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This  compi la t ion  l i s t s  a b s t r a c t s  of papers ,  i n t e r n a l  r e p o r t s ,  and t a l k s  

presented dur ing  1976 a t  n a t i o n a l  and i n t e r n a t i o n a l  meetings by members of 

t h e  Ear th  Sc iences  Div is ion ,  Lawrence Livermore Laboratory.  A s u b j e c t  index 

is  included.  

* 
ABEY, A. E . ,  A model f o r  t h e  p r e d i c t i o n  of t h e  pressure-volume r e l a t i o n s h i p  

of porous rocks (Sympos. Rock Mechanics, Snowbird, Utah, August 1976) 
Lawrence Livermore Laboratory,  Rept. UCRL-77938, Abs t r ac t  (1976). 

Seve ra l  models have been sugges ted  t o  desc r ibe  t h e  volume behavior  of 

porous m a t e r i a l s  under h y d r o s t a t i c  loading.  The model presented h e r e  

accounts f o r  v a r i a t i o n s  i n  bo th  po ros i t y  and t h e  amount of f l u i d  contained 

w i t h i n  t h a t  po ros i t y .  The model a l s o  a t tempts  t o  p r e d i c t  t h e  one-dimensional 

s t r a i n  load ing  pressure-volume r e l a t i o n s h i p  and t h e  stress d i f f e r ence -  

conf in ing  p re s su re  curve. Only t h e  s i m p l e s t  assumptions were used f o r  t h e  

development of t h i s  model. These assumptions a r e  d i scussed  and t h e  predic-  

t i o n s  f o r  M t .  Helen t u f f  a r e  compared t o  experimental  da t a .  

ABEY, A. E., A model f o r  p r e d i c t i n g  t h e  h y d r o s t a t i c  load ing  and unloading 
r e l a t i o n s h i p  of porous m a t e r i a l s  conta in ing  va r ious  amounts of f l u i d ,  
Lawrence Livermore Laboratory,  Rept . UCRL-78290, Rev. 1, P r e p r i n t  (19 76) . 
An e l a s t i c - i n e l a s t i c  model is  p re sen t ed  f o r  t h e  l oad ing  and unloading 

pressure-volume r e l a t i o n s h i p  of porous m a t e r i a l s  conta in ing  va r ious  amounts 

of f l u i d  from 0  t o  100% s a t u r a t i o n .  D i s t r i b u t i o n s  i n  bo th  s i z e  and separa-  

t i o n  of connected and unconnected s p h e r i c a l  and connected penny-shaped p o r e s '  

a r e  assumed. The number of pores  wi th  a  given s i z e  i s  assumed t o  be  inverse-  

l y  p r o p o r t i o n a l  t o  t h e  i n i t i a l  volume and independent of  t h e  s e p a r a t i o n  

between pores .  The s imple r e l a t i o n s h i p s  r e l a t i n g  t h e  r a d i u s  of  a  pore  t o  

t h e  app l i ed  p r e s s u r e  a r e  d i scussed .  The pressure-volume r e l a t i o n s h i p  f o r  

* 
Names of s e n i o r  au tho r s  appear i n  f u l l  caps.  A b s t r a c t s  fo l l ow  t h e  e n t r y  

f o r  t h e  f i r s t  au thor  l i s t e d  who i s  a  member of t h e  Ear th  Sc iences  Div is ion .  
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t h e  porous m a t e r i a l  wi th  any s a t u r a t i o n  i s  c a l c u l a t e d  us ing  the  i n p u t  para- 

me te r s ,  s h e a r  s t r e n g t h ,  s h e a r  modulus, ma t r ix  and f l u i d  pressure-volume 

r e l a t i o n s h i p s ,  and t h e  pressure-volume d a t a  f o r  t h e  dry m a t e r i a l .  Model 

p r e d i c t i o n s  a g r e e 3 w i t h  t h e  exper imenta l  d a t a  w i t h i n  experimental  e r r o r  f o r  

a l l  s a t u r a t i o n s  and a t  p r e s s u r e s  up t o  4 GPa (40 kbar)  f o r  M t .  Helen t u f f .  

Abey, A. E. ,SCHOCK, R. N . ,  and Duba, A . ,  Q u a s i s t a t i c  deformation of porous 
b e r y l l i u m  and aluminum, J. Appl. Phys. 47, 53-63 (1976). [ucRL-76587, 
~ r e ~ r i n t ]  

ACKERMAN, F. J. and Sandhol tz ,  W. A . ,  O i l  s h a l e  r e t o r t  experiments simula- 
t i n g  i n - s i t u  ope ra t ions  (AIME Soc. P e t r o l .  Eng. Ann. Tech. Conf. & 
Exhib. , New Orleans ,  October 1976) Lawrence Livermore Laboratory,  Rept . 
UCRL-77830, Abs t r ac t  (1976). 

A s m a l l  125 kg o i l  s h a l e  r e t o r t  0 .3  m diameter by 1 .5  m long (1'  x 5 ' )  

h a s  been i n  o p e r a t i o n  f o r  some time. More r e c e n t l y  a  7 tonne r e t o r t  0.9 m 

d iameter  by 6 m long ( 3 '  x 20')  has  begun opera t ion .  

Both r e t o r t s  a r e  equipped f o r  a d i a b a t i c  ope ra t ion  by us ing  s idewa l l  

h e a t e r s  t o  minimize h e a t  l o s s  and thus  s imu la t e  i n - s i t u  opera t ion .  A des- 

c r i p t i o n  of bo th  r e t o r t s  is. g iven ,  a long  wi th  a d e s c r i p t i o n  of t h e  computer 

system used f o r  on l i n e  d a t a  d i sp l ay ,  process  c o n t r o l  and d a t a  a c q u i s i t i o n .  

Resu l t s  of non-adiabat ic  and a d i a b a t i c  ope ra t ion  of t he  sma l l  r e t o r t  

a r e  presented .  Resu l t s  of t h e  i n i t i a l  l a r g e  r e to r t  riin are a.lso given. Onr 

l i n e  composition measurements of gas withdrawn from t h e  c e n t e r  of t h e  r e t o r t -  

i n g  s h a l e  show t h a t  oxygen i s  consumed by char  and does nor reach t h e  r e t o r t -  

i n g  o i l .  Other  a s p e c t s  of t h e  r e t o r t i n g  process  can a l s o  h e  seen.  

Anderson, G. D . ,  and LAKSON, D. B . ,  Shock-wave s t u d i e s  of subbituminous 
c o a l s  Lawrence Livermore Laboratory,  Rept. UCRL-51996 (1976). 

-3 

BONNER, B. P . ,  A modified u l t r a s o n i c  pulse- t ransmission method f o r  simul- 
taneous measurement of ts and tp,  Trans. Am. Geophys. Union 57, 324 - 
(13 76).  [ U C R L - 7 7 ~ 4 ~ ~  ~ b s  t r a c r ]  

The t ime-of-f l ight  technique  has  been adapted f o r  use wi th  porous,  

low-Q e a r t h  media under con f in ing  p re s su res  (0.2 GPa = 2 Kb) wi th  superposed 
_, - -  

u n i a x i a l  s t r e s s .  Large c y l i n d r i c a l  specimens (10 cm by -18 cm long) a r e  

i s o l a t e d  from t h e  p r e s s u r e  medium by polyurethane j a c k e t s ;  Hollow (p re s su re  

f r e e )  meta l  p i s t o n s  (aluminum o r  hardened s t e e l )  con ta in  t h e  p o l y c r y s t a l l i n e  

Pb ( Z r Y ~ i ) O 3  elements which gene ra t e  and r e c e i v e  u l t r a s o n i c  pu l se s .  The 



ceramic t r a n s m i t t e r  ( a  5  cm square  wi th  a  dominant frequency of 250 kHz) 

i s  po la r i zed  f o r  t r ansve r se  shea r ,  bu t  produces ample compressional energy. 

The r ece iv ing  t ransducer  a c t s  a s  a  s imple a r r a y  which inc ludes  t h r e e  a c t i v e  

elements:  a  heav i ly  damped s t a c k  of two 1 MHz d i s c s  which d e t e c t  t h e  p  wave, 

and two matched 250 kHz shea r  p l a t e s  which d e t e c t  s. Compressional and shea r  

a r r i v a l s  a r e  s epa ra t ed  mechanically a t  t h e  s h e a r  p l a t e s ,  ampl i f i ed ,  and then 

d i f f e renced  t o  produce an enhanced shea r  a r r i v a l .  Amplitude r a t i o s  ( s  t o  p) 

have been improved by a  f a c t o r  of -2; measurements f o r  unconsol idated,  par- 

t i a l l y  s a t u r a t e d ,  a l l u v i a l  s o i l  a s  a  func t ion  of p re s su re ,  and s t r e s s e d ,  

s a t u r a t e d  g r a n o d i o r i t e ,  i l l u s t r a t e  t h e  use  of t h e  technique.  System de lays  

a r e  eva lua ted  by t iming wi th  and without  a  sample between t h e  loading p i s -  

tons .  Accuracy f o r  low-Q media i s  -4%, bu t  p r e c i s i o n  dur ing  a  s i n g l e  experi-  

ment -2%. A l l  e l e c t r o n i c  components, o r  e q u i v a l e n t s ,  a r e  a v a i l a b l e  commer- 

c i a l l y .  

Bonner, B. P . ,  HEARD, H. C . ,  Cos tan t ino ,  M. S . ,  Schock, R. N . ,  and Weed, H. 
C . ,  Mechanical response of s a t u r a t e d  Kemmerer coa l  t o  4.GPa, Lawrence. 
Livermore Laboratory,  Rept. UCRL-52063 (1976). 

BORG, I. Y.  and OIConnell, L. G. ,  Li thium's  r o l e  i n  supply ing  energy i n  t h e  
f u t u r e ,  Energy Sources - 2, 347-359 (19 76) . [ucRL-76845, ~ r e ~ r i n t )  

Li thium's  unusual p r o p e r t i e s  a s  a  meta l  have p rope l l ed  i t  i n t o  t h e  fore-  

f r o n t  of m a t e r i a l s  des t ined  t o  p lay  an important  r o l e  i n  t h e  economy of t h e  

next  century.  It promises t o  be  an  important  component of t h e  b reede r  b lanket  

of c o n t r o l l e d  thermonuclear r e a c t o r s  a s  w e l l  as hybr id  f i s s ion - fus ion  r eac t -  

o r s  t h a t  may s e r v e  t o  transmute h igh- leve l  waste  generated by convent iona l  

f i s s i o n  r e a c t o r s .  About 100-1000 kg of n a t u r a l  l i t h i u m  a r e  r equ i r ed  pe r  

megawatt-electr ic .  Li thium-water-air  and l i t h ium-su l f ide  b a t t e r i e s  have 

been t e s t e d  and show g r e a t  promise of becoming t h e  b a t t e r i e s  f o r  e l e c t r i c  

automobiles i n  t h e  f u t u r e .  One of t h e s e  b a t t e r i e s  can j u s t  a s  w e l l  s e r v e  

f o r  l o c a l  off-peak energy s t o r a g e  i n  t h e  u t i l i t y  i ndus t ry .  S i m i l a r l y ,  they 

can be used f o r  i n t e r m i t t e n t  energy sources  (wind, t i d a l ,  and s o l a r  power). 

The cu r ren t  l i t h i u m  re se rves  and resources  w i l l  b e  hard  put  t o  meet customary 

demands f o r  l i t h i u m ,  which a r e  i n c r e a s i n g  a t  a r a t e  of 8-10%/yr, s o  t h e  U.S. 

supply w i l l  have t o  b e  expanded by inc reased  exp lo ra t ion .  



BORG,, I. Y . ,  S tone ,  R . ,  Levy, H. B . ,  and Ramspott, L. D . ,  Movement of 
r a d i o a c t i v i t y  depos i t ed  underground a t  t h e  U.S. ERDA Nevada Tes t  S i t e ,  
Lawrence Livermore Laboratory,  Rept . UCRL-786 70, P r e p r i n t  (19 76) . 
Movement of r a d i o a c t i v i t y  has  been minimal a t  t h e  U.S. ERDA Nevada 

T e s t  S i t e  (NTS) and r e l a t e s  t o  t h e  low r a i n  f a l l  i n  t h e  a r e a  and t h e  gene ra l  

phenomenology of n u c l e a r  explos ions .  Most r e f r a c t o r y  f i s s i o n  products  and 

unspent f u e l  a r e  captured  i n  l i t h o l o g i c a l  g l a s s e s  produced by t h e  explos ion ,  

and t h e r e  i s  f o r c e f u l  e j e c t i o n  of water  from t h e  immediate v i c i n i t y  of t h e  

explos ion .  Return of  t h e  water  i n t o  t h e  rubbl ized  s i t e  inaugura tes  l each ing  

processes  and consequent mob i l i za t ion  of nuc l ides .  The slow t o  moderate 

movement of t h e  ground w a t e r  i n  t h e  a q u i f e r  w i t h i n  no r the rn  po r t ions  of NTS, 

76 t o  180 (maximum) me te r s lyea r  depending on l o c a l e ,  has  con t r ibu ted  t o  t h e  

slow movement of t h e  t r i t i u m ,  t h e  most mobile of t h e  rad ionucl ides .  Sorp t ive  

p roces ses  a r e  e s p e c i a l l y  important  i n  r e t a r d i n g  nuc l ide  movement a t  NTS. The 

a l t e r e d  tu f f aceous  rocks ,  which comprise a l a r g e  p o r t i o n  of t h e  rock i n  t h e  

s a t u r a t e d  zone, a r e  r i c h  i n  z e o l i t e s  ( c l i n o p t i l o l i t e )  and c lays  (mont- 

m o r i l l o n i t e  and i l l i t e )  which e f f e c t i v e l y  absorb many rad ionucl ides  moving 

through t h e  formation.  To da t e  no r a d i o a c t i v i t y  has  been de t ec t ed  beyond 

t h e  bounds of t h e  Nevada Tes t  S i t e  no r  w i t h i n  any of t h e  approximately 32 

w a t e r  w e l l s  w i t h i n  o r  beyond t h e  boundaries  of t h e  s i t e .  A l l  water  used a t  

t h e  s i t e  cont inues t o  come from w e l l s  no t  f a r  from a r e a s  of a c t i v e  under- 

ground t e s t i n g ,  

BORG, I. Y . ,  U s e  of r e se rve / r e source  e s t ima te s  by a Nat iona l  ERDA Laboratory,  
Lawrence Livermore Laboratory,  Rept . UCRL-78689, Abs t rac t  (19 76) . 
The 1973 embargo and subsequent p r i c e  i n c r e a s e s  focused t h e  a t t e n t i o n  

of t h e  n a t i o n  and t h e  n a t i o n a l  l a b o r a t o r i e s  on reserve / resource  da t a  f o r  

energy f u e l s .  Formation of ERDA emphasized t h e  increased  i n t e r e s t  i n  long 

range  R&D wi th  t h e  o b j e c t i v e  of developing novel  energy sources.  

Planning r e q u i r e s  1 )  reconnaissance of t h e  ex t en t  of t h i s  n a t i o n ' s  

r e se rves / r e sou rces ,  2) understanding of what t hese  t r a d i t i o n a l l y  t a b u l a t e d  

numbers mean and 3) a choice  be  made between t h e  d ive r se  e s t ima te s  ava i l -  

ab l e .  The purpose i s  t o  recognize s h o r t  supply,  t o  e s t ima te  l e a d  times 

a v a i l a b l e  t o  develop a l t e r n a t i v e  sources  and t o  p inpoin t  p o t e n t i a l  re- 

sou rces  t h a t  r e q u i r e  ex t ens ive ,  m u l t i d i s c i p l i n e  R&D e f f o r t s  t o  develop. 



The r o l e  of a n a t i o n a l  l abo ra to ry  i s  t o  pursue long-range p r o j e c t s  

where i n i t i a l  investment of t ime and money may be  u n r e a l i s t i c  from i n d u s t r y ' s  

point-of-view. Nonetheless,  i n d u s t r i a l  cooperat ion i s  v i t a l  t o  t h e i r  

success .  

Before f r u i t f u l  programs a r e  s e l e c t e d ,  funded and inaugura ted ,  a new 

s e t  of information p e r t a i n i n g  t o  f o s s i l  r e se rves / r e sou rces  i s  needed. 

These da t a  tend t o  be s p e c i f i c  and a r e  u sua l ly  d i f f i c u l t  t o  garner  from 

cu r ren t  sources  such a s  API ,  AGA, NPC o r  USGS surveys.  They inc lude  inform- 

a t i o n  on a t t i t u d e  and th ickness  of continuous s e c t i o n s ,  e .g . ,  of heavy o i l  

accumulations o r  o i l  s h a l e ;  t h e s e  da t a  a r e  c r u c i a l  t o  t h e  technology chosen 

f o r  t h e  development of t h e  resource.  The depth of t h e s e  accumulations i s  

p e r t i n e n t  a s  i s  l o c a t i o n  of t h e  resource.  Large accumulations i n  populated 

a r e a s  pose s p e c i a l  problems a s  do d i f f u s e  resources  spread  over  hundreds 

of square  mi les .  There i s  c u r r e n t l y  no s i n g l e  recognized d a t a  bank con- 

t a i n i n g  information of t h i s  type. I t  is  l a r g e l y  p r o p r i e t a r y  and uncol la ted .  

Increased  cooperat ion on t h i s  s c o r e  between indus t ry  and government i s  

needed i n  o r d e r  t o  develop t h e s e  novel  f u e l s .  

As  a consequence of  s tudy  and reviews a t  Lawrence Livermore Laboratory, 

l a r g e  on-going programs have evolved. They d e a l  wi th  i n - s i t u  c o a l  g a s i f i c a -  

t i o n  and o i l  s h a l e  r e t o r t i n g ,  l a s e r  enrichment of uranium, u t i l i z a t i o n  of 

geothermal b r i n e s  and a t r a n s p o r t a t i o n  program designed t o  develop a l t e r -  

n a t e  automotive f u e l s  (MeOH, MeOH-gasoline, Li-air-H20 b a t t e r y )  and a l t e r -  

na t e lhybr id  engines f o r  them. 

BORG, I. Y . ,  One view of t h e  wor ld ' s  petroleum s u p p l i e s ,  Lawrence Livermore 
Laboratory,  Rept. UCRL-52075 (1976) : 

Using p l a u s i b l e  assumptions and r ecen t  d a t a ,  t h i s  r e p o r t  o u t l i n e s  a 

s e r i e s  of circumstances t h a t  imply t h a t  t h e  OPEC c a r t e l  would f a l t e r ,  wi th  

t h e  r e s u l t  t h a t  world c rude-o i l  p r i c e s  would be lowered. A f u r t h e r  conse- 

quence would be t h a t  c o s t l y  p i l o t - p l a n t  p r o j e c t s  designed t o  develop a l t e r -  

n a t i v e  f u e l s  would seemingly b e  hard  t o  j u s t i f y  and appear  t o  have developed 

i n  a less- than-t imely fashion.  However, u l t i m a t e  dep le t ion  of world supp l i e s  

a t  t h e  t u r n  of t h e  century would r e s t o r e  t h e  f avo rab le  economic c l ima te  f o r  

research  and development on a l t e r n a t i v e  f u e l s .  



The argument rests on cont inued and r ap id  expansion of worldwide crude- 

o i l  s u p p l i e s ,  a  reduced free-world demand d i c t a t e d  by high-priced o i l  u n t i l  

1981 (2.9% average  annual  r a t e  i n  t h e  pe r iod  1974 t o  1980 o r  5.5% on t h e  

b a s i s  of t h e  r e c e s s i o n  y e a r  1975 t o  1980),  and l a s t l y  t h e  f a c t  t h a t  t h e  

OPEC n a t i o n s '  ambit ious long-range p l ans  determine t h e  minimum l e v e l s  t o  

which they  w i l l  a l l ow t h e i r  p roduct ion  t o  f a l l .  The consequences of lower 

p r i c e s  a r e  i nc reased  world demand f o r  crude o i l  and u l t i m a t e  r e t u r n  t o  a  

" s e l l e r ' s  market" when world product ion  approaches t h e  p o i n t  of d e c l i n e  to- 

ward t h e  end of t h e  century.  No a t tempt  has  been made h e r e  t o  ana lyze  t h e  

many i s s u e s  and e s t i m a t e s  t h a t  have gone i n t o  t h e  cons t ruc t ion  of t h e  argu- 

ment. The i n t e n t  of t h i s  d i scuss ion  has  been t o  po in t  up t h e  need f o r  

c l o s e r  s t u d y  of t h e s e  i s s u e s  and e s t ima te s  s i n c e  they u l t i m a t e l y  a f f e c t  

n a t i o n a l  planning.  

BORG, I. Y . ,  Stone,  R . ,  Levy, H. B . ,  and Ramspott, L .D. ,  Information p e r t i -  
nent  t o  t h e  migra t ion  of  r ad ionuc l ides  i n  ground wa te r  a t  t h e  Nevada 
T e s t  S i t e .  P a r t  1: review and a n a l y s i s  of e x i s t i n g  informat ion ,  
Lawrence Livermore Labora tory ,  Rept. UCRL-52078 (1976). 

This  r e p o r t  i s  a  comprehensive, d e t a i l e d  review of what i s  known 

concerning migra t ion  of r ad ionuc l ides  i n  ground water  a t  t h e  Nevada Tes t  

S i t e  (NTS). A h i s t o r y  of NTS i s  g iven ,  t h e  geologic  and hydro logic  s e t t i n g  

i s  desc r ibed ,  and t h e  amount of r a d i o a c t i v i t y  depos i t ed  w i t h i n  and nea r  t h e  

main a q u i f e r s  i s  es t imated .  The l abo ra to ry  and f i e l d  i n v e s t i g a t i o n s  i n f ~  

g e n e r a l  processes  r e t a r d i n g  t h e  movement of r a d i o a c t i v i t y  from t h e  sou rce  

and d i s p e r s i n g  i ts concen t r a t ions  a r e  desc r ibed ,  t oge the r  w i th  r e s u l t s  of 

programs designed t o  monitor  t h e  sou rce  terms and t h e  movement of radio-  

a c t i v i t y  a t  t h e  s i t e .  The conclus ions  inc lude :  (1 ) in fo rma t ion  c u r r e n t l y  

a v a i l a b l e  i s  i n s u f f i c i e n t  t o  s t a t e  c a t e g o r i c a l l y  t h a t  r a d i o a c t i v i t y  w i l l  

never  be  c a r r i e d  o f f  t h e  Nevada Tes t  S i t e  by ground wa te r  movement; 

( 2 ) n o n e t h e l e s s ,  such a  mig ra t ion  a t  l e v e l s  above t h e  maximum pe rmis s ib l e  

c o n c e n t r a t i o n  t o  e x f s t i n g  w e l l s  and s p r i n g s  i s  considered un l ike ly ;  ( 3 ) i f  

o f f s i t e  migra t ion  occurs ,  i t  w i l l  probably b e  from t h e  southwestern mar- 

g i n s  of  Pahute Mesa, where t h e r e  is  only a sma l l  chance of contaminating 

e x i s t i n g  p u b l i c  w a t e r  s u p p l i e s ;  (4) t r i t i u m  i s  t h e  most mobile rad ionucl ide  

and may b e  t h e  only  long-l ived i so tope  of concern; ( 5 ) p r e d i c t i o n s  of migra- 

t i o n  bo th  w i t h i n  and wi thout  NTS a r e  hampered by a  l a c k  of values f o r  fund- 

amental  parameters  used i n  t r a n s p o r t  c a l c u l a t i o n s .  Recommendations f o r  



f u t u r e  s t u d i e s  t o  minimize u n c e r t a i n t i e s  a r e  descr ibed  and given p r i o r i t y  

r a t i n g s .  Highest p r i o r i t y  i s  ass igned  t o  (1)measurement of t r i t i u m  and 

o t h e r  rad ionucl ides  i n  l a r g e  water  samples taken from nuc lea r  chimneys 

t h a t  water  has  re-entered a f t e r  an explosion;  (2) expansion of  t h e  e x i s t i n g  

groundwater monitor ing program a t  NTS t o  inc lude  w e l l s  wi th  a  h ighe r  
' 

p r o b a b i l i t y  of i n t e r s e c t i n g  flow of contaminated water ;  (3) measurement of 

groundwater flow v e l o c i t i e s  and o t h e r  a s s o c i a t e d  hydro logic  parameters.  

