e c t i o n - w i t h d r a w a l  h i s t o r y  

F i v e  d i f f e r e n t  cases have been s tud ied :  

1.  Ho t  water d a i l y  s to rage :  h o t  water i s  
i n j e c t e d  f o r  12 h r  d u r i n g  dayt ime and 
produced f o r  12 h r  d u r i n g  n i g h t t i m e .  

2. Hot  water  seasonal s torage,  semiannual 
c y c l e :  h o t  water i s  s t o r e d  i n  s p r i n g  for 
90 days, pumped t o  use f o r  a i r - c o n d i -  
t i o n i n g  i n  summer f o r  90 days, t hen  h o t  
water  i s  aga in  s t o r e d  i n  autumn f o r  90 
days and f i n a l l y  pumped o u t  t o  use f o r  
h e a t i n g  i n  w i n t e r  f o r  90 days. 

3. Ho t  water seasonal s torage,  annual c y c l e :  
h o t  water  i s  s t o r e d  i n  summer for 90 days 
and used f o r  90 days i n  w i n t e r  f o r  
hea t ing .  There i s  no i n j e c t i o n  o r  pro- 
d u c t i o n  d u r i n g  s p r i n g  o r  f a l l .  

4. C h i l l e d  water  seasonal s to rage :  c h i l l e d  
water  ( a t  4OC) i s  s t o r e d  i n  w i n t e r  f o r  90 
days and produced f o r  90 days i n  summer 
t o  be used for a i r - c o n d i t i o n i n g .  There 
i s  no i n j e c t i o n  o r  p r o d u c t i o n  d u r i n g  
s p r i n g  o r  f a l l .  

5. A two-wel l  ( d o u b l e t )  system: d u r i n g  
s t o r a g e  pe r iod ,  water i s  produced from 
w e l l ,  heated and then  i n j e c t e d  i n t o  t h e  
o t h e r  one; d u r i n g  t h e  u t i  I i z a t i o n  pe r iod ,  
h o t  water i s  r e t r i e v e d  f rom t h e  l a t t e r  
and t h e  cooled, used water i s  i n j e c t e d  
back i n t o  t h e  former. 

The r a t e s  of  i n j e c t i o n  and p r o d u c t i o n  a r e  k e p t  t h e  
same, equal t o  lo6 kg/day. 

The i n i t i a l  t empera tu re  o f  t h e  a q u i f e r  i n  a l l  
cases i s  assumed t o  be 20°C. 
3 we have performed c a l c u l a t i o n s  w i t h  i n j e c t i o n  
tempera tu re  T i  assumed t o  be 120°C, 22OoC, and 
32OoC. I t  appears t h a t  t h e  tempera tu re  o f  t h e  
produced water f o r  d i f f e r e n t  i n j e c t i o n  tempera- 
t u r e s  approx ima te l y  s c a l e s  a c c o r d i n g  t o  t h e  f a c t o r  

For Cases 1 t h rough  

( T i  - To). 
pe ra tu re ,  4OC, has been used. Some t y p i c a l  re -  

10 su I t s  a r e  shown be low. 

For  Case ( 4 ) ,  o n l y  one i n j e c t i o n  tem- 

For  Case 2, seasonal s torage,  semiannual 
cyc le ,  we have performed c a l c u l a t i o n s  n o t  o n l y  f o r  
a w e l l  f u l l y  p e n e t r a t i n g  t h e  a q u i f e r  ( t h i c k n e s s  
100 m )  b u t  a l s o  f o r  a w e l l  p a r t i a l l y  p e n e t r a t i n g  
t h e  a q u i f e r  f o r  50 m. F i g u r e  1 d i s p l a y s  t h e  tem- 
p e r a t u r e  con tou rs  w i t h i n  t h e  a q u i f e r  f o r  t h e  par-  
t i a l  p e n e t r a t i o n  case ( 1 )  a t  t h e  end o f  t h e  i n j e c -  
t i o n  p e r i o d  o f  t h e  f i r s t  c y c l e  and (2) a t  t h e  end 
o f  t h e  p r o d u c t i o n  p e r i o d  o f  t h e  same c y c l e .  The 
thermal f r o n t  i s  n o t  sharp due t o  h e a t  conduc t ion  
w i t h i n  t h e  a q u i f e r  and w i t h i n  t h e  c o n f i n i n g  beds. 

F i g u r e  2 r e p r e s e n t s  t h e  p r o d u c t i o n  tempera- 
t u r e  a t  t h e  w e l l  d u r i n g  t h e  p r o d u c t i o n  p e r i o d  f o r  

CYCLE I :  PARTIAL PENETRATION 

T,,, * 2200 c 
AR = 2 m  ; H * l o o m  

Isotherms a f t e r  90 days 
I n j e c t i o n  ( t = l 8 0 )  

Zone 

RADIAL DISTANCE (m) 

0 IO 20 30 40 50 60 70 80 

XBL777-9715 

I I 

F i g u r e  1 .  Temperature c o n t o u r s  i n  t h e  a q u i f e r  a f -  
t e r  90 days o f  i n j e c t i o n  and a f t e r  90  days of pro-  
d u c t i o n  i n  C y c l e  1,  f o r  t h e  case o f  semiannual 
cyc le ,  seasonal s torage.  The w e l l  pene t ra tes  t h e  
upper 50 m o f  t h e  a q u i f e r .  Numbers l a b e l i n g  t h e  
con tou rs  a r e  i n  degrees C e l s i u s .  

0' io i o  3b 4b i o  Bo 70 l o  9! 
DAYS OF PRODUCTION 

X B L 7 7 7 9 7 1 4  

F i g u r e  2. Temperature a t  t h e  w e l l  versus produc- 
t i o n  t i m e  f o r  each c y c l e .  The case shown i s  for 
seasonal s to rage  w i t h  semiannual cyc le ;  w e l l  f u l l y  
p e n e t r a t e s  t h e  a q u i f e r .  
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Tab le  1. Summary o f  r e s u l t s :  semiavnual c y c l e s  w i t h  f u l l  p e n e t r a t i o n .  

CYCLE 

1 2 3 4 5 

Energy i n j e c t e d ,  j o u l e s  5 . 7 1 ~ 1 0 ~ ~  5 . 7 1 ~ 1 0 ~ ~  5 . 7 ~ 1 0 ~ ~  5 . 7 1 ~ 1 0 ~ ~  5.7 1x10 l 3  

Energy recovered, j o u l e s  4.96~ 10’ 5 . 0 9 2 ~ 1 0 ~ ~  5.144~10 l 3  5 . 1 8 ~ 1 0 ~ ~  5 . 2 ~ 1 0 ~ ~  
b 

Energy loss from a q u i f e r ,  5.34~10” 6.81~10~’ 7.7~10~’ 8.41~10~’ 9.1XlO’l 
j o u  I es 

Energy d i f f u s e d  t o  h e a t  7 . 1 0 ~ 1 0 ~ ~  5 .5x101 4.9~10~’ 4.46~10 4 .2x101’ 
up a q u i f e r ,  j o u l e s  

Percentage o f  energy 
b recovered 

86.8 89.2 90 -0 90.7 91.1 

P r o d u c t i o n  tempera tu re  124 
a t  end o f  cyc le ,  OC 

139 147 151 155 

Ful  I p e n e t r a t i o n :  1 C y c l e  = 180 days, T i  = 220°C, To = 20°C, Q = 1 x lo6 kg/day, H = 100 m, 
AR = Zm, no. o f  l a y e r s  = 4. 

success ive c y c l e s  f o r  t h e  case o f  semiannual c y c l e  
w i t h  f u l l  p e n e t r a t i o n .  The recove ry  tempera tu re  
i s  increased f o r  each success i ve  c y c l e  as t h e  aqui -  
f e r  i s  heated up, making i t  a more e f f i c i e n t  h o t  
water  s to rage  system. The process w i l l  r each  
q u a s i - e q u i l i b r i u m  when l a t e r  c y c l e s  do n o t  change 
t h e  tempera tu re  a p p r e c i a b l y .  

The r e s u l t s  f o r  semiannual c y c l e s  w i t h  f u l l  
p e n e t r a t i o n  a r e  summarized i n  T a b l e  1. I t  can be 
seen t h a t  t h e  energy recovered ( w h i c h  may be c a l -  
c u l a t e d  from t h e  i n t e g r a l  o f  temperature over  t i m e  
i n  F ig .  2 )  improves w i t h  each success ive cyc le .  
The h e a t  l o s t  i s  a l s o  shown and i s  two o r d e r s  o f  
magnitude s m a l l e r  t han  t h e  energy recovered. The 
d i f f e r e n c e  between energy i n j e c t e d  and recovered 
i s  t h e  energy d i f f u s e d  t o  h e a t  up t h e  a q u i f e r ,  
making i t  a b e t t e r  s t o r a g e  system f o r  t h e  f o l -  
lowing c y c l e .  The l a s t  l i n e  g i v e s  t h e  minimum 
recovery  temperature d u r i n g  p roduc t i on .  T h i s  
corresponds t o  t h e  lowest  t empera tu re  found a t  
t h e  end o f  each p r o d u c t i o n  per iod,  as shown i n  
F i g u r e  2. 

For Cases 1 t h rough  3 t h e  percentage of 
energy recovered (i.e., recovered energy d i v i d e d  
by t o t a l  i n j e c t e d  energy)  d u r i n g  each .cyc le  i s  
p l o t t e d  a g a i n s t  c y c l e  number i n  F i g u r e  3; t h e  
va lues  shown i n  F i g u r e  3 a r e  s u r p r i s i n g l y  h i g h  
(>80%). 

For Case 4, where c h i l l e d  water i s  s tored,  
t h e  temperature o f  p r o d u c t i o n  d u r i n g  t h e  summer i s  
shown i n  F i g u r e  4, and t h e  h i g h e s t  temperature 
d u r i n g  p r o d u c t i o n  ( a t  t h e  end o f  t h e  p r o d u c t i o n  
p e r i o d )  ve rsus  c y c l e  number i s  shown i n  F i g u r e  5. 

ADai ly  Cycle ( 2 4  Hours) 
OSemi-Annual Cycle, P a r t i a l  Penetration 

.Yearly Cycle, Full  Penetration 
VSemi-Annual Cycle, Full  Penetration 

CYCLE 

XBL 777-9717 

F i g u r e  3. Percentage o f  energy recove red  over  
energy i n j e c t e d  versus c y c l e  number. 
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Thus a f t e r  t h r e e  cyc les,  t h e  tempera tu re  d u r i n g  
p r o d u c t i o n  i s  expected t o  s t a y  below 10°C d u r i n g  
t h e  whole p r o d u c t i o n  pe r iod .  

Production Temperature V.S. Time for Cycles I to 5 

I I I I 1 I I I 20 

- 

Injection Temperature 

1 I I I I I I I I Io 
0 10 20 30 40 50 60 70 80 90 

TIME IDaysl 

XBL 783-7608 

F i g u r e  4. C h i l l e d  water s to rage :  temperature a t  
t h e  w e l l  versus p r o d u c t i o n  t i m e  f o r  each o f  t h e  
Cyc les  1 t o  5. 

20.c 

- - Y 
2 15.C 
3 
I- a 
rx 
W a 
I 
W 
I- 

I0.C s 
n 

t- u 
3 

0 
rx a 

0.01 I I I 1 I 
I 2 3 - 4  5 

CYCLE NUMBER 
XBL 783-7501 

F i g u r e  5 .  Chi I l ed  water s to rage :  temperature a t  
t h e  end of each p r o d u c t i o n  p e r i o d  (maximum produc- 
t i o n  temperature)  versus c y c l e  number. 

FUTURE ACTIVITIES 

D u r i n g  t h e  n e x t  f i s c a l  year, t h e  f o l l o w i n g  
t a s k s  w i l l  be addressed. 

1.  

2. 

3. 

4. 

F u r t h e r  c a l c u l a t i o n s  w i l l  be done f o r  a 
" t y p i c a l "  a q u i f e r  system, e x p l o r i n g  t h e  
e f f e c t s  o f  v a r i a t i o n s  i n  parameters, such 
as th i ckness ,  p e r m e a b i l i t y ,  f l o w  r a t e s ,  
and boundary c o n d i t i o n s .  

F u r t h e r  c a l c u l a t i o n s  w i l l  be made f o r  
m u l t i p l e - w e l l  systems w i t h  t h e  goal  o f  
i d e n t i f y i n g  op t ima l  arrangements f o r  h e a t  
s t o r a g e  and r e t r i e v a l .  

C o l l e c t i o n  and e v a l u a t i o n  o f  f i e l d  d a t a  
c o l l e c t e d  f rom thermal  s t o r a g e  f i e l d  ex- 
pe r imen ts  (e.g., t hose  o f  Auburn Un ive r -  
s i t y ) .  Suggest ions may be made t o  t h e  
exper imenters f o r  new o r  a d d i t i o n a l  
measurements. We w i l l  draw f rom t h e  LBL 
e x p e r t i s e  i n  geophysica l  s t u d i e s  and w e l l -  
t e s t  a n a l y s i s .  

Model ing o f  t hese  f i e l d  cases w i l l  be 
made us ing  our  numer ica l  model. T h i s  
w i l l  ( 1 )  v a l i d a t e  ou r  model, (2) p o s s i b l y  
suggest new c r u c i a l  exper iments t h a t  
s h o u l d  be done, and (3) p o s s i b l y  i n d i c a t e  
op t ima l  implementat ion procedures f o r  t h e  
h o t  water  s to rage  concept. 
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PROPERTIES A N D  BEHAVlOR OF ROCK-FLUID SYSTEMS A T  
HlGH TEMPERATURES A N D  PRESSURES 
W. H .  Somerton 

I NTRODUCT I ON 

The o b j e c t i v e s  o f  t h i s  p r o j e c t  a r e  t o  de te r -  
mine t h e  p h y s i c a l  p r o p e r t i e s  and behavior  o f  rock -  
f l u i d  systems under env i ronmenta l  c o n d i t i o n s  en- 
countered i n  geothermal r e s e r v o i r s  o r  i n  o t h e r  
subsur face  thermal  ope ra t i ons .  Because these  pro- 
p e r t i e s  a r e  d i f f i c u l t  t o  measure and r e q u i r e  a 
g r e a t  deal o f  t i m e  f o r  each measurement, a second 
o b j e c t i v e  i s  t o  develop models and c o r r e l a t i o n s  
which w i l l  p e r m i t  e s t i m a t i o n  o f  p r o p e r t i e s  and 
behavior  from o t h e r  more e a s i l y  determined charac- 
t e r i s t i c s  o f  t h e  system. These r e l a t i o n s  should 
then  be u s e f u l  i n  model ing subsur face  r e s e r v o i r  
behavior .  

T h i s  p r o j e c t  p r o v i d e s  r o c k  p r o p e r t i e s  da ta  f o r  
o t h e r  E a r t h  Sc ience D i v i s i o n  p r o j e c t s .  I n  p a r t i -  
c u l a r ,  thermal  d a t a  have been p rov ided  f o r  severa l  
geothermal and s i m i l a r  p r o j e c t s .  Data a r e  a l s o  
a v a i l a b l e  on f l o w  and s t o r a g e  c a p a c i t y  o f  r o c k s  
a t  h i g h  temperatures and o t h e r  p r o p e r t i e s  o f  r o c k s  
r e l a t e d  t o  bo reho le  s t a b i l i t y ,  subsidence p red ic -  
t i o n ,  and i n t e r p r e t a t i o n  o f  w e l l - l o g  and geophysi- 
c a l  data. 

I n  e a r l i e r  work, a good deal  o f  equipment and 
techniques f o r  measuring r o c k  p r o p e r t i e s  has been 
developed. Several models and c o r r e l a t i o n s  o f  
r o c k  behavior  have been developed; t h e y  a r e  being 
improved as new d a t a  a r e  obta ined.  

THIS YEAR'S ACTIVITIES 

P r i n c i p a l  emphasis i n  t h i s  y e a r ' s  work has 
been on t h e  thermal  p r o p e r t i e s  and behavior  o f  a 
l a r g e  range o f  r o c k  types.  These i n c l u d e  v o l -  
canics,  basa l t s ,  l imestones, and a wide range .o f  
sandstones, s i l t s t o n e s ,  and shales. Some work 
has a l s o  been done on unconso l i da ted  sands ( i n c l u -  
d i n g  t a r  sands) and d r i l l  c u t t i n g s .  These da ta  
a r e  being ca ta loged  and t e s t e d  a g a i n s t  p r e v i o u s l y  
developed models and co r re la t i ons , .  Work i s  con- 
t i n u i n g  on an improved 3D model o f  h e a t  f l o w  
th rough  m u l t i - f l u i d  s a t u r a t e d  porous media t o  a i d  
i n  t h e  c o r r e l a t i o n  work. The computer program f o r  
c a l c u l a t i n g  s p e c i f i c  hea ts  f rom o x i d e  a n a l y s i s  has 
been r e v i s e d  and updated so t h a t  thermal  d i f f u s i -  
v i t y  d a t a  can be p rov ided  f o r  t h e  above rock-  
f l u i d s  systems. 

Work was completed on t h e  s tudy  o f  P and S 
wave v e l o c i t i e s  a t  e l e v a t e d  temperatures. '  The 
apparatus f o r  measuring these  p r o p e r t i e s  s imu l -  
t aneous ly  on f l u i d - s a t u r a t e d  r o c k s  was t e s t e d  and 
found t o  pe r fo rm s a t i s f a c t o r i l y .  From d a t a  gene- 
r a t e d  f o r  seve ra l  sandstones, i t  was p o s s i b l e  t o  
c a l c u l a t e  dynamic e l a s t i c  p r o p e r t i e s  u s e f u l  i n  
bo reho le  s t a b i l i t y  and f r a c t u r i n g  s t u d i e s .  The 
r a t i o s  o f  S-to-P wave v e l o c i t i e s  were found t o  
c o r r e l a t e  w e l l  w i t h  t h e  degree o f  l i q u i d  sa tu ra -  
t i o n ,  l ead ing  t o  t h e  p o s s i b i l i t y  o f  d e t e c t i n g  
v a p o r - l i q u i d  boundar ies from bo reho le  v e l o c i t y  
measurements. Because t h e  r a t i o  o f  t h e  v e l o c i t i e s  
squared i s  d i r e c t l y  p r o p o r t i o n a l  t o  Po isson ' s  
r a t i o ,  t h i s  modulus a l s o  shows a d i r e c t  c o r r e l a t i o n  
w i t h  degree o f  l i q u i d  s a t u r a t i o n .  

Measurements of f l u i d  f l o w  c a p a c i t i e s  o f  
r o c k s  a t  h i g h  temperatures a r e  c o n t i n u i n g  t o  show 
a l a r g e r  than  expected e f f e c t .  L i q u i d  pe rmeab i l i -  
t i e s  a r e  found t o  decrease by f a c t o r s  o f  4 t o  5 
when t h e  tempera tu re  i s  increased t o  200°C. No 
permanent s t r u c t u r a l  damage appears t o  occur ;  a i r  
p e r m e a b i l i t y  t e s t s  b e f o r e  and a f t e r  h e a t i n g  show 
no s i g n i f i c a n t  change i n  p e r m e a b i l i t y .  The system 
i s  be ing redesigned so t h a t  p ressu re  drops w i l l  
be measured d i r e c t l y  ac ross  t h e  c o r e  r a t h e r  than  
w i t h  e x t e r n a l  measurements which r e q u i r e  system 
p ressu re  loss c o r r e c t i o n s .  F u r t h e r  t e s t s  w i l l  be 
made t o  e v a l u a t e  t h e  b r i n e  s e n s i t i v i t y  o f  c o r e s  a t  
e l e v a t e d  temperatures.  

A new apparatus was designed and c o n s t r u c t e d  
for t h e  measurement o f  b o t h  b u l k  and pore compres- 
s i b i l i t i e s  a t  e l e v a t e d  temperatures.  From t h i s  
apparatus, t h e  e f f e c t s  o f  t empera tu re  and pore 
p ressu re  on r o c k  s t o r a g e  c a p a c i t y  can be de te r -  
mined. T h i s  same apparatus may a l s o  be used t o  
de te rm ine  po re  and b u l k  thermal  expansions o f  
l i q u i d  s a t u r a t e d  rocks.  

C o n s t r u c t i o n  of  t h e  new h i g h  temperature r o c k  
p r o p e r t i e s  apparatus was n o t  s t a r t e d  because o f  
t h e  u n c e r t a i n t i e s  o f  p r i v a t e  s e c t o r  funding.  
Gran t  reques ts  were made t o  t h r e e  o i l  companies 
who had expressed p o s i t i v e  i n t e r e s t  i n  s u p p o r t i n g  
t h i s  work. These reques ts  were made l a t e  i n  t h e  
year and a t  t h i s  w r i t i n g ,  no response has y e t  been 
r e c e  i ved . 



8 

ACT1 V I T I  ES PLANNED FOR NEXT YEAR 

A l l  work desc r ibed  above, w i t h  t h e  p o s s i b l e  
e x c e p t i o n  of v e l o c i t y  measurements, w i l l  be con- 
t i n u e d  i n  t h e  coming year. P r i n c i p a l  emphasis 
aga in  w i l l  be on thermal  measurements and c o r r e l a -  
t i o n s  w i t h  t h e  goal of p r e p a r i n g  and p u b l i s h i n g  a 
manual on thermal  p r o p e r t i e s  and behavior  o f  rock-  
f l u i d  systems. Continued e f f o r t s  w i l l  be made t o  
improve f l u i d  f l o w  c a p a c i t y  measurements and t o  
g a i n  an understanding o f  t h e  seemingly  excess 
tempera tu re  e f f e c t s  on p e r m e a b i l i t y .  The new 
apparatus f o r  s tudy  o f  s t o r a g e  c a p a c i t i e s  w i I  
t e s t e d ,  and by midyear d a t a  w i l l  be taken  and 
lyzed for t h e  e f f e c t s  of tempera tu re  and p o r e  
p ressu re  on t h i s  p roper t y .  I t  i s  t o  be hoped 

ve 

be 
ana- 

t h a t  

f und ing  f o r  t h e  new r o c k - p r o p e r t i e s  apparatus w i l l  
be complete so t h a t  c o n s t r u c t i o n  may be s t a r t e d  
e a r l y  i n  t h e  year. 