High p r i o r i t y  i s  assigned t o  (1) product ion of an inventory  of rad ionucl ides  

depos i ted  nea r  NTS borders ,  e s p e c i a l l y  beneath Pahute Mesa; (2)  determina- 

t i o n  of amounts of r a d i o a c t i v i t y  depos i ted  d i r e c t l y  i n t o  t h e  Lower Carbon- 

a t e  A q u i f e r ; ( 3 ) a  s e n s i t i v i t y  a n a l y s i s  of t h e  many parameters  t h a t  e n t e r  

i n t o  t r a n s p o r t  c a l c u l a t i o n s ;  ( 4 )  a  s tudy  of t h e  many unplugged ho le s  t h a t  

pene t r a t e  t h e  Tuff Aquitard; ( 5 ) t e s t i n g  of t h e  assumption t h a t  rad ionucl ides  

depos i ted  i n  t h e  unsa tura ted  zone a r e  i s o l a t e d  from t h e  s a t u r a t e d  zone be- 

cause of l i m i t e d  p r e c i p i t a t i o n  and downward movement of mois ture ;  (6) de t e r -  

mination of d i s t r i b u t i o n  c o e f f i c i e n t s  f o r  NTS alluvium, carbonate ,  and 

r h y o l i t i c  rocks ,  which a r e  l ack ing  o r  poorly r ep re sen ted  i n  t h e  l i t e r a t u r e .  

Twelve o t h e r  recommendations of l e s s e r  p r i o r i t y  a r e  a l s o  given. 

BORG , I. Y . ,  Stone,  R . ,  Levy, H. B . ,  and Ramspott, L. D . ,  Information 
g e r t f n e n t  t o  t h e  migra t ion  of rad ionucl ides  i n  ground wa te r  a t  t h e  
Nevada Test  S i t e .  P a r t  2: annota ted  b ib l iog raphy ,  Lawrence Livermore 
Laboratory,  Rept. UCRL-52078, P a r t  2  (1976). 

P a r t  2  of UCRL-52078 c o n s i s t s  of t h e  b ib l iography and a b s t r a c t s  t h a t  

were compiled i n  t h e  course of s ea rch ing  t h e  l i t e r a t u r e  f o r  in format ion  on 

t h e  migra t ion  of rad ionucl ides  a t  t h e  Nevada Tes t  S i t e .  Because waste  

management a t  r e a c t o r  s i t e s  i s  a  problem encountered i n  most i n d u s t r i a l i z e d  

coun t r i e s  of t h e  world, t h e  l i t e r a t u r e  on t h e  s u b j e c t  of movement of radio-  

a c t i v i t y  through rock and s o i l s  i s  i n t e r n a t i o n a l  and voluminous. I n  many 

i n s t a n c e s ,  t h e  research  done, both i n  t h e  l abo ra to ry  and i n  t h e  f i e l d ,  has  

been designed t o  app ra i se  s p e c i a l  s i t u a t i o n s .  The papers  which a r e  out- 

growths of such s t u d i e s  a r e  f r equen t ly  pa roch ia l  and of  l i m i t e d  appl ica-  

b i l i t y  t o  o t h e r  s i t e s  wi th  d i f f e r e n t  rock types ;  none the l e s s ,  t h e  excep- 

t i o n a l  s tudy t h a t  comes t o  g r i p s  w i th  gene ra l  p r i n c i p l e s  governing s o r p t i o n  

o r  d i f f u s i o n  of r a d i o a c t i v e  spec i e s  can be  found i n  t h i s  same l i t e r a t u r e .  

Hence, t h e  b ib l iography t h a t  fol lows inc ludes  numerous r e fe rences  t o  work 



d o n e , a t  f o r e i g n  n u c l e a r  centers '  o r  con t r ac t ed  t o  o u t s i d e  agencies  by t h e s e  

same c e n t e r s .  

I n t e r e s t  i n  t h e  s u b j e c t  of d i s p e r s i o n  of r a d i o a c t i v i t y  reached an  

e a r l y  z e n i t h  i n  t h e  la te  1950's and t h e  1960's .  Many of t h e  fundamentals 

of  t h e  s u b j e c t  were de r ived  and explored  dur ing  t h o s e  decades. Unfor- 

t u n a t e l y ,  t h e  r e sea rch  and t h e  thought l i e  i n  r e p o r t s  t h a t  a r e  d i f f i c u l t  

t o  a c q u i r e  o r ,  even i f  they  a r e  i n  hand, may be  s o  poor ly  reproduced a s  t o  

b e  u s e l e s s .  With t h e s e  circumstances i n  mind, w e  decided t o  a b s t r a c t  a l l  

of t h e  l i t e r a t u r e  t h a t  we reviewed i n  compiling P a r t  1 of t h i s  r epo r t  and 

t o  a s s e s s  i t s  r e l evance  t o  t h e  s i t u a t i o n  a t  t h e  Nevada Tes t  S i t e .  

BORG, I. Y . ,  S tone ,  R. ,  and Puchl ik ,  K t  P, .  O i l .  nas. ur.ani.um,--and thorium: 
supply  and d e p l e t i o n ,  w i th  s p e c i a l  r e f e rence  t o  C a l i f o r n i a ,  Lawrence 
Livermore Labora tory ,  Repe. UCRL-52180 (1976) . 
Thi s  r e p o r t  summarizes informat ion  p e r t i n e n t  t o  t h e  probable f u t u r e  

s u p p l i e s  of  o i l ,  ga s ,  uranium and thorium t o  t h e  S t a t e  of Ca l i fo rn i a .  To 

t h e  e x t e n t  t h a t  t h e s e  s u p p l i e s  a r e  l i nked  t o  world and U.S. resources ,  t h e s e  

sou rces  and l i m i t a t i o n s  a r e  a l s o  reviewed. Conf l i c t i ng  e s t ima te s  a r e  

analyzed and judgment i s  made a s  t o  t h e  most r e l i a b l e ,  cu r r en t  sources  of 

in format ion .  Methods used t o  e s t ima te  f u t u r e  undiscovered resources  a r e  

descr ibed .  Deple t ion  f o r e c a s t s  made w i t h i n  t h e  l a s t  few yea r s  a r e  compared 

and .eva lua t ed  i n  terms of t h e  t o t a l  supply i m p l i c i t  i n  t h e  f o r e c a s t .  

Borg, I. Y. ,  COOPER, J. F . ,  O'Connell, L. G . ,  Behrin,  E . ,  Rubin, B . ,  and 
Wiesner, H . ,  Li thium requirements  of e l e c t r i c  v e h i c l e s  us ing  l i t h i u w  
water -a i r  b a t t e r i e s ,  U. S.G.S. Prof .  Paper 1005, 9-15 (1976). [ucRL- 
77440, ~ r e ~ r i n t ]  

The l i thium-water-air  b a t t e r y  is  a  new primary b a t t e r y  of such excep- 

t i o n a l  power and energy t h a t  i t  is  a  candida te  t o  provide  propuls ion  f o r  

e l e c t r i c  automobiles i n  t h e  f u t u r e .  I n  t h e  e lec t rochemica l  r e a c t i o n  in-  

volved,  l i t h ium,  oxygen, and C02 a r e  combined, l eav ing  Li2C03 a s  a  by- 

product  t o  be removed from t h e  b a t t e r y  and recycled.  A subcompact c a r  

weighing Y 1 U  kg would t ransform 7.2 kg of l i t h i u m  i n  t r a v e l i n g  320 km a t  

97 km/hr. A t  l e a s t  an  equal  amount of l i t h i u m  p e r  c a r  would be unavai lab le  

because of t he  need t o  r e c y c l e  t h e  by-product (Li2C03). Thus, a minimum of 

14.4 kg of l i t h i u m  p e r  c a r  i s  r equ i r ed  t o  suppor t  a  t r a n s p o r t a t i o n  system 



based upon t h i s  power source .  Assuming t h a t  i n  t h e  y e a r  2000, 12 t o  16% of 

a l l  veh ic l e s  a r e  powered by l i thium-water-air  b a t t e r i e s ,  we w i l l  need 

234,000 t o  425,000 me t r i c  tons of l i t h ium.  This  amount i s  somewhat l e s s  

than  t h e  t o t a l  known U.S. l i t h i u m  r e s e r v e s ,  b u t  i f  t h e  cu r r en t  r a t e  of 

consumption of  l i t h i u m  f o r  o t h e r  purposes cont inues ,  t h e  supply of l i t h i u m  

w i l l  have t o  be  increased .  

BRAUN, R. L . ,  Nondestruct ive de te rmina t ion  of o i l  y i e l d  of o i l  s h a l e  b locks ,  
Lawrence Livermore Laboratory,  Rept. UCRL-77802, P r e p r i n t  (1976). 

  he s p e c i f i c  g r a v i t y  of o i l  s h a l e  i s ' w i d e l y  used a s  a  r ap id  and 

p r a c t i c a l  method of e s t ima t ing  t h e  F i sche r  assay  o i l  y i e l d .  The method 

was o r i g i n a l l y  developed f o r  use wi th  crushed s h a l e  samples. However, t h e  

c o r r e l a t i o n  can a l s o  b e  used a s  a  nondes t ruc t ive  means of e s t ima t ing  t h e  

o i l  y i e l d  of uncrushed blocks of s h a l e .  The development of t h e  s p e c i f i c  

g rav i ty -o i l  y i e l d  r e l a t i o n s h i p  is  reviewed and a  p o s s i b l e  source  of e r r o r  

i n  applying t h e  r e l a t i o n s h i p  t o  s p e c i f i c  g r a v i t i e s  measured by wa te r  i m e r -  

s i o n  of uncrushed blocks of s h a l e  i s  i l l u s t r a t e d .  

The block immersion method must t h e r e f o r e  b e  used wi th  caut ion .  It 

i s  most e f f e c t i v e  a s  a  r a p i d  means of s c reen ing  samples t o  s e l e c t  candi- 

da t e s  t h a t  may have t h e  des i r ed  o i l  y i e l d .  A b e t t e r  e s t ima te  of t h e  o i l  

y i e l d  must then  be  made by a l t e r n a t i v e  methods, such a s  by chemical analy- 

sis o r  s p e c i f i c  g r a v i t y  measurements of powdered samples prepared from 

adjacent  p a r t s  of t h e  s t a r t i n g  block.  

Braun, R. L. , and MALLON, R. G. , Reac t iv i ty  of o i l  s h a l e  carbonaceous 
r e s idue  wi th  oxygen and carbon d ioxide ,  Colo. School of Mines Quar- 
t e r l y  71, 309-333 (1976). [ ~ ~ ~ ~ - 7 7 8 2 9 ,   reprint J 

Braun, R. L., and RALEY, J.  H . ,  O i l  degradat ion during o i l  s h a l e  r e t o r t i n g ,  
P r e p r i n t s  Sympos. O i l  Shale ,  Tar sands & R e l a t e d - ~ a t e r i a l s ,  Div. of 
Fuel ,  Am. Chem. Soc. Mtg., San Franc isco ,  August-Sept. 1976, Vol. 21, 
137-146 (1976). [UCRL-78098, P r e p r i n t ]  

Braun, R. L . ,  SCHWARTZ, L. L., Cohen, J. J . ,  and Lewis, A. E . ,  High l e v e l  
r a d i o a c t i v e  waste  i s o l a t i o n  by inco rpora t ion  i n  s i l i c a t e  rock, 
Lawrence Livermore Laboratory, Rept. UCRL-78746, P r e p r i n t  (1976) . 



Bryan, J. B . ,  GOODRICH, M. F . ,  Thomsen, J .  M . ,  and S n e l l ,  C. M . ,  F i n a l  
r e p o r t  on a c a l c u l a t i o n a l  parameter  s tudy  of s o i l s  t y p i c a l  of some 
ESSEX I c r a t e r i n g . s i t e s ,  Lawrence Livermore Laboratory,  Rept. UCRL- 
52038 (1976). 

The one-dimensional computer c a l c u l a t i o n s  descr ibed  i n  t h i s  r e p o r t  

were performed t o  s i m u l a t e  s t ress-wave propagat ion and k i n e t i c  energy 

t r a n s f e r  a s s o c i a t e d  wi th  subsu r face  c r a t e r i n g  de tona t ions  i n  s o i l s .  A 

h y p o t h e t i c a l  20-ton-yield nuc lea r  exp los ive  was assumed a s  t h e  energy 

sou rce ,  surrounded by a s i n g l e  s o i l  m a t e r i a l .  Various s o i l  d e s c r i p t i o n s  

were s e l e c t e d  i n  o r d e r  t o  s y s t e m a t i c a l l y  s tudy  t h e  range of s o i l  response 

t o  t h e  n u c l e a r  de tona t ion .  The s o i l s  were r e p r e s e n t a t i v e  of t h e  l aye red  

mixtures  of sand and c l a y  found a t  t h e  ESSEX high-explosive c raee r ing  s i t e s  

n e a r  F t .  Polk ,  Louis iana .  S o i l  p r o p e r t i e s  analyzed i n  t h i s  s tudy  inc lude  

w a t e r  s a t u r a t i o n ,  bu lk  d e n s i t y ,  f a i l u r e  envelope, and low-pressure bulk  

modulus. 

BUTKOVICH, T. R . ,  C o r r e l a t i o n s  between measurements and c a l c u l a t i o n s  of 
h2gh-explosive induced f r a c t u r e  i n  a coa l  outcrop,  I n t .  J. Rock Mech. 
Min. S c i .  & Geomech. Abst. - 13, 45-51 (1976). [ucRL-76904,  reprint] 

A high-explosive f r a c t u r i n g  experiment ,  p a r t  of t h e  Lawrence Livermore 

~ a b o r a t o r y ' s  i n  s i t u  c o a l  g a s i f i c a t i o n  p r o j e c t ,  was c a r r i e d  ou t  i n  a c o a l  

ou tcrop  n e a r  Kemmerer, WY.' The primary purpose was t o  o b t a i n  f r a c t u r e  d a t a  

t o  which a computer-code-calculated damage-indicating parameter c f ,  c a l l e d  

f a i l u r e  s h e a r  s t r a i n ,  could b e  c o r r e l a t e d .  The r ad ius  a t  which cf z U . l  

corresponds t o  2 .8  t imes t h e  c y l i n d r i c a l  c a v i t y  r ad ius  Rcc, which corre-  

l a t e s  w i t h  observa t ions  of e x t e n t  of pervas ive  f r a c t u r e  around s p h e r i c a l  

n u c l e a r  c a v i t i e s  a t  2.0 Rcs i n  var ious  rocks repor ted  by Borg. The r ad ius  

a t  which cf z 0 .01  which corresponds t o  8.5 Rcc r e l a t e s  t o  t h e  l i m i t  of 

obse rvab le  enhancement i n  permeabi l i ty  a t  6 .7 Rcc and o t h e r  f r a c t u r e -  

i n d i c a t i n g  measurements, such a s  dye p e n e t r a t i o n  a t  8.5 R,,. This  va lue  

a l s o  c o r r e l a t e s  w e l l  wi th  observed maximum e x t e n t  of h o r i z o n t a l  f r a c t u r e  

around n u c l e a r  c a v i t i e s  a t  3.7 Rcc, and K u t t e r  & F a i r h u r s t ' s  p r e d i c t i o n  of 

e x t e n t  of r a d i a l  f r a c t u r e  i n  rock. 

BUTKOVICH, T. R . ,  and Hea r s t ,  J. R., P r e d i c t i o n  and de termina t ion  of 
explosive-induced f r a c t u r e  (Soc. Explo. Eng. Conf. Explosion & Blast-  
i n g  Techniques, L o u i s v i l l e ,  Ky., Sept.  1976) Lawrence Livermore 
Laboratory,  Rept. UCRL-77659, P r e p r i n t  (1976). 

Explosive-induced f r a c t u r i n g  and permeabi l i ty  enhancement f a r  from a 

f r e e  f a c e  were s t u d i e d .  A one-dimensional computer program, SOC, was used 

-10- 



t o  p r e d i c t  t h e  t o t a l  f a i l u re -a s soc i a t ed  d i s t o r t i o n a l  s t r a i n ,  ~ f .  Labora- 

t o r y  and f i e l d  experiments a s soc i a t ed  t h e  c a l c u l a t e d  ~f wi th  t h e  observed 

f r a c t u r e  and permeabi l i ty  enhancement. An ~f va lue  of 0.015 corresponded 

t o  t h e  observed r ad ius  of e f f e c t ,  which was about seven times t h e  c a v i t y  

r ad ius  and was c o n s i s t e n t  w i th  p r e d i c t i o n s  from SOC and from t h e  l i t e r a - .  

t u r e .  

BUTKOVICH, T. R. ,  Ca l cu la t ion  of f r a c t u r e  and permeabi l i ty  enhancement from 
underground explosions i n  c o a l ,  Proc. Second Ann. Underground Coal 
G a s i f i c a t i o n  Sympos., Morgantown, W. Va., August 1976, MERCISP-7613, 
285-294. (Mtg. Am., Soc. Mech. Eng., Mexico C i ty ,  Sept .  1976) [UCRL- 
77945, ~ r e ~ r i n t ]  

We use one- and two-dimensional computer programs t o  s tudy  explosive-  

induced f r a c t u r i n g  and permeabi l i ty  enhancement. The t o t a l  fa i lure- induced  

d e v i a t o r i c  s t r a i n ,  a  c a l c u l a b l e  parameter r e l a t e d  t o  rock f r a c t u r e ,  i s  used 

t o  c o r r e l a t e  c a l c u l a t i o n s  wi th  measurements. This parameter i s  made up of 

two p a r t s ,  t h a t  a s s o c i a t e d  wi th  pure shea r  d i s t o r t i o n  and t h a t  a s s o c i a t e d  

wi th  shea r  d i s t o r t i o n  from t e n s i l e  f a i l u r e .  The t o t a l  f a i l u r e  s h e a r  s t r a i n  

can b e  r e l a t e d  t o  i n t e n s i t y  of f r a c t u r e ,  and t h e  t e n s i l e  p o r t i o n  can be  

r e l a t e d  t o  t h e  volume of t e n s i l e  f r a c t u r e s .  The l a t t e r  va lue  can be con- 

s i d e r e d  a  measure of t h e  crack volume generated fol lowing t e n s i l e  f a i l u r e .  

We c o r r e l a t e  ou r  c a l c u l a t i o n s  wi th  measurements from f i e l d  and l abo ra to ry  

experiments f o r  both s i n g l e  and m u l t i p l e  explos ions .  

BUTKOVICH, T. R., Cav i t i e s  produced by underground n u c l e a r  explos ions ,  
Lawrence Livermore Laboratory,  Rept. UCRL-52097 (1976). 

This  i n v e s t i g a t i o n  s t u d i e d  t h e  displacement of rock. t h a t  formerly 

occupied c a v i t i e s  produced by underground nuc lea r  explosions.  There a r e  

t h r e e  p o s s i b l e  explana t ions  f o r  t h i s  displacement: t h e  volume could be  

d isp laced  t o  t h e  f r e e  s u r f a c e ,  i t  could occupy previous ly  a i r - f i l l e d  pores  

removed from t h e  surrounding rock through compaction, o r  i t  could be  

accounted f o r  by p e r s i s t i n g  compressive s t r e s s e s  induced by t h e  outgoing 

shock wave. 

The a n a l y s i s  shows i t  un l ike ly  t h a t  s t o r e d  r e s i d u a l  e l a s t i c  s t r e s s e s  

account f o r  l a r g e  f r a c t i o n s  of c a v i t y  volumes. There i s  l i m i t e d  experi-  

mental evidence t h a t  f r e e  s u r f a c e  displacement accounts  f o r  a  s i g n i f i c a n t  



p o r t i o n  of t h i s  volume. Whenever t h e  explos ion  mediums con ta in  a i r - f i l l e d  

po res ,  t h e  compaction of t h e s e  pores  most l i k e l y  accounts  f o r  a l l  t h e  volume. 

C a l c u l a t i o n s  show t h a t  4% a i r - f i l l e d  p o r o s i t y  can acco1.1nt f o r  a.11 t h e  c a v i t y  

volume w i t h i n  about  4 c a v i t y  r a d i i  and t h a t  even 1% can account f o r  a  s ig -  

n i f i c a n t  f r a c t i o n  of t h e  volume. 

Butkovich,  T.  R . ,  HEARST, J. R . ,  Laine,  E. ,  Lake, R., Leach, D. ,  L y t l e ,  J . ,  
Sherman, J . ,  Snoeberger,  D . ,  and Quong, R. ,  F rac tu re s  induced by a  
conta ined  exp los ion  i n  Kemmerer c o a l ,  I n t .  J.  Rock. Mech. Min. Sc i .  & 
Geomech. Abstr .  - 13,  37-44 (1976). [ucRL-517901 

CARLEY, J. F. ,  P r e s s u r e  d i s t r i b u t i o n  i n  beds of o i l - s h a l e  rubble ,  Lawrence 
Livermore Laboratory,  Rept. UCRL-51957, Rev. 1 (1976). 

'The Janssen  equa t ion  f o r  v e r t i c a l  d i s t r i b u t i o n  of p re s su re  i n  beds 

of  s o l i d  p a r t i c l e s  has  been modified f o r  a p p l i c a t i o n  t o  beds of broken 

s h a l e .  From a measured ang le  of repose of sample s h a l e  p i l e s  of 40°, f r i c -  

t i o n a l  p r o p e r t i e s  of s h a l e  beds were deduced, pe rmi t t i ng  t h e  cons t an t s  of 

t h e  Janssen  equat ion  t o  be  computed. P r e s s u r e  d i s t r i b u t i o n s  i n  beds 

30, 61, and 76 m (100, 200, and 250 f t )  square  and up t o  427 m (1400 f t )  

deep were computed. The main f i n d i n g  was t h a t  bottom p res su res  ( P ~ )  a t  

depths  of 152 m (500 f t )  and more a r e  only s l i g h t l y  a f f e c t e d  by overburden 

p r e s s u r e  and asymptot ica l ly  approach va lues  given by PB ( p s i )  Z D ( f t )  o r  

PR (MPa) 2 0.023D (m) where D i s  t h e  width of t h e  square  rubble  column. 

Because of w a l l  f r i c t i o n ,  t h e s e  bottom p res su res  a r e . g e n e r a l l y  f a r  l e s s ,  i n  

r h f c k  beds ,  than  t h e  " l i t h o s t a t i c "  equ iva l en t  of t h e  weight of s h a l e  and 

overburden. Shale  grade ( d e n s i t y ) ,  rubble  p o r o s i t y ,  and u n c e r t a i n t i e s  i n  

c o e f f i c i e n t s  of f r i c t i o n  have only minor e f f e c t s  on t h e  p re s su re  d i s t r i -  

b u t i o n s .  Since t h e  p re s su re  exe r t ed  by unbroken overburdens may be  

expec ted  t o  be  s m a l l  Lprobably l e s s  t han  1.38 MPa (200 p s i ) ] ,  p r e s su re s  

are n o t  l i k e l y  t o  exceed 2.07 MPa (300 p s i )  anywhere i n  t h e  bed. The 

major u n c e r t a i n t y  i s  t h e  temperature dependence of bed p r o p e r t i e s .  

Car l son ,  R. C . ,  HANSON, M. E. ,  Emerson, D. O . ,  Heard, H. C . ,  and Sha f fe r ,  
R. J . ,  Quar te r ly  r e p o r t :  t h e  LLL massive hydrau l i c  f r a c t u r i n g  program 
f o r  gas s t i m u l a t i o n ,  July-September 1976, Lawrence Livermore Laboratory,  
Rept . UCRL-50036-76-3 (19 76) . 



C H I N ,  R .  C .  Y.  and Hedstrom, G. W . ,  A d i s p e r s i o n  a n a l y s i s  f o r  d i f f e r e n c e  
schemes: t a b l e s  of genera l ized  a i r y  func t ions ,  Lawrence Livermore 
Laboratory, Rept. UCRL-78668, P r e p r i n t  (1976). 

This paper conta ins  graphs and t a b l e s  of t h e  func t ion  

and i t s  i n d e f i n i t e  i n t e g r a l  f o r  p  = 3, 5 ,  7 ,  f o r  q  = 2,  4 ,  6 ,  and f o r  

s e v e r a l  va lues  of a wi th  a 2 0 .  It i s  shown how t h e s e  t a b l e s  should in f luence  

the  choice  of an a r t i f i c i a l  v i s c o s i t y  f o r  a  d i f f e r e n c e  scheme f o r  a  l i n e a r  

hyperbol ic  equat ion.  

Chin, R. C. Y .  and DENNY, M. D . ,  Gaussian f i l t e r s  f o r  determining group 
v e l o c i t i e s ,  Geophys. J. R. a s t r .  Soc . .45 ,  - 495-525 (1976). [UCRL-76809, 
P r e p r i n t ]  

CHUNG, D. H . ,  On t h e  composition of t h e  oceanic  l i t h o s p h e r e ,  J. Geophys. 
Res. 81, 4129-4134 (1976). [UCRL-77525, P r e p r i n t ]  -- 

The composition and e l a s t i c  p r o p e r t i e s  of t h e  e a r t h ' s  l i t h o s p h e r e  be- 

neath t h e  s e a  f l o o r  a r e  fundamental t o  our  understanding of t h e  mechanism 

of s e a  f l o o r  spreading  and c o n t i n e n t a l  d r i f t .  New experimental  information 

on t h e  e l a s t i c  p r o p e r t i e s ,  a s  a  func t ion  of temperature,  p re s su re ,  and pet-  

rology,  of e c l o g i t e  and p e r i d o t i t e  i s  presented.  The d e n s i t y  and se ismic  

wave v e l o c i t i e s  i n  p e r i d o t i t e  s imulated i n  t h e  l abo ra to ry  f o r  t h e  oceanic  

l i t h o s p h e r e  of t h e  f i r s t  15-20 km of depth match r e s u l t s  of r ecen t  se i smic  

i n v e s t i g a t i o n s  very we l l .  The e l a s t i c  p r o p e r t i e s  of o l i v i n e  e c l o g i t e  de- 

s c r i b e  t h e  se i smic  s t r u c t u r e  of t h e  remaining l i t hosphe re .  The present  

s tudy favors  t h e  idea  of a  chemical change w i t h i n  t h e  l i t h o s p h e r e ,  and our  

l abo ra to ry  r e s u l t s  tend t o  favor  E - 2 2  f o r  t h e  oceanic  l i t hosphe re .  In  

modeling t h e  s t r u c t u r e  i n  terms of temperature and p re s su re  c o e f f i c i e n t s  t h e  

s u r f a c e  wave s t u d i e s  in t roduce  two complicat ions:  F i r s t ,  s i n c e  p a r t i a l  

melt ing i s  requi red  by t h e  very low shea r  wave v e l o c i t i e s  of t h e  astheno- 

sphere ,  some c o n s i s t e n t  and s e n s i b l e  way of t r e a t i n g  v e l o c i t i e s  i n  mush 

must be used. Second, t h e  mantle i s  a n i s o t r o p i c ;  t h e r e f o r e  a sys t ema t i c  

c r y s t a l  o r i e n t a t i o n  has t o  be considered r a t h e r  than  j u s t  t h e  average V 
P 

and Vs f o r  t h e  mantle c o n s t i t u e n t s .  ' T h e  se i smic  anomalies of azimuth- 

dependent f l u c t u a t i o n s  i n  t h e  v e l o c i t y  of Pa waves along t h e  base of t h e  



ocean ic  c r u s t  a r e  a s  much a s  8%; t h e  h igh  v e l o c i t y  tends  t o  be  i n  t h e  d i r -  

e c t i o n  of s e a  f l o o r  spreading .  A c o n s i s t e n t  explana t ion  of t h i s  e f f e c t  

would b e  t h e  presence  of a  s u s t a i n e d  ex tens iona l  s t r a i n  r a t e  i n  t h e  spread- 

i n g  d i r e c t i o n ,  app l i ed  a t  t h e  base of t h e  oceanic  l i t h o s p h e r e .  It would 

appear  t h a t  t h e  an i so t ropy  vanishes  near  t h e  s u r f a c e  of t h e  oceanic  p l a t e .  

CHUNG, D.  H . ,  The use  of u l t r a s o n i c s  i n  geophysical  s t u d i e s  (CRC C r i t .  Rev. 
i n  So l id  S t a t e  S c i . ,  i n v i t e d  review & s y n t h e s i s )  Lawrence Livermore 
Laboratory,  Rept. UCRL-77541, ~ b s t r a c t  (1976). ' 

The u l t r a s o n i c  measurement i n  s o l i d s  of geo log ica l  i n t e r e s t ,  when 

performed under. c o n t r o l l e d  p re s su re  and temperature cond i t i ons ,  provides a  

s c i e n t i f i c  b a s i s  f o r  t h e  i n t e r p r e t a t i o n  of t r a v e l  t imes of se i smic  waves 

and a s s o c i a t e d  a t t e n u a t i o n  i n  t h e  e a r t h  and t h e  moon. And f u r t h e r ,  such 

measurements provide  t h e  inpu t  d a t a  f o r  t h e  equat ions-of -s ta te  s t u d i e s  of 

m a t e r i a l s  i n  t h e  i n t e r i o r  of t h e  e a r t h  and o t h e r  p l ane t a ry  bodies .  Because 

sound v e l o c i t y  i s  one of t h e  few p r o p e r t i e s  measured d i r e c t l y  a t  depth i n  

t h e  e a r t h  and t h e  moon, t h i s  u l t r a s o n i c  t a s k  is  of fundamental importance 

i n  our  understanding of t h e  s t ruc . tu re ,  composition and h i s t o r y  of t h e  in-  

t e r i o r  and c r u s t  of ou r  dynamic e a r t h  a s  w e l l  a s  of t h e  moon. 

S ince  t h e  p ionee r ing  work of t h e  l a t e  Darre l  Hughes i n  t h e  1950's  and 

then  of F ranc i s  Bi rch  i n  t h e  e a r l y  19601s,  u l t r a s o n i c  measurements of ve l -  

o c i t i e s  of compressional and shear  waves i n  rocks and minera ls  were made by 

many i n v e s t i g a t o r s .  U l t r a son ic  c h a r a c t e r i z a t i o n s  of both compressional and 

s h e a r  wave v e l o c i t i e s ,  a s  a  func t ion  of p re s su re ,  temperature and composition, 

were a l s o  made f o r  s e l e c t e d  mantle m a t e r i a l s  l i k e  o l i v i n e  and pyroxene, 

a s  w e l l  a s  oxide minera ls  l i k e  p e r i c l a s e ,  l ime,  corundum, r u t i l e ,  s p i n e l  

and qua r t z .  In  a d d i t i o n ,  u l t r a s o n i c  measurements hove bccn made f o r  such 

h igh-pressure  phases a s  s t i s h o v i t e  and ol ivine-transformed s p i n e l s  of mag- 

nesium and i r o n  germanates and s i l i c a t e s .  For t h e  p re sen t  t a s k ,  i t  i s  pro- 

posed t o  review t h e s e  d a t a  w i t h  p a r t i c u l a r  emphasis o n ( 1 )  u n i v e r s a l  ve loc i ty -  

d e n s i t y  r e l a t i o n s h i p s  f o r  minera ls  of ox ides ,  s i l i c a t e s  and germanates a s  

w e l l  a s  f o r  rocks i n  gene ra l ,  (2)  how t h e s e  u n i v e r s a l  r e l a t i o n s h i p s  a r e ' r e -  

l a t e d  t o  va r ious  forms of "ve loc i ty-dens i ty  sys temat ics"  found i n  l i t e r a t u r e ,  

( 3 )  a sys t ema t i c  s tudy  of e f f e c t s  on t h e  e l a s t i c i t y  of heav ie r  atoms sub- 

s t i t u t e d  f o r  l i g h t e r  atoms i n  such minera l  systems a s  t h e  o l i v i n e ,  pyroxene, 

s p i n e l ,  corundum and r o c k s a l t  s t r u c t u r e s , ( 4 )  a  sys temat ic  s tudy  of t h e  

e f f e c t s  of phase changes on t h e  e l a s t i c i t y  i n  such systems a s  t h e  



q u a r t z - t r u t i l e  and t h e  o l i v i n e + s p i n e l  s t r u c t u r e s .  The e l a s t i c i t y  of rocks 

is  d iscussed  a s  we l l .  The equat ions-of -s ta te  of va r ious  minera ls  and rocks 

important i n  geoscience a r e  presented  and then  analyzed showing how t h e s e  

s t u d i e s  a r e  r e l a t e d  t o  our  e f f o r t s  i n  b e t t e r  understanding t h e  e l a s t i c i t y  

and c o n s t i t u t i o n  of t h e  i n t e r i o r s  of t h e  e a r t h  and t h e  moon. 

Evident ly,  i n  making poss ib l e  t h e  measurement of h ighe r  o rde r  e l a s t i c  

cons t an t s ,  t h e  u l t r a s o n i c  techniques have provided a  necessary  enlargement 

of e l a s t i c i t y  demanded by t h e  condi t ions  of t h e  e a r t h ' s  i n t e r i o r ;  i n  com- 

b i n a t i o n  wi th  t h e  shock-wave experiments,  they permit a  much more r e a l i s t i c  

i n t e r p r e t a t i o n  of geophysical  observa t ions  than  has ever  been p o s s i b l e  before .  

There is  s t i l l  much t o  be  learned  about t h e  high-pressure phases,  and t h e  

e f f e c t s  of temperature and a l s o  of t h e  h igher  o rde r  terms i n  t h e  e l a s t i c i t y .  

CHUNG, D. H . ,  Equations of s t a t e  of e c l o g i t e s ,  p e r i d o t i t e s  and pyroxeni tes ,  
Trans. Am. Geophys. Union - 57, 323 (1976). [UCRL-77713, Abs t r ac t ]  

The au thor  r e p o r t s  he re  equat ions-of -s ta te  of t h r e e  most common rocks 

of t h e  mantle c o n s t i t u e n t s .  u l t r a s o n i c  e l a s t i c i t y  d a t a  on s y n t h e t i c  eclo-  

g i t e s ,  p e r i d o t i t e s  and pyroxeniteb a s  a  func t ion  of p re s su re  and a l s o  of 

temperature a r e . p r e s e n t e d .  The e l a s t i c i t y  d a t a  i nc lude (1 )  P- and S-wave 

v e l o c i t i e s  and t h e i r  f i r s t  d e r i v a t i v e s  wi th  r e s p e c t  t o  p re s su re  and temper- 

a t u r e , ( 2 )  t h e  shea r  and bulk  moduli and t h e i r  f i r s t  p re s su re  and temperature 

d e r i v a t i v e s ,  and(3)  Poisson 's  r a t i o  and i ts  f i r s t  p re s su re  and temperature 

d e r i v a t i v e s ,  a l l  evaluated a t  z e r o . p r e s s u r e  and a t  ambient temperature.  

The c r i t i c a l  thermal g rad ien t s  i n  t h e  u n i t s  of "C per  kb f o r  t h e ' d e n s i t y  

and a l s o  f o r  t h e  P- and S-wave v e l o c i t i e s  i n  t h e s e  mantle m a t e r i a l s  a r e :  

e c l o g i t e  p e r i d o t i t e  pyroxeni te  

dens i ty  3.43-3.57 3.31-3.33 3.27-3.37 
- 
m 21.7-22.3 20.9-21.1 20.5-21.5 

ATIAP), 2  9 2 7 36 

AT/AP)~ 18  2 5 19 

ATIAP), 5  1 3  11 

These va lues  may be  compared wi th  t h e  much specula ted  upper mantle  (AT/Az). 

Next, equat ions-of-s tate  of t hese  compositions a r e  presented.  Combining 

these  d a t a  wi th  t h e  shock-compression d a t a  of McQueen e t  a l ,  I f i n d  t h e  

most s t a b l e  high-pressure phase of t hese  compositions a t  high p re s su res  is  

t h e  vxdm.ix;tuhe of p e r i c l a s e ,  w u s t i t e  and s t i s h o v i t e .  



CHUNG, D. H . ,  Pn v e l o c i t y  and p a r t i a l  melting--discussion (Tectonophysics,  
i n  press)-  Lawrence Livermore Laboratory,  Rept. UCRL-78924, P r e p r i n t  
.(1976) . 
The se i smolog ica l ly  observed Pn v e l o c i t y  anomalies i n  t h e  conterminous 

United S t a t e s  a r e  r e s t r i c t e d  t o  t h e  l i t h o s p h e r e ,  bu t  t h e  observed t e l e s e i s m i c  

delay-t ime v a r i a t i o n s  a r e  due p r i n c i p a l l y  t o  t h e  r e g i o n a l  v a r i a t i o n s  i n  t h e  

p h y s i c a l  s t a t e  ( i . e . ,  t h i ckness  of low v e l o c i t y  zone and/or  percent  mel t ,  

e t c . )  of t h e  asthenosphere.  The observed low Pn v e l o c i t y  has been a t t r i b u t e d  

t o  p a r t i a l  mel t ing  i n . t h e  upper mantle ,  bu t  i t  i s  shown t h a t  t h e  p a r t i a l  

me l t i ng  model a l o n e  cannot exp la in  t h e  se i smolog ica l ly  observed Pn v e l o c i t i e s  

i n  such an anomalous r eg ion  a s  t h e  Basin and Range Province. The p re sen t  

s t r u c t u r e  of t h e  Basin and Range Province i s  poss ib ly  a r e s u l t  of r i f t i n g  

i n  t h e  wes tern  conterminous United S t a t e s ;  under i t  t h e r e  may l i e  a mixed 

s t r u c t u r e  of o ld  c r u s t  and mantle  m a t e r i a l s .  The low v e l o c i t y  zone under 

t h e  Basin and Range Province would then  be caused by downward chemical t ran-  

s i t i o n  from the  sub-Moho p y r o l i t i c  mantle m a t e r i a l  i n t o  a p l ag ioc l a se - r i ch  

o p h i o l i t i c  (o ld  oceanic  c r u s t  and upper mantle)  composition and a s soc i a t ed  

mel t ing ,  and then i n t o  an  e c l o g i t i c  composition a t  t h e  bottom of t h e  low 

v e l o c i t y  zone. This  mixed m a t e r i a l  model, wi th  p a r t i a l  mel t ing ,  wollld ex- 

p l a i n  t h e  low Pn v e l o c i t y  and low se ismic  Q i n  t h e  r eg ion ,  a s  w e l l  a s  o t h e r  

geophys ica l  obse rva t ions .  

COHEN, J .  J . ,  Why p a r t i t i o n  nuc lea r  was te? ,  Lawrence Livermore Laboratory,  
Bepr.  UCRL-78274, Rev. 1, Preprine (1976). 

A cu r so ry  review of l i t e r a t u r e  dea l ing  wi th  va r ious  sepa ra to ry  pro- 

c e s s e s  involved i n  t h e  handl ing  of h igh- leve l  l i q u i d  nuc lea r  waste  d i s -  

c l o s e s  t h a t ,  f o r  t h e  most p a r t ,  d i s cuss ion  c e n t e r s  on s e p a r a t i o n  procedures 

and methodology f o r  handl ing  t h e  r e s u l t i n g  f r a c t i o n s ,  p a r t i c u l a r l y  t h e  

a c t i n i d e  was tes .  There appears  t o  be r e l a t i v e l y  l i t t l e  d i scuss ion  on t h e  

i n c e n t i v e s  o r  mot iva t ions  f o r  performing t h e s e  s e p a r a t i o n s  i n  t h e  f i r s t  

p l a c e .  Discussion i s  o f t e n  l i m i t e d  t o  t h e  assumption t h a t  we must s e p a r a t e  

our  "long-term" from our  "short-term" management problems. This  paper d e a l s  

w i th  t h a t  assumption and devotes  primary a t t e n t i o n  t o  t h e  ques t ion  of "why 

p a r t i t i o n  waste?" r a t h e r  than  t h e  ques t ion  of "how t o  p a r t i t i o n  waste?" o r  

"what t o  do wi th  t h e  segrega ted  waste?" 



Cohen, J:J., SCHWARTZ, L. L . ,  Lewis, A .  E . ,  and Braun, R. L.,  High l e v e l  
r a d i o a c t i v e  waste  i s o l a t i o n  by inco rpora t ion  i n  s i l i c a t e  rock ,  Law- 
rence Livermore Laboratory, Rept. UCRL-78746, P r e p r i n t  (1976). 

Cohen, J .  J.  and TONNESSEN, K.  A . ,  Survey of n a t u r a l l y  occurr ing  hazardous 
m a t e r i a l s  i n  deep geologic  formations:  a  pe r spec t ive  on t h e  r e l a t i v e  
hazard of deep b u r i a l  of nuc lea r  was tes ,  Lawrence Livermore Laboratory,  
Rept. UCRL-52199 (1976). 

COSTANTINO, M. S. and Schock, R .  N . ,  A c o n s t i t u t i v e  r e l a t i o n  t o  desc r ibe  
t h e  d i l a t a n t  behavior of a  dense . sands tone ,  Trans. Am. Geophys. Union 
57, 330 (1976) . [UCRL-77647, Abs t r ac t ]  - 

S t r e s s - s t r a i n  d a t a  f o r  Nugget sandstone,  a  qua r t z  a r e n i t e  w i th  4.1% 

poros i ty ,  over a  v a r i e t y  of compressive s t r e s s  pa ths  have been examined 

using curve f i t t i n g  techniques.  The purpose of t h e  work was t o  determine 

t h e  ex i s t ence  and a  form of a  s imple c o n s t i t u t i v e  r e l a t i o n  desc r ib ing  

d i l a t a n t  s t r a i n .  The d i l a t a n t  volume s t r a i n  f o r  t h e  sandstone may be 

descr ibed  by 

ce = a. + al Jj; + bg exp [bl 1 ,  v  

e  
where E i s  t h e  d i f f e r e n c e  between t h e  measured volume s t r a i n  and t h e  

v 
h y d r o s t a t i c  volume s t r a i n  a t  t h e  same mean s t r e s s ,  and t h e  ai ,  b  re- i 
gres s ion  c o e f f i c i e n t s  a r e  func t ion  of 11, t h e  f i r s t  s t r e s s  i n v a r i a n t .  A 

s i m i l a r  r e l a t i o n ,  exponent ia l  i n  form and wi th  t h r e e  system v a r i a b l e s  

(volume s t r a i n ,  mean s t r e s s ,  and shea r  s t r e s s )  has  been suggested i n  a  pre- 

v ious  srudy of a g raaodfo t i t e .  'l'hus t h e  exponent ia l  c h a r a c t e r  of d i l a t a n t  

s t r a i n  is  demonstrated f o r  two d i s s i m i l a r  rocks.  The i n c r e a s e  i n  t h e  d i l a t a n t  

s t r a i n  wi th  J2, t h e  second i n v a r i a n t  of t h e  s t r e s s  d e v i a t o r ,  is be l ieved  

t o  be  r e l a t e d  t o  t h e  propagat ion of e x i s t i n g  c racks .  It has been suggested 

t h a t  a  s imple r e l a t i o n  e x i s t s  between t h e  e l e c t r i c a l  r e s i s t i v i t y  and crack  

po ros i ty  i n  s a t u r a t e d  d i l a t a n t  rock.  Together wi th  t h e  a b i l i t y  t o  c a l c u l a t e  

shea r  s c r e s s  induced d i l a t a n t  volume changes, e l e c t r i c a l  measurements may 

be u s e f u l  i n  deducing t h e  magnitude of s t r e s s  changes i n  d i l a t i n g  rock bodies .  

Acoustic v e l o c i t i e s  a l s o  a r e  a f f e c t e d  markedly by d i l a t a n t  s t r a i n  and may 

be u t i l i z e d  s i m i l a r l y .  



COSTANTINO, M. S. ,  A lower bound f o r  experimental  s c a t t e r  due t o  rock 
v a r i a b i l i t y ,  Trans. Am. Geophys. Union 57, 1001 (1976). [UCRL-78647, 
A b s t r a c t ]  

S c a t t e r  i n  exper imenta l  d a t a  f o r  mechanical p r o p e r t i e s  of geologic  

m a t e r i a l s  i s  due t o  a combination of i n s t rumen ta l  e r r o r ,  f a i l u r e  t o  c o n t r o l  

exper imenta l  c o n d i t i o n s ,  and t h e  so-ca l led  " n a t u r a l  v a r i a b i l i t y u .  To 

h e l p  set a  lower l i m i t  on t h e  s i z e  of t h e  e r r o r  due t o  rock v a r i a b i l i t y ,  t e n  

" i d e n t i c a l "  experiments were c a r r i e d  out  on Westerly Grani te .  P r i n c i p a l  

s t r e s s e s  and s t r a i n s  on load ing  were measured i n  h y d r o s t a t i c  compression t o  

100 MPa and i n  u n i a x i a l  compression (oI  > a 2  = o3 = 100 MPa) t o  f a i l u r e  on 

copper j acke ted ,  r i g h t  c i r c u l a r  c y l i n d e r  samples 19 mm d i a  x  50 mm long 
- 6  -1 a t  s t r a i n  r a t e s  between 1 and 2  x  10 s . The s tandard  dev ia t ion ,  s ,  

( s t anda rd  d e v i a t i o n  of t h e  mean, 6,) of t h e  volume s t r a i n s  a t  P = 50 and 

100 MPa were 21% (7%) and 15% (5%) ,  r e s p e c t i v e l y ,  of t h e  mean hydros t a t  
- 
EH = 202.2  P ~ * ~ ~ ~ ~ .  When t h e  t h r e e  experiments t h a t  showed l a r g e  dev ia t ions  

from t h e  mean were de l e t ed . f rom t h e  a n a l y s i s ,  s ( sm)  was decreased t o  9% 

(3%) and 5% (2%) f o r  P = 50 and 100 MPa, r e s p e c t i v e l y .  The bulk modulus 

agreed  w i t h  t h e  mean t o  w i t h i n  4% f o r  a l l  experiments.  Analysis of t h e  

d i l a t a n t  s t r a i n  r eg ion  showed t h a t  t h e  volume s t r a i n  could be w r i t t e n  a s  

- 
cv = E: - [To + H ~ T  + Z2 exp (?r3-r)] H 

where t h e  c o e f f i c i e n t  Z i s  t h e  average of t h e  c o e f f i c i e n t s  f o r  a l l  t e n  i 
experiments  and T is  t h e  s h e a r  stress. The d a t a  (wel l  over 1000 cv- T 

p a i r s )  were s a t i s f i e d  by t h i s  express ion  t o  2 20% a t  s t r e s s e s  up t o  80% 

of f a i l u r e .  The f a i l u r e  curve  @,T) was reproducib le  t o  2% i n  T and 3% 
- 

i n  t h e  mean s t r e s s ,  a. These r e s u l t s  suggest  t h a t  a  lower bound f o r  

"acceptab le  accuracy1' i n  p r e d i c t i v e ,  c o n s t i t u t i v e  modeling of rocks is of 

t h e  o r d e r  of 20% i n  a b s o l u t e  volume s t r a i n  and t h a t  e f f o r t s  t o  desc r ibe  

l i m i t e d  exper imenta l  d a t a  more c l o s e l y  a r e  not  j u s t i f i e d  a t  t h i s  time. 