PUBLICATIONS 

1. Palen, Wal ter .  E f f e c t s  o f  S a t u r a t i o n ,  Tempera- 
t u r e  and Pressure on Sonic V e l o c i t i e s  o f  Porous 
Sandstones. M.S. t h e s i s ,  Univ. o f  C a l i f . ,  
Be rke ley  (1978). 

2. Mathur, Ashwani. The E f f e c t s  o f  Temperature 
and Pressure on F l u i d  Flow and E l e c t r i c a l  
P r o p e r t i e s  o f  Porous Rocks. M. o f  Eng ineer ing  
Research Report, Univ. o f  C a l i f . ,  Be rke ley  
(September 1977). 

T H E R M O D Y N A M I C S  OF HIGH T E M P E R A T U R E  BRINES 
K .  S.  Pitzer,  L. F .  Si lvester ,  P .  Z .  Rogers, and J .  R .  Peterson 

I NTRODUCT I ON 

A n  unders tand ing  of b r i n e s  i s  e s s e n t i a l  f o r  
t h e  t e c h n i c a l  u t i l i z a t i o n  o f  many geothermal r e -  
sources. Consequently, a s tudy  o f  t h e  s o l u t i o n  
thermodynamics o f  b r i n e  systems, b o t h  s i m p l e  and 
complex, weak and s t rong ,  c o v e r i n g  a wide tempera- 
t u r e  and pressure range, and combin ing b o t h  
model ing and exper imen ta l  work began i n  1975. 

The i n i t i a l  work i n v o l v e d  a n a l y s i s  o f  e x i s t i n g  
thermodynamic d a t a  on s i m p l e  e l e c t r o l y t e  systems 
u s i n g  eq a i ons  developed by P i t z e r  and co- 

The goal  o f  t h e  model ing was t o  pro- 
v i d e  a compact s e t  o f  equa t ions  capable o f  r e p r o -  
duc ing  a t  v a r i o u s  tempera tu res  and p ressu res  t h e  
e x i s t i n g  da ta  w i t h i n  exper imen ta l  e r r o r  up t o  
p r a c t i c a l  c o n c e n t r a t i o n s  (-6M) i n  terms o f  para- 
meters hav ing  p h y s i c a l  s i g n i f i c a n c e .  The model ing 
equa t ions  f o r  NaCl(aq1 s o l u t i o n s  were i n t e g r a t e d  
i n t o  GEOTHERM, an LBL c o  p u t e r  program f o r  model ing 
geotherma I power p l a n t s .  9 

The program t o  measure h e a t  c a p a c i t i e s  a rose  
because o f  inadequate l i t e r a t u r e  d a t a  on e l e c t r o -  
l y t e  systems. The exper imen ta l  program has two 
g o a l s :  ( 1 )  t o  supply  da ta  on s i m p l e  and complex 
e l e c t r o l y t e  systems p r e v i o u s l y  unrepor ted,  p l u s  
ex tend ing  e x i s t i n g  da ta  t o  h i g h e r  temperatures and 
p ressu res  bo th  a long  and away from t h e  I i q u i d -  
vapor s a t u r a t i o n  curve;  and (2) t o  p r o v i d e  a d a t a  
base f o r  check ing and r e f i n i n g  v a r i o u s  models. 

A l though t h e  model ing and exper imen ta l  work 
r e l a t e  d i r e c t l y  t o  e l e c t r o l y t e  systems common t o  
geothermal b r i nes ,  t h e  r e s u l t s  a r e  a p p l i c a b l e  t o  
such areas as b i o l o g i c a l  f l u i d s ,  b a t t e r y  e l e c t r o -  
l y t e s  i n  aqueous and nonaqueous so l ven ts ,  p l a t i n g  
baths, waste e f f l u e n t s ,  m a t e r i a l s  c o r r o s i o n  from 
e lec t ro1 ,y te  systems, and mar ine chemis t r y .  

PROGRAM I N  1977 

D u r i n g  t h e  p e r i o d  o f  t h i s  r e p o r t  t h e  model ing 
c a l c u l a t i o n s  emphasized s u l f u r i c  a c i d  and t h e  r a r e  

e a r t h  s a l t s  which a r e  t h e  s u b j e c t s  o f  separa te  sec- 
t i o n s  below. I n  a d d i t i o n  t h e  work on sodium 
c h l o r i d e ,  r e p o r t e d  l a s t  year,6 was extended t o  deal  
w i t h  t h e  s o l u b i l i t y  o f  s l i d  NaCl and was prepared 
f o r  j o u r n a l  p u b l i c a t i o n ,  ? 

A n a t i o n a l  chemical e n g i n e e r i n g  conference re -  
quested K.S. P i t z e r  t o  p repare  a paper on t h e  
o r i g i n  o f  t h e  a c e n t r i c  f a c t o r  and i t s  use i n  
mode 1 i ng norma I f I u i d  p r o p e r t i e s .  T h i s  paper8 was 
presented as t h e  opening l e c t u r e  a t  t h e  Conference 
on E s t i m a t i o n  and C o r r e l a t i o n  of  Phase E q u i l i b r i a  
and F l u i d  P r o p e r t i e s  i n  th-e Chemical I ndus t r y ,  
January 1977. I n  a d d i t i o n  t o  t h e  h i s t o r y  and o r i -  
g i n a l  r a t i o n a l e  o f  t h e  a c e n t r i c  f a c t o r ,  a b r i e f  
r e v i e w  was g i v e n  o f  r e c e n t  developments i n  t h i s  
area. 

The development and t e s t i n g  o f  a h i g h  tempera- 
t u r e  f l ow  c a l o r i m e t e r  con t inued  d u r i n g  t h i s  pe r iod .  
Va r ious  problems i n  c o n t r o l  and measurement were 
overcome b u t  a t  a r a t e  l i m i t e d  by t h e  personnel 
t i m e  a v a i l a b l e .  F u r t h e r  improvements a r e  r e q u i r e d  
b e f o r e  s a t i s f a c t o r y  measurements w i l l  be p o s s i b l e  
b u t  we b e l i e v e  these  a r e  f e a s i b l e .  

S u l f u r i c  A c i d  

I n  c o n t r a s t  t o  a s t r o n g  ac id ,  such as hydro- 
c h l o r i c ,  o n l y  t h e  f i r s t  d i s s o c i a t i o n  o f  s u l f u r i c  
a c i d  i s  complete. For ou r  model ing c a l c u l a t i o n s ,  
t h e  equa t ions  f o r  t h e  p a r t i a l  d i s s o c i a t i o n  o f  t h e  
b i s u l f a t e  i on  HS04- were added t o  t h e  r e g u l a r  s e t  
o f  equa t ions  f o r  t h e  i ons  present .  The p r imary  
d a t a  s e t  i nc luded  r e s u l t s  f o r  t h r e e  e lec t rochemi -  
c a l  c e l  I s  over  t h e  temperature range Oo-60°C t o -  
ge the r  w i t h  water vapor p ressu re  and hea t  o f  d i -  
l u t i o n  d a t a  f o r  25OC. 
compos i t i on  range f r o m  0 t o  6 mo la l .  I n  each o f  
t h e  c e l l s ,  t h e  H+ a c t i v i t y  was Feasured w i t h  a 
hydrogen e l e c t r o d e ;  t h a t  o f  SO4- was determined by 
lead, lead s u l f a t e ;  mercury, mercurous s u l f a t e ; .  o r  
lead d iox ide ,  lead s u l f a t e  e lec t rodes ,  respec- 
t i v e l y .  

Our a n a l y s i s  covered t h e  
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There i s  no d i f f i c u l t y  i n  o b t a i n i n g  concor- 
dan t  r e s u l t s  f o r  t h e  range above 0.1 M b u t  con- 
f l i c t s  between d a t a  a r i s e  f o r  t h e  v e r y  d i l u t e  
s o l u t i o n s .  I n  t h i s  range, r e s u l t s  were considered 
a l s o  f o r  a f o u r t h  e lec t romechan ica l  c e l l  which 
measured mixed H SO -HCI s o l u t i o n s  and used t h e  
s i  I ve r ,  s i l v e r  c g l o r i d e  e l e c t r o d e .  Whi l e  t h e  con- 
f l i c t s  remain and a l t e r n a t i v e  parameters were re -  
ported, t h e  preponderant ev idence f a v o r s  t h e  para- 
meter  s e t  i n c l u d i n g  a d i s s o c i a t i o n  c o n s t a n t  o f  
0.0105 f o r  HS04- a t  25OC. 
reproduce s a t i s f a c t o r i l y  a l l  d a t a  above 0.1 M; 
hence, t h e r e  i s  no r e a l  u n c e r t a i n t y  f o r  many 
p r a c t i c a l  a p p l i c a t i o n s .  

pub1 ished’ a long  w i t h  t h e  r e s u l t s  o f  seve ra l  secon- 
dary c a l c u l a t i o n s  made p o s s i b l e  w i t h  t h i s  t r e a t -  
ment. Rabindra N. Roy, a v i s i t i n g  s c i e n t i s t  i n  
t h e  summer o f  1976, p a r t i c i p a t e d  i n  t h e  work on 
s u l f u r i c  ac id .  

I 

4 .  

E i t h e r  s e t  of parameters 

The numerous equa t ions  and parameters a r e  now 

Rare E a r t h  Ch lo r ides ,  N i t r a t e s ,  and P e r c h l o r a t e s  

I n  a ve ry  e x t e n s i v e  s e r i e s  o f  papers Spedding 
and a s s o c i a t e s  have presented v a r i o u s  thermodyna- 
mic  da ta  f o r  t h e  n i t r a t e s ,  c h l o r i d e s ,  and per- 
c h l o r a t e s  o f  most o f  t h e  r a r e  e a r t h s .  Whi le  ex- 
c e l l e n t  comparat ive t r e a t m e n t s  o f  t h e  r e s u l t s  f o r  
any one s e r i e s  a r e  g i v e n  i n  t h e s e  papers, it seemed 
t o  us t o  be o f  some i n t e r e s t  t o  f i t  a genera l  a r r a y  
o f  t h e s e  d a t a  t o  a s i n g l e  t y p e  o f  equat ion.  We 
have considered t h e  osmot i c  c o e f f i c i e n t ,  t h e  hea t  
o f  d i l u t i o n ,  and t h e  v o l u m e t r i c  d a t a  f o r  a l l  o f  
t h e  c h l o r i d e s ,  p e r c h l o r a t e s ,  and n i t r a t e s .  Thus, 
i n  e f f e c t ,  we cons ide r  t h e  Gibbs energy and i t s  
temperature and p ressu re  d e r i v a t i v e s .  The para- 
meters ob ta ined  a r e  u s e f u l  f o r  v a r i o u s  thermody- 
namic c a l c u l a t i o n s  and w i l l  be e s p e c i a l l y  v a l u a b l e  
f o r  m i x t u r e s  where t h e  o t h e r  components have been 
t r e a t e d  i n  t h e  same system. 

The equa t ions  for a c t i v i t y  and osmot i c  coe f -  
f i c i e n t s  and f o r  e n t h a l p i e s  have been pub1 i ~ h e d . ~  
For t h e  v o l u m e t r i c  p r o p e r t i e s  t h e  d e r i v a t i o n  i s  
s i m i l a r  t o  t h a t  f o r  en tha lpy ,  b u t  t h e  measured 
p r o p e r t y  i s  t h e  d e n s i t y  r a t h e r  than  t h e  hea t  of 
d i l u t i o n ,  and t h i s  y i e l d s  t h e  a b s o l u t e  r a t h e r  than  
t h e  r e l a t i v e  apparent  mola l  volume. The a d d i t i o n a l  
term, t h e  p a r t i a l  mo la l  volume o f  t h e  s o l u t e  a t  
i n f i n i t e  d i l u t i o n  Vo, must be evaluated.  One has, 
then, 

$V = To + vIzMzxI(AV/3b)  an ( l+b11 /2 )  

-2vMvX RT(mBiX + m 2 v  CMX) ( 1 )  

where 

(3) 

The d e n s i t y  i s  r e l a t e d  t o  t h e  apparent  mola l  volume 
by t h e  exp ress ion  

1 000+M2m 

( 1 OOO/do ) + O h  
d =  

where do i s  t h e  d e n s i t y  o f  t h e  pure s o l v e n t  and M2 
t h e  mo lecu la r  weight  o f  t h e  s o l u t e .  The Debye- 
Huckel parameter f o r  volume i s  

= -3A+ RT[3(aanD/aPIT + (aanVw/aP)T1 

where t h e  l a s t  t e rm i s  t h e  n e g a t i v e  o f  compressi- 
b i l i t y  o f  t h e  s o l v e n t .  The equa t ions  f o r  t h e  
volume and t h e  d i e l e c t r i c  c o n s t a n t  f o r  water which 
were adopted e a r l i e r  were used t 
The va lue  o f  A, i s  2.626 cc  kg”’ mole- 
water  a t  25OC. 

( 5 )  

caIcu/,Je A,. 
f o r  

The s p e c i f i c  parameters f o r  each r a r e  e a r t h  

t o g e t h e r  w i t h  
s a l t  were eva lua ted  by l e a s t  squ es from t h e  
o r i g i n a l  da ta  o f  SpeddinBlet 
any o t h e r  pub1 ished d a t a  which was judged t o  be 
o f  comparable accuracy. For t h e  c h l o r i d e s  good 
f i t s  were ob ta ined  up t o  t h e  h i g h e s t  concentra-  
t i o n s ,  f r e q u e n t l y  s a t u r a t i o n .  For t h e  p e r c h l o r -  
a t e s  and e s p e c i a l l y  f o r  t h e  n i t r a t e s ,  it was 
p o s s i b l e  t o  g e t  good f i t s  o n l y  up t o  abou t  2 M and 
t h e  f i n a l  c a l c u l a t i o n s  were based o n l y  on da ta  up 
t o  t h i s  maximum m o l a l i t y  f o r  t hese  s a l t s .  

The d e t a i l s  o f  t h i s  e v a l u a t i o n  process and 
t h e  r e s u l t i n g  t a b l e s  o f  parameters a r e  a v a i l a b l e  
i n  LBL Repor t  6399 and w i l l  be pub l i shed  soon. 

I t  i s  i n t e r e s t i n g  t o  n o t e  t h e  magnitude o f  
t h e  temperature and p ressu re  d e r i v a t i v e s  i n  r e l a -  
t i o n  t o  t h e  paren f u n c t i o n s .  For t h e  impor tan t  
parameter 3/2 @(*I, which i s  o f  t h e  o r d e r  o f  
u n i t y ,  t h  temperature d e r i v a t i v e  i s  l ess  than  
0.0004 K-’. Consequently, a 25O chan 
t u r e  causes l ess  than  1% change i n  Bt8 ’  o r  2% 
change i n  y a t  1 M. The p ressu re  d e r i v a t i v e  i s  
l e s s  than  0.00006 atm-l;  hence 60 atm change 
causes l ess  than  1% change i n  6“’. The Debye- 
HGckel c o e f f i c i e n t  i s  somewhat more s e n s i t i v e  t o  
temperature, w i t h  25’ caus ing  a 4% change, b u t  i s  
even less  s e n s i t i v e  t o  pressure.  Thus, t h e  proper-  
t i e s  o f  t hese  s o l u t i o n s  do n o t  change r a p i d l y  w i t h  
temperature o r  pressure, and t h e  dominant e f f e c t  
i s  t h e  change of  Debye-Hkkel  parameter w i t h  t e m -  
pera t u r  e. 

i n  tempera- 

I n  t h e  f u l l  r e p o r t  (LBL-6399) and i n  ou r  MMRD 
p rog ress  r e p o r t  t h e  c o n c l u s i o n s  of i n t e r e s t  t o  
chemical t h e o r y  a t  t h e  mo lecu la r  l e v e l  a r e  d i s -  
cussed. T h i s  research  was supported, i n  p a r t ,  
a l s o  by t h e  MMRD program a t  LBL. 

PLANS FOR 1978 

I n  t h e  model ing work f o r  n e x t  year o u r  f i r s t  
a t t e n t i o n  w i l l  be g i v e n  t o  e s t i m a t e s  f rom t h e  
l i m i t e d  d a t a  now a v a i l a b l e  f o r  t h e  e f f e c t s  on 
b r i n e  p r o p e r t i e s  o f  t h e  secondary c o n s t i t u e n t s  i n  
t y p i c a l  geothermal b r i nes .  We hope a l s o  t o  com- 
p l e t e  work on sodium c h l o r i d e  a t  p ressu res  i n  
excess o f  t h e  s a t u r a t i o n  c u r v e  and t o  develop a 
model f o r  NaCl on a c o n s t a n t  volume basis .  T h i s  
would be v e r y  u s e f u l  as a b a s i s  f o r  e x t r a p o l a t i o n  
t o  even h i g h e r  temperatures and pressures.  

The exper imenta l  program w i l l  g i v e  f i r s t  
p r i o r i t y  t o  t h e  development o f  t h e  f l o w  c a l o r i -  
meter i n t o  a s u c c e s s f u l l y  o p e r a t i n g  u n i t  and t o  
t h e  measurement o f  h e a t  c a p a c i t i e s  o f  b r i n e  com- 
ponents and t h e r e a f t e r  o f  t y p i c a l  b r i nes .  



As t i m e  a 
gram i n t o  p rob  
aqueous phases 
w i  I I be chosen 

lows we expec t  t o  extend o u r  p ro -  
ems i n  e q u i l i b r i a  o f  s o l i d s  w i t h  

Examples o f  geochemical i n t e r e s t  
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I NTRODUCT I ON 

Ground waters  c o n t a i n  many d i s s o l v e d  chemical 
components t h a t  r e s u l t  f rom r e a c t i o n s  between 
m i n e r a l  phases and t h e  aqueous phase. I n  s p i t e  
o f  t h e  l a r g e  e f f o r t  which has gone i n t o  t h e  s tudy  
o f  t h e s e  r e a c t i o n s  l i t t l e  i s  y e t  known o f  e i t h e r  
t h e  e q u i l i b r i u m  thermodynamic r e l a t i o n s  o r  t h e  
r e a c t i o n  k i n e t i c s  between water  and even t h e  most 
common rock - fo rm ing  m ine ra l s .  Such i n f o r m a t i o n  i s  
r e q u i r e d  i n  o r d e r  t o  i n t e r p r e t  t h e  p h y s i c a l  and 
chemical changes t h a t  can t a k e  p lace  i n  a q u i f e r s  
d u r i n g  ground water  m i g r a t i o n .  I n  p a r t i c u l a r  t h e  
problems o f  e x p l o i t i n g  geothermal energy from 
l i q u i d  dominated r e s e r v o i r s ,  ground water  migra-  
t i o n  i n  fo rma t ions  a d j a c e n t  t o  n u c l e a r  waste 
s t o r a g e  r e p o s i t o r i e s ,  and chemical r e a c t i o n s  in-  
v o l v i n g  t h e  l each ing  o r  p r e c i p i t a t i o n  o f  t o x i c  
me ta l s  from s o l u t i o n  a l l  r e q u i r e  an unders tand ing  
o f  t h e  thermodynamics and t h e  k i n e t i c s  o f  rock -  
water  i n t e r a c t i o n s .  

The f i r s t  p a r t  o f  ou r  s tudy  w i l l  i n v o l v e  t h e  
measurement of t h e  e q u i l i b r i u m  s o l u b i l i t y  o f  a l -  
b i t e ,  NaAl S i  08, between 25OC and 4OO0C i n  sodium 
c h l o r i d e  s o l u q i o n s  o f  v a r y i n g  i o n i c  s t r e n g t h .  A l -  
b i t e  i s  a common r o c k  fo rm ing  m i n e r a l  t h a t  i s  found 
i n  a wide range o f  g e o l o g i c a l  environments. How- 
ever, a l b i t e s  va ry  b o t h  i n  compos i t i on  and i n  t h e  
deqree o f  o r d e r  i n  t h e i r  aluminum s i l i c a t e  l a t -  
t i c e s .  The composi 
I i t y  r e s u l t  i n  s i g n  
dynamic p r o p e r t i e s ;  
s tudy  should be we1 
i t s  chemical compos 
I d e a l l y ,  t h e  sample 
w e l l  ordered. 

i o n a l  and s t r u c t u r a l  v a r i a b i -  
f i c a n t  changes i n  t h e  thermo- 
so t h e  a l b i t e  chosen f o r  t h i s  
c h a r a c t e r i z e d  i n  terms o f  

t i o n  and s t r u c t u r a l  s t a t e .  
shou ld  be c h e m i c a l l y  pure and 

F. and P i t z e r ,  K.S. J. Phys. 
p. 1822 (19771, a l s o  LBL-6217. 

T h i s  r e p o r t  d e s c r i b e s  ou r  e f f o r t s  t o  i d e n t i f y  
a w e l l  ordered low a l b i t e  which would be ob- 
t a i n a b l e  i n  s u f f i c i e n t  q u a n t i t i e s  f o r  ou r  e x p e r i -  
mental program. 

SAWLE DESCRIPTION AND CHARACTERIZATION 

S i x  d i f f e r e n t  a l b i t e s  were purchased f rom 
t h r e e  m i n e r a l  supply  houses, and one a l b i t e  was 
c o l l e c t e d  from t h e  F ranc i scan  f o r m a t i o n  i n  no r -  
t h e r n  C a l i f o r n i a .  
summarized i n  Tab le  1 .  

The sample d e s c r i p t i o n s  a r e  

Moonstone i s  d e f i n e d  as a semi t ransparent ,  op- 
a l i n e  lustered,  a d u l a r i a ;  however, t h e  te rm i s  
a l s o  used f o r  opa lescen t  p l a g i o c l a s e  ( e s p e c i a l l y  
a l b i t e ) .  For t h i s  reason, sample AB-006 was pur- 
chased f o r  a n a l y s i s .  