C O S T & ~ T ~ N O ,  M. S. and Schock, R. N . ,  A c o n s t i t u t i v e  r e l a t i o n  f o r  compressive 
load ing  i n  Nugget sandstone,  Lawrence Livermore Laboratory,  Rept. 
UCRL-52036 (1976). 

S t r e s s - s t r a i n  d a t a  f o r  Nugget sandstone ( a  qua r t z  a r e n i t e  w i t h  4.1% 

p o r o s i t y )  over  a  v a r i e t y  of compressive s t r e s s  s t a t e s  have been examined by 



c u r v e - f i t t i n g  techniques.  The purpose of t h e  work was t o  determine t h e  

e x i s t e n c e  and a  form of a  s imple c o n s t i t u t i v e .  r e l a t i o n  desc r ib ing  d i l a t a n t  

s t r a i n .  The d i l a t a n t  volume s t r a i n  f o r  t h i s  sandstone can be  descr ibed  by 

e  v2 e = a0 + a1 J 2  + bo exp ( b 1 ~ 2 ' ~  ) , 
v 

e 
where€  i s  t h e  d i f f e r e n c e  between t h e  measured volume s t r a i n  and t h e  hydro- 

v  
s t a t i c  volume s t r a i n  a t  t h e  same mean s t r e s s  and t h e  r eg re s s ion  c o e f f i c i e n t s  

a i ,  bi a r e  func t ions  of t h e  f i r s t  stress i n v a r i a n t .  The i n c r e a s e  i n  t h e  

d i l a t a n t  s t r a i n  wi th  J2 ,  t h e  second i n v a r i a n t  of t h e  s t r e s s  d e v i a t o r ,  is 

be l ieved  t o  be r e l a t e d  t o  two mechanisms: (1) a  " d i f f e r e n t i a l  c r ack  c losu re , "  

which involves  t h e  response of each crack  wi th  r e s p e c t  to .  o r i e n t a t i o n  t o  

t h e  p r i n c i p a l  s t r e s s e s ,  and ( 2 )  an exponent ia l ly  d ive rgen t  reg ion  due t o  t h e  

propagat ion of e x i s t i n g  c racks .  

I n  t h e  Nugget sandstone,  the  boundary between n o n d i l a t a n t  and d i l a t a n t  

behavior f o r  a v a r i e t y  of loading pa ths  i s  descr ibed  f a i r l y  w e l l  by t h e  curve 

i n  mean s t r e s s - shea r  s t r e s s  space f o r  u n i a x i a l  s t r a i n .  The f r a c t u r e  sur -  

f a c e  i s  found t o  be  independent of loading  pa th .  

COSTANTINO, M. S . ,  Cons t i t u t ive  modeling of Climax Stock ~ r a n o d i o r i t e  
under compressive loading ,  Lawrence Livermore Laboratory,  Rept. 
UCID-17246 (1976). 

Described h e r e  is a  c o n s t i t u t i v e  r e l a t i o n  f o r  t h e  stress-volume s t r a i n  

s t a t e s  of Climax Stock g ranod io r i t e  under nonhydros ta t ic  loading  condi t ions .  

The s imple func t iona l  form 

e  
E = a0 + alT + bo exp ( b l ~ )  
v  

e  
i s  found us ing  s tandard  c u r v e - f i t t i n g  techniques;  E -- t h e  "excess volume 

v 
s t r a i n t t - -  i s  t h e  d i f f e r e n c e  between t h e  volume s t r a i n s  under h y d r o s t a t i c  

and nonhydros ta t ic  condi t ions  a t  t h e  same mean s t r e s s ,  T is  t h e  shea r  

s t r e s s ,  and a i ,  bi a r e  f i t t i n g  parameters.  By comparison wi th  Nugget 

sandstone under s i m i l a r  loading cond i t i ons ,  f o r  which t h i s  f u n c t i o n a l  form 

f i t t e d  t h e  da t a ,  we f i n d  no r e l a t i o n s h i p  f o r  Climax Stock g r a n o d i o r i t e  be- 

tween the  f i t t i n g  parameters and o t h e r  system v a r i a b l e s  such a s  mean s t r e s s  



o r  con f in ing  p re s su re .  T h e r e f o r e , t h i s  r e l a t i o n  i s  no t  yet. s u i t a b l e  f o r  use  

i n  computer codes t h a t  a t tempt  t o  p r e d i c t  t h e  response of rocks t o  s t r e s s .  

s t a n t i n o ,  M. S. ,  HEARD, H. C . ,  Bonner, B.  P . ,  Schock, R. N . ,  and Weed, 
H.  C . ,  Mechanical response  of s a t u r a t e d  Kemmerer c o a l  t o  4 GPa, 
Lawrence Livermore Laboratory,  Rept. UCRL-52063 (1976). 

CROW, N.  B . ,  F i r s t  obse rva t ions  of t r i t i u m  i n  ground water  o u t s i d e  chimneys 
of underground n u c l e a r  exp los ives ,  Yucca F l a t ,  Nevada Test  S i t e ,  
Lawrence Livermore Laboratory,  Rept. UCRL-52073 (1976). 

Abnormal l e v e l s  of r ad ionuc l ides  had no t  been de t ec t ed  i n  ground water  

a t  t h e  Nevada Tes t  S i t e  beyond t h e  immediate v i c i n i t y  of underground nuclear  

exp los ions  u n t i l  A p r i l  1974, when above-background t r i t i u m  a c t i v i t y  lev~ls 

were d e t e c t e d  i n  ground-water inf low from t h e  t u f f  beneath Yucca F l a t  t o  

an  emplacement chamber be ing  mined i n  h o l e  ~ 2 a w  i n  t h e  e a s t - c e n t r a l  p a r t  of 

Area 2. No o t h e r  r ad ionuc l ides  were de t ec t ed  i n  a sample of water  from t h e  

chamber. I n  comparison w i t h  t h e  amount of t r i t i u m  es t imated  t o  be present  

i n  t h e  ground water  i n  nearby nuc lea r  chimneys, t h e  a c t i v i t y  l e v e l  a t  U2aw 

i s  very  low. To put  t h e  t r i t i u m  a c t i v i t y  l e v e l s  a t  U2aw i n t o  proper per- 

s p e c t i v e ,  t h e  maximum t r i t i u m  a c t i v i t y  l e v e l  observed was s i g n i f i c a n t l y  l e s s  

t han  t h e  maximum pe rmis s ib l e  concent ra t ion  (MPC),  f o r  a r e s t r i c t e d  a r e a ,  

though from mid-April 1974 u n t i l  t h e  emplacement chamber was expended i n  

September .1974, t h e  t r i t i u m  a c t i v i t y  exceeded t h e  MPC f o r  t h e  'genera l  puh l i c .  

Above-background t r i t i u m  a c t i v i t y  was a l s o  de t ec t ed  i n  ground water  from 

t h e  a d j a c e n t  explora tory  ho le ,  Ue2aw. The n e a r e s t  underground nuc lea r  ex- 

p los ion  detonated beneath the water t a b l e ,  be l ieved  t o  be  t h e  source  of 

t h e  t r i t i u m  observed, is  Commodore (UZam), l oca t ed  465 m sou theas t  of 

t h e  emplacement chamber i n  U2aw. Commodore was detonated in.May 1967. I n  

May 1975, t r i t i u m  a c t i v i t y  s i g n i f i c a n t l y  h ighe r  than r eg iona l  background 

was d e t e c t e d  i n  ground water  from ho le  Ue2ar, 980 m south  of t h e  emplacement 

chamber i n  U2aw and 361 m from a second underground nuc lea r  explosion,  

Ag i l e  ( U ~ V ) ,  a l s o  de tona ted  below t h e  water  t a b l e ,  i n  February 1967. This  

paper  d e s c r i b e s  t h e s e  occurrences of t r i t i u m  i n  t h e  ground water .  A 

mechanism t o  account f o r  t h e  movement of t r i t i u m  is pos tu l a t ed .  It is  

be l i eved  t h a t  t h e  t r i t i a t e d  water  passed through a network of induced and ,  

n a t u r a l  f r a c t u r e s  i n  t h e  t u f f  beneath Yucca F l a t  which formed a pathway from 

t h e  sou rces  of t r i t i u m  t o  t h e  s i t e s  where i t  was de t ec t ed ,  and t h a t  hydrau l i c  

p r e s s u r e s  induced by f o r c e s  r e l a t e d  t o  t h e  explosions s i g n i f i c a n t l y  augmented 



t h e  n a t u r a l  h y d r a u l i c  g r a d i e n t  i n  moving t h e  t r i t i a t e d  w a t e r  outward from 

t h e  e x p l o s i o n  s i t e s .  The i m p l i c a t i o n s  of induced f r a c t u r e s ,  which might 

c r e a t e  a  pathway f o r  t h e  l e a k a g e  of t r i t i a t e d  w a t e r  downward from t h e  t u f f  

of Yucca F l a t  i n t o  t h e  u n d e r l y i n g  r e g i o n a l  a q u i f e r  i n  t h e  P a l e o z o i c  c a r -  

b o n a t e  r o c k s ,  a r e  d i s c u s s e d .  

DENGLER, L. A . ,  Scanning e l e c t r o n  microscope s t u d i e s  of an  e x p e r i m e n t a l l y  
deformed ~ r a y w a c k e  s a n d s t o n e ,  Trans .  Am. Geophys. Union 57, 1010 
(1976).  [UCRL-78649, A b s t r a c t ]  

U n i a x i a l - s t r a i n  and u n i a x i a l - s t r e s s  t e s t e d  samples  of Graywacke sand- 

s t o n e  were examined w i t h  an  SEM t o  s t u d y  t h e  r e l a t i o n  among m i c r o s t r u c t u r e ,  

d i l a t a n c y ,  and b r i t t l e  v e r s u s  d u c t i l e  f a i l u r e .  U n i a x i a l - s t r a i n  l o a d i n g  caused 

o c c a s i o n a l  s h o r t  t r a n s g r a n u l a r  c r a c k s .  Clay m i n e r a l s  have been compacted 

p e r p e n d i c u l a r  t o  t h e  a x i s  of maximum p r i n c i p a l  s t r e s s  (O1). The u n i a x i a l  

s t r a i n  l o a d i n g  p a t h  c o i n c i d e s  w i t h  t h e  o n s e t  of d i l a t a n c y  i n  a u n i a x i a l  s t r e s s  

t e s t  and t h e s e  samples shou ld  r e p r e s e n t  p r e d i l a t a n t  de format ion .  However, 

p o r e  compaction e f f e c t s  a r e  p r e s e n t .  The d e n s i t y  of t r a n s g r a n u l a r  f r a c t u r i n g  

i s  l i t t l e  i n c r e a s e d  o v e r  t h e  u n s t r e s s e d  r o c k ,  b u t  t h e  c l a y  and m a t r i x  s t r u c t u r e  

of t h e  i n t e r g r a n u l a r  a r e a s  h a s  been s i g n i f i c a n t l y  a l t e r e d .  Loading t o  f a i l u r e  

a t  (50 MPa c o n f i n i n g  p r e s s u r e  i n  u n i a x i a l  stress produced one o r  two through- 

going f a u l t s .  Near t h e  f a u l t ,  a  narrow zone o f  g r a i n  and m a t r i x  f r a c t u r i n g  

o c c u r r e d .  T r a n s g r a n u l a r  c r a c k  fo rmat ion  i s  r e s t r i c t e d  t o  t h i s  zone. I n  

some a r e a s  away from t h i s  zone,  c l a y s  have been a l i g n e d  a t  -45' t o  O l  and 

welded i n t o  con t inuous  s h e e t s ;  i n  o t h e r  a r e a s ,  c l a y s  appear  u n d i s t u r b e d .  

With i n c r e a s e d  c o n f i n i n g  p r e s s u r e ,  t h e  w i d t h  o f  t h e  f r a c t u r e d  zone i n c r e a s e s  

and more g r a i n s  away from t h i s  zone a r e  f r a c t u r e d .  At c o n f i n i n g  p r e s s u r e s  

>500 MPa, a  l o c a l i z e d  f a u l t  no l o n g e r  o c c u r s  and sample de format ion  i s  mbre 

uniform, a l l  g r a i n s  b e i n g  f r a c t u r e d  t o  some degree .  Clay and m a t r i x  s t r u c t u r e  

has  been broken,down throughout  t h e  sample.  

DENGLER, L. and P i w i n s k i i ,  A. J . ,  A s t u d y  of c o r e  c h i p s  from t h e  S t a t e  o f  
C a l i f o r n i a  w e l l  no.  1, S a l t o n  Sea Geothermal F i e l d  u s i n g  p e t r o g r a p h i c ,  

,x-ray d i f f r a c t i o n  and scann ing  e l e c t r o n  microscopy t e c h n i q u e s ,  Lawrence 
Livermore Labora to ry ,  Rcpt. UCID-17184 (1376).  

Rock c h i p s  from d e p t h s  of 1380 t o  1478 m from t h e  S t a t e  of C a l i f o r n i a  

w e l l  no. 1 i n  t h e  S a l t o n  Sea Geothermal F i e l d  were  examined u s i n g  c o n v e n t i o n a l  

p e t r u g r a p h i c ,  x-ray d i f f r a c t i o n ,  and s c a n n i n g  e l e c t r o n  microscopy t e c h n i q u e s .  

Minera l  composir ioa ,  p a r e  c o n f i g u r a t i o n  and t h e  n a t u r e  of t h e  f i n e - g r a i n e d  

m a t r i x  m a t e r i a l s  were determined.  



Dengler, L., and PIWINSKII, A. J., Pore structure and mineralogy of core 
chips from the State of California Well No. 1, salton Sea Geothermal 
Field, Trans. Am. Geophys. Union 57, 1017 (1976) . [ ~ ~ ~ ~ - 7 8 6 3 7 ,  
Abstract] 

DENNY, M. D., and Chin, R. C. Y., Gaussian filters for determining group 
velocities, Geophys . J. R. Astr . Soc . 45, 495-525 (1976) . 
[UCRL-76809,  reprint] 

The problem of filtering dispersed wavetrains by Gaussian filters 

has been examined, Asymptotic expressions for small bandwidths are ob- 

tained for the centroid and for the variance of the filtered signal about 

its centroid. The forms of the expressions suggest the use of an extra- 

polation algorithm to estimate the group arrival time. An optimal filter 

is introduced to-aid in selecting a set of corresponding pairs of centroid 

and bandwidth values for use in the algorithm. For a finite time series, 

only .those pairs whose variances are well within the length of the time 

series are considered. In this way, the estimated group arrival times are 

consistent with the information content of the data and are independent . 

of the data extension technique. The method is applied to both synthesized 

and real signals. The corresponding errors in the group velocity are less 

than 0.1 and 2 percent, respectively. 

Denny, M. D., and SPRINGER, D. L., Seismic spectra of events at regional 
distances, Lawrence Livermore Laboratory, Rept. UCRL-52048 (1976). 

DUBA, A., Heard, H. C., and Schock, R. N., Electrical conductivity of 
orthopyroxene to 1 4 0 0 ~ ~  and the resulting selenotherm, Proc. Seventh 
Lunar Sci. Conf . , Vol. 3, 3173-3181 (1976). [ ~ ~ ~ ~ - 7 7 6 5 5 ,  Preprint] 

The electrical conductivity of orthopyroxene from .Bamle, Norway has 

been measured in the [loo], [ole], and [001] directions to h550°F. Measure- 

ments were made at 0.5 GPa (5 kb) in an Ar-C02-CO mixture. The resulting 

oxygen fugacity allowed orthopyroxene to be maintained within its stability 

field at this pressure to at least 1400~~. Multiple measurements in each 

direction were reversible with no hysteresis to 1400~~. At higher temper- 

atures, electrical conductivity became time-dependent and irreversible, 

presumably due to phase transformation(s). 

Assuming that orthopyroxene is the dominant conductor in the moon, 

a selenotherm may be derived from these data and from the electrical con- 

ductivity vs depth observations of Apollo magnetometer experiments. This 



selenotherm approaches the solidus within about 150'~ at 400 to 600 km. 

These results agree with previous selenotherms based on extrapolated a 

data for pyroxene. 

DUBA, A., Heard, H. C., Piwinskii, A. J., and Schock, R. N., Geothermal 
prospecting and the electrical conductivity changes associated with 
melting (Panel Mtg. Expl.. Meth. of Dry Hot Rock, Los Alamos, June. 
1976) Lawrence Livermore Laboratory, Rept. UCRL-78261, Abstract 
(1976) . 
The relevance of electrical conductivity surveys as an exploratory 

tool for partial melt zones within the earth's crust and mantle is discussed 

using results from a measurements prior to and during partial fusion, under 

controlled oxygen fugacity, of basalt and the plagioclase feldspar, albite, 

Field measurements of electrical conductivity anomalies have often been 

cited as evidence for the existence of melt at depth. Laboratory data on 

the large u increase associated with melting of albite or basalt and 

granite, which contain plagioclase feldspar (albite is the Na-end member 

of this solid solution series) as a major component, are listed as justi- 

fication for this interpretation. 

The a of single crystal albite measured at temperatures below melt- 

ing as a function of time and the a of powdered albite measured upon melt- 

ing show that the a increases subsolidus, given sufficient time, to account 

for all the increase observed upon melting. 

The a, measured at temperatures below melting and upon partial fusion 

of basalt under controlled oxygen fugacity, is a complicated function of 

temperature, time, and oxygen fugacity. Generally, the 0 decreases with 

time below approximately 9 0 0 ~ ~  if oxygen fugacity is near the quartz-fayalite- 

magnetite buffer. Above 90o0c, the a increases with time for all oxygen 

fugacities studied. It is obvious that the a change upon partial fusion 

(T = 1050~~) is dependent upon the time the sample resided at temperatures 

below the beginning of melting. 

These results suggest that field measurements cannot reliably dis- 

tinguish between partial melt and a solid of similar composition, but 

slightly below the solidus. The situation is changed, however, if we 

assume a melt of basaltic composition present in a rock in which a is 

controlled by either olivine or pyroxene. Utilizing 0 measured for olivines 



and pyroxenes under controlled fugacity as the most likely a for the host 

rock, a a contrast of two to four orders of magnitude would be observed 

between a zone where the 0 is dominated by partial melt and one where the 

a is controlled by either olivine or pyroxene. 

DUBA, A., A review of the relevance of laboratory electrical conductivity 
data to the earth (Third. Int. Workshop Electromagnetic Induction, 

~ - 

Sopron, Hungary, July 1976) Lawrence Livermore Laboratory, Rept. 
UCRL-78275, Preprint (1976). 

Before laboratory data on the electrical conductivity of rocks and 

minerals can be used to interpret field electromagnetic data, one must 

realize that the laboratory results may not be truly representative of the 

prevailing conditions in the earth. The time required for solid-solid 

reactions to approach equilibrium and the changes in the oxidation state 

of predominant mineral ions are especially important conditions that must 

be considered but, all too often, are neglected. Contamination of samples 

under laboratory conditions also complicates the interpretation of these 

data. Recent studies have taken into consideration the time dependence of 

conductivity at high temperatures and the effect of oxidizing environments 

on this phenomenon. These studies, applied to the earth's upper mantle, 

are reviewed and the shortcomings inherent in laboratory data are care- 

fully considered. 

DUBA, A., The electrical conductivity of coal and coal char, Trans. Am. 
Geophys. Union 57, 1006 (1976) . [ ~ ~ ~ ~ - 7 8 6 4 8 ,  Abstract] Lawrence 
Livermore Laboratory, Rept. UCRL-78648,.Preprint (1976). 

The electrical conductivity (a) of coal, at either lkHz or dc, was 
0 measured at 24 C on samples recovered from pyrolysis experiments aimed at 

modeling conditions during -- in situ gasification of coal. Prom an initial 

value of 30-3 Sjm (when the coal is saturated with formation water), the 0 

decreases to S/m when the coal is heated to 110'~ in vacuum. This low 

value of a, presumably duc to dehydration of the coal, prevails for samples 

heated as high as 500"~ in dry argon. Samples of char recovered after 

pyrolysis to 800'~ or more have 0 of lo2 S/m. Capitalizing on the large 

contrast between the a of coal and char produced during gasification, 

electrical probing may be a sensitive tool for monitoring "burn-front" 

progress during in situ coal gasification. 



Duba, A., HO, P., and Piwinskii, A. J., Dielectric properties and the 
monoclinic-triclinic inversion in albite, Trans. Am. Geophys. Union, 
57, 1005 (1976). [ ~ ~ ~ ~ - 7 8 6 3 9 ,  ~ b s  tract] - 
Dielectric properties (E', real part of complex permittivity; E", 

imaginary part of complex permittivity; tan 6, loss tangent = E"/E1) of 

single crystal Amelia albite have been measured parallel to the b-axis 

under controlled oxygen fugacity near the QFM buffer in the temperature 

range 1000-1373 K at frequencies (v) of 0.2 to 10 kHz. Plots of E' and E" 

as a function of temperature exhibit minima which depend on time and u in 

this albite. In addition, plots of tan 6 as a function of temperature 

develop maxima which are also time-dependent. When E', E", and tan 6 were 

investigated between 1220 and 1320 K as a function of time, a break in 

these dielectric parameters with temperature was found. E' and E" 

increased with time above this break, while they decreased with time be- 

low the break. Values of loss tangent were also non-linear functions of 

temperature. E' and E" minima, tan 6 maxima, and the temperature break 

in these dielectric properties were found to converge at approximately 

1283 K as time increases. Assuming that the E' and E" increase and the 

tan 6 decrease are the result of increasing disorder in this albite, these 

experimental data suggest that 1283 20 K is the temperature of the mono- 

clinic-triclinic transition in this albite. This agrees well with electri- 

cal conductivity results which indicate 1253 + 30 K. 

DUBA, A., and Hornady, B., Annual report, Geoscience and Engineering Sec- 
tion, Inorganic Materials Division, Chemistry and Materials Science 
Department, Lawrence T,ivermore Laboratory, Rept . UCID-17301 (1976) . 
This compilation lists abstracts of papers, internal reports, and 

talks presented during 1975 at national and international meetings by 

members of the Geoscience and Engineering Section, Inorganic Materials 

Division, Chemistry and Materials Science Department, Lawrence Livermore 

Laboratory. Titles of talks at university and local meetings are also 

listed when available. The subject3 range from the in situ retorting of 

coal to the temperature profile of the moon. A subject classification is 

included. 