A p o t e n t i a l ,  l o c a l  source of h i g h  p u r i t y  ma- 
t e r i a l  i s  t h e  v e i n  a l b i t e  from t h e  Franc iscan ex- 
posure a t  T iburon.  However, t hese  v e i n s  a r e  n o t  
widespread or p e r s i s t e n t  enough t o  make i t  f e a s i b l e  
t o  c o l l e c t  s u f f i c i e n t  m a t e r i a l  f o r  ou r  exper imenta l  
program. F o l l o w i n g  a sugges t ion  by R. Coleman, 
USGS, a l a r g e  sample o f  a l b i t e  was c o l l e c t e d  from 
v e i n s  i n  a m o n o l i t h  o f  glaucophane s c h i s t  l oca ted  
near Cazadero, C a l i f o r n i a .  

Clean and m i n e r a l o g i c a l l y  pu re  fragments o f  
a l b i t e  from each o f  t hese  samples were prepared f o r  
chemical a n a l y s i s  ys ing  t h e  procedure desc r ibed  by 
H e b e r t  and S t r e e t .  Spec ia l  c a r e  was taken  t o  
a v o i d  sodium and potass ium loss d u r i n g  t h e  f u s i o n  
stage. The analyses were made w i t h  a non-disper- 
s i v e  x- ray f l uo rescence  spect rometer  e s p e c i a l l y  
designed f o r  l i g h t  element measurements. The d a t a  
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Tab le  1.  Source and d e s c r i p t i o n  o f  p o s s i b l e  a l b i t e  s t a r t i n g  m a t e r i a l .  

Samp I e 
n um ber  D e s c r i p t i o n  Sample source and s u p p l i e r  

AB-00 1 A l b i t e ,  v a r i e t y  
C l e a v e l a n d i t e  

AB-002 A l b i t e  w i t h  b i o t i t e  

AB-003 A l b i t e  

AB-004 A l b i t e  

AB-005 A l b i t e  

AB-006 Moonstone 

A l b i t e ,  v e i n s  from 

Franc i scan Format i on  
AB-007 t e c t o n i c  b l o c k s  i n  t h e  

Bob l n g e r s o l l  Mine, Keystone, 
South Dakota, M i n e r a l s  U n l i m i t e d  

Dungannon Township, On ta r io ,  Canada, 
M i n e r a l s  U n l i m i t e d  

Custer, South Dakota, Dav id  New - 
M i n e r a l s  

Near Keystone, South Dakota 
Wards N a t u r a l  Sc ience Es tab l i shmen t  

50 m i l e s  SE o f  V i r g i n i a  C i t y ,  
Madison County, Montana, M i n e r a l s  

Unl i m i t e d  

Ind ia,  Dav id  New - M i n e r a l s  

Cazadero, C a l i f o r n i a ,  c o l l e c t e d  
f rom l o c a t i o n  

f rom 2-minute runs  were reduced by a computer code Tab le  3 shows t h e  r e s u l t s  l i s t e d  i n  Tab le  2 
which made a b s o r p t i o n  and background c o r r e c t i o n s .  r e c a l c u l a t e d  as t h e  number o f  atoms i n  a f e l d s p a r  
The r e s u l t s  a r e  r e p o r t e d  i n  Tab le  2. The samples mo lecu le  w i t h  32 oxygen atoms. A l l  elements t h a t  
were compared w i t h  a s tandard  made from a m i x t u r e  a r e  r e p o r t e d  i n  Tab le  2 as be ing  below a l i m i t  o f  
o f  t h e  USGS s tandards,  APG, and PCC, and a g a i n s t  a c c u r a t e  d e t e r m i n a t i o n  a r e  n o t  used i n  t h e  ca l cu -  
USGS s tandard G2. E r r o r s  a r e  r e p o r t e d  as t h e  sirn- l a t i o n s .  The i r o n  i s  assumed t o  be i n  t h e  +2 
p l e  root-mean square d e v i a t i o n .  s t a t e  and t o  s u b s t i t u t e  f o r  Ca i n  t h e  M s i t e ,  

Tab le  2. P r o v i s i o n a l  chemical analyses f o r  a l b i t e  
( r e p o r t e d  as we igh t  pe rcen t  o x i d e ) .  

Samp I e numbera 

AB-00 1 AB-002 AB-003 AB-004 AB-005 AB-006 AB-007 

Na20 10.6k0.4 11.4k0.3 11.OkO.2 11.3k0.2 10.3k0.2 3.4k0.2 9.7k0.2 

MgO CO.1 <o. 1 <o. 1 <o. 1 <o. 1 <o. 1 <O.l 

A l 2 O 3  19.7f0.2 24.520.2 19.6k0.2 19.8k0.2 19.5k0.2 19.1kO.2 18.7k0.2 

S i 0 2  66.8k0.4 58.1k0.4 68.1f0.4 67.9k0.4 67.2A0.3 62.6k0.4 62.820.4 

0.28k0.02 1.94k0.04 0.05+0.01 0.15+0.04 0.79k0.02 10.8k0.2 <0.03 

CaO 0.43k0.02 1.78f0.03 0.29kO.01 0.20+0.03 0.85+0.03 0.38k0.03 1.11k0.03 

K20 

T i 0 2  <0.02 <O .04 <O. 03 <0.02 <0.01 0.74k0.06 <o .02 
<o .02 <0.02 *o .o 1 <0.01 <0.01 <o .o 1 <0.01 Cr203 

PnO <o -02 CO.02 20.02 <0.02 <o .o 1 CO.02 <0.02 

F e0 0.11k0.03 0.07k0.02 0.07+0.01 .02*0.01 0.48k0.02 0.03k0.02 0.03k0.02 

Tota I 97.92 97.79 99.1 1 99.37 99.12 97.05 92.34 

a Samples a r e  desc r ibed  i n  Tab le  1.  
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Tab le  3. Number o f  atoms i n  a f e l d s p a r  mo lecu le  on t h e  b a s i s  o f  
32 oxygen atoms [Na,K,Ca(Fe)l(A14Si(Ti)12)032. 

Amel i a  
Ab-001 Ab-002 Ab-003 Ab-004 Ab-005 Ab-006 Ab-007 a l  b i t e a  

Na 

Mg 

A I  

S i  

K 

Ca 

T i  

C r  

Mn 

Fe 

X 

Z 

mo le  % Ab 

Mole  % An 

mole % O r  

3.665 

- 

4.141 

11.914 

0.062 

0.081 

- 

- 

- 

0.016 

3.824 

16.055 

95.84 

2.54 

1.62 

4.070 

- 

5.317 

10.701 

0.454 

0.351 

- 

- 

- 

0.010 

4.885 

16.018 

83.32 

7.39 

9.29 

3.428 

- 

4.085 

12.044 

0.01 1 

0.054 

- 

- 

- 

0.010 

3.503 

16.129 

97.86 

1.83 

0.31 

3.851 

- 

4.100 

1 1.935 

0.032 

0.056 

- 

- 

- 

0.002 

3.941 

16.035 

97.72 

0.81 

1.47 

3.544 

- 

4.078 

1 1.926 

0.179 

0.162 

- 

- 

- 

0.008 

3.893 

16.004 

91.04 

4.37 

4.60 

1.235 3.555 

- - 

4.213 4.164 

11.716 1.872 

2.577 - 

0.076 0.219 

0.130 - 

- - 

- - 

0.005 0.005 

3.893 3.779 

16.059 16.035 

31.72 94.07 

66.20 5.93 

2.08 - 

3.963 

- 

3.996 

11.989 

0.096 

- 

- 

- 

- 

- 

4.06 

15.99 

97.6 

- 

2.4 

a A n a l y s i s  f rom Deer, Howie and Z ~ s s m a n . ~  

w h i l e  t h e  t i t a n i u m  i s  assumed t o  s u b s t i t u t e  f o r  
t h e  s i l i c o n  i n  one of t h e  T s i t e s .  One o f  t h  
ana lyses  r e p o r t e d  by Deer, Howie, and Zussman’ f o r  
t h e  Amel ia C o u r t  a l b i t e  i s  i nc luded  f o r  compari-  
son. Accord ing  t o  Deer, Howie, and Zussman, a 
c r i t e r i o n  o f  a n a l y t i c a l  accu racy  i s  t h a ?  t h e  sum 
o f  t h e  atoms i n  t h e  M s i t e  shou ld  be 420.1, and 
t h e  sum o f  t h e  atoms i n  t h e  T s i t e  shou ld  be 
16kO. 1. 

STRUCTURAL STUDIES 

X-ray powder p a t t e r n s  o f  t h e  a l b i t e  samples 
were ob ta ined  u s i n g  a 114.6-mm Debye-Scherrer d i f -  
f r a c t i o n  camera w i t h  s i l i c o n  meta l  as an i n t e r n a l  
s tandard .  The f i l m s  were read on a s tandard  l i g h t  
t a b l e ,  and t h e  leas t -squares  r e f i n e m e n t  code by 
C.W. Burnham was used t o  r e f i n e  t h e  da ta .  Tab le  4 
l i s t s  t h e  r e f i n e d  va lues  o f  bo th  t h e  d i r e c t  and 
r e c i p r o c a l  l a t t i c e  c o n s t a n t s  as  w e l l  as t h e  v a r i -  
ous s t r u c t u r a l  parameters which can be de termined 

from c e l l  cons an ts .  The c e l l  parameters used by 
Borg and Smith’ t o  genera te  a t h e o r e t i c a l  powder 
p a t t e r n  a r e  a l s o  i nc luded  f o r  a comparison. 

CONCLUSIONS 

Three o f  t h e  f i v e  a l b i t e s  examined (Ab-001, 
Ab-003 and Ab-004) appear t o  possess t h e  r e q u i r e d  
degree o f  p u r i t y  f o r  ou r  hydro thermal  s o l u b i l i t y  
measurements. Ab-002 and Ab-007 have unacceptab ly  
h i g h  c o n c e n t r a t i o n s  o f  c a l c i u m  and potassium. 
However, t h e  c a l c i u m  i n  Ab-007 may be due t o  
z o i s i t e  con tamina t ion .  F i n a l  c h o i c e  o f  a s u i t a b l e  
sample w i  I I be made a f t e r  f u r t h e r  o p t i c a l  and 
t r a n s m i s s i o n  e l e c t r o n  microscope s tud ies .  An 
x - ray  s t r u c t u r e  d e t e r m i n a t i o n  w i l l  be made on t h e  
s e l e c t e d  a l b i t e  t o  v e r i f y  t h a t  i t  i s  ordered, and 
t h e r e f o r e  a low a l b i t e .  
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Tab le  4. C r y s t a l l o g r a p h i c  parameters o f  a l b i t e s .  

b 
Ab max i mum 

Ab-001 Ab-002 Ab-003 Ab-004 Ab-005 Ab-006a Ab- 007 Standardb m i c r o c l  i n e  

A* ( i - 1 )  0.1374 0.1373 0.1377 0.1377 0.1373 0.1301 0.1375 0.1374 

B* 0.0786 0.0785 0.0784 0.0781 0.0783 0.0772 0.0783 0.0784 

C* 0.1565 0.1566 0.1567 0.1566 0.1568 0.1534 0,1566 0.1566 

! 

a* (deg) 86.2986 86.4026 86.4100 86.3047 86.3878 90.3926 86.2817 86.3326 

B *  63.5604 63.5573 63.4877 63.4501 63.5070 64.1537 63.4641 63.5227 

Y* 90.6050 90.4403 90.5799 90.3544 90.4162 92.0488 90.4269 90.4646 

A (i) 8.1371 8.1417 8.1249 8.1268 8.1463 8.5494 8.1345 8.138 

B 12.7603 12.7816 12.7929 12.8372 12.8069 12.9700 12.0872 12.789 

C 7.1558 7.1493 7.1536 7.1603 7.1452 7.2205 7.1586 7.156 

a (deg) 94.4364 94.2380 94.3027 94.3092 94.2447 90.5564 94.3707 94.33 

B 116.5444 116.5307 116.6106 116.6357 116.5799 115.8491 116.6280 116.570 

Y 87.4789 87.7151 87.5567 87.7534 87.7306 87.9136 87.6617 87.65 

vo lumeo3ub ic  
c e l l  ( A  ) 662.6456 663.7989 662.8836 665.8311 664.8216 720.0475 664.7321 

0.1299 

0.0772 

0.1539 

90.441 

64.170 

92.262 

8.560 

12.964 

7.215 

90.605 

115.833 

87.70 

a Ab-006 indexed on maximum m i c r o c l i n e .  
3 Data  from Borg and Smith. 
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THERMODYNAMZC PROPERTlES OF SZLlCATE MATERlALS 
I .  S .  E.  Carmichael, S .  A. Nelson, and L .  Moret 

INTRODUCTION 

The c r u s t  o f  t h e  ea r th ,  i n  p a r t i c u l a r  t h a t  
under t h e  oceans, i s  made up o f  b a s a l t i c  lavas, 
which b e f o r e  c r y s t a l l i z i n g  or congeal ing,  were 
s i l i c a t e  l i q u i d s  o f  r a t h e r  v a r i a b l e  and complex 
composi t ion.  G e n e r a l l y  speaking, t h e y  a r e  made up 
o f  e i g h t  major  o x i d e  components--Si02, T i 0  , 
Al2O3, FeO, MgO, CaO, Na20 and K20--so tha? any 
exper imenta l  i n v e s t i g a t i o n  o f  t h e  p r o p e r t i e s  o f  
s i l i c a t e  l i q u i d s  o f  re levance  t o  n a t u r e  must be 
designed t o  measure t h e  p a r t i a l  molar  q u a n t i t i e s .  
D e s p i t e  t h e  ve ry  g r e a t  importance o f  n a t u r a l  s i l i -  
c a t e  l i q u i d s  t o  many phenomena i n  t h e  e a r t h  ( v o l -  
canoes, geothermal l o c a l i t i e s ,  ore-bodies o f  ce r -  
t a i n  t y p e s ) ,  t h e r e  i s  s u r p r i s i n g l y  l i t t l e  e x p e r i -  
mental d a t a  a v a i l a b l e  on t h e i r  p r o p e r t i e s ,  pre- 
sumably because o f  t h e  h i g h  temperatures i nvo l ved  
( l O O O o  - 150OOC). L a s t  year an e s s e n t i a l  s t a r t  
was made on measuring t h e  h e a t  c a p a c i t i e s  (Cp) o f  
s i  I i c a  e I i q u i d s  i n  t h e  tempera tu re  range 1200° - 
1650°K 
which a r e  independent o f  temperature w i t h i n  
exper imen ta l  e r r o r .  T h i s  s tudy  a l s o  cons ide red  
t h e  ascen t  o f  b a s a l t i c  magma, f o r  i n  many cases 
what we observe on t h e  s u r f a c e  has been determined 
as much by t h e  ascen t  p a t t e r n  as  by t h e  c o n d i t i o n s  
o f  t h e  source r e g i o n  i n  t h e  e a r t h ' s  mantle. 

t and t h e i r  d e r i v e d  p a r t i a l  molar  q u a n t i t i e s ,  

ACTIVITIES IN 1977 

An apparatus, compr i s ing  an e l e c t r o n i c  ba lance 
and v e r t i c a l  furnace, has been c o n s t r u c t e d  t o  mea- 
s u r e  t h e  d e n s i t y  o f  a v a r i e t y  o f  s i l i c a t e  l i q u i d s  
us ing  t h e  Archimedes p r i n c i p l e .  A f t e r  thorough 
t e s t i n g  o f  thermal  s t a b i l i t y ,  o p e r a t i o n a l  ease, 
and c a l i b r a t i o n ,  t h e  f i r s t  measurements a r e  a t  
hand on one s i l i c a t e  l i q u i d .  The apparatus w i l l  
be used t o  de te rm ine  d e n s i t y ,  and i t s  t empera tu re  
dependence, o f  a wide v a r i e t y  o f  s i l i c a t e  l i q u i d s ,  
so t h a t  t h e  p a r t i a l  molar  volumes and e x p a n s i v i -  
t i e s  can be ob ta ined ;  t h i s  w i l l  a l l o w  t h e  da ta  t o  
be extended t o  n a t u r a l  s i l i c a t e  l i q u i d s  of a l l  
types.  

Flany s i l i c a t e  l i q u i d s ,  when coo led  q u i c k l y ,  
f o r m  a g lass ,  me tas tab le  w i t h  r e s p e c t  t o  c r y s t a l s ,  
b u t  each w i t h  i t s  own c e p r o d u c i b l e  and unique pro- 
p e r t i e s .  I n  s o l i d s ,  A I  undergoes a change i n  co- 
o r d i n a t i o n  w i t h  oxygen a t  h i g h  pressure, f o r  i n  
NaAlSi308 c r y s t a l s  i t  i s  t e t r a h e d r a l l y  co-ord ina-  
ted, b u t  i n  h i g h  p ressu re  NaAISi20 , i t  i s  oc ta -  
hedra l  l y  co-ord inated.  The same e q f e c t  should be 
p resen t  i n  l i q u i d  NaAISij08, and a number o f  sam- 
p l e s  were quenched t o  a g l a s s  from 15OO0C and i n  
t h e  pressure range  1-60 kbars. One way i n  which 
t h i s  c o - o r d i n a t i o n  change c o u l d  be man i fes ted  i s  
i n  t h e  h e a t  c a p a c i t y  a t  moderate tempera tu res  ( t o  

a v o i d  annea l i ng ) ,  f o r  t h e  h e a t  c a p a c i t y  of A1203 
i n  s i x f o l d  c o - o r d i n a t i o n  i s  g r e a t e r  t han  i n  f o u r -  
f o l d  co -o rd ina t i on .  Our p r e l i m i n a r y  r e s u l t s  so 
f a r  show t h a t  change i n  Cp w i t h  p ressu re  decreases 
up t o  40-50 kbars, b u t  t h a t  t h e  60-kbar sample has 
a l a r g e r  Cp than  t h e  1-bar sample. 

The common m ine ra l  qua r t z ,  S i 0 2 ,  undergoes a 
t r a n s f o r m a t  i o n  near 848OK w i t h  an entha I py change 
o f  app rox ima te l y  290 cal/mole. I t  has been known 
f o r  20 years t h a t  t h e  i n v e r s i o n  tempera tu re  v a r i e s  
w i t h  t h e  temperatures o f  growth, b u t  no da ta  were 
a v a i l a b l e  a t  t h a t  t i m e  on t h e  l a t t e r .  We have 
c o l l e c t e d  q u a r t z  c r y s t a l s  from a wide range o f  
known temperatures o f  growth, b o t h  n a t u r a l  and 
s y n t h e t i c ,  and i t  appears t h a t  t h e  a-13 i n v e r s i o n  
temperature i s  indeed i n v e r s e l y  p r o p o r t i o n a l  t o  
t h e  growth temperature; t h i s  i s  p robab ly  due t o  
s o l i d  s o l u t i o n  o f  Na, e t c .  We have found t h a t  
t h e r e  i s  a v e r y  good c o r r e l a t i o n  between t h e  in- 
v e r s i o n  temperature, t h e  volume o f  t h e  u n i t - c e l l  
(wh ich  decreases s l i g h t l y  w i t h  i nc rease  i n  f o r e i g n  
i ons  i n  s o l u t i o n ) ,  and t h e  g rowth  temperature.  I t  
appears t h a t  eas i  l y  measurable p r o p e r t i e s  of 
q u a r t z ,  p a r t i c u l a r l y  t h a t  grown above 848OK, may 
be used as a geothermometer. 

PLANNED ACTIVITIES FOR 1978 

I n  a d d i t i o n  t o  c o n t i n u i n g  t h e  d e n s i t y  measure- 
ments, an appara tus  has been designed and p a r t i a l -  
l y  b u i l t  t o  de te rm ine  t h e  sound wave v e l o c i t y  i n  
s i l i c a t e  l i q u i d s .  The i n t e n t i o n  i s  t o  de te rm ine  
t h e  a d i a b a t i c  c o m p r e s s i b i l i t y  o f  s i l i c a t e  l i q u i d s ,  
and i t s  temperature dependence, on t h e  same compo- 
s i t i o n s  as  have been used f o r  d e n s i t y  measurements. 
E v e n t u a l l y  we hope t o  o b t a i n  p a r t i a l  mo la r  com- 
p r e s s i b i l i t i e s  ( i s o t h e r m a l ) ,  t h e i r  t empera tu re  de- 
pendence, which t o g e t h e r  w i t h  t h e  volume d a t a  
should a l l o w  a complete d e s c r i p t i o n ,  a p a r t  from 
c o - o r d i n a t i o n  change e f f e c t s ,  o f  t h e  volume o f  a l  I 
v a r i e t i e s  o f  n a t u r a l  s i l i c a t e  l i q u i d s  i n  t h e  P-T 
f i e l d  i n  which t h e y  occur .  As a successor t o  t h e  
s tudy  o f  h e a t  c a p a c i t i e s ,  we in tend  t o  s tudy  o t h e r  
compos i t i ons  i n  o r d e r  t o  o b t a i n  p a r t i a l  molar  h e a t  
c o n t e n t s  i n  t h e  l i q u i d  s t a t e .  I t  i s  a n t i c i p a t e d  
t h a t  about  20 compos i t i ons  w i l l  be analyzed by 
n e u t r o n  a c t i v a t i o n  t o  de te rm ine  t h e  major  compo- 
nen ts  i n  o r d e r  t o  check t h e  e f f e c t  o f  f o r e i g n  i o n s  
on t h e  p r o p e r t i e s  o f  n a t u r a l  qua r t z .  
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STUDIES OF MAGMATIC MATERlALS 
F .  Asaro and H .  V. Michel 

I NTRODUCT I ON 

The purpose o f  t h i s  s tudy  i s  t h e  a d a p t a t i o n  
o f  h i g h  p r e c i s i o n  techn iques  o f  chemical measure- 
ment t o  problems in-geochemistr qeothermal s tu-  
d ies ,  and problems r e d t o r a g e -  
wastes. I t  shou I d p e r m i t  more a c c u r a t e  de ierm ina- 
t i o n s  o f  t h e  thermodynamic q u a n t i t i e s  such as  d i s -  1 

t r i b u t i o n  c o e f f i c i e n t s  o f  e lements between lava 
m e l t s  and c r y s t a l s  and a l s o  o f f e r  new ways o f  
measuring temperatures o f  lava chambers. 

The p r o j e c t  s t a r t e d  on a r a t h e r  small  s c a l e  
i n  1973 and has undergone c o n s i d e r a b l e  mod i f i ca -  
t i o n  s i n c e  then. 

I n  t h e  p r i o r  years many lavas and c r y s t a l  in- 
c l u s i o n s  had been measured by neu t ron  a c t i v a t i o n  
a n a l y s i s  f o r  abou t  30 t race ,  minor, and major  e l e -  
ments. A l though lava measurements were r e l i a b l e ,  
c r y s t a l l i z e d  m a t e r i a l  f rom t h e  lava and s p e c i f i c  
m i n e r a l s  separated from t h e  lavas o r  nodules i n  
them appeared t o  c o n t a i n  ext raneous i n c l u s i o n s  o r  
i m p u r i t i e s .  

1977 ACTIVITIES 

I n  t h i s  l a s t  year, s e p a r a t i o n  techn iques  i n  
use on t h e  U.C. Be rke ley  campus have r e s u l t e d  i n  
p u r e r  samples o f  c r y s t a l s  and m ine ra l  separates.  
Measurement techn iques  o f  neu t ron  a c t i v a t i o n  ana- 
l y s i s  a long  w i t h  b e t t e r  sample p r e p a r a t i o n  tech-  
n iques  improved t o  t h e  e x t e n t  t h a t  d i f f e r e n c e s  i n  
chemical abundances due t o  f r a c t i o n a t i o n  o f  
m i n e r a l s  w i t h i n  a sample b o t t l e  a r e  obvious. 

Tab le  1 shows t h e  abundances o f  f o u r  o f  t h e  
most p r e c i s e l y  measured elements i n  a b a s a l t  ana- 
lyzed by neu t ron  a c t i v a t i o n  methods desc r ibed  
above. 
f l uo rescence  and wet chemical methods. Inc luded 
i n  t h e  t a b l e  a r e  t h e  es t ima ted  ( 1  s tandard dev ia-  
t i o n )  e r r o r s .  The agreement i s  c o n s i s t e n t  w i t h  
t h e  e r r o r s .  Thus t h e  u n c e r t a i n t i e s  i n  t h e  neu t ron  
a c t i v a t i o n  measurements a r e  about  1% o r  l ess  f o r  
elements shown. I n  a d d i t i o n ,  t h r e e  d i f f e r e n t  
t echn iques  g i v e  t h e  same answer when t h e  work i s  
c a r e f u l l y  done. T h i s  neu t ron  a c t i v a t i o n  a n a l y s i s  
i s  p a r t  o f  a measurement system i n  which abou t  50 
elements a r e  searched f o r  by INAA, about  40 a r e  
u s u a l l y  de tec ted  i n  m a t e r i a l s  w i t h  compos i t i ons  
s i m i l a r  t o  t h e  e a r t h ' s  c r u s t ,  and abou t  30 a r e  
measured w i t h  good p r e c i s i o n .  

A l so  shown a r e  measurements by x- ray 

Tab le  1. B a s a l t  abundances as  measured 
by d i f f e r e n t  techniques.  

B a s a l t  abundances, % 

Neutron 

b a c t i v a t i o n  Wet X-ray 
Element a n a l y s i s  chem i s t r y a  f I uorescence 

2.34 f 0.015 2.35 f 0.04 Na 

Fe 9.67 f 0.08 9.69 f 0.06 9.76 f 0.12 

7.16 f 0.08 7.27 * 0.04 AI 

T i  1.65 f 0.02 1.64 f 0.02 1.57 * 0.05 

I n  t h e  neu t ron  a c t i v a t i o n  process m a t e r i a l  o f  
unknown compos i t i on  i s  placed i n  a neu t ron  f l u x ,  
and t h e  neu t rons  cause s t a b l e  i so topes  o f  t h e  
v a r i o u s  elements i n  t h e  unknown t o  t r a n s f o r m  t o  
e x c i t e d  o r  r a d i o a c t i v e  species. Many o f  t h e s e  
species o r  t h e i r  r a d i o a c t i v e  daughter p roduc ts  
w i l l  have c h a r a c t e r i s t i c  r a d i a t i o n s ,  u s u a l l y  . 
gamma rays ,  which can be measured subsequent t o  
t h e  i r r a d i a t i o n .  The amounts o f  t h e  d i f f e r e n t  
elements a r e  determined by comparison w i t h  amounts 
o f  c h a r a c t e r i s t i c  r a d i a t i o n s  e m i t t e d  by s tandards 
of known composi t ion.  The p r e c i s i o n  and accuracy 
o f  measurement depend on t h e  c a r e  w i t h  which i r r a -  
d i a t i o n  c o n d i t i o n s  a r e  c o n t r o l l e d  and c a l i b r a t e d .  
They a l s o  p a r t i c u l a r l y  depend on t h e  c a r e  w i t h  
which t h e  gamma r a y  s p e c t r a l  measurements a r e  
made. G e n e r a l l y  p r e c i s e  d e t e r m i n a t i o n s  neces- 
s i t a t e :  i r r a d i a t i o n  and measurement o f  s tandards 
and unknowns i n  t h e  same c o n f i g u r a t i o n ;  s e l e c t i o n  
o f  a p p r o p r i a t e  gamma r a y s  f o r  s tudy  and removal 
of s p e c t r a l  i n t e r f e r e n c e s  w i t h  these  gamma rays;  
and d e t e r m i n a t i o n  o f  losses o f  da ta  i n  c o u n t i n g  
equipment as a f u n c t i o n  o f  c o u n t i n g  r a t e .  I n  
a d d i t i o n ,  i f  a small  p a r t  o f  a sample i s  removed 
f o r  a n a l y s i s ,  t hen  t h e  sample must be more homo- 
geneous i n  t h e  abundances o f  t h e  elements o f  i n -  
t e r e s t  t han  t h e i r  p r e c i s i o n  o f  measurement. 
Otherwise t h e  p r e c i s i o n  i s  wasted. 

a I.S.E. Carmichael 
H.R. Bowman and R.D. Giauque 

The p r e c i s i o n  o f  t r a c e  e lement  measurement 
can be eva lua ted  by comparison of neu t ron  a c t i v a -  
t i o n  r e s u l t s  from d i f f e r e n t  l a b o r a t o r i e s  on n e a r l y  
i d e n t i c a l  samples. Tab le  2 shows a comparison o f  
t h e  measurements by t h e  Hebrew U n i v e r s i t y  o 
Salem and t h e  Lawrence Berke ley  Labora to ry .  
abundances o f  t h r e e  e lements - Eu, Sc, and Ta - i n  
samples o f  a f i r e d  c l a y  and r h y o l i t e  ( a  s i l i c e o u s  
m a t e r i a l  e rup ted  i n  t h e  l a t e r  s tages  o f  vo lcanism) 
a r e  t e s t e d  i n  Tab le  3. The agreement i s  e x c e l l e n t  
from one p o i n t  of view as  t h e  two l a b o r a t o r i e s  
agree w i t h i n  abou t  3% on elements w i t h  abundances 
o f  t h e  o r d e r  o f  1 ppm. 

t J;;:- 

From another  p o i n t  o f  view t h e  agreement i s  
n o t  p e r f e c t .  The e r r o r s  due t o  c o u n t i n g  r a d i o -  
a c t i v i t y  ( 1  s tandard d e v i a i t o n  va lues )  a r e  a l s o  
i nc luded  i n  Table 2, and t h e  two va lues  f o r  scan- 
dium d i f f e r  by n e a r l y  6 s tandard  d e v i a t i o n s  f o r  
t h e  r h y o l i t e .  
t u a l  d i f f e r e n c e s  i n  compos i t i on  between d i f f e r e n t  

A l though t h i s  m i g h t  be due t o  ac- 
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Tab le  2. Trace element abundances as measured a t  I t  i s  wor th n o t i n g  t h a t  un less  c a r e  i s  e x e r c i s e d  
i n  t h e  s e l e c t i o n  and p r e p a r a t i o n  o f  samples, one d i f f e r e n t  l a b o r a t o r i e s  by neu t ron  

a c t i v a t i o n  a n a l y s i s .  p o r t i o n  o f  a r o u g h l y  ground r o c k  sample may have a 
much d i f f e r e n t  abundance f o r  some e lements than  an 

Abundances, ppm a d j a c e n t  p o r t i o n .  

Element F i r e d  Clay Rhyol i t e  Labora to ry  Next, a p p l i c a t i o n s  o f  neu t ron  a c t i v a t i o n  ana- 
l y s i s  t o  problems i n  geology w i l l  be considered.  
I n  t h e  no r thwes t  U n i t e d  S t a t e s  i n  t h e  r e g i o n  o f  
t h e  Columbia R i v e r  P lateau,  b a s a l t  f l o w s  have been 
e j e c t e d  p e r i o d i c a l l y  over  many m i l l i o n s  o f  years. 
They have formed l a y e r s  t h a t  t o t a l  seve ra l  thou-  
sand f e e t  i n  depth; each l a y e r  i s  somewhat homo- 
geneous chemica l l y .  Such b a s a l t s  a r e  cons ide red  
as  p o s s i b l e  r e p o s i t o r i e s  for commercial rad ioac -  
t i v e  wastes.2 I n  s t u d i e s  aimed a t  d e t e r m i n i n g  t h e  
f e a s i b i l i t y  o f  each s torage,  t h e  a b i l i t y  t o  make a 
p o s i t i v e  i d e n t i f i c a t i o n  o f  a sample ( o f  a d r i l l  
c o r e )  w i t h  a s p e c i f i c  f l o w  i s  u s e f u l .  The major  
elements have been used w i t h  some success f o r  t h i s  
purpose. Even t h e  i n c l u s i o n  o f  a few t r a c e  e l e -  
ments, however, makes t h e  assignments more d e f i n i -  
t i v e  as w i l l  be shown nex t .  

Eu 1.468 f 0.022 0.045 f 0.007 H.U a 
1.498 f 0.013 0.047 f 0.005 L B L ~  

sc 20.08 f 0.04 3.049 f 0.012 H.Uha 

Ta 1.336 f 0.024 2.055 f 0.033 H.U a 

20.10 f 0.06 2.954 f 0.013 LBL 

1.33 f 0.01 2.01 f 0.01 L B L ~  

a Hebrew U n i v e r s i t y  ( s e e  Ref. 1 )  
Lawrence Berke ley  Labora to ry  ( s e e  Ref. 1 )  

The A t l a n t i c  R i c h f i e l d  Hanford Company 
(ARHCO), which has now become Rockwell  Hanford 
Operat ions,  sampled t h e  Columbia R i v e r  l a t e a u  
b a s a l t s  i n  a number o f  r e f e r e n c e  areas.’ The 
samples were c h e m i c a l l y  analyzed by a tomic  
a b s o r p t i o n  and u s u a l l y  by neu t ron  a c t i v a t i o n .  
These d a t a  were used t o  form r e f e r e n c e  groups o f  
known f lows.  Each f l o w  was des igna ted  by a mean 
v a l u e  and a s tandard d e v i a t i o n  f o r  each e lement  
considered.  ARHCO had i n  a d d i t i o n  d r i l l e d  seve ra l  
bo reho les  i n t o  t h e  P l a t e a u  b a s a l t s  and sampled t h e  
c o r e s  about  e v e r y  20 o r  3 0  f t .  The c o r e  samples 
were analyzed i n  t h e  same way as’ t h e  r e f e r e n c e  
samples b u t  fewer neu t ron  a c t i v a t i o n  analyses were 
made. 

Tab le  3. P r e c i s i o n  o f  neu t ron  a c t i v a t i o n  a n a l y s i s  
from s i x  n e a r l y  i d e n t i c a l  samples. 

Standard 
d e v i a t i o n  P rocedura l  

o f  coun t  i ng u n c e r t a  i n t y  , 
RMSD, % e r r o r ,  % % 

Sm 0.23 
0.27 

0.14 
0.09 

0.18 
0.26 

SC 0.30 
0.26 

0.20 
0.20 

0.22 
0.17 

0.29 0.16 Mn 

Ce 

Fe 

0.33 

The c o r r e l a t i o n s  o f  abou t  80 samples f rom one 
o f  t hese  bo reho les  (DH-5I3 a r e  shown i n  F i g u r e  1 
w i t h  each o f  t h e  n i n e  r e f e r e n c e  f lows.  The 
absc i ssa  i s  t h e  depth f rom which t h e  samples were 
taken  and t h e  n i n e  o r d i n a t e s  a r e  t 

where c h i  has i t s  conven t iona l  meaning and i s  
summed ove r  n-1 elements. The e lement  whose abun- 
dance agrees t h e  p o o r e s t  i s  r e j e c t e d .  The lowest  
v a l u e  o f  t h e  c o r r e l a t i o n  i s  t aken  as  0. I n  F i g u r e  
1,  d a t a  which i n c l u d e  neu t ron  a c t i v a t i o n  a n a l y s i s  
f o r  f o u r  t r a c e  e lements as w e l l  as a tomic  absorp- 
t i o n  measurements on n i n e  major  and minor  elements 
a r e  rep resen ted  by do ts .  Atomic a b s o r p t i o n  d a t a  
a l o n e  a r e  rep resen ted  by XIS. There a r e  t h r e e  
prominent  c o r r e l a t i o n s  i n  t h e  t o p  600 f t  b u t  a l s o  
a few a m b i g u i t i e s .  Many of t h e  c o r r e l a t i o n s  below 
700 f t  would p robab ly  be reduced w i t h  h i g h  p r e c i -  
s i o n  t r a c e  e lement  analyses on b o t h  r e f e r e n c e  and 
bo reho le  samples. 

va lues.  Jhese va lues  equal 1.5 - Yion c h i  /(n-2)  

0.33 0.39 0.51 

0 -39 
0.43 

0.23 

0.27 

0.58 
0.57 

0.43 
0.37 

Eu 

Ta 

Average 

0.49 0.43 

0.56 0.49 

0.41 0.27 

s p l i t s  o f  t h e  r h y o l i t e ,  it seems more p robab le  
t h a t  one o r  b o t h  i n s t i t u t i o n s  a r e  making a smal l  
e r r o r  i n  t h e i r  scandium measurements. Tab le  3 
shows a l i m i t  on t h e  p r e c i s i o n  o f  measurements 
made a t  ou r  l a b o r a t o r y .  The root-mean-square de- 
v i a t i o n s  f o r  t h e  10 most p r e c i s e l y  measured r a d i a -  
t i o n s  i n  s i x  samples i s  0.418. I f  t h e  s tandard  
d e v i a t i o n s  due t o  u n c e r t a i n t i e s  i n  c o u n t i n g  gamma 
r a y s  a r e  removed, t h e  average rema in ing  u n c e r t a i n -  
t y  i s  0.27%. Al though t h i s  may be due i n  p a r t  t o  
a c t u a l  v a r i a t i o n s  i n  abundances i n  t h e  s i x  samples, 
it seems most l i k e l y  t o  be due t o  unknown problems 
i n  t h e  Berke ley  measurement system. 
check ing measurements w i t h  o t h e r  techn iques  and 
l a b o r a t o r i e s  we hope t o  approach 0.27% as  o u r  
a c t u a l  p r e c i s i o n  f o r  t h e  b e s t  measured elements. 

By c ross -  

The e f f e c t  o f  t r a c e  element measurements on a 
much g r e a t e r  p r o p o r t i o n  of t h e  samples i s  i n d i c a -  
t e d  i n  F i g u r e  2 which shows da ta  from another  bore- 
ho le,  DDH-3. There were no a m b i g u i t i e s  i n  these  
d a t a  f o r  t h e  f i r s t  1100 f t .  I n  f a c t ,  a l l  of t h a t  
da ta  can be compressed i n t o  one graph. As seen i n  
F i g u r e  2, t h e r e  a r e  f o u r  d i s t i n c t  f l o w s  w i t h  no 
ove r lap .  The p r o b a b i l i t y  o f  an e r r o r  i n  assignment 
t o  one o f  t h e  f l o w s  Pomona) was c a l c u l a t e d  t o  
be l ess  than  1 i n  10“ w i t h  c e r t a i n  r e s t r i c t i v e  
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assumptions. Lower f lows, even w i t h  f o u r  t r a c e  be c o r r e l a t e d  much more d e f i n i t i v e l y  i f  a much 
elements measured, have many a m b i g u i t i e s  as seen l a r g e r  number o f  t r a c e  elements were used i n  t h e  
i n  F i g u r e  3. i t  i s  p o s s i b l e  t h a t  t hese  da ta  c o u l d  a n a l y s i s .  
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Figure 1 .  
borehole DH - 5. Data points indicated by "x" - eight  major elements 
and one minor element (Ba) included in the correlat ion.  
indicated by 'I." - an additional four  t race elements (Cr, E u ,  Sc, and 
Co) included in the correlat ion.  

Correlation diagrams fo r  rock samples from upper part  o f  

Data points 
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ELEPHANT M T N .  

F i g u r e  2. C o r r e l a t i o n  diagram f o r  rock  samples 
f rom upper p a r t  of b o r e h o l e  DDH - 3. Data p o i n t s  
i n d i c a t e d  by "e" - 13 major,  minor, and t r a c e  
elements inc luded  i n  t h e  c o r r e l a t i o n .  Da ta  p o i n t s  
i n d i c a t e d  by "0" - c o r r e l a t i o n s  a r e  so  smal l  
samples a r e  n o t  b a s a l t s .  
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Figure 3. Correlat ion dia- 
grams f o r  rock samples from 
middle p a r t  of borehole 
DH - 5. The meaning of the  
symbols i s  t he  same as  in  

Depth ( f  t.) ~ ~ ~ 7 7 6 -  1078 Figure 1 .  
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The measurement methods s t u d i e d  here app ly  t o  REFERENCES 
f o s s i  I f u e l  s t u d i e s  (raw and spent  o i  I sha les  and 
o i l y  waters ) ,  s t u d i e s  o f  d i s t r i b u t i o n  o f  t r a c e  
elements i n  a q u i f e r  systems, and f i n g e r p r i n t i n g  o f  
r h y o l i t e s  f o r  s t r a t i g r a p h i c  d a t i n g  ( i n  c o l l a b o r a -  
t i o n  w i t h  t h e  U.S.G.S.). 

1 .  Y e l l i n ,  J., Perlman, I., Asaro, F., M iche l ,  
H.V., and Mosier, D.F. Comparison o f  Neutron 
A c t i v a t i o n  A n a l y s i s  from t h e  Lawrence Berke ley  
Labora tory  and t h e  Hebrew U n i v e r s i t y  Archaeo- 
met ry  ( i n  p ress) .  

t 

2. ARH - ST - 137 P r e l i m i n a r y  F e a s i b i  
Next year t h e  e f f e c t  o f  sample f r a c t i o n a t i o n  on Storage o f  R a d i o a c t i v e  Wastes i n  

between sampling and measurement w i l l  be s tud ied .  R i v e r  Basa l ts ,  Nov. 1976. 
High p r e c i s i o n  measurement techn iques  w i l l  be ap- 

! p l i e d  t o  f i n g e r p r i n t i n g  o f  b a s a l t s  t o  determine i f  3. Asaro, F., Michel ,  H.V., and Myers, 
d i f f e r e n t  f l o w s  can be b e t t e r  d i s t i n g u i s h e d  by S t a t i s t i c a l  Study o f  Columbia R iver  
these methods. ( t o  be pub1 ished) .  

i t y  Study 
Co I umb i a 

C.W. A 
Basa I t s  

I N - S I T U  STRESS M E A S U R E M E N T S  
T .  V. McEvi l l y  and 1. Wang 

I NTRODUCT I ON 

I n  l a b o r a t o r y  experiments, changes i n  t h e  
s t a t e  o f  s t r e s s  o f  r o c k s  t y p i c a l  o f  c r u s t a l  com- 
p o s i t i o n  produce measurable changes i n  e l a s t i c  
p r o p e r t i e s .  I t  f o l l o w s  t h a t  a techn ique f o r  p r e -  
c i s e  measurement, i n  s i t u ,  o f  changes i n  e l a s t i c  
p r o p e r t i e s  o f  c r u s t a l  r o c k s  would have p o t e n t i a l  
i n  m o n i t o r i n g  subsur face s t r e s s  changes. 
a p p l i c a t i o n s  e x i s t  i n  t h e  areas o f  geothermal 
r e s e r v o i r  changes, underground waste d isposa l  e f -  
f e c t s ,  dam-induced s e i s m i c i t y ,  ear thquake r i s k  a t  
c r i t i c a l  f a c i l i t y  s i t e s ,  and i n  o t h e r  less spec- 
t a c u l a r  subsur face processes. By 1974, u s i n g  
se ismic  waves from ear thquakes and exp los ions ,  
s e i s m o l o g i s t s  had demonstrated a ca a b i l i t y  t o  de- 
t e c t  changes g r e a t e r  t h a n  about  lo-' i n  average 
v e l o c i t y  a long a "path of convenience," t h a t  i s ,  a 
source- to - rece iver  p a t h  o f  undetermined geometry. 
However, t h e  a v a i l a b l e  p r e c i s i o n  was i n s u f f i c i e n t  
f o r  d e t e c t i n g  changes i n  averape v e l o c i t y  over  a . 
small  zone a t  depth d e s p i t e  a t tempts  t o  do so by . 
changing source and r e c e i v e r  l o c a t i o n s .  

C l e a r l y ,  

I t  was c l e a r  t h a t  p r e c i s i o n  and s t a b i l i t y  o f .  
measurement had t o  be improved by 1 t o  2 o r d e r s  o f  
magnitude, and t h a t  t h e  b e s t  p o s s i b l e  system would 
be based on c u r r e n t  se ismic  r e f l e c t i o n  t e c h n o l o y  
developed f o r  pet ro leum prospec t ing .  With suppor t  
f rom C o n t i n e n t a l  O i l  Company (Conoco), t h e  U.S. 
Geolog ica l  Survey, and LBL, a - s p e c i a l  purpose 

VlBROSElS (tradename, Conoco) programmable se ismic  
wave source and r e c o r d i n g  system was f a b r i c a t e d  t o  
t e s t  t h e  f e a s i b i l i t y  o f  p r e c i s e  v e l o c i t y  moni- 
t o r i n g  u s i n g  t r a v e l - t i m e  o f  r e f l e c t i o n s  f rom deep 
d i s c o n t i n u i t i e s  w i t h i n  t h e  e a r t h ' s  c r u s t .  I n i t i a l  
t e s t s  i n  1976 were very encouraging. 