DUBA, A., Piwinskii, A. J., Heard, H. C., and Schock, R. N., The electri- 
cal conductivity of forsterite, enstatite, and albite, in Physics 
and Chemistry o f  Minerals and Rocks, k. G. J. Strens, Ed. (John 
Wiley & Sons, New York, 1976), pp. 249-260. [UCRL-75790, ~re~rint] 



Duba, A . ,  SCHOCK, R. N . ,  and Abey, A. E . ,  Q u a s i s t a t i c  deformation of Dorous 
be ry l l i um and aluminum, ~ . - k p p l .  ~ h y s .  47, 53-63 (1976). [ucRL- 
76587, ~ r e p r ~ n t ]  

Duba, A. ,  and PIWINSKII, A.  J . ,  The p e r m i t t i v i t y  and e l e c t r i c a l  conduc- 
t i v i t y  of o i l  sha l e , .  I n t .  .T. Rock. Mech. Min. S c i .  & Ceomech:Abstr. 
1 3 ,  165-166 (1976). [ucRL-76789, P r e p r i n t ]  - 

Duba, A . ,  PIWINSKII, A. J . ,  and Ho, P . ,  The e l e c t r i c a l  conduc t iv i ty  of low 
and h igh  a l b i t e  throughout i t s  mel t ing  i n t e r v a l  a t  atmospheric pres-  
s u r e  (Min. Asso. Canada Ann. Mtg., Edmonton, May 1976) Lawrence 
Livermore Labora tory ,  Rept . UCRL-77662, Abs t rac t  (1976) . [ucRL- 
78777, ~ r e ~ r i n t ]  

Duba, A. G 1 ,  SCHOCK. R.  N . ,  HEARD, H .  C., and Styrimberg, H. D., The 
e l e c t r i c a l  conduc t iv i ty  of p o i y c r y s t a l l i n e  o l i v i n e  and pyroxene 
under p re s su re ,  i n  High-Pressure Research, Appl ica t ions  t o  
Geophysics, M. H. Manghnani and S. Akimoto, E d a .  (Academic P r e s s ,  
New York, i n  p r e s s ) .  [UCRL-78048, P r e p r i n t ]  

Duba, A . ,  PIWINSKII, A. J . ,  and Weed, H. C . ,  E l e c t r i c a l  conduc t iv i ty  
s t u d i e s  and geothermal d i a g n o s t i c s  (Conf. Geothermal Resources of 
Imper i a l  Val ley ,  C a l i f . ,  Rivers ide ,  June 1976) Lawrence Livermore 
Laboratory,  Rept. UCRL-78293, Abs t rac t  (1976). 

Duba, A. G . ,  HEARD, H. C . ,  and Schock, R. N . ,  Geotherms based on e lec-  
t r i c a l  conduc t iv i ty  of o l i v i n e ,  pyroxene, and p y r o l i t e  (U.S.- 
Japan Sem. Iligh P r e s s u r e  Res. Appl i . ,  Hunolulu, J u l y  1976) Lawrence 
Livermore Laboratory,  Rept. UCRL-78294, Abs t rac t  (1976). 

EMERSON, D .  O . ,  In -s i tu  coa l  g s s i f i c a t i o n ,  Gedl. Sdc. Am. Abst. Y 

Denver,. Nov. 1976, Vol. '8 ,  854 (1976). [UCRL-78350, Abs t r ac t ]  

A s i g n i f i c a n t  amount of c o a l  which i s  not  s u i t a b l e  f o r  conven- 

t i o n a l  recovery may be amenable t o  i n - s i t u  g a s i f i c a t i o n .  An e s t i -  

mated 240 t r i l l i o n  s tandard  cub ic  f e e t  of p ipe - l i ne  q u a l i t y  gas  could 

b e  produced by t h i s  method from t h i c k  western U. S. c o a l  beds a t  

depths  of 600 t o  3000 f e e t .  The packed bed concept ,  be ing  s t u d i e d  

by t h e  Lawrence Livermore Laboratory (LLL), i s  one of t h r e e  approaches 

t o  underground c o a l  g a s i f i c a t i o n  being f i e l d  t e s t e d  by t h e  U.S. Energy 

Research and Development Adminis t ra t ion  (ERDA). Guided by e a r l i e r  

s t u d i e s  i n  t h e  U.  S.  and Great  B r i t a i n ,  a s  w e l l  a s  cont inuing  p r o j e c t s  

i n  Russ i a ,  LLL p i a n s  t o  g a s i f y  an  exp los ive ly  f r a c t u r e d  bed of c o a l  

n e a r  G i l l e t t e ,  Wyoming. The Laramie Energy Research Center  p l ans  t o  

t e s t  a  l i n e  d r i v e  between p a r a l l e l  s e t s  of v e r t i c a l  ho le s  nea r  Hanna-, 

Wyoming,and the  Morgantown Energy Research Center  pl.ans t o  g a s i f y  

between devia ted  h o l e s  t h a t  p a r a l l e l  each o t h e r  and t h e  bedding of 



the Pittsburgh coal bed near Princeton, Wyoming. The actual technique 

used depends on the coal deposit. However, both high ash and 

steeply dipping coal beds may be utilized. Current estimates of the 

cost of gas produced by these underground processes place it below 

the cost of surface plant gasification. While avoiding the hazards 

of underground mining, these techniques should have less of an 

impact on the environment. 

Emerson, D. O., HANSON, M. E., .McKee, C. R., Montan, D. N., and Hearst, 
J. R., Quarterly report: the LLL massive hydraulic fracturing 
program for gas stimulation, Lawrence Livermore Laboratory, 

Emerson, D. O., HANSON, M. E., McKee, C. R., Qualheim, B. J., Hearst, 
J. R., and Terhune, R. W., Quarterly 'report: the LLL massive 
hydraulic fracturing program for gas stimulation, April-June 1976, 
Lawrence Livermore Laboratory, Rept. UCRL-50036-76-2 (1976). 

Emerson, D. O., HANSON, M. E., Heard, H. C., Shaffer, R. J., and 
Carlson, R. C., Quarterly report: the LLL massive hydraulic 
fracturing program for gas stimulation, July-September 1976, 
Lawrence Livermore Laboratory, Rept. UCRL-50036-76-3 (1976). 

GLENN, H. D. and Thornsen, J. M., Computer simulation of a'high explo- 
sive cratering experiment'in'a'complex mulfilayered geology, 
Lawrence Livermore Laboratory, Rept. UCRL-78155, Preprint (1976). 

Computer codes were used to simulate a 42-GJ (10 ton) high explo- 

sive cratering experiment in a complex, multilayered geology. The 

calculated predictions were compared to actual dynamic experimental 

measurement's taken well within the final crater radius. Geologic 

layering interaction has a definite .effect on energy coupling, 

shock propagation, and final crater dimensions. Results from the 

various computer codes agreed well with the experimental results. 

This study significantly broadens the theoretical approach to high 

explosive cratering problems and will aid future investigations in 

the field. 

GLENN, H. D., Spa11 study in one dimension, Lawrence Livermore Labora- 
tory, Rept. UCID-17144 (1976). 

A SOC one-dimensional calculation of an underground nuclear test 

is presented to exemplify the shock propagation and spa11 phenomeno- 

logy commonly predicted. Then to examine the effects of spherical 



divergence  on s p a l 1 , ' a  s e r i e s  of SOC c a l c u ~ a t i o n s ,  a t  d i f f e r e n t  

r a d i i  o f  cu rva tu re ,  a r e  conducted and p r e d i c t i o n  of depth and velo-  

c i t y  f o r  t h e  f i r s t  s p a l l  zone a r e  compared w i t h  p r e d i c t i o n s  from 

s imple  a n a l y t i c a l  theory .  The e x c e l l e n t  agreement i n  t h i s  compari- 

son v e r i f i e s  t h a t  t h e  SOC code a c c u r a t e l y  r e p r e s e n t s  t h e  phys ics  of 

s p a l l i n g .  Th i s  s tudy  a l s o  i n d i c a t e s  t h a t  t h e  t o t a l  s p a l l  depth i s  

independent o f  d ivergence  because of  t h e  compensating e f f e c t  t h a t  

subsequent  convergence has  on t h e  r e f l e c t e d  wave. The l a t t e r  r e s u l t  

i m p l i e s  t h a t  t h e  t o t a l  depth of  s p a l l  ca lcwla ted  f o r  each underground 

n u c l e a r  t e s t  must b e  c r i t i c a l l y  examined and eva lua ted .  F i n a l l y ,  

SOC c a l c u l a t i o n s  f o r  nuc lea r  de tona t ions  i n  t u f f  and g r a n i t e  a r e  

performed t o  demonstrate  t he  s i g n i f i c a n t  e f f e c t  t h a t  v a r i a t i o n s  i n  

m a t e r i a l  response under shock loading  have on shock propagat ion ,and  

s p a l l .  

Glenn, H. D . ,  THOMSEN, J. M . ,  and Germain, B. K . ,  A i r b l a s t  ~ r e d i c -  
t i o n  p rog res s  r e p o r t ,  Lawrence Livermore Laboratory,  Rept. 
UCID-17019, CFRD (1976). 

HANNON, W. J . ,  Rodean, H. C . ,  and Barne t t ,  C .  S . ,  Earthquake t r i g g e r -  
i n g  by ear thquakes  arid 'r iuclear ' exp~odior i s  a t  r a t e s  of l e s s  than  
1° /day ,  Lawrence Livermore Laboratory,  Rept. UCRL-52096 (1976).  

We have examined s e i s m i c i t y  d a t a  a t  t e l e s e i s m i c  d i s t a n c e s  for 

p e r i o d s  of one year  fo l lowing  t e n  s e l e c t e d  nuc lea r  explosions us ing  

a  parameter c a l l e d  t h e  " ra te"  ( t he  d i s t a n c e  from a s e l e c t e d  " t r i g g e r i '  

event  t o  a  subsequent  " t r iggered"  event  d iv ided  by t h e  t ime i n t e r v a l  

between the  two even t s ) .  The use  of t h i s  parameter t o  look a t  long 

t ime per iods  and t e l e s e i s m i c  d i s t a n c e s  was o r i g i n a l l y  suggested t o  

ERDA by D.  A. Walker of t h e  Univers i ty  of Hawaii. We were unable t o  

d i s t i n g u i s h  t h e  d i s t r i b u t i o n  of r a t e s  i n  t h e  range O.Ol' to l.OOO/d 

fo l lowing  t h e s e  explos ions  from d i s t r i b u t i o n s  which we c a l c u l a t e d  

f o r  y e a r s  wi thout  explosions.  Thus, we observed no evidence f o r  

ear thquake t r i g g e r i n g  by explosions ;n t h i s  p rev ious ly  unexamined 

t ime and d i s t a n c e  range. 

Furthermore, we have done a d d i t i o n a l  work t h a t  sugges ts  t h a t  

t h e  f e a t u r e s  of t h e  d i s t r i b u t i o n s  of  r a t e s  observed i n  t h e  case  of 

ear thquakes be ing  ' : t r iggeredw by o t h e r  ear thquakes a t  t h e s e  slow 

r a t e s  can be  d i r e c t l y  r e l a t e d  t o  geometric c o n s t r a i n t s  imposed by 

t h e  f a c t  t h a t  t h e  ear thquakes occur  i n  r e l a t i v e l y  f i x e d  l o c a t i o n s  



along plate boundaries. Thus, we question the inference of causal 

"triggering" at rates of 0.01 to l.OOO/d at teleseismic distances. 

HANSON, M. E. and Petschek, A. G., A boundary condition for signifi- 
cantly reducing boundary reflections with a Lagrangian mesh, 
J. Comp. Phys. - 21, 333-339 (1976).[UCRL-76842, Rev. 1, Preprint] 

A modified damper system for terminating a Lagrangian mesh in 

a plane geometry is analyzed and found to reduce the boundary reflec- 

tions significantly. With the comparison criterion used, the 

resulting reflections from this technique are. found to be 11% of 

those for a fixed or free boundary. The reflections were reduced 

to 33% of those for the scattering technique used previously as a 

terminating boundary condition. 

HANSON, M. E., McKee, C. R., Emerson, D. O., Montan, D. N., and Hearst, 
J. R., Quarterly report: the LLL massive'hydraulic fracturing 
program for gas stimulation, February-March 1976, Lawrence 
Livcrmore Laboratory, Rept. UCRL-50036-7G-1 (1976). 

This report summarizes the work accomplished during the first 

quarter (February through March 1976) of our program for gas stimu- 

lation by massive hydraulic fracturing (MHF). We discuss the need 

for MHF research, our program, and progress made in the first quarter 

toward programmatic goals. Our progress this quarter includes: 

(1) preliminary calculations to determine the effects of Poisson's 

ratio on a suddenly released fracture; (2) summary of the CER- 

Industry-ERDA meeting for the Rio Blanco MHF well, observation of 

the Columbia Gas-ERDA project in West Virginia, and summary of the 

Appalachian Basin Devonian Shale meetings in Morgantown, West 

Virginia; (3) progress on a coupled elastic-porous flow model 

for hydraulic fracturing; (4) progress on acquisition of a pro- 

totype dry-hole sonic logging tool for application to Eastern 

Devonian shales; and (5) initial reservoir analysis of the first 

MHF stimulation in the Rio Blanco well. 

HANSON, M. E., McKee, C. R., Emerson, D. O., Qualheim, B. J., Hearst, 
J. R., and Terhune, R. W., Quarterly report: the LLL massive 
hydraulic fracturing program for gas stirr~ulation, April-June 
1976, Lawrence Livermore Laboratory, Rept. UCRL-50036-76-2 (1976). - 
This report summarizes the work accomplished during the second 

quarter (April through June 1976) of our program for gas stimulation 



by mass ive .hydrau l i c  f r a c t u r i n g  (MHF). This  q u a r t e r  we: (1)  cont in-  

ued t o  develop a n  e l a s t i c -po rous  f low model f o r  h y d r a u l i c  f r a c t u r i n g ;  

(2)  acqui red  and i n t e r p r e t e d  geologic  and geophysical  d a t a  on t h e  

t i g h t  wes tern  gas  r e s e r v o i r s  and t h e  Devonian s h a l e s ;  (3) con t r ac t ed  

f o r  a dry-hole s o n i c  logging  t o o l ,  and adapted and opera ted  a ray- 

t r a c i n g  numerical  code t o  h e l p  us i n t e r p r e t  d a t a , o b t a i n e d  w i t h  t h i s  

t o o l ;  and ( 4 )  developed a theory  t o  p r e d i c t  pe rmeab i l i t y  enhancement 

from s i n g l e  and m u l t i p l e  charges f i r e d  i n  boreholes .  

HANSON, M. E., Emerson, D. O . ,  Heard, H. C . ,  Sha f f e r ,  R. J . ,  and 
Carlson,  R. C . ,  .Quart e t l y  'Report :  " the  'LLL 'm s s i v e  ' ' ' hyd rau l i c  
fracturing program f o r  g ~ ~ ' ~ C i m u l ~ f i o n ; ' J u l y - 9 e ~ f e ~ b e ~  1976 -.,............-.-- 9 

Lawrence Livermore Laboratory,  ~ e p t :  UCRL-50036-76-3 (1976). 

This  r e p o r t  summarizes work accomplished dur ing  t h e  t h i r d  

q u a r t e r  ( J u l y  through September 1976) of ou r  program f o r  gas  

s t i m u l a t i o n  by massive h y d r a u l i r  f r a c t u r i n g  (MIIF) and o t h e r  s t i m -  

u l a t i o n  methods. I n  t 'h i s  q u a r t e r ,  we: (1) cont inued t o  develop 

an e las t ic -porous  f low model t o  s imu la t e  and ana lyze  t h e  MHF process ;  

(2)  cont inued t o  a c q u i r e  and i n t e r p r e t  geo log ica l  and geophysical  

d a t a  on t h e  t i g h t  wes t e rn  gas r e s e r v o i r s  and t h e  e a s t e r n  Devonian 

s h a l e s ;  (3)  began measuring t h e  low-stress  mechanical p r o p e r t i e s  

o f  Devonian s h a l e  u s ing  co res  from a r e c e n t l y  d r i l l e d  w e l l  i n  

West V i rg in i a ;  and (4)  began ana lyz ing  sonic-log d a t a  from t h e  

West Vi rg in i an  Devonian sha l e .  

Hanson, M. E. and MCKEE, C. R., P r e d i c t i n g  explosion-created per- 
m e a b i l i t y  around geothermal w e l l s  (Wsrkshop Geothermal Eng., 
S tanford ,  January 1976) Lawrence Livermore Laboratory,  Rept. 
UCRL-77673, P r e p r i n t  (1976). 

Hanson, M. E., MCKEE, C. K. ,  and Terhune, R. W. ,  Permeabi l i ty  from 
s i n g l e  and m u l t i p l e  de tona t ions  of  explos ive  charges (World 
Mining & Metal  Tech. Conf., J o i n t  MMIGATME Mtg., Sept .  1976; 
ERDA Sympos. Enhanced O i l  & Gas Recovery, Tu l sa ,  Sept.  1976) 
Lawrence Livermore Laboratory, Rept. UCRL-78207, Rev. 1, 
P r e p r i n t  (1976). 

HEARD, H. C. ,  Comparison of t h e  f low p r o p e r t i e s  of rocks  a t  c r u s t a l  
cond i t i ons ,  P h i l .  Trans. R. Soc. Lond. A. - 283, 173-186 (1976). 
[UCRL-76267, P r e p r i n t ]  

It is i n f e r r e d  t h a t ,  a l though bo th  primary and tertiary creep  

may b e  important  i n  c e r t a i n  r eg ions ,  l a rge - sca l e  d u c t i l e  deformation 



in the Earth's crust must be governed by secondary creep (steady 

state). This flow involves plastic deformation resulting from 

dislocation motion and diffusion. Geological, geophysical and geo- 

chemical observations constrain the temperature (T), strain rate 

( E ) ,  and stress difference (a) for rocks undergoing secondary creep 

to : -30-800°C, 10-~-10-~~s-~, and up to 300 MPa (3 kbar) . The 

actual conditions of secondary creep are strongly dependent on 

rock type and depth of deformation. . . . . 

Useful laboratory data on rocks obtained.over wide ranges of .T, 

6 and a are limited to ice, halite, marble, dolomite, quartzite and 

dunite. Steady-state flow results are available for both wet and 

dry rocks; H20 strongly affects the behaviour of both quartzite 

and dunite, but has a negligible . . effect on halite and marble. 

Secondary creep data for each rock are well fitted by i = A exp 

(-Q/KT) an, where Q is an activation energy for creep (diffusion) 

and A, R, n are constants. 

Comparison between those rocks expected in the deep crust 

indicates that at the highest T and at 6 of 1 0 - ~ ~ - 1 0 - ~ ~ 8 - ~ ,  a is 

largest for dry dunite and dolomite, followed by dry quartzite, 

marble and wet quartzite. Equivalent viscosities (n) range from 
1018-1022 Pa s (10~~-10~~~). At intermediate depths (at T = 300- 

500°c), a in dolomite is slightly greater than dry quartzite; both 

are much stronger than marble. In the, shallow crust, secondary 

creep is expected only in marble (T > 250°C) and in halite 
17 (T > 25'C). The n of halite at 25-250°c, range from 1021-10 , Pa s. 

At the surface and at of 10 - 7-10-10s-1 (glacier flow), n of ice 
12 

would be 1015 to 10 Pa s between -30 and OO@. Values of n for 
all rocks examined appear insensitive to T except wet quartzite and 

all dunite. 

HEARD, H. C., Mascon ages and sinking rates, Seventh Lunar Sci. Conf., 
Houston, Part I, 360 (1976). [UCRL-77658, Abstract] Lawrence 
Livermore Laboratory, Kept. UCRL-77658, Preprint (1976)- 

The long-term mechanical stability of strongly positive gravity 

anomalies (mascons) on the moon is evaluated from relevant physical 

characteristics of these bodies, from paleoselenothem and from 

the flow behavior of the lunar mantle. 



The h igh  near -sur face  temperatures  a s soc i a t ed  wi th  igneous 
9 a c t i v i t y  a t  3 .3 - 4.10 y b .p . ,  when taken toge the r  w i th  t h e  mantle  

16  f low behavior  y i e l d s  equ iva l en t  v i s c o s i t i e s  of 1015 - 10 poise .  

The r e s u l t i n g  h igh  s e t t l i n g  r a t e s  i n d i c a t e  t h a t  a l l  mascons must 

have been formed a t  l a t e r  t imes when t h e  near-surface had p a r t i a l l y  
9 cooled.  By 3.10 y b .p . ,  mantle  v i s c o s i t i e s  had increased  s u f f i -  

c i e n t l y  t o  main ta in  any mascon i n  t h e  uppermost 30 km i n  an essen- 

t i a l l y  s t a t i c  p o s i t i o n .  The p re sen t  v i s c o s i t i e s  of t h e  l u n a r  mantle  

a t  depths  of  120 - 150 km a r e  s t i l l  too  low by l o 6  t o  suppor t  mascons 
6 f o r  per iods  a s  s h o r t  a s  10 y. 

I n  o r d e r  t h a t  any mascon occurr ing  t o  120 km s i n k  l e s s  than 10% 
9 

of i t s  p r e s e n t  depth over  3.10 y, maximum temperatures  could not  

have exceeded 4 5 0 ' ~  f o r  a n  extended per iod .  For s ink ing  a l i k e  - 

8 
amount over pe r iods  of 1 0  y ,  temperatures  must have been no more 

than  5 0 0 ' ~ .  

HEARD, H. C . ,  Duba, A. G. ,  and Schock, R.  N . ,  Geotherms based on 
e l e c t r i c a l  conduc t iv i ty  of o l i v i n e ,  pyroxene, and p y r o l i t e  
(U. S .-Japan Sem. High P res su re  Res. Appli .  , Honolulu, ~ u l y  
1976) Lawrence Livermore Laboratory,  Rept. UCRL-78294, 
Abs t r ac t  (1976). 

I n  a d d i t i o n  t o  composition and h e a t  t r a n s f e r  mechanisms, know- 

l edge  of t h e  p re sen t  thermal  s t a t e  of t h e  e a r t h  i s  v i t a l  t o  the  

i n t e r p r e t a t i o n  of e a r t h  h i s t o r y .  Thermal p r o f i l e s  have been based 

p r i m a r i l y  on h e a t  f l u x ,  mechanical and thermal  p r o p e r t i e s  of rocks ,  

and on phase e q u i l i b r i a  f o r  t h e  a p p r o p r i a t e  chemical composition (x) .  

Geotherms may a l s o  be  cons t ruc ted  from l abora to ry  electrical cnn- 

d u c t i v i t y  (o)  - temperature (T) measurements on purported mantle  

rocks  and minera ls  t o g e t h e r  wi th  o-depth d a t a  f o r  t h e  e a r t h .  

Recent ly,  p rog res s  has  been made i n  determining a of minera ls  and 

aggrega tes  thought t o  e x i s t  a t  p re s su re s  (P) ,  T and x i n  t h e  upper 

mantle .  

The a f o r  o l i v i n e  and orthopyroxene s i n g l e  c r y s t a l s  has been 

determined t o  1660" and 1400°C, r e s p e c t i v e l y ,  over  a range of 

oxygen f u g a c i t i e s  ( fo ) ,  P, minera l  compositions and c r y s t a l  
2 

d i r e c t i o n .  The o of e i t h e r  minera l  was demonstrated t o  be  sens i -  

t i v e  p r i m a r i l y  t o  T, provided f 'o i s  c o n t r o l l e d  w i t h i n  t h e  s t a b i l i t y  
2 

f i e l d  f o r  t h a t  phase. For o l i v i n e  (Fo 91 ) ,  o measured a t  f o  
2 



Pa (1200°C) va r i ed  from 10 -5'0 S/m a t  800" t o  1 0  
-1.4 

a t  

1660°C. The a of orthopyroxene (En 86) a t  s i m i l a r  f o  i s  h ighe r  
2 

by l o o v 3  and a t  800" and 1400°C, r e s p e c t i v e l y .  