1977 RESULTS 

System s t a b i  I i t y  b e t t e r  than was v e r i -  
f i e d  and i n d i c a t i o n s  were o b t a i n e d  t h a t  t i d a l  
s t r e s s e s  (<0.1 b a r ) ,  as we l l  as sha l low s t r e s s  
changes ( < 1  b a r )  accompanying creep events  on t h e  
San Andreas f a u l t ,  produced d e t e c t a b l e  changes i n  
v e l o c i t i e s .  Cons iderab le  t i m e  was spent  i n  s t u -  
d i e s  o f  i n s t a b i l i t y  sources and methods t o  e l i  i- 
n a t e  them, so t h a t  a long-term accuracy o f  10 
can be mainta ined.  The concept as we l l  as t h e  
s p e c i a l  two-man f i e l d  system have proved very 
success fu l .  

-Y 

PLANS FOR 1978 

Research w i l l  c o n t i n u e  i n  1978, b u t  t h e  pro-  
gram suppor t  w i l l  come from t h e  U.S. Geo log ica l  
Survey, under t h e  Ear thquake P r e d i c t i o n  Program, 
d i r e c t l y  t o  t h e  Seismographic S t a t i o n ,  Department 
o f  Geology and Geophysics, U n i v e r s i t y  o f  C a l i f o r -  
n ia ,  Berke ley.  Rout ine  measurements a r e  b e i n g  
p lanned t o  measure and s tudy v e l o c i t y  changes i n  
r e g a r d  t o  ear thquake p r e d i c t i o n .  
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VZSCOSZTY OF AQUEOUS SODIUM CHLORZDE SOLUTZONS FROM O°C TO 150°C 
H .  Ozbek and S.  L .  Phillips 

INTRODUCTION 

The purpose o f  t h e  N a t i o n a l  Geothermal I n f o r -  
ma t ion  Resource (GRID) i s  m a i n l y  t o  comp i le  and 
e v a l u a t e  b a s i c  da ta  on geothermal energy f o r  e lec -  
t r i c a l  and n o n e l e c t r i c a l  uses. Whi le  t h e  l a r g e r  
work cove rs  a number o f  areas, t h i s  r e p o r t  i s  
l i m i t e d  t o  a c r i t i c a l  e v a l u a t i o n  o f  d a t a  on t h e  
v i s c o s i t y  o f  sodium c h l o r i d e  s o l u t i o n s  a t  e l e v a t e d  
temperatures, pressures, and s a t u r a t i o n  concentra-  
t i o n s .  The o b j e c t i v e  i s  e s t a b l i s h i n g  a databank 
o f  pub l i shed  da ta  on b a s i c  energy p r o p e r t i e s  o f  
aqueous NaCl s o l u t i o n s  c o v e r i n g  t h e  ranges o f  geo- 
therma I i n t e r e s t :  temperatures t o  35OoC, pres- 
su res  t o  50 MPa (500 ba rs ) ,  and c o n c e n t r a t i o n s  t o  
s a t u r a t i o n .  The p resen t  work g i v e s  t h e  r e s u l t s  o f  
a survey and e v a l u a t i o n s  o f  a subse t  o f  t h i s  data-  
bank: t h a t  d e a l i n g  w i t h  t h e  v i s c o s i t y  o f  sodium 
c h l o r i d e  s o l u t i o n s .  

The l i t e r a t u r e  screened i n  c o m p i l i n g  t h e  v i s -  
c o s i t y  da ta  cove rs  t h e  p e r i o d  f rom 1929 t o  1977; 
d a t a  ob ta ined  p r i o r  t o  1929 a r e  con ta ined  i n  t h e  
I n t e r n a t i o n a l  C r i t i c a l  Tables f o r  NaCl s o l u t i o n s  
a t  a tmospher ic  p ressu re  ove r  t h e  tempera tu re  range 
O°C t o  100°C, and c o n c e n t r a t i o n s  f rom 0 mo la l  t o  5 
mo la l .  From 1929 t o  1977, r e s e a r c h e r s  generated 
v i s c o s i t y  d a t a  f o r  temperatures t o  15OoC, pres- 
su res  t o  3 0  MPa, and c o n c e n t r a t i o n s  t o  s a t u r a t i o n .  

ACCOMPLISHMENTS IN FISCAL YEAR 1977: EVALUATION 
AND CORRELAT I ON 

A comprehensive search o f  t h e  pub l i shed  
l i t e r a t u r e  f o r  NaCl v i s c o s i t y  da ta  was made, and 
a l l  a v a i l a b l e  c o p i e s  of t h e  o r i g i n a l  p u b l i c a t i o n s  
were assembled u s i n g  t h e  f o l l o w i n g  main sources 
for l i t e r a t u r e  r e f e r e n c e s :  ( 1 )  t h e  Department o f  
Energy Techn ica l  I n f o r m a t i o n  C e n t e r ' s  RECON System, 
which i n c l u d e s  t h e  Energy Data Base and Water Re- 
sources Abs t rac ts ;  (2) t h e  I n t e r n a t i o n a l  C r i t i c a l  
Tables; and ( 3 )  r e l e v a n t  j o u r n a l s  and r e p o r t s .  

The da ta  s e l e c t e d  f o r  c o r r e l a t i o n  a r e  r e p o r -  
t e d  exper imenta l  va lues,  and do n o t  i n c l u d e  e i t h e r  
smoothed o r  c a l c u l a t e d  data.2 AI I da ta  i n  t h i s  '% s c a l e  o f  a tomic  weights, t o  t h e  g/cm b a s i s  
f o r  d e n s i t y ,  t o  c e n t i p o i s e  f o r  v i s c o s i t y ,  from 
mo la r  t o  mo la l  concen t ra t i ons ,  and f rom r e l a t i v e  
t o  a b s o l u t e  v i s c o s i t y  va lues.  The needed water 
v i s c o s i t y  d a t a  were taken  from t h e  r e s u l t s  o f  t h e  
E i g h t h  I n t e r n a t i o n a l  Conference on t h e  P r o p e r t i e s  
o f  Steam. 

Y to the 
b l e  have been conver ted  where necessar 

The f o l l o w i n g  s t a t i s t i c a l  equa t ion  was deve- 
loped from t h e  exper imenta l  da ta :  

n = c 1  + c2 exp(a lT)  + c3 exp(a2m) t 

c4 expIa3(0.01T + m ) I  + ( 1 )  

c5 exp[a4(0.01T - m ) l  
where 

n = v i s c o s i t y ,  cp 

T = temperature, OC 

m = c o n c e n t r a t i o n ,  m o l a l i t y  

c1 = 0,1256735 

c2 = 1.265347 

c3 = - 1  . lo5369 

c4 = 0.2044679 

c5 = 1.308779 

al = -0.04296718 

a2 = 0.37 10073 

a3 = 0.4230889 

a4 = -0.3259828 

Equa t ion  ( 1 )  i s  v a l i d  o n l y  t o  p ressu res  o f  30 MPa 
and a t  temperatures t o  15OoC. 

F i g u r e  1 shows v i s c o s i t y  versus concen t ra t i on ,  
f rom Eq. (11, f o r  s e l e c t e d  temperatures between 
O°C and 15OoC. F i g u r e  2 i s  a p l o t ,  based on 
Eq. ( 1 1 ,  o f  v i s c o s i t y  versus temperature.  Data 
may be i n t e r p o l a t e d  w i t h  Eq. ( 1 )  t o  a s tandard de- 
v i a t i o n  o f  1.5% over  t h e  e n t i r e  temperature,  pres-  
sure, and c o n c e n t r a t i o n  range ( s e e  F ig .  3 ) .  Tab le  
1 c o n t a i n s  smooth va lues  o f  v i s c o s i t y ,  c a l c u l a t e d  
f rom Equa t ion  ( 1 ) .  

1 5  2,5 3.5 415 
No CI concentration ( molality 

XB L 783 - 451 

Figure 1 .  Viscosity o f  NaCl solutions versus con- 
centrat ion using Eq. (1).  
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Figure 2 .  Viscosity of NaCl solut ions versus 
temperature using Eq. ( 1 ) .  
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1 Figure 3.  Comparison o f  calculated NaCl viscosity 
u s i n g  Eq. ( 1 )  w i t h  measured values. Deviation for  
a l l  values is  1.5%. 

Tab le  1 .  Smooth va lues  o f  t h e  v i s c o s i t y  o f  NaCl 
s o l u t i o n s  c a l c u l a t e d  from Eq. ( 1 ) .  

V i s c o s i t y ,  cp 
m NaCl 0.5 1.0 2.0 3.0 4.0 5.0 

0 1.853 1.914 2.058 2.234 2.448 2.701 
10.0 1.373 1.428 1.556 1.712 1.899 2.118 
20.0 1.049 1.098 1.212 1.349 1.512 1.699 
30.0 .827 .871 .972 1.092 1.232 1.391 
40.0 .673 .712 .800 .905 1.024 1.158 
50 .O .564 .598 .675 .765 .866 .978 
60 .O .484 .5 13 .580 .657 .743 .835 
70 .O .423 .449 .507 .572 .644 .7 19 
80.0 .377 .399 .449 ,504 .564 ,626 
90  .O .340 .359 .40 1 .448 .498 .549 

100 .O .3 10 .326 .362 .40 1 .443 .487 
1 10 .O .285 .299 .329 .363 .399 .439 
120.0 .264 .276 .302 .331 .363 .402 
130.0 .246 .256 .279 .305 .336 .376 
140.0 .231 ,240 .261 .285 .316 .36 1 
150 .O .2 18 .227 .246 .270 .304 -357 

SUMMARY AND CONCLUSIONS 

The c u r r e n t l y  a v a i l a b l e  exper imenta l  da ta  on 
t h e  v i s c o s i t y  o f  NaCl s o l u t i o n s  i s  sparse and 
cove rs  ma in l y  p ressu res  f rom atmospher ic  t o  30 W a  
(300 bars) ,  c o n c e n t r a t i o n s  t o  s a t u r a t i o n ,  and tem- 
p e r a t u r e s  t o  15OoC. 
developed which reproduces t h e  exper imen ta l  d a t a  
by 1.5% ove r  t h e  temperature range O°C t o  15OoC. 
A d d i t i o n a l  l a b o r a t o r y  measurements on t h e  v i sco -  
s i t y  o f  NaCl s o l u t i o n s  t o  35OoC and 500 b a r s  a r e  
needed. 

A c o r r e l a t i o n  equa t ion  was 

PLANNED ACTIVITIES FOR FISCAL YEAR 1978 

Thermal c o n d u c t i v i t y  d a t a  f o r  aqueous sodium 
c h l o r i d e  s o l u t i o n s  w i  I I be compi led and dissemina- 
ted. En tha lpy  da ta  on sodium c h l o r i d e  s o l u t i o n s  
a r e  expected t o  be c r i t i c a l l y  evaluated,  a c o r r e l a -  
t i o n  exp ress ion  developed, and t h e  r e s u l t  o f  t h i s  
work d isseminated as an LBL r e p o r t .  Other  b a s i c  
p r o p e r t i e s  (e.g., f r e e  energy)  would be compi led 
i n  t h e  remainder of  f i s c a l  year 1978. 
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IN-SITU LEACHlNG OF URANlUM ORES 
1. W. Evans 

A ma jo r  p o r t i o n  o f  t h e  e f f o r t  expended on 
t h i s  t o p i c  was aimed a t  d e f i n i n g  a s u i t a b l e  r e -  
search program, s u b m i t t i n g  a r e q u e s t  t o  ERDA f o r  
s u b s t a n t i a l  funding,  and comp le t i ng  t h e  des ign o f  
a p r o t o t y p e  exper imenta l  r i g  f o r  use i n  t h e  in- 
v e s t i g a t i o n .  

I n  s i t u  l each ing  o f  uranium o r e  i s  now being 
p r a c t i c e d  a t  app rox ima te l y  a dozen s i t e s  i n  sou th  
Texas, Wyoming, and Colorado. A l each ing  s o l u t i o n  
( u s u a l l y  ammonium ca rbona te /b i ca rbona te  s o l u t i o n s  
p l u s  hydrogen pe rox ide )  i s  pumped i n t o  t h e  under- 
ground o r e  body th rough  s e v e f a l  i n j e c t i o n  we l l s .  
The leach ing  s o l u t i o n  passes th rough  t h e  o r e  body 
( t y p i c a l l y  a permeable sandstone d e p o s i t )  o x i d i -  
z i n g  t h e  uranium t o  t h e  hexava len t  form and the re -  
by e n a b l i n g  i t  t o  pass i n t o  s o l u t i o n .  The s o l u -  
t i o n  i s  pumped o u t  o f  t h e  o r e  body th rough  re -  
cove ry  w e l l s  and t r e a t e d  on t h e  s u r f a c e  ( u s u a l l y  
by i o n  exchange) t o  recove r  t h e  uranium values. 

D iscuss ions  were h e l d  w i t h  research  and 
o p e r a t i n g  personnel  o f  f o u r  companies ( I n t e r c o n t i -  
n e n t a l  Energy Company, Anaconda, Mob i I  O i l ,  and 
A t l a n t i c  R i c h f i e l d )  i n v o l v e d  i n  i n  s i t u  leaching, 
as w e l l  as w i t h  U.S. Bureau o f  Mines and ERDA 
personnel  most c l o s e l y  i n v o l v e d  i n  t h i s  technology.  
A v i s i t  was p a i d  t o  an o p e r a t i n g  mine (Pawnee Mine, 
ICE) and two conferences on t h i s  t o p i c  were a t -  
tended (American Nuclear  Congress, Golden, Colo., 
A p r i l  1977; and American I n s t i t u t e  o f  M in ing  Meta l -  
l u r g i c a l  and Pe t ro leum Engineers, Corpus C h r i s t i ,  
Texas, September 1977). 

A c l e a r l y  d e f i n e d  problem encountered i n  t h e  
l each ing  o p e r a t i o n  i s  changes i n  p e r m e a b i l i t y  o f  

8 NV 

pipe I 

, Fel: 

t h e  o r e  body which occur  d u r i n g  leaching.  Under 
some c i rcumstances loss o f  p e r m e a b i l i t y  occu rs  and 
r e s u l t s  i n  reduced p r o d u c t i v i t y  and/or h i g h e r  pum- 
p i n g  cos ts .  The o r e  body must be " r e s t o r e d "  a f t e r  
leaching.  T h i s  e n t a i l s  removing r e s i d u a l  l each ing  
reagen ts  rema in ing  i n  t h e  o r e  body by f l u s h i n g  
w i t h  water  o r  chemical s o l u t i o n s .  P e r m e a b i l i t y  
loss p r i o r  t o  o r  d u r i n g  r e s t o r a t i o n  would make 
t h i s  e n v i r o n m e n t a l l y  impor tan t  s t e p  more d i f f i c u l t .  

The c i rcumstances under which p e r m e a b i l i t y  
loss occu rs  a r e  p o o r l y  understood, as i s  t h e  rea- 
son f o r  p e r m e a b i l i t y  loss. Hypotheses t h a t  have 
been p u t  f o rward  i n c l u d e  b l i n d i n g  of pores by 
e i t h e r  evolved oxygen bubbles or t r a n s p o r t e d  f i n e s ,  
s w e l l i n g  of c l a y  p a r t i c l e s  w i t h i n  t h e  o r e s  and 
a l t e r n a t i v e  s o l u t i o n ,  t hen  p r e c i p i t a t i o n ,  o f  
v a r i o u s  species. 

The research  program t h a t  we are' deve lop ing  
a t  Be rke ley  i s  aimed a t  d e t e r m i n i n g  under what 
c o n d i t i o n s  such p e r m e a b i l i t y  loss  occu rs  and t h e  
cause o f  p e r m e a b i l i t y  loss. S i m i l a r  work i s  be ing 
performed by Westinghouse research  l a b o r a t o r i e s  
under con t rac t  t o  t h e  U.S. Bureau of  Mines. O u r  
proposed exper imen ta l  approach i s  s i m i l a r  excep t  
t h a t  i t  e n t a i l s  u s i n g  s m a l l e r  (and t h e r e f o r e  more 
v e r s a t i l e )  equipment. The emphasis w i l l  be on t h e  
fundamental causes o f  p e r m e a b i l i t y  loss w h i l e  t h e  
Westinghouse c o n t r a c t  p laces  no o b l i g a t i o n  on t h e i r  
i n v e s t i g a t o r s  t o  s tudy  t h e  causes o f  t h e  e f f e c t s  
t h e y  observe. 

A ske tch  o f  t h e  p r o t o t y p e  p e r m e a b i l i t y  r i g  i s  
shown i n  F i g u r e  1.  Ore i s  t o  be crushed and 

Lixiviant 
reservoir 

Leaching Column Q 

Discharge 
tank 

SV = Solenoid valve 
NV = Needle valve 
BV = Ball valve 

SV8 SV6 PG = Pressure gauge XBL 783-418 

F i g u r e  1. P e r m e a b i l i t y  apparatus f o r  i n  s i t u  l e a c h i n g  i n v e s t i g a t i o n .  
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packed i n t o  Pyrex columns t h a t  a r e  2 in. i n  diame- 
t e r  and 12 f t  long. S o l u t i o n s  w i l l  be d r i v e n  by 
gas p ressu re  th rough  these  columns from one o f  two 
1-in. d iameter  pipes. A system o f  s o l e n o i d  v a l v e s  
( S V )  operated by a t i m e  s w i t c h  enables one o f  t h e  
1-in. columns t o  be f i l l e d  by a pump from a rese r -  
v o i r  t a n k  w h i l e  t h e  o t h e r  column i s  d i scha rg ing .  
P ressu re  gauges a t  b o t h  ends and a long  t h e  l eng th  
o f  t h e  o r e  column enab le  d e t e r m i n a t i o n  o f  t h e  pres- 
s u r e  p r o f i l e  a long  t h e  column; t o g e t h e r  w i t h  mea- 
surement o f  t h e  f l o w  r a t e  t h i s  enables determina- 
t i o n  o f  t h e  p e r m e a b i l i t y  as a f u n c t i o n  o f  t ime. 

A b a t t e r y  o f  t e s t s  ( p a r t i c l e  s i z e  determina- 
t i o n ,  scanning microscopy, BET s u r f a c e  area mea- 
surement, e tc . )  can be used t o  examine t h e  o r e  be- 
f o r e  and a f t e r  p e r m e a b i l i t y  loss i n  an e f f o r t  t o  
determine t h e  cause of t h e  loss. 

I t  i s  hoped t h a t  f u n d i n g  w i l l  be p rov ided  
through t h e  Grand J u n c t i o n  O f f i c e  o f  t h e  Department 
o f  Energy sometime i n  f i s c a l  year 1978. I n  t h e  
meantime it i s  planned t o  b u i l d  t h e  p r o t o t y p e  
exper imen ta l  p e r m e a b i l i t y  r i g  u s i n g  Program 
Development Funds. 

METHODS FOR DETERMINlNG THE EQUILIBRATION TEMPERATURES OF MAGMATIC 
C RYS TALLlN E ASS EM BLAGE S: TRACE ME TAL DISTRI B U T I 0  N S 
H .  R .  Bowman, 1. S. E .  Carmichael, and S. A .  Nelson 

I NTRODUCT I ON 

One o f  t h e  more d i f f i c u l t  t a s k s  i n  geology i s  
t o  e s t i m a t e  t h e  tempera tu re  a t  which any c r y s t a l s  
grew i n  a n a t u r a l  l i q u i d ,  as i n  a rock,  p a r t i c u l a r -  
l y  i f  t h e  c r y s t a l  growth occu r red  i n  t h e  range 750' 
-13OO0C. U n f o r t u n a t e l y ,  magmas show a composi- 
t i o n a l  range, so t h a t  t hose  which t y p i c a l l y  in-  
h a b i t  t h e  800°C range a r e  q u i t e  d i f f e r e n t  i n  compo- 
s i t i o n  from those  which c r y s t a l l i z e  a t  h i g h e r  tem- 
pe ra tu res .  Therefore,  t h e r e  a r e  two e f f e c t s  t o  be 
i s o l a t e d ,  one due t o  t h e  change i n  compos i t i on  o f  
t h e  s o l i d - s o l u t i o n s ,  and t h e  o t h e r  due t o  tempera- 
t u r e .  

1977 ACTIVITIES 

We decided t o  make a p r e l i m i n a r y  i n v e s t i g a -  
t i o n  o f  t h e  d i s t r i b u t i o n  o f  t h e  r a r e - e a r t h  e l e -  
ments, as determined by neu t ron  a c t i v a t i o n ,  between 
v a r i o u s  c r y s t a l s  i n  lavas which c r y s t a l l i z e d  over  
a wide temperature range. I n  F i g u r e  1 t h e  concen- 
t r a t i o n  o f  t h e  elements i n  t h e  s o l i d  phase d i v i d e d  

by t h a t  i n  t h e  l i q u i d  i s  shown f o r  a number of  
r a r e - e a r t h  elements found i n  a v a r i e t y  o f  co- 
e x i s t i n g  s o l i d - s o l u t i o n s .  

C l e a r l y ,  t h e  magni tude o f  t h e  d i s t r i b u t i o n  
c o e f f i c i e n t ,  p l o t t e d  on a l o g a r i t h m i c  scale,  in- 
creases w i t h  dec reas ing  temperature, and indeed 
t h e  p a t t e r n ,  o r  shape, o f  t hese  cu rves  a l s o  
changes. By f o r m u l a t i n g  t h e s e  r e s u l t s  as exchange 
e q u i l i b r i a ,  taken i n  c o n j u n c t i o n  w i t h  experimen- 
t a l l y  determined va lues  o f  t h e  e q u i l i b r i u m  con- 
s t a n t ,  it i s  p o s s i b l e  t o  dec iphe r  t h e  compos i t i ona l  
dependence o f  t h e  d i s t r i b u t i o n  o f  e lements between 
c r y s t a l s  as t h e  major  components i n  t h e  c r y s t a l s  
change. T h i s  i s  o f  g r e a t  importance i n  any a t t e m p t  
t o  unravel  t h e  e q u i l i b r a t i o n  temperatures o f  m i -  
n e r a l s  i n  man t le  fragments b rough t  t o  t h e  s u r f a c e  
by volcanoes. Only i n  t h i s  way w i I  I i t  be pos- 
s i b l e  t o  map t h e  isotherms a t  depths up t o  150 km, 
t h e  r e g i o n  t h a t  has t h e  g r e a t e s t  e f f e c t  on t h e  
e a r t h ' s  s u r f a c e  and on t h o s e  p a r t s  o f  t h e  c r u s t  
which a r e  o f  economic and s o c i a l  importance. 
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Figure 1 .  
and l i qu ids  f o r  various lavas .  

Neutron ac t iva t ion  ana lys i s :  r a r e  ea r th  element d i s t r i b u t i o n  ( D )  between c r y s t a l s  
Lava temperatures decrease from l e f t  t o  r i g h t .  
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ELECTROCHEMICAL STUDIES ON THE DISSOLUTION A N D  

D. W. Fuerstenau 
FLOTATION BEHAVIOR OF ORE-PYRITE A N D  COAL-PYRITE 

I NTRODUCT I ON 

The n e c e s s i t y  f o r  t h e  increased use o f  coal  
f o r  energy has increased t h e  i n t e r e s t  i n  research  
on t h e  d e s u l f u r i z a t i o n  o f  coa l  as  w e l l .  Thus f a r ,  
t h e  two most common methods used t o  deal  w i t h  t h e  
problem o f  s u l f u r  i n  coa l  a r e  ( 1 )  f l u e  gas desul -  
f u r i z a t i o n  a f t e r  combustion and ( 2 )  p h y s i c a l  m i -  
n e r a l  b e n e f i c i a t i o n  processes f o r  s e p a r a t i n g  m i -  
n e r a l  m a t t e r  (ash and p y r i t i c  s u l f u r )  from coa l  
b e f o r e  combustion. The f i r s t  method has t h e  d i s -  
advantage t h a t  it c r e a t e s  t h e  problem o f  d i sposa l  
o f  spent  s u l f a t e  s l u r r i e s  a t  t h e  power p l a n t  s i t e ;  
i n  a d d i t i o n ,  t h e r e  a r e  o t h e r  o p e r a t i o n a l  problems, 
such as c o r r o s i o n  and c l o g g i n g  o f  sc rubb ing  towers. 
S u l f u r  removal a t  t h e  mine s i t e  i s  i n t e r e s t i n g  b u t  
t h e  process i s  l i m i t e d  n o t  o n l y  by t h e  degree o f  
l i b e r a t i o n  t h a t  can be o b t a i n e d  between coa l  and 
m i n e r a l  phases by comminution, b u t  a l s o  because 
t h e  r e l a t i v e l y  f i n e  p a r t i c l e s  produced cannot  be 
r e a d i l y  handled. However, r e c e n t  increased in- 
t e r e s t  i s  be ing d i r e c t e d  toward t h e  d e s u l f u r i z a t i o n  
o f  coa l  by f l o t a t i o n  o r  by l each ing  methods, and 
some o f  t h e  new processes have been t r i e d  on a 
p i l o t  p l a n t  sca le.  A s tudy  o f  t h e  m ine ra l / so lu -  
t i o n  i n t e r f a c e  and t h e  sur face-chemical  r e a c t i o n s  
t a k i n g  p l a c e  a t  t h i s  i n t e r f a c e  i s  impor tan t  t o  
f u r t h e r  development o f  b o t h  l each ing  and f l o t a t i o n  
processes. 

F i r s t  o f  a l l ,  it i s  known t h a t  t h e  m ine ra l  
p y r i t e  ( t h e  main i n o r g a n i c  s u l f u r - b e a r e r  i n  c o a l )  
i s  a semiconductor and hence some o f  t h e  r e a c t i o n s  
o c c u r r i n g  a t  t h e  py r i t e /aqueous  i n t e r f a c e  a r e  o f  
an e l e c t r o c h e m i c a l  na tu re .  Therefore,  i n v e s t i g a -  
t i o n  o f  t h e  e l e c t r o c h e m i c a l  n a t u r e  o f  p y r i t e  i n  
aqueous systems o f  i n t e r e s t  t o  t h e  l each ing  and 
f l o t a t i o n  o f  coa l  were undertaken. Some s t u d i e s  
on t h e  f l o t a t i o n  of p y r i t e  f rom coa l  have sug- 
gested t h a t  c o a l - p y r i t e  behaves d i f f e r e n t l y  from 
o r e - p y r i t e .  Hence, i n  t h i s  b r i e f  research  program, 
t h e  e l e c t r o c h e m i c a l  t echn ique  of  l inear-sweep vol-  
tammetry (LSV) was used t o  a t t e m p t  t o  d i s c e r n  any 
d i f f e r e n c e  between c o a l - p y r i t e  and o r e - p y r i t g .  

EXPERIMENTAL METHODS AND MATERIALS 

A s i n g l e  c r y s t a l  o f  o r e - p y r i t e  and a hand- 
p i cked  p y r i t e  sample o c c u r r i n g  near a coa l  seam 
were used for t h e  study. The c o a l - p y r i t e  has coa l  
p a r t i c l e s  w e l l  i n t e r s p e r s e d  w i t h i n  it, as observed 
by o p t i c a l  and scanning e l e c t r o n  microscopy. The 
c r y s t a l  s t r u c t u r e  o f  b o t h  samples was analyzed by 
x- ray d i f f r a c t i o n  methods and was con f i rmed  t o  be 
t h a t  o f  p y r i t e .  "Energy d i s p e r s i o n  a n a l y s i s  by 
x- ray"  (EDAX), and I1e Iec t ron  microprobe a n a l y s i s "  
bo th  showed t h e  chemical compos i t i on  t o  be c l o s e  
t o  t h a t  o f  p y r i t e ,  a t  l e a s t  w i t h i n  exper imenta l  
l i m i t a t i o n s  o f  t hese  two a n a l y t i c a l  techniques.  
The th ree -e lec t rode  system used for LSV s t u d i e s  
had s a t u r a t e d  calomel and p l a t i n u m  e l e c t r o d e s  as 
t h e  r e f e r e n c e  and a u x i l i a r y  e lec t rode ,  r e s p e c t i v e -  
ly. The s t u d i e s  i nc luded  p o l a r i z a t i o n  exper iments 
i n  aqueous s o l u t i o n s  used i n  l each ing  and f l o t a -  
t i o n  processes. 

RESULTS AND DISCUSSION 

The r e s t  p o t e n t i a l  ( t h e  o p e n - c i r c u i t  poten- 
t i a l )  o f  bo th  t ypes  o f  p y r i t e  e l e c t r o d e s  change 
f rom a h i g h  o f  abou t  +800 mV t o  a low of about  
+20 mV as t h e  pH i s  changed f rom 1 t o  13. A 
h i g h e r  p o s i t i v e  p o t e n t i a l  i n d i c a t e s  nob le  behavior  
o f  t h e  m ine ra l  a t  low (as  w e l l  as  n e u t r a l )  pH's 
compared t o  o t h e r  s u l f i d e  m ine ra l s ,  a l t hough  a t  
h i g h e r  pH's p y r i t e  tends  t o  be more a c t i v e .  The 
voltammograms f o r  bo th  c o a l - p y r i t e  and o r e - p y r i t e  
i n  a l l  o f  t h e  aqueous i n o r g a n i c  systems s t u d i e d  
have s i m i l a r  c h a r a c t e r i s t i c s  i n  terms o f  occurren-  
ces o f  c u r r e n t  peaks a t  d i f f e r e n t  a p p l i e d  poten- 
t i a l s .  T h i s  suggests  t h a t  p robab ly  i n  aqueous in- 
o r g a n i c  s o l u t i o n s  t h e r e  i s  l i t t l e  d i f f e r e n c e  i n  
t h e  behavior  o f  o r e - p y r i t e  and c o a l - p y r i t e ,  and t h e  
small  d i f f e r e n c e s  i n  ou r  case may have r e s u l t e d  
mere ly  from t h e  p o l y c r y s t a l l i n i t y  o f  c o a l - p y r i t e  
and/or t h e  presence o f  t h e  coa l  phase i n  i t .  

I n  0.1 .tj s u l f u r i c  a c i d  s o l u t i o n ,  a c a t h o d i c  
peak a t  abou t  -0.3 V and an anod ic  peak a t  abou t  
+0.9 V was observed i n  t h e  voltammogram. An 
anodic  a t t a c k  a t  a low pH may occu r  by t h e  f o l -  
lowing r e a c t i o n :  

FeS2 + 8H20 .c Fe+++ + 2SOft + 16H+ + 15e- 

and c a t h o d i c  a t t a c k ,  which leads t o  t h e  p r o d u c t i o n  
o f  f e r r o u s  i ons  and hydrogen s u l f i d e  gas, by t h e  
r e a c t  ion:  

FeS2 + 4H' + 2e- + Fe++ + 2H2S 

The e v o l u t i o n  o f  hydrogen s u l f i d e  was observed i n  
o u r  exper iments i n  a q u a l i t a t i v e  way ( i d e n t i f i e d  
by t h e  smel I o f  t h e  gas) .  

leached a t  low pH's by t h e  a d d i t i o n  o f  Fe" ions, 
which p r o v i d e  a h i g h l y  o x i d i z i n g  medium. We ca r -  
r i e d  o u t  LSV s t u d i e s  i n  0.1 ! f e r r i c  c h l o r i d e  ad- 
j u s t e d  t o  pH 1.8 by t h e  a d d i t i o n  o f  h y d r o c h l o r i c  
ac id ,  and t h e  r e s u l t s  a r e  s i m i l a r  t o  those  i n  t h e  
s u l f u r i c  a c i d  s t u d i e s ,  excep t  t h a t  t h e  peak cu r -  
r e n t s  a r e  c o n s i d e r a b l y  h ighe r .  T h i s  i n d i c a t e s  
h i g h  r e a c t i o n  r a t e s .  Also, one c a t h o d i c  and one 
anod ic  peak were observed a t  -0.4 V and +0.4 V ,  
r e s p e c t i v e l y  -- peaks which were absen t  i n  t h e  ex- 
pe r imen ts  w i t h  s u l f u r i c  ac id .  Thes pea s a r e  
p robab ly  due t o  t h e  redox coup le  Fe /Fe . 

S u l f i d e  m ine ra l s ,  i n c l u d i n g  p y r i t e ,  an be 

?+ s+ 
For s t u d i e s  i n  a l k a l i n e  medium, 1 E and 0.1 E 

sodium hyd rox ide  s o l u t i o n s  were used. The r e s u l t s  
were s i m i l a r  f o r  b o t h  cases, excep t  t h a t  t h e  r e s t  
p o t e n t i a l s  o f  e l e c t r o d e s  were h i g h e r  and c u r r e n t s  
lower f o r  t h e  d i l u t e  s o l u t i o n s .  The voltammogram 
f o r  0.1 1 sodium hyd rox ide  i s  s h i f t e d  t o  more ano- 
d i c  p o t e n t i a l s  compared t o  t h e  1 3 s o l u t i o n ;  t h a t  
i s ,  i t  r e q u i r e d  h i g h e r  anod ic  o v e r - p o t e n t i a l  t o  
c a r r y  o u t  t h e  r e a c t i o n s  a t  lower c o n c e n t r a t i o n s  o f  
NaOH. No d i s t i n c t i v e  peaks were observed i n  t h e  
voltammograms and t h e  p o t e n t i a l  scan range which 
c o u l d  be used was ve ry  s h o r t ,  m a i n l y  because o f  
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t h e  a c t i v e  n a t u r e  o f  p y r i t e  a t  h i g h e r  pH values. 
The r e a c t i o n  p roduc ts  o f  a l k a l i n e  d i s s o l u t i o n  o f  
p y r i t e  have been suggested t o  be s u l f a t e  and f e r -  
r i c  ox ide .  We were n o t  a b l e  t o  c o n f i r m  t h i s  
th rough  ou r  experiments. 

Comparison o f  voltammograms o b t a i n e d  f o r  
p y r i t e  e l e c t r o d e  i n  t h e  presence and absence o f  
potass ium e t h y l  xan tha te  ( a  p y r i t e  f l o t a t i o n  c o l -  
l e c t o r )  i n  0.025 b o r a t e  s o l u t i o n  i n d i c a t e s  t h a t  
d ixanthogen i s  probably  formed a t  t h e  e l e c t r o d e  
sur face.  

As mentioned e a r l i e r ,  we have at tempted t o  
understand t h e  l each ing  and f l o t a t i o n  behavior  of 

p y r i t e  i n  v a r i o u s  aqueous media f rom t h e  p o i n t  o f  
view of s t u d y i n g  t h e  e lec t rochemica l  r e a c t i o n s .  
S p e c i f i c a l l y ,  we compared t h e  behavior  o f  ore-  
p y r i t e  and c o a l - p y r i t e  under s i m i l a r  exper imen ta l  
c o n d i t i o n s  t o  a s c e r t a i n  whether t h e  two t y p e s  o f  
p y r i t e  i n v o l v e  d i f f e r e n t  e l e c t r o c h e m i c a l  r e a c t i o n s  
a t  t h e  mineral-aqueous i n t e r f a c e .  Our s t u d i e s  
have i n d i c a t e d  t h a t  e l e c t r o c h e m i c a l l y  speaking 
t h e r e  i s  no s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  l each ing  
and f l o t a t i o n  behavior  o f  o r e - p y r i t e  and c o a l -  
p y r i t e .  We f e e l  t h a t  t h e  d i f f e r e n c e  i n  t h e  f l o t a -  
t i o n  behavior  observed by some r e s e a r c h e r s  f o r  
c o a l - p y r i t e  and o r e - p y r i t e  was p robab ly  due t o  t h e  
presence o f  some coa l  p a r t i c l e s ,  a t tached  t o  t h e  
c o a l - p y r i t e  p a r t i c l e s ,  i n  t h e  sample used f o r  
t h e i r  s t u d i e s .  

DETERMlNATlON OF THE PROPERTlES OF SOlLS AND 
SOFT ROCKS BY IN-SITU MEASUREMENTS 
J. K .  Mitchell and W. C .  B .  Villet 

INTRODUCTION 

Accura te  i d e n t i f i c a t i o n  and c h a r a c t e r i z a t i o n  
o f  subsu r face  c o n d i t i o n s  a r e  e s s e n t i a l  f o r  t h e  
economy and success o f  c o n s t r u c t i o n  b o t h  i n  and on 
t h e  e a r t h .  R e l i a b l e  i n f o r m a t i o n  on subsur face  
c o n d i t i o n s  i n  genera l ,  and s p e c i f i c  geo techn ica l  
parameters i n  p a r t i c u l a r ,  i s  needed f o r  t h e  ana- 
l y s i s  o f  problems r e l a t e d  t o  t h e  u t i l i z a t i o n  of 
underground space, subsidence, energy s t o r a g e  and 
e x t r a c t i o n  f rom t h e  ground, and groundwater p o l l u -  
t i o n  owing t o  e x t r a c t i o n  o r  i n j e c t i o n  o f  f l u i d s  
i n t o  t h e  ground. 

T r a d i t i o n a l l y ,  t h e  r e q u i r e d  d a t a  have been 
ob ta ined  th rough  sampl ing and t e s t i n g  of s o - c a l l e d  
I1undis turbed1l  samples. There e x i s t  severe I i m i t a -  
t i o n s  t o  t h i s  approach, however, a r i s i n g  f rom such 
assoc ia ted  problems as sample d i s tu rbance ,  changes 
i n  sample p r o p e r t i e s  due t o  un load ing  and exposure, 
and t h e  d i f f i c u l t i e s  a t t a c h e d  t o  p r e v e n t i n g  o r  
r e - e s t a b l i s h i n g  i n  t h e  l a b o r a t o r y  t h e  i n  s i t u  
s t a t e  o f  s t r e s s  as w e l l  as temperature,  chemical, 
and b i o l o g i c a l  environments. These l i m i t a t i o n s  
have become p a r t i c u l a r l y  e v i d e n t  as t h e  volume of 
underground and o f f s h o r e  c o n s t r u c t i o n  has i n -  
creased. The need for r e l i a b l e  and improved tech-  
n iques  for s i t e  c h a r a c t e r i z a t i o n  and f o r  t h e  i n  
s i t u  d e t e r m i n a t i o n  o f  e n g i n e e r i n g  p r o p e r t i e s  of 
s o i l  and s o f t  r o c k  has emerged as one of t h e  most 
impor tan t  geo techn ica l  problems. 

T h i s  research  p r o j e c t ,  which was i n i t i a t e d  i n  
s p r i n g  1976, i s  concerned w i t h  t h e  i d e n t i f i c a t i o n ,  
development and implementat ion o f  new and pro- 
m i s i n g  approaches for s i t e  c h a r a c t e r i z a t i o n  and i n  
s i t u  measurement o f  s o i l  and s o f t  r o c k  p r o p e r t i e s .  
A c l o s e l y  r e l a t e d  o b j e c t i v e  i s  t h e  e v a l u a t i o n  o f  
p r e s e n t l y  a v a i l a b l e  techniques.  

ACCOMPLISHMENTS I N  FISCAL YEAR 1977 

Emphasis i n  t h e  research  p r o j e c t  t h u s  f a r  has 
been on t h e  e v a l u a t i o n  o f  e x i s t i n g  techn iques  and 

on t h e  development o f  a new approach based on t h e  
a c o u s t i c  response of  t h e  ground d u r i n g  p e n e t r a t i o n  
a t  a c o n s t a n t  r a t e .  

Planned a c t i v i t i e s  f o r  1977 were as f o l l o w s :  

1. Complet ion and p u b l i c a t i o n  o f  a s t a t e - o f -  
t h e - a r t  r e p o r t  on i n  s i t u  measurement o f  
s o i  I p r o p e r t i e s  

F u r t h e r  s tudy and e v a l u a t i o n  o f  t h e  s u i t a -  
b i l i t y  and p o t e n t i a l  o f  remote and geo- 
p h y s i c a l  measurements t o  p r o v i d e  d a t a  
from which q u a n t i t a t i v e  measures of t h e  
mechanical p r o p e r t i e s  o f  s o i l  and r o c k  
may be deduced 

2. 

3. F u r t h e r  s tudy  o f  a c o u s t i c a l  measurements 
d u r i n g  q u a s i - s t a t i c  cone p e n e t r a t i o n  
t e s t s  as a b a s i s  f o r  d e t e r m i n i n g  s o i l  
t y p e  and p r o p e r t i e s  

P r e s e n t l y  used i n  s i t u  methods f o r  t h e  de te r -  
m i n a t i o n  o f  s o i l  and s o f t  r o c k  p r o p e r t i e s  i nc lude :  

1. P e r m e a b i l i t y  t e s t s  by pump-in, pump-out 
and piezometer methods, employ ing bo th  
t r a n s i e n t  and s teady s t a t e  techn iques  

2. The Standard P e n e t r a t i o n  T e s t  

3. Cone p e n e t r a t i o n  t e s t s  of  v a r i o u s  types, 
i n c l u d i n g  b o t h  s t a t i c  and dynamic 
methods 

4 .  The Vane Shear T e s t  

5. The Iowa bo reho le  shear t e s t  

6. Pressuremeter t e s t s  

7. P l a t e  b e a r i n g  t e s t s  

8. Screw p l a t e  t e s t s  
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9 .  H y d r a u l i c  f r a c t u r i n g  t e s t s  

10. Down h o l e  and c r o s s  h o l e  se ismic  methods 

A r e p o r t  has been completed and i s  i n  press. 
I t  p resents  a d e s c r i p t i o n  o f  t h e  v a r i o u s  t e s t i n g  
techniques,  t h e  e v a l u a t i o n  t h e o r i e s  o r  c o r r e l a -  
t i o n s  f o r  o b t a i n i n g  geotechn ica l  parameters, an 
assessment o f  t h e  s u i t a b i l i t y  o f  each method f o r  
t h e  d e t e r m i n a t i o n  o f  s p e c i f i c  geotechn ica l  para- 
meters and t h e i r  p o t e n t i a l  f o r  f u t u r e  development. 
Ex tens ive  r e f e r e n c e s  a r e  l i s t e d ,  and t h e  r e p o r t  
should serve  as a d e f i n i t i v e  s t a r t i n g  p o i n t  f o r  
anyone i n t e r e s t e d  i n  t h e  s u b j e c t .  

Several less  d i r e c t  techn iques  f o r  t h e  i n  
s i t u  d e t e r m i n a t i o n  o f  s i t e  c h a r a c t e r i s t i c s  and 
s o i l  p r o p e r t i e s  a r e  c u r r e n t l y  be ing  s tud ied .  
These predominant ly  i n v o l v e  a p p l i c a t i o n s  o f  geo- 
p h y s i c a l  methods and inc lude:  

1.  

2. 

3 .  

4. 

5. 

6. 

7. 

8. 

9. 

10. 

Seismic methods, i n c l u d i n g  r e f r a c t i o n ,  
r e f l e c t i o n ,  c r o s s  ho le ,  and down h o l e  
techn iques  

R e s i s t i v i t y  surveys i n c l u d i n g  focused 
probes 

G r a v i m e t r i c  methods 

Magnetic methods 

Nuclear  methods - s u r f a c e  and subsur face 

Radar methods 

Spontaneous o r  s e l f  p o t e n t i a l  methods 

E lec t ro -magnet ic  methods 

Thermometric methods 

Remote sensing techn iques  such as  GEOSAT 

As a r e s u l t  o f  these s t u d i e s  a r e p o r t  i s  be ing  
d r a f t e d  which w i l l  p r e s e n t  t h e  t h e o r y  o f  each 
techn ique b r i e f l y ,  d e s c r i b e  t e s t i n g  methods and 
e v a l u a t i o n  theory ,  assess t h e  c u r r e n t  s u i t a b i l i t y  
o f  each techn ique f o r  d e t e r m i n i n g  s p e c i f i c  geotech- 
n i c a l  parameters, and assess t h e i r  p o t e n t i a l  f o r  
f u t u r e  development. I t  i s  in tended t h a t  t h i s  re -  
p o r t  w i l l  serve  as bo th  a gu ide t o  what i s  c u r r e n t -  
l y  f e a s i b l e  and as a s t i m u l u s  t o  f u t u r e  research.  