Measurement of a on a hot-pressed aggrega te  of o l i v i n e  (Fo 92) 
-4.0 

a t  P t o  5.0 GPa but  a t  unknown f 0  y i e lded  va lues  of 10  
2 

~ / m  a t  

800" and 10 
-2.6 

a t  1200°C. S imi l a r  measurements on an  orthopyroxene 

aggrega te  (En 86) under i d e n t i c a l  c o n d i t i o n s  revea led  s i m i l a r  a:  

S/m a t  800" and 10  
-2.5 

a t  1200°C. A l l  r e s u l t s  a r e  e s s e n t i a l l y  

independent of P over va lues  corresponding t o  70-160 km depth.  Each 

aggrega te  i s  only s l i g h t l y  more conduct ive than i t s  r e s p e c t i v e  

minera l  component a t  comparable f o  2' 
Hot-pressed p y r o l i t e  (57% o l i v i n e ,  29% orthopyroxene,  14% ga rne t )  

has  a l s o  been measured a t  P t o  5.0 GPa and T t o  1240°C. Measure- 

ments of  a range from 1 0  -5'0 Slm a t  800°C t o  1 0  -3.2 a t  1240°C. 

These va lues  a r e  about  a f a c t o r  of  10  l e s s  than  t h e  a determined 

f o r  each s i n g l e  phase aggrega te  a t  comparable T. Again, a of pyro- 

l i t e  i s  n e a r l y  independent of P. 

When combined w i t h  a-depth measurements, geotherms based on 

o l i v i n e  s i n g l e  c r y s t a l  a-T y i e l d  1600°C a t  100 km and 1750°C a t  400 km. 

Unce r t a in t i e s  of  flOO°C as soc i a t ed  w i th  t h e s e  va lues  a r e  due p r i n c i -  

p a l l y  t o  t h e  f i e l d  d a t a .  A s i m i l a r  geotherm based on monotonical ly  

ex t r apo la t ed  a-T d a t a  f o r  orthopyroxene c r y s t a l s ,  s ing le -phase  aggre- 

g a t e s  of  e i t h e r  minera l  o r  p y r o l i t e  r a i s e  t h e  c a l c u l a t e d  T s i g n i ' f i -  

c an t ly .  a d a t a  a t  h ighe r  T and under c o n t r o l l e d  f 0  f o r  l i k e l y  
2 

mantle  m a t e r i a l s  a r c  r squ i r cd  i n  o rde r  t o  c a l d u l a t e  mant le  T from 

a d a t a .  

HEARD, H. C . ,  Bonner, B. P . ,  Cos tan t ino ,  M. S . ,  Schock, R. N . ,  and 
Weed, H. C . ,  Mechanical response of  s a t u r a t e d  Kemere r  c o a l  
t o  4 GPa, Lawrence Livermore Laboratory,  Rept. UCm-52063 
(1976). 

The s t r e s s - s t r a i n  behavior  of a water -sa tura ted  sub-bituminous 

c o a l  from Kemmerer, Wyoming has  been determined a t  25°C f o r  s e v e r a l  

load ing  cond i t i ons  t o  4.0 GPa. Data presen ted  inc lude :  hydro- 

s t a t i c  pressure-volume (P-V) loading-unloading pa ths  t o  1 . 5  GPa; 

quas i -hyd ros t a t i c  P-V behavior  t o  4.0 GPa; l oad ing  moduli ,  f a i l u r e  

s t r e n g t h s  and d u c t i l i t y  normal and p a r a l l e l  t o  bedding i n  u n i a x i a l  



s t r e s s  loading t o  0.7 GPa confining pressure;  and un iax ia l  s t r a i n  

loading-unloading pa ths . . to  confining. .pressures of 0.3 GPa. Dynamic 
. . 

( 1  MHz) shear  moduli (p) and bulk moduli (K) were a l s o  derived from 

a c o u s t i c  v e l o c i t y  measurements t o  1 .2  GPa confining pressure  f o r  

comparison wi th  t h e  s t a t i c  values, 
. , . . - .. .. .. . . - . . . . . - . . . 

Quasihydrostat ic  compression produced a AVIIV. of 25% a t  4.0 GPa 
. o  

wi th  l i t t l e  o r  no permanent compaction o r  h y s t e r e s i s  upon unloading. 

Even though t h i s  c o a l  contained ~ 2 2 %  H 0, no water-ice phase t r ans i -  2 
t i o n s  were observed, ind ica t ing  t h i s  H 0 is. chemically bound i n  t h e  

2 
c o a l  and does no t  e x i s t  a s  f r e e  H20. Values of K ranged from about 

2 GPa a t  atmospheric pressure  t o  2.0 GPa a t  2.5 GPa pressure.  I n  

u n i a x i a l  stress loading,  t h e  f a i l u r e  envelope defined by the  shear 

s t r eng ths  a t  f a i l u r e  increased monotonically wi th .pressure  f o r  com- 

press ion both normal and p a r a l l e l  t o  bedding. These envelopes w e r e  

l i n e a r  and i d e n t i c a l  above 50 MPa pressure.  F a i l u r e  occurred by . 

shear  and t e n s i l e .  f r a c t u r e  in .  every case a f t e r  0.5 t o  2.5% permanent 

s t r a i n .  Dependinglon loading d i rec t ion ,  t e n s i l e  s t r eng ths  ranged 

from 0.7 t o  1.2 MPa. The onset  of d i l a t ancy  a s  measured i n  un iax ia l  

stress loading appeared t o  be somewhat d i r e c t i o n a l l y  dependent. 

Values f o r  p determined on i n i t i a l  loading-var ied  frnm 1.7 tn 7 , l  

GPB and depended s l i g h t l y  on confining pressure  a s  w e l l  a s  on 

o r ien ta t ion .  

Unfaxial s t r a i n  loading paths for the coal or iented  para11~1 

and normal t o  bedding. approached t h e  f a i l u r e  envelope a t  0.1 t o  0.2 

GPa confining pressure ,  then deviated from i t  a t  higher pressures.  

The dynamically d e t e r d n e d  K w a s  somewhat g rea te r  t h a d . t h a t ' d e t e r -  

mined s t a t i c a l l y ;  p values by e i t h e r  method were approximately t h e  

same. Comparison among a l l  determinations of K and of v i n d i c a t e  

t h a t  t h e  e l a s t i c  p roper t i e s  of Kemmerer.coal.are.'approximately 

i so t rop ic .  

Heard, H. C . ,  DUBA, A.,  Piwinskii ,  A. J . ,  and Schock, R. N . ,  The 
e l e c t r i c a l  conductivi ty of f o r s t e r i t e ,  e n s t a t i f e ,  and a l b i t e ,  
i n  Physics and Chemistry of Minerals and Rocks., R. G. J. St rens ,  
Ed. (~ohn-Wiley & Sons, New York, 1976); pp. 249-260. 
[UCRL-75790, P repr in t l  

Heard, H. C. , DUBA., and Schock, R. N. ,  E l e c t r i c a l  conduct iv i ty  of 
orthopyroxene t o  1400°c and the . . r e su l t ing  selenotherm, Proc. 
Seventh Lunar Sci .  Conf., Vol. 3, 3173-3181 (1976). 
[UCRt-77655, P repr in t ]  
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Heard, H. C . ,  SCHOCK, R. N . ,  Duba, A. G . ,  and Stromberg, H. D . ,  The 
e l e c t r i c a l  conduct iv i ty  of  p o l y c r y s t a l l i n e  o l i v i n e  and pyroxene 
under p re s su re ,  i n  High P res su re  Research, Appl ica t ions  t o  Geo- 
phys ics ,  M. H. Manghnani and S. Akimoto, Eds. (Academic P r e s s ,  
New York, i n  press ) .  [UCRL-78048, P r e p r i n t ]  

Heard, H. C . ,  DUBA', A . ,  P iw insk i i , ,  A. J., and Schock, R. .N . ,  *- - 
thermal prospec t ing  and t h e  e l e c t r i c a l  conduc t iv i ty  changes 
a s s o c i a t e d  wi th  mel t ing  (Panel  Mtg. Expl. ,Meth. of Dry Hot 
Rock, Los Alamos, June 1976) Lawrence Livermore Laboratory,  
Rept. UCRL-78261, Abs t rac t  (1976). 

Heard, H. C . ,  HANSON, M. E . ,  Emerson, D. O . ,  Sha f f e r ,  R. J., and 
Carlson,  R. C. ,  Quar te r ly  r e p o r t :  t .he  LLL massive h y d r a u l i c .  
f r a c t L r i n g  program f o r  gas s t imu la t ion ,  July-September 1976, 
Lawrence Livermore Laboratory, Rept. UCRL-50036-76-3 (1976). 

HEARST, J. R. and McKague, H. L., S t = , u e t u r e  e l u c i d a t i o n  wi th  bore- 
h o l e  gravimetry,  Geophysics - 41, 491-505 (1976). [UCRL-76316, 
Rev: 1, Prepr in t ] ,  

The observed d e n s i t i e s ,  assuming infinite~homogeneous-hori- 

z o n t a l  beds, computed from borehole gravimetry were a s  much as 

1 5  percent  g r e a t e r  than those  der ived  from gamma-gamma d e n s i t y  l o g s  

i n  t h e  lower po r t ion  of s e v e r a l  c l u s t e r e d  boreholes  a t  t h e  U.S. 

~ n e r ~ ~  Research & ~eve lopmen t  Adminis t ra t ion  (USERDA) Nevada Tes t  

S i t e .  A model having a  s i n g l e  high-densi ty  bur ied  s c a r p  t o  t h e  

west of t h e  ho le s  w a s  cons t ruc ted ,  t h e  g rav ime t r i c  d e n s i t y  calcu-  

l a t e d ,  and t h e  model va r i ed  i n  an . a t t empt  t o  improve,agreement 

between measuremeit and c a l c u l a t i o n .  Only s l i g h t  improvement was 

ob ta ined . '  Newly acquired geologic  informat ion  made i t  p o s s i b l e  

t o  cons t ruc t  a  more complex mul t i s ca rp  model, providing much 

b e t t e r  agreeuent between mrasurement and c a l c u l a t i o n .  I n  t u r n ,  . 

t h i s  more complete model w a s  r e f i n e d  w i t h  t h e  he lp  of  t h e  calcu-  

l a  t ions .  

This  method permi ts  one t o  .choose between q u a l i t a t i v e l y  

d i f f e r e n t  models and, given a q u a l i t a t i v e l y  c o r r e c t  model, t o '  

improve i t  q u a n t i t a t i v e l y .  

HEARST, J. R., E f f e c t s  of mudcake and sonde ang le  on a s imple  two- 
d e t e c t o r  d e n s i t y  sonde, The Log ~ n a l ~ s t  - 17,  I1 (1976), 
[UCRL-77302, P r e p r i n t ]  

A s imple  a n a l y s i s  i s  made of a well-col l imated two d e t e c t o r  

denc i ty  oondc w i t h  a t i g h t  cncrgy window, t h e  s imp les t  form of two- 
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d e t e c t o r  sonde. Under t h e s e  circumstances d e n s i t y  can be  obta ined  

e i t h e r  i n  t h e  presence  o f  a cons t an t  unknown th i ckness  of mudcake 

of  unknown p r o p e r t i e s  o r  i n  t h e  presence  of an  unknown ang le  

between the  sonde and t h e  borehole  w a l l ,  w i t h  t h e  source  i n  con tac t .  

I f  b o t h  a mudcake ( o r  a gap) and a n  ang le  a r e  p r e s e n t ,  t h e  problem 

cannot  be  so lved  u n l e s s  t h e  ang le  o r  t h e  gap i s  measured. I f  t h e  

gap ( o r  mudcake t h i c k n e s s )  i s  measured, t h e  s o l u t i o n  is  probably 

too  complex f o r  f i e l d  use .  I f  washouts a r e  p re sen t ,  t h e  problem 

cannot  be so lved ,  b u t  can  sometimes be d e a l t  w i th  by averaging.  

HEARST, J. R., Butkovich, T.,  Laine,  E., Lake, R . ,  Leach, D . ,  
L y t l e ,  J . ,  Sherman, J., Snoeberger,  D . ,  and Quong, R . ,  
F r a c t u r e s  induced by a contained explosion i n  Kennnerer c o a l ,  
I n t l .  J. Rock. Mech. Min. Sc i .  & Geomech. Abstr.  - 13,  37-44 
(1976). [UCRL-517901 

A c y l i n d r i c a l  high-explosive charge,  5.5 m long ,  and 0.1 m 

i n  d i a  and weighing 59 kg, was f i r e d  wi th  i t s  a x i s  v e r t i c a l  and 

i t s  c e n t e r  1 5  m deep i n  a 26 m t h i c k  sub-bituminous c o a l  seam 

n e a r  Kemmerer, Wyoming. The experiment at tempted t o  a s s o c i a t e  

a parameter  E t h e  t o t a l  failure-.induced d e v i a t o r i c  s t r a i n ,  
f '  

c a l c u l a t e d  by t h e  one-dimensional Lagrangian computer program 

SOC w i t h  shot-induced f r a c t u r e -  and permeability-enhancement. 

F u r t h e r  purposes of t h e  experiment were t o  t e s t  d i a g n o s t i c s  

f o r  f u t u r e  i n  s i t u  c o a l  g a s i f i c a t i o n  work. Gross e f f e c t s  of t h e  

explos ion  were increased  permeabi l i ty ,  increased  f r a c t u r i n g ,  

decreased  sound speed,  e a s i e r  d r i l l i n g ,  and migra t ion  of dye 

from t h e  s h o t  hole .  These e f f e c t s  were found out  t o  a r a d i u s  

corresponding t o  va lues  of  E 2 0.01. Values of E of t h i s  o rde r  r r 
have been a s s o c i a t e d  i n  t h e  p a s t  w i th  microscopic f r a c t u r e .  Sub- 

t l e r  e f f e c t s  were decreased r e s i s t i v i t y  a s  w e l l  a s  changes i n  t h e  

c h a r a c t e r  of t h e  a c o u s t i c  logs .  The l a t t e r  were found o u t  t o  a 

r a d i u s  corresponding t o  E 2 0.001. Diagnos t ic  t e s t s  i n d i c a t e d  
r 

s a t i s f a c t o r y  performance of t h e  experimental  techniques.  

Hea r s t ,  J. R. and BUTKOVICH, T. K . ,  P r e d i c t i o n  and de termina t ion  
of  explosive-induced f r a c t u r e  (Soc. Explo. Eng. Conf. Explo- 
s i o n  & Blas t ing  Techniques, L o u i s v i l l e ,  Ky., Sept .  1976) 
Lawrence Livermore Laboratory,  Rept. UCRL-77659, P r e p r i n t  (1976). 
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Lawrence Livermore Laboratory,  Rep t . UCID-17163 (19 76). 

The United S t a t e s  Energy Research and Development Adminis t ra t ion  has  

supported e f f o r t s  t o  e v a l u a t e  t h e  p o t e n t i a l  c o n t r i b u t i o n  t o  t h e  n a t i o n a l  

energy supply of geopressured geothermal resources  i n  t h e  Gulf Coast .  

E f f o r t s  i nc lude  a program of r e sou rce  assessment and programs t o  examine 

u t i l i z a t i o n  of t h e  resource  f o r  t h e  product ion  of e l e c t r i c i t y  and a s  a 

source  of i ndus t r i a l -p roces s  h e a t .  

Work on resource  assessment has  sugges ted  t h e  presence  of perhaps a s  

much a s  6,000 MW-centuries of recoverab le  e l e c t r i c  energy and of 200 Tcf 

of methane. This  program has emphasized f i n d i n g  s i g n i f i c a n t l y  l a r g e  sand 

bodies  w i t h i n  t h e  geopressured s t r a t i g r a p h i c  s e c t i o n  i n  a d d i t i o n  t o  de f in ing  

t h e  d i s t r i b u t i o n  of abnormal f l u i d  p re s su re s  and formation temperatures .  

Regional sand f a c i e s  ana lyses  conducted thus  f a r  i n d i c a t e  f i v e  l o c a t i o n s  i n  

t h e  F r i o  formation of Cen t r a l  and South Texas where adequate ly  l a r g e  

geopressured geotherma.1, resources  may h e  p re sen t .  

Engineering s t u d i e s  of  energy-conversion systems based on to ta l - f low,  

flashed-steam, and binary-cycle  concepts  show t h a t  development of e l e c t r i c  

power from t h e  Gulf Coast geopressure resource  i s  t e c h n i c a l l y  f e a s i b l e .  

However, such recovery is  only marg ina l ly  economic i n  view of t h e  r e l a t i v e -  

l y  low temperatures  involved ( l e s s  than  300°F o r  14g°C), and e s p e c i a l l y  

i f  d i s so lved  methane i s  n o t  p r e sen t  a t  s a t u r a t i o n  l e v e l s .  Under f avo rab l e  

c i rcumstances,  investment i n  e x p l o i t a t i o n  of t h e  complete geothermal 

r e sou rce  can produce r a t e s  of r e t u r n  of 15 t o  30 pe rcen t .  Rates  of r e t u r n  

a s  l a r g e  a s  10 percent  appear u n l i k e l y  under p re sen t  and near-term f u t u r e  

c i rcumstances i f  only e l e c t r i c  energy i s  recovered from t h e  r e sou rce .  

Study of use of t h e  resource  a s  process  h e a t  i n  pu lp  and paper m i l l s  

and new suga r  r e f i n e r i e s  has  shown t h a t  t h e s e  uses  a l s o  a r e  t e c h n i c a l l y  

sound. The thermal conten t  of a b a r r e l  of geothermal b r i n e  can c o s t  a s  
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l i t t l e  a s  9  m i l l s  when c r e d i t e d  f o r  recoverable  hydrau l i c  energy and 

methane. The v a l u e  of h e a t  approaches 50 m i l l s  p e r  b b l  f o r  c e r t a i n  

a p p l i c a t i o n s .  Again, under f avo rab le  circumstances,  t h e  use of geo- 

p r e s s u r e  r e sou rces  f o r  t h e s e  n o n e l e c t r i c  a p p l i c a t i o n s  i s  economically 

a t t r a c t i v e .  

A l l  programs have po in t ed  out  c l e a r l y  t h e  need f o r  b e t t e r  s p e c i f i c  

unders tanding  of t h e  r e sou rce ,  e s p e c i a l l y  i t s  d i s so lved  methane content  and 

i t s  a b i l i t y  t o  produce f o r  t e n s  of yea r s .  

HOWARD, N.  W . ,  The Lawrence Livermore Laboratory nuc lea r  t e s t  e f f e c t s  and 
g e o l o g i c  d a t a  bank . (Geol .  Soc. Am. Ann. Mtg., Denver, Nov. 1976) 

--- - - ~ ~  ~- 

Lawrence Livermore Laboratory,  Rept. 78799, Abs t rac t  (1976). 

Nuclear exp los ives  have been t e s t e d  underground a t  t h e  USERDA Nevada 

Tes t  S i t e  (NTS) s i n c e  1957. A l l  U.S. t e s t s  have been conducted underground 

i n  d r i l l  h o l e s  and tunne l s  s i n c e  1963, when t h e  Limited Tes t  Ban Treaty 

went i n t o  e f f e c t .  Since then ,  d a t a  have been c o l l e c t e d  on t h e  geology a t  

NTS t o  e v a l u a t e  t h e  p o s s i b i l i t y  o t  r e l e a s e  o t  r a d i o a c t i v i t y  a t  s p e c i f i c  

sites f o r  proposed nuc lea r  tests. Data on both  t h e  rock phys i ca l  proper- 

t i e s  and geologic  s t r u c t u r e  and s t r a t i g r a p h y  of a  l a r g e  number of d r i l l  ho l e  

s i t e s  a r e  s t o r e d  i n  t h e  Lawrence Livermore Laboratory Ear th  Science Div is ion  

Tes t  E f f e c t s  Data Bank. R e t r i e v a l  of d a t a  from t h e  bank al lows geo log ica l  

and geophys ica l  comparison of a  p a r t i c u l a r  s i t e  w i th  o t h e r  s i t e s  where 

s u c c e s s f u l  containment of r a d i o a c t i v i t y  was experienced.  So r t ing ,  compar- 

i n g  and averaging of d a t a  a r e  done by s tandard  d a t a  bank programs. They 

convenient ly  list informat ion  according t o  s i t e  l o c a t i o n ,  d r i l l  ho l e  

c o n s t r u c t i o n ,  rock u n i t s ,  depth t o  key horizons and t h e  water  t a b l e ,  and 

d i s t a n c e  t o  f a u l t s .  These programs a l s o  make p o s s i b l e  ordered l i s t i n g s  of 

t h e  geophys ica l  p r o p e r t i e s  of i n t e r v a l  bu lk  dens i ty ,  overburden dens i ty ,  

i n t e r v a l  v e l o c i t y ,  v e l o c i t y  t o  t h e  s u r f a c e ,  g r a i n  dens i ty ,  water  con ten t ,  

c a rbona te  con ten t ,  p o r o s i t y  and s a t u r a t i o n  of t h e  rocks.  Data i s  used i n  

p r e s e n t i n g  proposed nuc lea r  t e s t s  f o r  approval  t o  t h e  USERDA Nevada 

Opera t ions  Of f i ce  Containment Evaluat ion Panel  (CEP). This  Panel  r e l i e s  on 

p a s t  exper ience  w i t h  s i m i l a r  t e s t s  and on modelling of nuc lea r  phenomenology. 

The Data Bank is a n  i n v a l u a b l e  a i d  i n  provid ing  t h e  necessary geologic  d a t a  

quick ly .  

HOWARD, N. W . ,  The Lawrence Livermore Laboratory nuc lea r  t e s t  e f f e c t s  and 
geo log ic  d a t a  bank (Geosci.  I n fo .  Soc. Sympos., Geol. Soc. Am. Mtg., 
Denver, Nov. 1976) Lawrence Livermore Laboratory,  Rept. UCRL-78799, 
P r e p r i n t  (19 76 ) . 
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Data on t h e  geology of t h e  USERDA Nevada T e s t  S i t e  have been c o l l e c t e d  

f o r  t h e  purpose  of e v a l u a t i n g  t h e  p o s s i b i l i t y  of r e l e a s e  of r a d i o a c t i v i t y  a t  

proposed underground n u c l e a r  test  si tes.  These d a t a ,  i n c l u d i n g  b o t h  t h e  

rock physical .  p r o p e r t i e s  and t h e  g e o l o g i c  s t r u c t u r e  and s t r a t i g r a p h y  of 

a  l a r g e  number of d r i l l - h o l e  s i t e s ,  are s t o r e d  i n  t h e  Lawrence Livermore 

Labora to ry  E a r t h  S c i e n c e s  D i v i s i o n  Nuclear  T e s t  E f f e c t s  and Geologic  Data 

Bank. R e t r i e v a l  programs can  q u i c k l y  p r o v i d e  a g e o l o g i c a l  and g e o p h y s i c a l  

comparison of a p a r t i c u l a r  s i t e  w i t h  o t h e r  s i t e s  where r a d i o a c t i v i t y  was 

s u c c e s s f u l l y  c o n t a i n e d .  The d a t a  can b e  a u t o m a t i c a l l y  s o r t e d ,  compared, and 

averaged,  and i n f o r m a t i o n  l i s t e d  a c c o r d i n g  t o  s i t e  l o c a t i o n ,  d r i l l - h o l e  

c o n s t r u c t i o n ,  rock  u n i t s ,  dep th  t o  key h o r i z o n s  and t o  t h e  w a t e r  t a b l e ,  and 

d i s t a n c e  t o  f a u l t s .  These programs a l s o  make p o s s i b l e  o r d e r e d  l i s t i n g s  o f  

g e o p h y s i c a l  p r o p e r t i e s  ( i n t e r v a l  b u l k  d e n s i t y ,  overburden d e n s i t y ,  

i n t e r v a l .  vel .oci ty ,  v e l o c i t y  t o  t h e  s u r f a c e ,  g r a i n  d e n s i t y ,  w a t e r  c o n t e n t ,  

c a r b o n a t e  c o n t e n t ,  p o r o s i t y ,  and s a t u r a t i o n  o f  t h e  r o c k s ) .  I n  t h i s  p a p e r ,  

we d i s c u s s  t h e  c h a r a c t e r i s t i c s  and c a p a b i l i t i e s  of t h i s  d a t a  bank. 