A penetrometer has been designed which mea- 
sures  t h e  a c o u s t i c  response o f  s o i l s  d u r i n g  quasi -  
s t a t i c  p e n e t r a t i o n  t e s t s .  Permanent records  a r e  

ob ta ined us ing  a tape recorder .  The i n f l u e n c e  o f  
s o i l  p r o p e r t i e s  and p e n e t r a t i o n  procedure on f r e -  
quency, ampli tude, v a r i a b i l i t y  i n  both frequency 
and ampl i tude,  and t h e  d i s t r i b u t i o n  o f  a c o u s t i c  
energy over t h e  frequency range o f  t h e  generated 
s i g n a l s  a r e  be ing s tud ied .  

Emphasis i n  t h e  a c o u s t i c  cone research  i s  on: 

1.  E v a l u a t i o n  o f  t h e  manner i n  which s o i l  
p r o p e r t i e s  and t e s t i n g  procedures in-  
f luence t h e  a c o u s t i c  s i g n a l  generated 
d u r i n g  a q u a s i - s t a t i c  cone p e n e t r a t i o n  
t e s t  

2. Development o f  bases f o r  t h e  r e c o g n i t i o n  
o f  s o i l  type, and t h e  deduct ion  o f  s o i l  
p r o p e r t i e s ,  from a c o u s t i c  response 
s p e c t r a  

3. Development o f  means f o r  l o c a t i n g  and 
e v a l u a t i n g  very  t h i n  seams, which may 
have a l a r g e  i n f l u e n c e  on ground s t a b i l i -  
t y ,  inc luded between o r  w i t h i n  t h i c k e r  
zones. 

I t  i s  b e l i e v e d  t h a t  a n a l y s i s  o f  t h e  sound 
generated d u r i n g  p e n e t r a t i o n  may form t h e  b a s i s  o f  
an improved method f o r  i n  s i t u  s o i l  l l recogni t ion, ' l  
p r o f i l e  d e f i n i t i o n ,  and p r o p e r t y  c h a r a c t e r i z a t i o n .  

Support f o r  a g r e a t l y  expanded leve l  o f  
research  on t h e  a c o u s t i c  response c h a r a c t e r i s t i c s  
o f  s o i l s  d u r i n g  p e n e t r a t i o n  has now been r e c e i v e d  
from t h e  N a t i o n a l  Science Foundat ion.  

I t  may t h e r e f o r e  be seen t h a t  t h e  research  
p r o j e c t  progressed very  much as planned f o r  1917. 
The de lay  i n  p u b l i c a t i o n  o f  t h e  s t a t e - o f - t h e - a r t  
r e p o r t  on i n  s i t u  measurement o f  s o i l  p r o p e r t i e s  
has r e s u l t e d  from t h e  t i m e  needed f o r  e x t e n s i v e  
r e v i s i o n ,  e d i t i n g ,  and t y p i n g  o f  t h e  manuscr ip t .  
The r e p o r t  should, however, be a v a i l a b l e  soon. 

PLANNED ACTIVITIES FOR FISCAL YEAR 1918 

I t  i s  understood t h a t  a d d i t i o n a l  LBL suppor t  
f o r  t h i s  research  w i  I I be I im i ted  and t h a t  t h e  
s tudy  w i l l  be phased o u t  d u r i n g  f i s c a l  year 1978. 
The main o b j e c t i v e  o f  t h e  LBL-supported work w i l l  
be comple t ion  and p u b l i c a t i o n  o f  t h e  r e p o r t  on 
geophysica l  methods f o r  s i t e  c h a r a c t e r i z a t i o n  and 
q u a n t i t a t i v e  e v a l u a t i o n  o f  soil p r o p e r t i e s .  
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HIGH PRECISION MASS SPECTROMETRY 
M .  C .  Michel 

INTRODUCTION 

The i n t e r e s t  i n  i s o t o p e  measurements i n  geo- 
l o g i c  and cosmologic  research  has increased r e -  
c e n t l y  t h rough  t h e  d i s c o v e r y  o f  remarkable i s o t o -  
p i c  anomalies i n  seve ra l  elements con ta ined  i n  a 
s e l e c t  group o f  carbonaceous chondr i t es ,  p r i n c i p a l -  
l y  t h e  one l a r g e  me teo r i t e ,  A l lende.  No d e f i n i -  
t i v e  i n t e r p r e t a t i o n  i s  p o s s i b l e  as yet, b u t  t h e  
new d a t a  w i l l  c l e a r l y  p u t  much-needed exper imenta l  
r e s t r a i n t s  on t h e o r i e s  o f  t h e  o r i g i n  o f  t h e  s o l a r  
system. 

A l e s s  s t a r t l i n g ,  b u t  perhaps e q u a l l y  s i g n i -  
f i c a n t  d i scove ry  has been t h a t  t h e  e a r t h ' s  man t le  
shows s t r o n g  ev idence o f  p r e s e r v i n g  i s o t o p i c  inho- 
mogene i t i es  f o r  long p e r i o d s  o f  t ime, a f a c t  t h a t  
opens t h e  p o s s i b i l i t y  o f  a new techn ique  f o r  t h e  
s tudy o f  mant le  processes. Again, t h e  d a t a  a r e  
d i f f i c u l t  t o  i n t e r p r e t  and workers i n  t h e  f i e l d  
d i s a g r e e  on many d e t a i l s ,  b u t  we a r e  p robab ly  a t  
t h e  beg inn ing  o f  a new episode o f  research.  

Each advance i n  i s o t o p e  geochronology seems 
t o  i nc rease  t h e  emphasis on a c h i e v i n g  h i g h e r  and 
h i g h e r  p r e c i s i o n  i n  t h e  exper imen ta l  data, e i t h e r  
t o  improve an e x i s t i n g  t e c h n i q u e  (such as t h e  
Rb-Sr system) o r  t o  e x p e d i t e  t h e  use o f  a new and 

l y  more u s e f u l  system (such as t h e  
~ 8 s ~ ~ ' j 4 ' N d  p a i r )  . 

L a s t  year  we began a p r o j e c t  t o  adap t  o u r  
5 - f t  r a d i u s  i s o t o p e  separa to r  t o  h i g h  p r e c i s i o n  
mass spect rometry  th rough  t h e  s imul taneous c o l l e c -  
t i o n  o f  seve ra l  i so topes  o f  t h e  same element. 
T h i s  f a r  from novel  method has been s tandard  f o r  
l i g h t  e lement  i s o t o p e  r a t i o s  and would be even 
more advantageous for t h e  heav ie r  elements, most 
o f  which a r e  n o t  gaseous and t h e r e f o r e  r e q u i r e  i on  
sources t h a t  a r e  i n h e r e n t l y  l ess  s t a b l e  i n  i on  
o u t p u t .  However, p r a c t i c a l  c o n s i d e r a t i o n s  have 
made it d i f f i c u l t  t o  use t h i s  method on any b u t  
t h e  l a r g e s t  mass spect rometers.  

P r e l i m i n a r y  work i n  f i s c a l  year 1976 convinced 
us t h a t  it would be p o s s i b l e  t o  measure i s o t o p i c  
r a t i o s  t o  a p r e c i s i o n  of one p a r t  i n  lo5 u s i n g  
e s s e n t i a l l y  commerc ia l l y  a v a i l a b l e  a m p l i f i e r s  and 
d i g i t i z i n g  equipment w i t h  r e l a t i v e l y  s t r a i g h t f o r -  
ward, custom designed a u x i l i a r y  c i r c u i t r y .  R e s u l t s  
i n  f i s c a l  year  1977 have s u b s t a n t i a l l y  v e r i f i e d  
t h a t  c o n v i c t i o n  a l though  some work remains b e f o r e  
an o p e r a t i n g  system can be t e s t e d .  The rema in ing  
problems seem t o  be t r a c t a b l e .  

The v a r i o u s  a c t i v i t i e s  planned and pursued 
d u r i n g  t h e  year were as f o l l o w s .  

I on  Source Development 

As exp la ined  i n  an e a r l i e r  r e p o r t ,  t h e  i o n  
source needed f o r  t h e  h i g h  p r e c i s i o n  work p laces  
r a t h e r  s t r i n g e n t  requi rements on m a t e r i a l s ,  design, 
and ease o f  f a b r i c a t i o n  ( c o s t ) .  Proceeding 
th rough  abou t  t h r e e  b a s i c  des ign  changes, a c a v i t y -  
type, d i r e c t l y - h e a t e d  thermal  i o n  source was deve- 
loped and t e s t e d  which seems t o  meet t h e  r e q u i r e -  
ments as w e l l  as they  can be d e f i n e d  a t  present .  
These a r e  ease o f  loading, emiss ion o f  i ons  f rom a 
w e l l  d e f i n e d  area, r e l a t i v e l y  c o n s t a n t  i o n  o u t p u t  
a t  c o n s t a n t  temperature, h i g h  e f f i c i e n c y ,  and rea- 
sonable cos t .  T e s t i n g  o f  t h e  sou rce  shown i n  
F i g u r e  1 was done w i t h  s t ron t i um,  b u t  it should 
be adap tab le  t o  many o t h e r  elements. 

Contaminat ion-Free Chemist ry  

I n  s p i t e  o f  c o n s i d e r a b l y  l e s s  than  i d e a l  la-  
b o r a t o r y  f a c i l i t i e s ,  a s i m p l e  HCI e l u a n t  i on  ex- 
change techn ique  was developed t o  separa te  r u b i -  
dium and s t r o n t i u m  f rom g e o l o g i c  samples, i n  forms 
and amounts s u i t a b l e  f o r  i s o t o p i c  r a t i o  determina- 
t i o n s  and chemical a n a l y s i s  by i s o t o p i c  d i l u t i o n .  
I n t r o d u c t i o n  o f  ext raneous m a t e r i a l  o f  t h e  same 
e lements i s  w e l l  below t h e  l e v e l s  t h a t  would i n t e r  
f e r e  w i t h  t h e  measurements. For  t y p i c a l  samples 
o f  s t r o n t i u m  t o t a l i n g  a micrograms, t h e  s t r o n -  
t i u m  b lanks  a r e  below 10 g. 

I s o t o p i c  D i l u t i o n  A n a l y s i s  

Using ano the r  s m a l l e r  mass spect rometer ,  a 
method o f  chemical a n a l y s i s  by i s o t o p i c  d i l u t i o n  
was developed and tes ted ;  t h e  method a l l o w s  ana- 
l ys  i s  t o  a p rec  i s i o n  ( b u t  n o t  necessar i I y accu racy )  
o f  abou t  0.2%. 
o t h e r  elements may d e v i a t e  s l i g h t l y  i n  p r e c i s i o n .  

T e s t i n g  was done w i t h  rub id ium; 

Ionization cavity 

/ 
Ion exit hole Inside: Rhenium plated 

ACTIVITIES IN FISCAL YEAR 1977 

Since we o r i g i n a l l y  in tended t o  be a b l e  t o  
a p p l y  t h e  r e s u l t s  o f  t h e  mass s p e c t r o m e t r i c  deve- 
lopment t o  s p e c i f i c  problems, we a l s o  i nc luded  i n  
o u r  research  p l a n s  t h e  a b i l i t y  t o  do con tamina t ion -  
f r e e  chemical s e p a r a t i o n s  on g e o l o g i c a l  samples, 
and i s o t o p i c  d i l u t i o n  chemical analyses o f  se lec-  
t e d  elements such as rub id ium. 

XBL783-  416 

F i g u r e  1 .  C a v i t y  t y p e  thermal  i o n  source. 
M a t e r i a l  i s  t a n t a l u m  excep t  as noted. 
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Design o f  Four-channel Data Readout f o r  I so tope  
Separator  

The g r e a t e s t  e f f o r t  has gone i n t o  t h e  des ign 
o f  a four-channel r e a d o u t  system t h a t  should have 
t h e  a b i l i t y  t o  measure s imu l taneous ly  ou r  i s o t o p e  
beams t o  a p r e c i s i o n  o f  one p a r t  i n  10' o r  b e t t e r .  
F i g u r e  2 shows a b l o c k  diagram o f  t h i s  b a s i c a l l y  
s imp le  system. I t  i s  f o r  t h e  moment assumed t h a t  
t h e  i n p u t  s i g n a l s  t o  each Faraday cup a r e  p r o p e r l y  
r e p r e s e n t a t i v e  o f  t h e  r e l a t i v e  abundance o f  each 
i s o t o p e  ( t h i s  may n o t  be t r u e  f o r  seve ra l  e x p e r i -  
mental reasons which we w i l l  i g n o r e  a t  p resen t ) .  

Each Faraday cup s i g n a l  i s  a m p l i f i e d  by a 
separa te  a m p l i f i e r  which i s  e s s e n t i a l l y  an im- 
pedance matching device, p roduc ing  a low impedance 
v o l t a g e  o u t p u t  p r o p o r t i o n a l  t o  t h e  i n p u t  c u r r e n t  
a t  very  h i g h  impedance. Each channel c o u l d  now be 
measured s imu l taneous ly  by f o u r  v o l t m e t e r s  and t h e  
a p p r o p r i a t e  r a t i o s  c a l c u l a t e d .  For  convenience 
t h e  v o l t m e t e r s  a r e  u s u a l l y  f a s t  r e a d i n g  d i g i t a l  
v o l t m e t e r s  which a r e  e a s i l y  ar ranged t o  read 
s imu l taneous ly .  

I t  i s  obv ious  t h a t  seve ra l  c r i t i c a l  proper-  
t i e s  of t h i s  system de te rm ine  t h e  p r e c i s i o n  w i t h  
which t h e  i s o t o p i c  r a t i o s  can be measured. These 
p r o p e r t i e s  a r e :  ( 1 )  t h e  r e p r o d u c i b i l i t y ,  I i n e a r i -  
t y ,  and t i m e  and tempera tu re  dependence o f  t h e  am- 
p l i f i e r  ga ins  and zero o f f s e t s  ( o u t p u t  w i t h  no i n -  
p u t  s i g n a l ) ;  ( 2 )  t h e  l i n e a r i t y  and sho r t - te rm sta-  
b i l i t y  o f  t h e  vo l tme te rs ;  and (3) our  a b i l i t y  t o  
make a l l  f o u r  a m p l i f i e r s  and v o l t m e t e r s  respond 
i d e n t i c a l l y  f o r  reasonable t i m e s  t o  a r b i t r a r y  
i d e n t i c a l  i npu ts .  

Faraday Amplifiers Sample Digital Printer 
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F i g u r e  2. B lock  diagram o f  four-channel da ta  
system. 

I t  became apparent  t h a t  a t  l e a s t  two commer- 
c i a l l y  a v a i l a b l e  smal l  s o l i d - s t a t e  a m p l i f i e r s  
would be s u i t a b l e  f o r  t h i s  work. Ex tens i ve  t e s t s  
of t h e i r  s t a b i l i t y ,  t i m e  d r i f t ,  and response t o  
ove r load  and n o i s e  sources showed t h a t ,  g i ven  pro- 
pe r  care, t hey  have accep tab le  p r o p e r t i e s .  They 
must a l so ,  .as shown i n  t h e  b l o c k  diagram, be 
capable o f  c a l i b r a t i o n  t o  i d e n t i c a l  g a i n s  by 
s w i t c h i n g  t h e  same c o n s t a n t  c u r r e n t  source q u i c k l y  
among t h e  f o u r  a m p l i f i e r s  and a d j u s t i n g  t h e  g a i n  
t o  g i v e  i d e n t i c a l  o u t p u t s  ( n o t e  t h a t  knowledge o f  
a b s o l u t e  s i g n a l  s i z e s  and g a i n s  i s  n o t  necessary) .  
T h i s  l a s t  requ i remen t  i s  c l e a r l y  poss ib le ,  and 
once c a l i b r a t e d ,  t h e  s t a b i l i t y  i s  s u f f i c i e n t  t o  
make repeated measurements b e f o r e  r e c a l i b r a t i o n  i s  
necessary. However, t h e  b e s t  s w i t c h i n g  procedure 
has n o t  y e t  been determined, it be ing  very easy t o  
generate a few m i c r o v o l t s  o f  e.m.f. by v a r i o u s  
means common t o  sw i t ches  and r e l a y s .  For example, 
s u r f a c e  de fo rma t ion  o f  most me ta l s  can genera te  
smal l  s i g n a l s  which decay away s l o w l y  enough t o  
p resen t  a s e r i o u s  problem i n  c a l i b r a t i o n  o f  t h e  
a m p l i f i e r s .  

Assuming t h a t  t h e  a m p l i f i e r s  a r e  capable o f  
g i v i n g  an o u t p u t  a c c u r a t e l y  r e f l e c t i n g  t h e  Faraday 
cup inputs ,  we s t i l l  must now measure each o u t p u t  
v o l t a g e  t o  a h i g h  r e l a t i v e  p r e c i s i o n .  Accuracy i s  
f o r t u n a t e l y  n o t  c r i t i c a l ,  s i n c e  no e x i s t i n g  d i g i -  
t a l  v o l t m e t e r s  can meet o u r  requi rements.  However, 
a l l  such ins t rumen ts  have much b e t t e r  sho r t - t e rm 
s t a b i l i t y  t han  accuracy, so i f  one i s  w i l l i n g  t o  
i n t e r c a l i b r a t e  them, i t  would be p o s s i b l e  t o  make 
t h e  d e s i r e d  measurements. To avo id  t h i s  t r o u b l e  
and reduce t h e  c o s t  o f  t h e  system, we developed a 
ve ry  s imp le  c a p a c i t i v e  sample-and-hold c i r c u i t  
which can c o l l e c t  da ta  s imu l taneous ly  from t h e  
f o u r  a m p l i f i e r  channels, p rese rve  i t  and be se- 
q u e n t i a l l y  read by a s i n g l e  d i g i t a l  vo l tme te r ;  
t h i s  e l i m i n a t e s  many problems. T h i s  c i r c u i t ,  con- 
t r o l l e d  by a l o g i c  system, a l l o w s  f o u r  c a p a c i t o r s  
t o  charge t o  t h e  o u t p u t  o f  t h e  f o u r  r e s p e c t i v e  
channel a m p l i f i e r s .  The l e v e l  o f  v o l t a g e  a t  any 
one t ime w i I I be p r o p o r t  iona I t o  t h e  average beam 
i n t e n s i t y  i n p u t  t o  t h e  Faraday cup f o r  t h a t  chan- 
ne l ,  and i f  a l l  channels  a r e  a l s o  d i sconnec ted  
f rom t h e i r  r e s p e c t i v e  a m p l i f i e r s  a t  t h e  same t ime, 
t h e  v o l t a g e  on each c a p a c i t o r  w i l l  l i k e w i s e  be 
p r o p o r t i o n a l  t o  t h e  i n p u t  beam. I f  t h e  decay 
t ime-cons tan t  i s  long enough ( s e v e r a l  days) t h e r e  
w i l l  be t i m e  t o  measure a l l  f o u r  c a p a c i t o r s  se- 
q u e n t i a l l y  w i t h  t h e  same v o l t m e t e r  and r e c o r d  t h e  
d a t a  on t h e  o u t p u t  p r i n t e r ,  o r  send i t  d i r e c t l y  t o  
a small  computer f o r  d a t a  process ing.  The r e s u l t s  
a r e  a good approx ima t ion  t o  a t r u e  s imul taneous 
measurement of t h e  fou r  i s o t o p e  beams. Note t h a t  
t h e  f u r t h e r  i n t e g r a t i o n  o f  t h e  beam c u r r e n t s  by 
t h e  sample-and-hold c i r c u i t  i n  no way a f f e c t s  t h e  
p r e c i s i o n  o f  t h e  i s o t o p e  r a t i o s ;  i n  f a c t  it h e l p s  
t o  e l i m i n a t e  t h e  e f f e c t  o f  beam f l u c t u a t i o n s  on 
t h e  data. 

T a b l e  1 shows t h e  n o i s e  l e v e l s  o r  s t a t i s t i c a l  
u n c e r t a i n t i e s  assoc ia ted  w i t h  t h e  v a r i o u s  p a r t s  o f  
t h e  system, as determined by a v a r i e t y  o f  t e s t  mea- 
surements on mock-ups o f  p a r t s  o f  t h e  s y s t e  As 
i s  shown, a p r e c i s i o n  o f  6 o r  7 p a r t s  i n  10g' is 
poss ib le .  Because t h e  t e s t  systems were l ess  com- 
p a c t  t han  t h e  f i n a l  design, and had many o t h e r  
disadvantages, we can expec t  a l i t t l e  improvement 
i n  t h e  complete system, a l t hough  t h e r e  may be a 
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Tab le  1.  Summary o f  n o i s e  and/or measurement 
u n c e r t a i n t i e s  i n  a m u l t i p l e  channel 
readou t  system, based on i n d i v i d u a l  
component t e s t s  w i t h  s imu la ted  s i g n a l s .  
Nominal s i q n a l  = 1 V.  

Source Level ,  UV 

1 A m p l i f e r  n o i s e  2.5 

2 C a l i b r a t e  s i g n a l  n o i s e  2.5 

3 Sum o f  1 and 2 3.5 

4 C o l l e c t o r  no ise/ leakage 2.8 

5 Sum o f  3 and 4 4.5 

6 Sample and h o l d  e r r o r  < 1  

7 D i g i t a l  v o l t m e t e r  e r r o r  < 1  

8 Residual  t empera tu re  c o e f f .  e r r o r  < 1  

9 T o t a l  4.8 

10 E r r o r  i n  r a t i o  6.8 

1 1  E r r o r  a f t e r  c o r r e c t i o n  for  f r a c t i o n a t i o n  7.6 

small  a b s o l u t e  e r r o r  t h a t  we cannot  p r e d i c t .  S ince 
recognized i s o t o p i c  s tandards a r e  a l r e a d y  used 
t o  e l i m i n a t e  p o s s i b l e  a b s o l u t e  b i a s e s  between 
d i f f e r e n t  l a b o r a t o r i e s ,  t h i s  w i l l  be d i s a p p o i n t i n g  
b u t  n o t  a s e r i o u s  problem, even i f  i t  develops. 