KASAMEYER, P. W. and Schroeder ,  R. C . ,  Thermal d e p l e t i o n  of a geothermal  
r e s e r v o i r  w i t h  b o t h  f r a c t u r e  and p o r e  p e r m e a b i l i t y ,  Lawrence Livermore 
Labora to ry ,  Rept .  UClU-77323, P r e p r i n t  (1976). 

The u s e f u l  l i f e t i m e  of a  geothermal  r e s o u r c e  i s  o f t e n  c a l c u l a t e d  from 

t h e  volume of a v a i l a b l e  h o t  wa te r .  The l i f e t i m e  may a c t u a l l y  b e  l o n g e r  i f  

r e i n j e c t e d  f l u i d  is  h e a t e d  by t h e  rock  m a t r i x  and produced a g a i n .  For  

r e s e r v o i r s  c o n t a i n i n g  o n l y  porous  m a t e r i a l  and f o r  r e s e r v o i r s  c o n s i s t i n g  

e n t i r e l y  o f  f r a c t u r e d  impermeable r o c k ,  t h a t  extended l i f e t i m e  h a s  been  

e s t i m a t e d .  We p r e s e n t  h e r e  a  method f o r  e s t i m a t i n g  t h e  u s e f u l  l i f e t i m e  of  

a r e s e r v o i r  i n  porous r o c k  where t h e  i n j e c t i o n  and p r o d u c t i o n  w e l l s  i n t e r -  

s e c t  a  f r a c t u r e  system. Equa t ions  a r e  d e r i v e d  f o r  t h e  p o r e - f l u i d  and 

f r a c t u r e - f l u i d  t empera tu res  averaged o v e r  l a r g e  r e g i o n s  of t h e  geothermal  

f i e l d .  Problems such a s  incomple te  a r e a l  sweep and i n t e r f i n g e r i n g  of , 

c o o l  and h o t  f l u i d s  a r e  ignored .  We develop approximate  e q u a t i o n s  r e l a t i n g  

a v e r a g e  t empera tu res  t o  t h e  h e a t  f lowing  from rock  t o  f l u i d ,  and we j u s t i f y  

t h e i r  u s e  by comparing o u r  r e s u l t s  w i t h  s o l u t i o n s  of t h e  e x a c t  e q u a t i o n s .  

Our e q u a t i o n s  f o r  t h e  t empera tu re  d e c l i n e ' c a n  b e  s o l v e d  q u i c k l y .  

I n  o u r  model, f r a c t u r e s  a r e  c h a r a c t e r i z e d  by t h r e e  p a r a m e t e r s :  

a p e r t u r e  w, p e r m e a b i l i t y  k  and s p a c i n g s  between f r a c t u r e s  D.  For c e r t a i n  f r '  
v a l u e s  o f  t h e s e  pa ramete rs ,  c o o l  r e i n j e c t e d  f l u i d  i n  f r a c t u r e s  may r e a c h  t h e  

p r o d u c t i o n  w e l l s  l o n g  b e f o r e  a l l  t h e  warm pore f l u i d  has  been tapped,  



s h o r t e n i n g  t h e  u s e f u l  l i f e t i m e  of t h e  f i e l d .  We ignore  t h e  t r a d i t i o n a l  

(and impor tan t )  problems of r e s e r v o i r  engineer ing ,  flow r a t e  de te rmina t ion ,  

drawdown, sweep p a t t e r n s ,  e t c .  Thus, our  r e s u l t s  a r e  most u s e f u l  i n  

p rov id ing  a  c o r r e c t i o n  f a c t o r  which can  be  app l i ed  t o  l i f e t i m e  e s t ima te s  

ob ta ined  from a  d e t a i l e d  s imu la t ion  of a  f i e l d  assuming porous rock. That 
2  

c o r r e c t i o n  f a c t o r  i s  p l o t t e d  f o r  c l e a n  f r a c t u r e s  (k = w 112) a s  a  func t ion  
f  r 

of w and D f o r  s e v e r a l  l i f e t i m e  ranges .  

Small-scale  f r a c t u r e s  s een  i n  co re s  from t h e  Sa l ton  Sea Geothermal 

F i e l d  a r e  t oo  c l o s e l y  spaced t o  reduce l i f e t i m e  e s t ima te s .  However, l a rge-  

s c a l e  f a u l t  systems e x i s t  w i t h i n  t h a t  f i e l d ,  and they a r e  a t t r a c t i v e  d r i l l i n g  

t a r g e t s  because they  produce l a r g e  f low r a t e s .  If l a r g e  s c a l e  f a u l t s  

communicate between i n j e c t i o n  and product ion w e l l s ,  they may reduce t h e  

u s e f u l  l i f e t i m e  of those  w e l l s .  

KASAMEYER, P .  W . ,  P re l iminary  i n t e r p r e t a t i o n  of r e s i s t i v i t y  and se ismic  
r e f r a c t i o n  d a t a  from t h e  Sa l ton  Sea Geothermal F i e l d ,  Lawrence Livermore 
Laboratory,  Rept . UCRL-52115 (1976). 

Seismic r e f r a c t i o n  and e l e c t r i c a l  r e s i s t i v i t y  surveys  have been con- 

ducted i n  t h e  S a l t o n  Sea Geothermal F i e ld .  The r e s i s t i v i t y  d a t a  a r e  used 

t o  i n f e r  t h e  boundaries  of a  r e s e r v o i r  of s a l i n e  f l u i d .  One l a t e r a l  

boundary c l o s e l y  co inc ides  w i th  a  f a u l t  t h a t  was loca t ed  by se i smic  

r e f r a c t i o n .  

KELLY, R. E . ,  Atmospheric d i s p e r s i o n  and n o i s e  propagat ion a t  Imper ia l  
Val ley geothermal f i e l d s ,  Lawrence Livermore Laboratory,  Rept. UCRL- 
52053 (1976). 

Q u a n t i t a t i v e  e s t ima t ions  a r e  made f o r  t h e  atmospheric d i spe r s ion  of 

gases ,  h e a t ,  and n o i s e  due t o  geothennal  energy sources  i n  Southern 

C a l i f o r n i a ' s  Imper ia l  Val ley .  I n  p a r t i c u l a r ,  gas concent ra t ion  per  u n i t  

source  s t r e n g t h ,  change i n  mixing r a t i o ,  r e l a t i v e  humidity,  temperature,  

and t h e  r a t i o  of h e a t  f l u x  t o  s o l a r  cons tan t  a r e  ca l cu la t ed .  The p o s s i b i l i t y  

of a tmospheric  r e f r a c t i o n  of source no i se  is  a l s o  considered.  

LARSON, D. B,  Explosive energy coupling i n  i c e  and f rozen  s o i l s ,  Lawrence 
Livermore Labora tory ,  Rept. 'UCRL-78962, P r e p r i n t  (1976). 

Small s c a l e  h igh  exp los ive  experiments,  using s p h e r i c a l  charges a s  

energy sou rces ,  have been conducted i n  i c e  and t h r e e  f rozen  s o i l s .  Data 

obta ined  from t h e s e  experiments have provided evidence f o r  a  shock wave 

induced mel t ing  t r a n s i t i o n  i n  i c e  and i c e  s a t u r a t e d  f rozen  s o i l s .  Explosive 

energy coupling parameters  have been der ived  from these  da t a .  Comparison 
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of t h e s e  c o u p l i n g  paramete rs  w i t h  t h o s e  o f  w a t e r  s u g g e s t  t h a t  c o u p l i n g  i n  

i c e  is  less because  of d i s s i p a t i o n  of energy i n  t h e  m e l t i n g  t r a n s i t i o n .  

An even l a r g e r  d e c r e a s e  i n  coup l ing  observed i n  i c e  s a t u r a t e d  s o i l s  is 

a t t r i b u t e d  t o  the. i n t r o d u c t i o n  of s o i l  i n t o  t h e  i c e  m a t r i x .  Th i s  l e a d s  t o  

lowering of t h e  t r a n s i t i o n  stress due t o  t h e  p r e s e n c e  of stress koncen t ra -  

t i o n  a t  s o i l  g r a i n  b o u n d a r i e s .  However, t h e  tremendous decoupl ing  observed 

f o r  50% i c e  s a t u r a t e d  s o i l  i s  a t t r i b u t e d  t o  t h e  weak i c e  m a t r i x  undergoing 

y i e l d i n g .  T h i s  p e r m i t s  p o r e  c o l l a p s e  e f f e c t s  t o  dominante o v e r  t r a n s i t i o n  

e f f e c t s  and a l l o w s  decoupl ing  t o  v e r y  low stresses. 

LARSON, D. B y  and Anderson, G. D . ,  Shock-wave s t u d i e s  of subbi tuminous c o a l s ,  
Lawrence Livermore Labora to ry ,  Rept .  UCRL-51996 (1976) .  

P l a n e  and s p h e r i c a l  shock-wave exper iments  were  performed on s a t u r a t e d  

subbi tuminous c o a l s  o b t a i n e d  from Kemmerer, Wyoming, and Decker, Montana. 

P l a n e  shock waves up t o  a s t r e s s  of 3.0 GPa were  g e n e r a t e d  u s i n g  a 4-inch 

d iamete r  gas  gun. P a r t i c l e - v e l o c i t y  h i s t o r i e s  beh ind  t h e  shock wave were  

recorded  by magnet ic  p a r t i c l e - v e l o c i t y  gages .  Hugoniot and r e l e a s e  c u r v e s  

o b t a i n e d  from a Lagrangian a n a l y s i s  of t h e  gage d a t a  i n d i c a t e  a s m a l l ,  

permanent volume d e c r e a s e  on un load ing .  S p h e r i c a l  shock waves were  

g e n e r a t e d  by t h e  d e t o n a t i o n  of a  s m a l l ,  s p h e r i c a l  h igh-exp los ive  c h a r g e  

embedded i n  a  b l o c k  of c o a l .  P a r t i c l e - v e l o c i t y  and stress h i s t o r i e s  were  

recorded  beh ind  t h e  shock wave u s i n g  magne t ic  p a r t i c l e - v e l o c i t y  gages  and 

p i e z o r e s i s t i v e  stress gages ,  r e s p e c t i v e l y .  P l a n e  and s p h e r i c a l  one- 

d imens iona l  c a l c u l a t i o n s  were  performed w i t h  a Lagrangian computer code t o  

s i m u l a t e  t h e  exper iments .  P a r t i c l e - v e l o c i t y  p r o f i l e s  i n  t h e  p l a n e  ca lcu-  

l a t i o n s  agreed  w i t h  t h e  p r o f i l e s  o b t a i n e d  from t h e  gas-gun exper iments  a t  

t h e  h i g h e r  s t r e s s e s  when a  s h e a r - f a i l u r e - r e l a x a t i o n  model was used t o  

d e s c r i b e  t h e  c o a l .  Agreement was poor  a t  lower stress, where h y s t e r e s i s  

occur red .  The d i sagreement  between computed and measured p r o f i l e s  is  

a t t r i b u t e d  t o  h y s t e r e s i s  r e s u l t i n g  from t h e  c r u s h i n g  o u t  of d r y  p o r o s i t y  

i n t r o d u c e d  by w a t e r  Loss d u r i n g  sample  fabrication. The same model used i n  

s p h e r i c a l  c a l c u l a t i o n s  produced wave s h a p e s  t h a t  agreed  w e l l  w i t h  t h e  

measured p r o f i l e s  i n  exper iments  u s i n g  a 1 . 9  cm-radius s p h e r e  of e x p l o s i v e  

as a  s o u r c e .  Agreement was poore r  when c a l c u l a t i o n s  were  compared t o  t h e  

r e s u l t s  of a n  exper iment  u s i n g  a  0.95 cm-radius e x p l o s i v e  charge .  The 

e x p e r i m e n t a l l y  measured peak p a r t i c l e  v e l o c i t i e s  decayed i n  t h e  s p h e r i c a l  
-1.56 

geometry a s  R , whi.le t h e  computed peaks decayed as R a t  h i g h e r  



l e v e l s  and a s  R a t  lower l e v e l s ,  where e l a s t i c  behavior  is  approached. 

Th i s  disagreement  cannot be  a s s o c i a t e d  wi th  dry p o r o s i t y ,  and i t  i s  there-  

f o r e  a t t r i b u t e d  t o  d i s p e r s i o n .  

Larson,  D.  and FINGER, M. ,  Use of explos ives  i n  deep rock mining: i n  s i t u  
energy and mine ra l  recovery  (Conf. Explosives Eng., Explosion & 
B l a s t i n g  Tech., L o u i s v i l l e ,  Ky, Jan .  1976) Lawrence Livermore Labora- 
t o r y ,  Rept . UCRL-77721, ~ r e ~ r i n t  (1976). 

Chemical exp los ives  may become a key element i n  many of t h e  i n  s i t u  -- 
energy and mine ra l  recovery methods under development. This paper  d i scusses  

t h e  p o t e n t i a l  r o l e  of exp los ives  i n  deep rock mining f o r  r e sou rce  recovery. 

S e v e r a l  energy and mine ra l  recovery programs descr ibed  a r e  an  outgrowth of 

t h e  Plowshare Program and Explosives R&D conducted a s  p a r t  of t h e  AEC/EKL)A 

mi s s ion  a t  ~ a w r e n c e  Livermore Laboratory. Severa l  important a spec t s  of 

t h e  use  of exp los ives  i n  deep rock mining a r e  reviewed. F i r s t ,  t h e  s t a t u s  

of knowledge of deep rock  f r a c t u r i n g  t o  c r e a t e  permeabi l i ty  underground is  

d i scussed .  Completely contained b l a s t i n g  has no t  been a widely app l i ed  

t o o l  used i n  t h e  mining i n d u s t r y .  We conclude t h a t  d a t a  a v a i l a b l e  on deep 

rock  f r a c t u r e  is  minimal and t h a t  t h e  mechanisms t h a t  c o n t r o l  t h e  processes  

must b e  understood b e f o r e  t e c h n i c a l  and economic f e a s i b i l i t y  can be 

e s t a b l i s h e d .  We a l s o  d i scuss  the unusual  problems i n  t h e  s e l e c t i o n  of an  

e x p l o s i v e  o r  b l a s t i n g  agent  f o r  deep rock a p p l i c a t i o n s  inc luding  emphasis 

on t h e  func t ion ing  a t  depth and s a f e t y  a spec t s .  F i n a l l y ,  a b r i e f  review 

of s i m i l a r  a c t i v i t i e s  w i t h i n  t h e  U.S. i s  given. 

Leach, D. ,  HEARST, J. R, Butkovich, T., Laine,  E., Lake, R., L y t l e ,  J . ,  
Sherman, J.,  Snoeberger,  D . ,  and Quong, R. ,  F rac tu re s  induced by a 
contained exp los ion  in Kemmerer c o a l ,  I n t .  J .  Rock. Mech. Min. S c i .  
& Geomech. Ahstr .  13, 37-44 (1976). [UCRL-517901 

LEWIS, A. E.,  I n - s i t u  e x t r a c t i o n  of s h a l e  o i l :  r e c e n t  advances i n  
technology '(AEChE Mtg . , Kansas C i ty ,  M o  , A p r i l  1976) Lawrence Liver- 
more Laboratory, Rept . UCRL-77500, Abs t rac t  (1976) . 
The technology of i n - s i t u  r u b b l i z a t i o n  and r e t o r t i n g  is  very 

promising a s  an economical method of ob ta in ing  o i l  from o i l  s h a l e .  An 

exper imenta l  program t o  develop t h e  r e t o r t i n g  technology i s  underway a t  

t h e  Lawrence Livermore Laboratory.  

Recent r e s u l t s  from l abora to ry  experiments and r e t o r t s  ( inc luding  a 

6 tonne "ad iaba t i c "  r e t o r t )  w i l l  b e  s u A a r i z e d .  The a p p l i c a t i o n  of t h e  

r e s u l t s  t o  f i e l d  s c a l e  i n - s i t u  r e t o r t i n g  and requirements f o r  



commerc ia l i za t ion  of t h e  p r o c e s s  w i l l  a l s o  b e  d i s c u s s e d .  

Lewis, A.  E., and ROTHMAN, A. J . ,  Research and development on o i l  r ecovery  
from o i l  s h a l e  by a r u b b l e  i n - s i t u  e x t r a c t i o n  (RISE) p r o c e s s  (Ann. 
Energy Sympos. Los Angeles Counc i l  of Eng. & S c i . ,  Los Angeles ,  May 
19 76) ~ a w r e n c e  Livermore L a b o r a t o r y ,  ~ ' e p  t . UCRL-77564, ~ b s  t r a c t  (19 76).  

Lewis, A. E. and ROTHMAN, A. J . ,  Recovery of o i l  from o i l  s h a l e  by r u b b l e  
i n - s i t u  e x t r a c t i o n  (RISE) p r o c e s s  (Am. I n s t .  Aeronau t ics  & A s t r o n a u t i c s  
Sympos. A l t e r n a t e  F u e l  Resources ,  S a n t a  Maria, C a l i f . ,  March 1976) 
Lawrence Livermore Labora to ry ,  Rept .  UCRL-77565, A b s t r a c t  (1976).  

Lewis, A. E., SCHWARTZ, L. L . ,  Cohen, J .  J. ,  and Braun, R. L. ,  High Leve l  
r a d i o a c t i v e  w a s t e  i s o l a t i o n  by i n c o r p o r a t i o n  i n  s i l i c a t e  r o c k ,  
Lawrence Livermore Labora to ry ,  Rept .  UCRL-78746, P r e p r i n t  (1976).  

MALLON, R. G. and Braun, R. L. ,  R e a c t i v i t y  of o i l  s h a l e  carbonaceous r e s i d u e  
w i t h  oxygen and carbon d i o x i d e ,  c o l d .  Schooi  of Mines Q u a r t e r l y  71, - 
309-333 (1976) .  [UCRL-77829, P r e p r i n t ]  

P y r o l y s i s  of t h e  o r g a n i c  m a t e r i a l  i n  o i l  s h a l e  r e s u l t s  i n  t h e  fo rmat ion  

of a  carbonaceous r e s i d u e  ( c h a r )  i n  t h e  s p e n t  s h a l e .  Th i s  c h a r  r e p r e s e n t s  

a n  i m p o r t a n t  f u e l  component, which upon f u r t h e r  r e a c t i o n  can c o n t r i b u t e  a 

s u b s t a n t i a l  amount o f  t h e  energy r e q u i r e d  f o r  advancing t h e  r e t o r t i n g  f r o n t .  

The r e a c t i v i t y  of c h a r  was i n v e s t i g a t e d  by performing exper iments  on 

i n d i v i d u a l  b l o c k s  of o i l  s h a l e  (15 cm d i a m e t e r  and 1 5  t o  25 cm l e n g t h )  

under c o n d i t i o n s  of c o n t r o l l e d  t e m p e r a t u r e  and g a s  environment .  The r e s u l t s  

i l l u s t r a t e d  t h a t  t h e  char-O2 r e a c t i o n  rate i s  l i m i t e d  by t h e  r a t e  of 0  2  
d i f f u s i o n .  The e f f e c t i v e  d i f f u s i v i t y  of 0  s c a l e s  w i t h  t h e  s q u a r e  of t h e  

2  
kerogen c o n c e n t r a t i o n  of t h e  raw s h a l e ,  as p r e d i c t e d  by t h e o r e t i c a l  cons idera -  

t i o n s .  However, t h e  measured d i f f u s i v i t i e s  a r e  a p p r e c i a b l y  g r e a t e r  t h a n  

t h e o r e t i c a l .  The d i f f e r e n c e  i s  a t t r i b u t e d  t o  t h e  networlc of s m a l l  craclcs 

which deve lop  d u r i n g  t h e  e a r l y  p a r t  of t h e  r e t o r t i n g  p r o c e s s .  

The r e s u l t s  a l s o  c l e a r l y  demonstra ted a n o t h e r  impor tan t  mechanism f o r  

consumption of c h a r  w i t h i n  t h e  o i l  s h a l e  b l o c k ,  namely, r e a c t i o n  of char  

w i t h  t h e  CO produced from t h e  decomposi t ion of do lomi te  and c a l c i t e .  Th i s  
2  

r e a c t i o n  i s  impor tan t  i n  a c c u r a t e  r e t o r t  modeling,  s i n c e  i t  c o n s t i t u t e s  a  

mcchani3m f o r  rcmoval of c h a r  from t h c  i n t c r i o r  of t h e  o i l  s h a l c  b l o c k  a t  

a r a t e  which,  a t  e l e v a t e d  t e m p e r a t u r e s ,  i s  much g r e a t e r  t h a n  t h e  d i f f u s i o n -  

l i m i t e d  r a t e  of t h e  char-O2 r e a c t i o n .  Although t h e  char-C02 r e a c t i o n  i s  

i t s e l f  endothermic ,  t h e  CO produced can s u b s e q u e n t l y  r e a d i l y  r e a c t  w i t h  0  2  
i n  t h e  e x t e r i o r  gas s t ream t o  provide a d d i t i o n a l  h e a t .  



A c a l c u l a t i o n a l  model f o r  oxygen d i f f u s i o n ,  carbonate  decomposition, 

and t h e  s imultaneous removal of char  by r e a c t i o n  wi th  0 and CO i s  
2 2 

p re sen ted .  The c a l c u l a t i o n a l  r e s u l t s  a r e  i n  good agreement wi th  the  

exper imenta l  da t a .  

Mallon, R. G. and ROTHMAN, A. J.,  An economic s tudy  of t h e  rubble  i n - s i t u  
e x t r a c t i o n  (RISE) p roces s  f o r  e x t r a c t i o n  of o i l  from s h a l e  (ACS Sympos. 
Comparative Economics of Syn the t i c  Fuels  Process ing ,  New York C i ty ,  
A p r i l  1976) Lawrence Livermore Laboratory,  Rept.  UCRL-77344, Abs t rac t  

McKague, H.  L., and KNOWLTON, G . ,  A s tudy  of t h e  water  conten t  i n  z e o l i t i c  
t u f f s  from t h e  USERDA Nevada Tes t  S i t e ,  Proc. i e o l i t e  "76" Conf ., 
Tucson, Jurle 1976, 40-41 (1976). [UCRL-78013, Abs t r ac t ]  

Thermal g rav ime t r i c  ana lyses  (TGA) was employed t o  ga in  q u a n t i t a t i v e  

in fo rma t ion  about absorbed,  z e o l i t i c  ( i n  channels and cages ) ,  and coordinated 

w a t e r  p r e s e n t  i n  powdered z e o l i t i c  t u f f s  from t h e  U.S. Energy Research and 

Development Admin i s t r a t i on ' s  Nevada Tes t  S i t e .  