As soon as t h e  requi rements were f i r m l y  recog- 
n ized,  seve ra l  commonly a v a i l a b l e  d i g i t a l  voltme- 
t e r s  were t e s t e d  i n  ou r  l a b o r a t o r y  w i t h  t h e  same 
t e s t  systems used t o  determine t h e  n o i s e  charac- 
t e r i s t i c s ;  one was s e l e c t e d  f o r  purchase. 

PLANS FOR FY78 

We p l a n  t o  f i n i s h  t h e  four-channel  system and 
t e s t  it e x t e n s i v e l y  w i t h  s t r o n t i u m  i o n  beams f o r  
which much da ta  a r e  a v a i l a b l e  on t h e  compos i t i on  
of v a r i o u s  i s o t o p i c  s tandards.  I n  a d d i t i o n  t o  
demons t ra t i ng  t h e  success o f  ou r  approach we can 
use t h i s  system t o  search f o r  beam o p t i c a l  e f f e c t s  
on t h e  i s o t o p i c  r a t i o s  t o  l e a r n  how s e n s i t i v e  t h e  
da ta  a r e  t o  minor m a l f u n c t i o n s  o f  t h e  mass spec t ro -  
meter, and t h e r e f o r e  how r e l i a b l e  t h e  e n t i r e  sys- 
tem i s  over  long p e r i o d s  o f  o p e r a t i o n .  

We p l a n  t o  extend t h e  work t o  t h e  samarium- 
neodymium system a t  t h e  f i r s t  o p p o r t u n i t y  as w e l l  
as t o  i n v e s t i g a t e  t h e  a p p l i c a t i o n  of t h i s  system 
t o -  lead and o t h e r  e lement  i s o t o p i c  measurements. 

RADON I N  SUBSURFACE WATERS AS AN EARTHQUAKE 
PREDICTOR, CENTRAL CALlFORNlA STUDIES 
A .  R .  Smith and H .  A .  Wollenberg 

F i n a l l y  we w i l l  i n v e s t i g a t e  t h e  l i m i t a t i o n s  
on p r e c i s i o n  i n  t h e  completed system t o  see what 
approach m igh t  be necessary t o  improve t h e  pre- 
c i s i o n  t o  an even h i g h e r  l e v e l .  I f  a r e l a t i v e l y  
n o n - f r a c t i o n a t i n g  i o n  source can be developed, an 
u l t r a  h i g h  p r e c i s i o n  system would be o f  use i n  
d e t e r m i n i n g  p o s s i b l e  n a t u r a l  i s o t o p i c  v a r i a t i o n s  
t h a t  a r e  e s s e n t i a l l y  l i n e a r  w i t h  mass (as most 
p h y s i c a l  processes w i l l  produce) as  opposed t o  
v a r i a t i o n s  r e s u l t i n g  f r o m  n u c l e a r  decay. 

We have i n v e s t i g a t e d  whether v a r i a f i o n s  i n  
t h e  Rn-222 c o n t e n t  o f  subsur face water  can be a 
u s e f u l  ear thquake p r e d i c t i o n  parameter i n  C a l i f o r -  
n ia .  Us ing N a l ( T I )  c r y s t a l  y- ray spect rometry ,  
h i g h  s e n s i t i v i t y  h i g h - p r e c i s i o n  measurement tech-  
n iques  and i n s t r u m e n t a t i o n  have been developed f o r  
b o t h  l a b o r a t o r y  a n a l y s i s  o f  d i s c r e t e  samples and 
con t inuous  m o n i t o r i n g  a t  f i e l d  i n s t a l l a t i o n s .  
P r e c i s i o n  and r e p r o d u c i b i l i t y  were r e g u l a r  w i t h i n  
1-3% i n  t h e  l abo ra to ry ;  p r e c i s i o n  o f  1 %  was 
achieved f r o m  c o u n t i n g  p e r i o d s  as s h o r t  a s  10 
m inu tes  a t  f i e l d  s t a t i o n s .  

These techn iques  were a p p l i e d  t o  determine 
t h e  v a l i d i t y  o f  t h e  radon method. A d i s c r e t e  sam- 
p l i n g  program was conducted i n  t h e  O r o v i l l e ,  C a l i -  
f o r n i a  area for 20 months d u r i n g  t h e  a f t e r s h o c k  
sequence t h a t  f o l l o w e d  t h e  August 1975 ear thquake 
o f  R i c h t e r  magnitude-6. Through use o f  a l o c a l  
v o l u n t e e r  o r g a n i z a t i o n ,  we ma in ta ined  a d a i l y  sam- 
p l i n g  schedule a t  seve ra l  w e l l s  t h roughou t  t h e  
s tudy  per iod,  and o b t a i n e d  approx ima te l y  3000 sam- 
p les .  S ince J u l y  1976, a con t inuous  m o n i t o r i n g  

s t a t i o n  has been i n  
i n  C e n t r a l  C a l i f o r n  
t h e  San Andreas Fau 

o p e r a t i o n  a t  San Juan B a u t i s t a  
a a long  an a c t i v e  segment o f  
t. 

The program con t inued  i n  1977 a t  a much re-  
duced l e v e l ,  as d i c t a t e d  by severe fund ing  r e s t r i c -  
t i o n s .  Thus, sampl ing o f  w e l l s  d u r i n g  t h e  a f t e r -  
shock sequence o f  t h e  Orov i  I l e  ear thquake was t e r -  
minated i n  A p r i l  1977. The f i e l d  program cons is -  
t e d  o f  a m o n i t o r i n g  s t a t i o n ,  l oca ted  on $he San 
Andreas F a u l t  near San Juan B a u t i s t a ,  operated 
through a s s i s t a n c e  f rom t h e  U.S. Geo log ica l  Survey 
N a t i o n a l  Center  f o r  Earthquake Research. The 
O r o v i l l e  da ta  show apparent  c o r r e l a t i o n  between 
some radon changes and subsequent se i sm ic  a c t i v i t y ,  
b u t  does n o t  y e t  r e p r e s e n t  c o n c l u s i v e  ev idence f o r  
v a l i d i t y  o f  t h e  method. The San Juan B a u t i s t a  
data suggest t h e r e  i s  c o r r e l a t i o n  between some 
p e r i o d i c  radon changes and e a r t h  t i d e s .  I n  both 
cases, data i n t e r p r e t a t i o n  has been compl icated by 
t h e  severe d rough t  c o n d i t i o n s .  
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The major e f f o r t  o f  1977 was t o  prepare a REFERENCE 
comprehensive summary r e p o r t  f o r  t h e  s tudy  p e r i o d  
1975-1977. 
i n  a n a l y s i s  o f  da ta  t o  search f o r  c o r r e l a t i o n s  

a c t i v i t y ,  as a t  O r o v i l l e .  These r e s u l t s  were 
r e p o r t e d  a t  t h e  American Geophysical Union 1977 t r a l  C a l i f o r n i a  S tud ies ,  1975-1977. Lawrence 
F a l l  Meet ing a t  San Franc isco,  December 1977. 

Computer codes were w r i t t e n  t o  a s s i s t  
1 .  Smith, A.R., Wollenberg, H.A., Henson, A.M., 

f ace  Waters as an Ear thquake P r e d i c t o r ;  Cen- 

Berke ley  Lab. r e p o r t  LBL-6181, 1978. 

1 between radon l e v e l  changes and nearby s e i s m i c  Asaro, F., and Bowman, H.R. Radon i n  Subsur- 

STRESS FLOW BEHAVIOR OF FRACTURED ROCK SYSTEMS 
R. L. Taylor, P .  A .  Witherspoon, H .  M .  Hilber, 
and J .  van Greunen 

I NTRODUCT I ON 

The mechanical behavior  o f  f r a c t u r e d  r o c k  
masses i s  s e n s i t i v e  t o  t h e  e f f e c t s  o f  water  
f l o w i n g  th rough  t h e  d i s c o n t i n u i t i e s  o f  t h e  system. 
There i s  ev idence o f  a connec t ion  between s e i s m i c  
a c t i v i t y  and t h e  i nc rease  i n  pore p ressu re  w i t h i n  
t h e  e a r t h ' s  c r u s t .  Low t o  medium magnitude e a r t h -  
quakes have been r e p o r t e d  i n  connec t ion  w i  h t h e  
f i  I I i n g  o f  what a r e  c a l  l ed  "se i sm ic  d a m ~ . ~ l ' - ~  The 
p o s s i b i l i t y  t h a t  a change i n  f l u i d  p ressu re  i n  a 
f r a c t u r e d  system m i g h t  cause t h e  r e l e a s e  o f  t ec -  
t o n i c  s t r e s s e s  has been i n d i c a t e d  by even ts  a t  
Rocky M u n t a i n  Arsenal  Well  near Denver, Colo-  rad^.^-' More r e c e n t  I y, ev i dence has been ga i ned 
a t  t h e  Rangely, Colorado o i l  f i e l d  t h a t  f l u i d  i n -  
j e c t i o  h s t r i g g e r e d  smal l  ear thquakes a long  a 
f a u l t .  '-" Thus, t h e  concept  i s  now deve lop ing  
t h a t  i f  ear thquakes can be caused by i n j e c t i n g  
f l u i d s  i n t o  t h e  subsur face,  t hen  perhaps t h e  ap- 
p r o p r i a t e  c o n t r o l  o f  f l u i d  p ressu res  i n  t h e  f r a c -  
t u r e  system o f  a f a  t can lead t o  a method o f  
ear thauake c o n t r o l .  Yi 

The f e a s i b i l i t y  o f  such a concept  must be 
c a r e f u l l y  i n v e s t i g a t e d  u s i n g  a combinat ion of ana- 
l y t i c a l - n u m e r i c a l  and exper imen ta l  approaches be- 
f o r e  it can be developed i n t o  a p r a c t i c a l  model. 
As a f i r s t  s tep,  t h e  concept  should be t e s t e d  by 
n u m e r i c a l l y  and exper imenta l  l y  a n a l y z i n g  t h e  be- 
h a v i o r  o f  s imp le  l a b o r a t o r y  models. Hence, nu- 
mer i ca l  methods have t o  be developed such t h a t  a 
broad c l a s s  o f  l a b o r a t o r y  t e s t s  and f i e l d  s i t u a -  
t i o n s  can be s imu la ted .  

Recen t l y  seve ra l  a t t e m p t s  a t  deve lop ing  
a p p r p r i y t e  computat ional  models have been repo r -  
ted.  I n  p r e v i o u s  s t u d i e s  a two-dimensional 
f i n i t e  element f o r m u l a t i o n  has been developed t o  
s i m u l a t e  q u a s i - s t a t i c  p r p ~ ~ ~ ~ e s  i n  systems o f  de- 
formable f r a c t u r e d  rock.  The dynamic n a t u r e  
o f  s l i p  mechanisms l i m i t s  t h e  a p p l i c a b i l i t y  o f  t h e  
q u a s i - s t a t i c  model t o  study o f  p r e - f a i l u r e  condi -  
t i o n s .  D i e t r i c h  developed a dynamic f i n i t e  e l e -  
ment model f o r  a s i n g l e  f a u l t  t h a t -  undergoes s l i p  
under t h e  i n f l u e n c e  o f  t e c t o n i c  and predetermined 
f I u i d  s t resses.  '' Th i s  mode I was n o t  
i n c o r p o r a t e  t h e  i n t e r a c t i v e  processes 
f l u i d  pressure, t h e  f r a c t u r e  deformat  
s t r e s s e s  i n  t h e  rock .  

S ince  t h e  a v a i l a b l e  computat iona 
seemed t o  be unnecessa r i l y  r e s t r i c t e d  

I 

des i gned t o  
between t h e  
ons, and t h e  

mode I s 
an e f f o r t  

was made i n  t h e  p r e s e n t  s tudy  t o  develop an im-  
proved numer ica l  procedure f o r  s i m u l a t i n g  t r a n -  
s i e n t  i n t e r a c t i v e  processes i n  systems o f  f r a c -  
t u r e d  rock.  

The goal o f  t h e  1-year s tudy  was t o  c o n t i n u e  
t h e  development o f  a f i n i t e  e lement  method compu- 
t e r  program t o  model t h e  dynamic response o f  two- 
d imensional  systems of f r a c t u r e d  r o c k  sub jec ted  t o  
i n j e c t i o n  and/or wi thdrawal  of f l u i d  f rom t h e  
f r a c t u r e s .  The o r i g i n a l  program development was 
i n  it i a ted  under NSF c o n t r a c t  number GK-42776 by 
t h e  f i r s t  two a u t h o r s  a t  t h e  U n i v e r s i t y  o f  C a l i -  
f o r n i a ,  Berke ley,  and i s  r e p o r t e d  i n  Ref. 19. A 
second o b j e c t i v e  was t o  pe r fo rm ana lyses  on some 
t y p i c a l  problems t o  i l l u s t r a t e  t h e  k i n d  of r e s u l t s  
which can be ob ta ined  u s i n g  t h e  program. 

ACTIVITIES 

The a c t i v i t i e s  desc r ibed  i n  t h i s  r e p o r t  com- 
menced on 1 September 1976 and ended on 31 August 
1977. A summary o f  t h e  a c t i v i t i e s  i s  g i v e n  below. 

The equa t ions  gove rn ing  t h e  behavior  of  f r a c -  
t u r e d  r o c k  systems sub jec ted  t o  f l u i d  i n j e c t i o n  
and/or wi thdrawal  a r e  g i v e n  by t h e  equa t ions  o f  
mo t ion  f o r  t h e  f r a c t u r e d  r o c k  system and t h e  con- 
t i n u i t y ,  equa t ion  f o r  t h e  f l u i d  f low.  
c r e t i z a t i o n  u s i n g  s tandard f i n i t e  element methods 
t h e  r e s u l t i n g  n o n l i n e a r  o r d i n a r y  d i f f e r e n t i a l  
equa t ions  a r e  

A f t e r  d i s -  

f o r  t h e  equa t ion  o f  mot ion and 

f o r  t h e  c o n t i n u i t y  equat ion.  19,20 
equa t ions  E i s  t h e  mass m a t r i x ;  Ks i s  t h e  r o c k  
s t i f f n e s s  m a t r i x ;  KJ i s  t h e  i n t e r n a l  f o r c e  v e c t o r  
i n  t h e  j o i n t s ;  g i s  t h e  nodal d isp lacement  vec to r ;  
- P i s  t h e  nodal p ressu res  due t o  f l u i d  i n  j o i n t s  
( f r a c t u r e s ) ;  E i s  t h e  e x t e r n a l  nodal f o r c e s  on t h e  
r o c k  system; i s  t h e  t r a n s f o r m a t i o n  m a t r i x  for 
p ressu res  and v e l o c i t i e s ;  KF i s  t h e  f l o w  m a t r i x ;  
Q i s  t h e  v e c t o r  o f  nodal f l o w s  added o r  removed; 
( 
I i n e a r i t i e s  a r e  i n d i c a t e d  by an argument on t h e  
a p p r o p r i a t e  term. F ina l - I y ,  t h e  s u b s c r i p t s  S,J, 
and F r e f e r  t o  s o l i d  rock,  j o i n t e d  rock,  and f l u i d ,  
r e s p e c t i v e l y .  The c o u p l i n g  between f l u i d  p ressu re  

I n  t h e  above 

IT i n d i c a t e s  t h e  m a t r i x  transpose, and non- 
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and d isp lacements i s  c l e a r l y  seen i n  t h e  above 
equat ions.  We s o l v e  t h e  above n o n - l i n e a r  equa- 
t i o n s  as f o l l o w s .  The t i m e  i s  d i s c r e t i z e d  and 
d e r i v a t i v 2 7  a r e  r e p l a c e d  by t h e  one-step Newmark 
formulas.  The nodal d isp lacement  and f l u i d  
p ressu re  a t  each d i s c r e t e  t i m e  a r e  chosen as t h e  
p r i m a r y  dependent v a r i a b l e s ,  r e s u l t i n g  i n  a 
coupled s e t  of non - l i nea r  a l g e b r a i c  equa t ions  t o  
be so l ved  a t  each t i m e  step. Due t o  t h e  s t r o n g  
c o u p l i n g  we s o l v e  these  by f i r s t  g e t t i n g  t h e  f l u i d  
p ressu res  based on t h e  c u r r e n t  va lues  of t h e  nodal 
d isp lacements.  Using these  p ressu res  we then  
s o l v e  f o r  new es t ima tes  t o  t h e  nodal  displacements. 
The process i s  t hen  repeated u n t i l  convergence i s  
achieved, u s u a l l y  i n  v e r y  few c y c l e s  th rough  t h e  
equat ions.  A t  each step, s t i c k - s l i p  c o n d i t i o n s  
a r e  checked f o r  each j o i n t ;  f o r  j o i n t s  t h a t  have 
shear g r e a t e r  t han  t h e  dynamic f r i c t i o n a l  r e s i s -  
tance, s l i p  i s  a l lowed.  The f i n i t e  e lement  pro- 
gram developed f o r  t h i s  a n a l y s i s  i s  c a l l e d  FAULT 
and can handle genera l  two-dimensional problems. 

One o f  t h e  d i f f i c u l t i e s  encountered i n  sol-  
v i n g  problems was t h e  s i t u a t i o n s  i n  which j o i n t s  
w i t h  ex t reme ly  small  a p e r t u r e s  e x i s t e d .  I n  t h i s  
case t h e  opening and c l o s i n g  o f  t h e  j o i n t  caused 
v e r y  r a p i d  changes i n  p ressu re  [ t h i s  i s  t h e  ET u 
te rm i n  (211 which a r e  u n l i k e l y  t o  occu r  i n  r e a T  
s i t u a t i o n s .  I n  t h i s  case a surge (or  change i n  
e l e v a t i o n  o f  t h e  f l u i d  s u r f a c e )  w i l l  occu r  w i t h  
r a t h e r  smal l  change i n  pressures.  For t h i s  case 

we mere ly  i gno re  t h e  ET te rm i n  (2). I n  any 
f u t u r e  work some improvement i s  necessary, a su rge  
te rm should be considered. The su rge  te rm i s  a 
three-d imensional  e f f e c t  and it may be necessary 
t o  have a f u l l y  three-d imensional  model t o  cons i -  
der  t h i s  case. On t h e  o t h e r  hand, it may be pos- 
s i b l e  t o  develop equa t ions  for t h e  j o i n t s  which 
a r e  analogues t o  t h e  sha l l ow  water equa t ions  and 
s t i l l  r e t a i n  t h e  two-dimensional model ing f o r  t h e  
j o i n t e d  r o c k  system. 

To f a c i l i t a t e  use o f  t h e  program, a g r a p h i c s  
package was developed and i n c o r p o r a t e d  i n t o  FAULT 
f o r  use on t h e  LBL system. I n  a d d i t i o n  t o  mesh 
p l o t s  t h e  package can produce t i m e  p l o t s  f o r  
s p e c i f i e d  nodal displacements, v e l o c i t i e s ,  
a c c e l e r a t i o n s  and s t resses ,  as w e l l  as  f l u i d  pres- 
s u r e  and energy q u a n t i t i e s .  

I n  F i g u r e  1 we show t h e  mesh o f  a t y p i c a l  
problem considered d u r i n g  t h e  p r o j e c t  t o g e t h e r  
w i t h  t h e  i n j e c t i o n / w i t h d r a w a l  p a t t e r n  a long  t h e  
p r i n c i p a l  j o i n t .  I n  F i g u r e  2 ,  t h e  s t i c k - s l i p  
c h a r a c t e r i s t i c s  a r e  shown f o r  two s t a t i d d y n a m i c  
f r i c t i o n  r a t i o s  a .  S l i p  i n i t i a t e s  a t  t h e  s t a t i c  
v a l u e  and con t inues  a t  t h e  dynamic v a l u e  u n t i l  
s t i c k  aga in  occurs. F i g u r e  3 shows t y p i c a l  d i s -  
placement v e l o c i t y  and a c c e l e r a t i o n  t r a c e s  a t  a 
node. The resemblance t o  t y p i c a l  ear thquake mo- 
t i o n s  i s  noted i n  these  t r a c e s .  

't 
P =  

CHANGE OF PRESSURE IN CENTER 
FRACTURE (~'0) DUE TO FLUID 
INJECTION 

XBL 779-4810 

F i g u r e  1.  F i n i t e  e lement  mesh o f  a t e c t o n i c a l l y  
s t ressed  s t r a i g h t  f a u l t  system. 
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1 SHEAR STRESSES IN JOINT ELEMENTS 
FOR THE CASE a.090 N_ODE 6 - - 

I I I 1 I I I I NODE 7 

0 45 I 

0 40 

I I 

- 
STICK-SLIP RATIO a1094 

0 015 0 3 0  045 060 075 090 I 0 5  I 2 0  I 3 5  150 
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20.5 I I I 1 1 I I I I 1 

TIME (SEC) 
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F i g u r e  2. Disp lacement  h i s t o r i e s  and shear s t r e s s  
drop a t  p o i n t s  a long c e n t r a l  f e a t u r e .  
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Figure 3. Displacement velocity and acceleration of node 5 in direction parallel to fault. 
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I n  conc lus ion ,  we have developed and demon- 
s t r a t e d  a numer ica l  a n a l y s i s  t o o l  t o  s i m u l a t e  t h e  
dynamic response o f  two-dimensional f r a c t u r e d  r o c k  
systems sub jec ted  t o  f l u i d  i n j e c t i o n  o r  wi thdrawal .  
I n  a d d i t i o n  t o  demons t ra t i ng  a p o s s i b l e  mechanism 
f o r  earthquakes, t h e  program can be used t o  s t u d y  
p o s s i b l e  methods f o r  c o n t r o l  o f  earthquakes. F i -  
n a l l y  t h e  program can be used t o  genera te  e a r t h -  
quake r e c o r d s  f o r  use i n  o t h e r  a n a l y s i s  methods. 
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