TGA of 50 - 70 mg of powdered t u f f  samples,  ranging from 40 t o  60 

p e r c e n t  c l i n o p t i l o l i t e ,  was performed under N atmosphere and vacuum us ing  
2 - 

a 2O/min. h e a t i n g  r a t e .  The TGA p l o t s  e x h i b i t  t h r e e  l i n e a r  po r t ions ;  each 

i s  assumed t o  r ep re sen t  a  s p e c i f i c  type of water  being l o s t  over  a given 

tempera ture  range. 'The l i n e a r  p o r t i o n s  a r e  s epa ra t ed  by curved secr ions  

which r ep resen t  a  t r a n s i t i o n  i n  t h e  type  of water  being evolved. Evaluat ion 

of t h e s e  p l o t s  sugges t s  t h a t  absorbed water  is  l o s t  between 25" and 90°C', 

z e o l i t i c  water  between 70" and 3UUaC, and coordinated water  between 200' 

and 700°C. A l l  absorbed water  could be  re~uoved i n  1 t o  2 hours  a t  ambient 

tempera ture  (-25OC) us ing  vacuum only (0.8-1.0 mm Hg), wh i l e  removal of 

s i g n i f i c a n t  amounts of z e o l i t i c  water  r equ i r ed  inc reas ing  t h e  temperature 

above amh i o n  t . 
The c l i n o p t i l o l i t e  conten t  of t h e  samples,  based on t h e  percent  

z e o l i t i c  wa te r ,  when normalized a g a i n s t  t h e  measured z e o l i t i c  water  conten t  

of pure  c l i n o p t i l o l i t e ,  gene ra l ly  agrees  w i t h  t h e  amount of c l i n o p t i l o l i t e  

a s  e s t ima ted  by x-ray d i f f r a c t i o n  a n a l y s i s .  The powdered t u f f  samples 

analyzed i n  t h i s  s tudy  con ta in  an average of 4.6 k 0.2% absorbed wa te r ,  

4.9 + 0.3% z e o l i t i c  wa te r ,  and 1 .7  + 0.1% coordina ted  wa te r ,  f o r  an average 

t o t a l  weight  l o s s  a t  complete dehydrat ion of 11.1 k 0.4%. 

McKague, H. L . ,  and HEARST, J. R. ,  S t r u c t u r e  e l u c i d a t i o n  wi th  borehole  
gravimetry,  Geophysics - 41, 491-505 (1975). [UCRL-76316, Rev. 1, 
P r e p r i n t  ] 



MCKEE, C. R. and Hanson, M. ,  P r e d i c t i n g  explosion-created permeabi l i ty  
around geothermal w e l l s  (Workshop Geothermal Eng., S tanford ,  January 
1976) Lawrence Livermore Laboratory,  Rept. UCRL-77673, P r e p r i n t  (1976). 

A t h e o r e t i c a l  express ion  showing the  r a d i a l  dependence of permeabi l i ty  

i n  geologic  media a s  a func t ion  of t h e  d i s t a n c e  from t h e  p o i n t  of de tona t ion  

has been derived.  This r e l a t i o n s h i p  shows t h a t  c r ea t ed  permeabi l i ty  
5 decreases  a s  a  func t ion  of r ad ius  (111- around a  s p h e r i c a l  b l a s t  and l / r  4 

around a  c y l i n d r i c a l  s h o t ) .  Exce l len t  c o r r e l a t i o n  was found when t h i s  

p r e d i c t i o n  was compared w i t h  permeabi l i ty  measurements made around the  s i t e  

of t h e  Hardhat nuc lea r  event  f i r e d  i n  g r a n o d i o r i t e  and a  chemical explos ive  

detonated i n  coa l .  

MCKEE, C.  R . ,  Hanson, M. E . ,  and Terhune, R. W . ,  Permeabi l i ty  from s i n g l e  
and mul t ip l e  de tona t ions  of explos ive  charges (World Mining & Metal 
Tech. Conf., J o i n t  MMIF-AIME Mtg., Sept .  1976; ERDA Sympos. Enhanced 
O i l  & Gas Recovery, Tulsa,  Sept.1976) Lawrence Livermore Laboratory,  
Rept. UCRL-78207, Rev. 1, P r e p r i n t  (1976). 

Rela t ionships  desc r ib ing  t h e  permeabi l i ty  enhancement caused by 

explos ive  de tona t ions  i n  boreholes  have been der ived  and combined t o  y i e l d  

f o r  t h e  case  i n  which t h e  s t r e s s  decays asymptot ica l ly  a s  a  power law, k 
C 

and n  r ep re sen t  permeabi l i ty  and f r a c t u r e  dens i ty  a t  t he  edge of t he  
C 

pu lver ized  reg ion  near  t h e  c a v i t y  w a l l ;  f  is  a  geometric a t t e n u a t i o n  f a c t o r ;  

m i s  t h e  d i s s i p a t i o n  due t o  r e a l  ~ n a t e r i a l  e f f e c t s ;  k is  the  o r i g i n a l  
0 

permeabi l i ty ,  n  t h e  i n i t i a l  f r a c t u r e  dens i ty ,  and r t h e  sca l ed  r ad ius .  
0 d  

This  r e l a t i o n s h i p  has been compared wi th  a v a i l a b l e  measurements from t h e  

American "Hardhat" nuc lear  s h o t ,  t h e  French nuc lea r  events  i n  Hoggar 

g r a n i t e ,  and a  chemical explos ive  s h o t  i n  c o a l  near  Kemmerer, Wyoming. 

S i g n i f i c a n t  c o r r e l a t i o n  between theory and experimental  measurements i s  

observed. A comparison between s i n g l e  and m u l t i p l e  de tona t ions  shows t h a t  

permeabi l i ty  enhancement f a l l s  o f f  s t e e p l y  nea r  t h e  s h o t ;  however, enhance- 

ment can be  cons iderable  midway between two s h o t s  spaced 10 c a v i t y  r a d i i  

a p a r t .  The degree t o  which enhanccment can be  s i g n i f i c a n t  depends on 

m a t e r i a l  p r o p e r t i e s  and i n i t i a l  f r a c t u r e  dens i ty .  Po ros i ty  d i s t r i b u t i o n  

from the exp1,osive i s  the  dominant parameter i n  permeabi l i ty  enhancement. 



McKee, C .  R., HANSON, M. E., Emerson, D .  O . ,  Montan, D.  N . ,  and Hears t ,  
J. R, Quar te r ly  r e p o r t :  t h e  LLL massive hydrau l i c  f r a c t u r i n g  program 
f o r  gas  s t i m u l a t i o n ,  Lawrence Livermore Laboratory,  Rept. UCRL-50036-76-1 
(19 76).  

McKee, C.  R., HANSON, M. E., Emerson, D. O . ,  Qualheim, B.  J . ,  Hears t ,  J. R, 
and Terhune, R. W . ,  Quar te r ly  r e p o r t :  t h e  LLL massive hydrau l i c  
f r a c t u r i n g  program f o r  gas  s t i m u l a t i o n ,  April-June 1976, Lawrence 
Livermore Labora tory ,  Rept.  UCRL-50036-76-2 (1976). 

Montan, D.  N . ,  HANSON, M. E., McKee, C .  R . ,  Emerson, D. O . ,  and Hears t ,  
J. R,  Qua r t e r ly  r e p o r t :  t h e  LLL massive hydrau l i c  f r a c t u r i n g  program 
f o r  gas  s t i m u l a t i o n ,  Lawrence Livermore Laboratory,  Rept. UCRL- 
50036-76-1 (1976).  

OWEN, L. B. and Jackson,  D . , E r e c i p i t a t i o n o f  amorphous s i l i c a  from high- 
temperature-hypersal ine geothermal b r i n e ,  Trans. Am. Geophys. Union 
57, 354 (1976). [UCRL-77628, Abs t r ac t ]  - 

S i l i c e o u s  s c a l e ,  formed dur ing  t h e  a d i a b a t i c  expansion of hype r sa l ine  

b r i n e  from the  S a l t o n  Sea Geothermal F i e l d  (SSGF), has been s t u d i e d .  

Typica l  s c a l e  d e p o s i t s  c o n s i s t  of S i  and Fe ( i n  roughly equal  molar 

p ropor t ions )  wi th  l e s s e r  amounts of S,  Cu, Ag, and o t h e r  meta ls .  F i e l d  

experiments  were performed a t  t h e  S i n c l a i r  /I4 s i t e ,  l oca t ed  i n  t h e  south- 

wes t  p o r t i o n  of t h e  SSGF. The average wellhead temperature,  p re s su re ,  and 

t o t a l  d i s so lved  s o l i d s  con ten t  of b r i n e  produced a t  t h i s  s i t e  a r e  210°C, 

220 PSIG, and 256,000 ppm, r e s p e c t i v e l y  ( f u l l  f low through a 6-inch 

d iameter  l i n e ) .  

Sca l e  depos i t i on  r a t e s  were measured i n  a long (73 cm) converging- 

d ive rg ing  nozzle  w i t h  a 1 "  a p e r t u r e .  The nozz le  was operated f o r  a per iod  

of 5 hours  and 45 minutes a t  a flow r a t e  of -4 l b s  of b r i n e  per  second. 

S c a l i n g  r a t e s  a b r u p t l y  i nc reased ,  from l e s s  than  30 p/hour t o  350 p/hour,  

when t h e  measured b r i n e  temperature,  which v a r i e d  a long  t h e  l eng th  of t h e  

nozz le ,  f e l l  below 170°C. These obse rva t ions  a r e  c o n s i s t e n t  wi th  t h e  

a n t i c i p a t e d  temperature a t  which a b r i n e  conta in ing  500 ppm disso lved  

s i l i c a  would become s u p e r s a t u r a t e d  w i t h  r e s p e c t  t o  amorphous s i l i c a  

(assuming a steam q u a l i t y  of 32%).  

A comparative study of t h e  mic ros t ruc tu re  of s i l i c e o u s  s c a l e  and o the r  

forms of amorphous s i l i c a  was a l s o  completed. The s c a l e  i s  a g e l  composed 

of c o l l o i d a l  s i l i c a  p a r t i c l e s  a s  sma l l  a s  5 mp i n  diameter .  Gel formation 

i s  promoted by coagu la t ion  of c o l l o i d a l  s i l i c a  by Fe, A 1  and o the r  elements.  

The s u l f i d e s  i n  s c a l e  can be a t t r i b u t e d ,  i n  p a r t ,  t o  pos t -depos i t iona l  



d i f f u s i o n  o f  heavy m e t a l s  and s u l f u r  th rough  a  porous  s i l i c a  g e l  and t h e i r  

subsequen t  r e c r y s t a l l i z a t i o n .  

OWEN, L. B. and Palmer,  T. D . ,  Chemical aeothermometrv:  accuracv  of sub- 

The accuracy  of s u b s u r f a c e  t e m p e r a t u r e  e s t i m a t i o n s  by Na-K-Ca and 

s i l i c a  geothermometers h a s  been i n v e s t i g a t e d .  Da ta  from w e l l s  i n  t h e  

S a l t o n  Sea Geothermal F i e l d  have p rov ided  a comparison between t h e  e s t i m a t e d  

and observed maximum bot tomhole  t e m p e r a t u r e s .  The advan tages  and problems 

encounte red  w i t h  each t e c h n i q u e  are d i s c u s s e d .  

Owen, L.  B. and GOLDBERG, A . ,  P i t t i n g  c o r r o s i o n  and s c a l i n g  of p l a i n  carbon 
s t e e l  exposed t o  geothermal  b r i n e ,  Lawrence Livermore L a b o r a t o r y ,  
Rept.  UCRL-78247, A b s t r a c t  (1976).  

Well  c a s i n g s  and s u r f a c e  p i p e s  f a b r i c a t e d  from p l a i n  carbon s t e e l  were  

p e r f o r a t e d  by p i t t i n g  c o r r o s i o n  d u r i n g  exposure  t o  h y p e r s a l i n e  b r i n e  a t  t h e  

S a l t o n  Sea geothermal  a r e a  i n  s o u t h e r n  C a l i f o r n i a .  These p i p e s  had been 

used i n  connec t ion  w i t h  v a r i o u s  f i e l d  a c t i v i t i e s  a t  t h e  S i n c l a i r  i/4 w e l l ,  

where a n  a c i d i c  (pH - 5 . 5 ) ,  r e d u c i n g  b r i n e  i s  produced a t  a  t e m p e r a t u r e  o f  

200°C. At d e p t h ,  t h e  d i s s o l v e d - s o l i d s  c o n t e n t  of t h e  b r i n e  i s  a b o u t  25 wt%.  

However, a s  t h e  b r i n e  f lows t o  t h e  s u r f a c e ,  f l a s h i n g  o c c u r s  s o  t h a t  

s a l i n i t i e s  r e a c h  30 wt% a t  t h e  we l lhead .  The b r i n e  c o n s i s t s  p r i m a r i l y  of 

N a ,  K ,  and C a  c h l o r i d e s ,  w i t h  minor c o n s t i t u e n t s  i n c l u d i n g  t r a n s i t i o n  metals, 

S i ,  C02, and H2S. It is  l i k e l y  t h a t  d u r i n g  i n t e r m i t t e n t  o p e r a t i o n  of t h e  

w e l l  o v e r  a  p e r i o d  of s e v e r a l  months, m e t a l  s u r f a c e s  had been exposed t o  

a tmospher ic  oxygen. Fur thermore,  s u r f a c e  p i p e s  were  i n a d v e r t e n t l y  f l u s h e d  

w i t h  oxygenated i r r i g a t i o n  w a t e r  on a t  l e a s t  one o c c a s i o n .  P e r f o r a t e d  p i p e  

s e c t i o n s  t o t a l l i n g  abou t  4  m i n  l e n g t h  were  s e n t  t o  o u r  l a b o r a t o r y  f o r  

a n a l y s i s .  

A con t inuous  l a y e r  of c o r r o s i o n  p r o d u c t  (hydrox ides  and o x i d e s  of i r o n )  

was found on br ine-cxposcd s u r f a c e s .  Within  t h i s  l a y e r ,  numerous bowl- 

shaped p i t s  were  observed.  I n  t h e  s u r f a c e  p i p e s ,  most of t h e  p i t s  were  less 

t h a n  0 .5  mm deep.  Although s e v e r a l  p i t s  p e n e t r a t e d  t h e  e n t i r e  7.2 mm-thick 

p i p e  w a l l ,  on ly  one p i t  bf  i n t e r m e d i a t e  d e p t h  ( -  1 mm) w a s  found. I n  t h e  

w e l l  c a s i n g ,  however, several p i t s  w i t h i n  t h e  1 mm t o  7.2 mm range  were  

found. P e n e t r a t i o n  o f  wedge-like i n t r u s i o n s  of c o r r o s i o n  p r o d u c t  i n t o  t h e  

metal s u b s t r a t e  was common, e s p e c i a l l y  w i t h i n  t h e  p i t s .  Th i s  s u g g e s t s  t h a t  



c o r r o s i o n  may have been a s s i s t e d  by a  wedging s t ress -cor ros ion-cracking  

mechanism made p o s s i b l e  by t h e  i n t r u s i o n  of low-density co r ros ion  products .  

E tch ing  techniques  r evea l ed  t h a t  t h e  p e a r l i t e  i n  t h e  s t e e l  was p re fe r -  

e n t i a l l y  a t t a c k e d  and t h a t  t h e  d i s s o l u t i o n  of f e r r i t e  g r a i n s  occurred a t  a  

s lower  r a t e .  Throughout t h e  p ipe ,  t h e  co r ros ion  product  i t s e l f  had been 

p a r t i a l l y  d i s so lved  and r ep laced  by s c a l e  c o n s i s t i n g  of i ron - r i ch  amorphous 

s i l i c a  w i t h  e n t r a i n e d  ga l ena  (PbS) and some cha lcopyr i t e  (CuFeS ) .  Thick 
2 

s c a l e - r i c h  d e p o s i t s  were observed i n  t h e  p i t s  t h a t  had p e r f o r a t e d  t h e  p ipe .  

Corros ion  r a t e s  had been g r e a t l y  a c c e l e r a t e d  by t h e  i n t r o d u c t i o n  of 

a tmospheric  oxygen dur ing  shut-down i n t e r v a l s .  With b r i n e  flowing through 

t h e  system, p i t t i n g  may have been promoted by crevice- type co r ros ion  

r e s u l t i n g  from v a r i a t i o n s  i n  sca le -depos i t  th ickness  along the  s u r f a c e  of 

t h e  c o r r o s i o n  product .  Such v a r i a t i o n s  would a f f e c t  t r a n s p o r t  and l o c a l  

c o n c e n t r a t i o n  of s p e c i e s  p a r t i c i p a t i n g  in t h e  co r ros ion  process .  Since 

s c a l e  t h i ckness  i n c r e a s e d  w i t h  p i t  depth ,  t h e  process  was se l f -pe rpe tua t ing .  

A t  some s m a l l  c r i t i c a l  p i t  depth ,  t h e  r a t e  of p i t t i n g  inc reased  c a t a s t r o -  

p h i c a l l y ,  u l t i m a t e l y  r e s u l t i n g  i n  w a l l  p e n e t r a t i o n .  When the  p ipe  was 

breached,  b r i n e  e rup ted  v i o l e n t l y  through t h e  o r i f i c e .  A s  a  curlsequence, 

t h e  c o r r o s i o n  product  was eroded and rep laced  bv a  t h i c k  depos i t  of 

s i l i c e o u s  s c a l e .  

Owen, L. B. and GRENS, J. Z . ,  I n h i b i t i n g  depos i t i on  of s i l i c e o u s  s c a l e ,  
(Sympos. Sca l e  Management i n  Geothermal Energy Development, San Diego, 
~ u i u b t  1976) ~ a w r c n c e  Livermore Laboratory,  Rept. UCRL-78420, A.hstrnct 
(19 76).  

Lawrence Livermore Laboratory i s  developing t h e  TOTAL FLOW process  f o r  

e f f i c i e n t  u t i l i z a t i o n  of t h e  thermal  energy s t o r e d  i n  h igh  temperature-high 

s a l i n i t y  b r i n e s  from t h e  S a l t o n  Sea Geothermal F i e l d  (SSGF) f o r  e l e c t r i c  

power product ion .  Energy conversion i s  accomplished by f lowing b r i n e  through 

mixed phase expanders and d i r e c t i n g  t h e  h igh  v e l o c i t y  exhaust  j e t s  onto the  

b l a d e s  of: an impulse t u r b i n e .  Previous f i e l d  experience,  however, al: Ll~e 

S i n c l a i r  4 s i te  i n  t h e  SSGE i nd i ca t ed  t h a t  depos i t i on  of s i l i c e o u s  s c a l e  

(heavy me ta l  s u l f i d e s  and i ron - r i ch  amorphous s i l i c a )  i n  nozz les  and on 

t u r b i n e  b l a d e s  would be a  s e r i o u s  problem when hype r sa l ine  b r i n e  i s  f l a s h  

evaporated.  An exper imenta l  program, t h e r e f o r e ,  was e s t a b l i s h e d  t o  develop 

s c a l e  c o n t r o l  techniques .  Pre l iminary  r e s u l t s  i n d i c a t e  t h a t  s c a l i n g  is  a 

pH-dependent process  t h a t  can be i n h i b i t e d  when b r i n e  i s  a c i d i f i e d  wi th  

hydroch lo r i c  ac id .  



A mobi le  f i e l d  t e s t  u n i t  h a s  been e s t a b l i s h e d  a t  t h e  ERDA-SDG&E t e s t  

s i t e  i n  t h e  s o u t h w e s t e r n  p a r t  of t h e  SSGF. B r i n e  from t h e  Magmamax No. 1 

w e l l  was flowed through a s team s e p a r a t o r  t h a t  i s o l a t e d  vapor  and l i q u i d  

f r a c t i o n s  formed a s  t h e  b r i n e  moved from t h e  geo thermal  r e s e r v o i r ,  up t h e  

w e l l b o r e  t o  t h e  s u r f a c e .  Although t h e  s e p a r a t e d  l i q u i d  phase  was used 

f o r  t h e  i n i t i a l  b r i n e  m o d i f i c a t i o n  exper iments ,  subsequen t  work w i l l  i n v o l v e  

remixing of l i q u i d  and vapor  f r a c t i o n s  p r i o r  t o  chemica l  a d d i t i o n s .  Average 

t empera tu re  and p r e s s u r e  of t h e  b r i n e  were  abou t  220°C and 265 p s i ,  

r e s p e c t i v e l y .  System through-put v a r i e d  between 18,000 t o  24,000 pounds of 

b r i n e  p e r  hour .  Flow through n o z z l e s  ( 8 : l  expansion r a t i o ,  114 i n c h  

d i a m e t e r  t h r o a t ) w a s  1 .25 pounds of b r i n e  p e r  second.  The nominal pH of 

unmodified b r i n e  f lowing  from t h e  s e p a r a t o r  v a r i e d  from 5 .5  t o  5 .8 .  

Disso lved  s o l i d s  c o n t e n t  o f  t h e  b r i n e  p r i o r  t o  and a f t e r  expansion through 

n o z z l e s  was 1 8  weigh t  p e r c e n t  t o  22 weigh t  p e r c e n t ,  r e s p e c t i v e l y .  Nozzles 

and w e a r p l a t e s  were  f a b r i c a t e d  from Ti-6A1-4V a l l o y .  Three  independen t  

n o z z l e s  were  o p e r a t e d  s i m u l t a n e o u s l y .  During each a c i d i f i c a t i o n  r u n ,  a t  l e a s t  

one n o z z l e  was always o p e r a t e d  a s  a c o n t r o l  s t a t i o n  f lowing  unmodified b r i n e .  

Thus f a r ,  f o u r  exper iments ,  each of 20 hours  d u r a t i o n ,  have been 

completed.  Nominal s c a l i n g  (copper  s u l f i d e ,  n a t i v e  s i l v e r ,  and i r o n - r i c h  

amorphous s i l i c a )  from unmodified b r i n e  r e s u l t e d  i n  c l o s u r e  of up t o  10% of 

t h e  c r o s s - s e c t i o n a l  a r e a s  of n o z z l e  t h r o a t s .  Thickness  of s c a l e  formed on 

wearb lades  ranged between 0.019 mm t o  0.04 mm. However, when b r i n e  was 

a c i d i f i e d  t o  pH 1 . 5 ,  2.3,  and 4 .0 ,  s c a l i n g  i n  n o z z l e s  was e l i m i n a t e d  and 

s u b s t a n t i a l l y  reduced on wearb lades .  A c i d i f i e d  b r i n e  e f f l u e n t s  remained 

c l e a r  s e v e r a l  h o u r s  a f t e r  c o l l e c t i o n .  However, unmodified b r i n e  was 

s l i g h t l y  t u r b i d  when c o l l e c t e d ,  w i t h  p r e c i p i t a t e s  forming a few minu tes  

a f t e r  samples were t aken .  

Palmer,  T. D .  and OWEN, L. B . ,  Chemical geothermometry: accuracy  of sub- 
s u r f a c e  t empera tu re  e s t i m a t e s  f o r  t h e  S a l t o n  Sea Geothermal F i e l d ,  
Lawrence Livermore L a b o r a t o r y ,  Rept.  UCRL-78289, P r e p r i n t  (1976).  

Palmer, T. n. and  TnWSE, D. F., Summary of geology a t  the  ERDA-MAGMA-SDG&E 
g e o t h e r m a l  t e s t  s i t e ,  Lawrence Livermore Labora to ry ,  Rept .  UCID-17008 
(1976).  



PIWINSKII, A. J. and Duba, A. ,  The p e r m i t t i v i t y  and e l e c t r i c a l  conduc t iv i ty  
of o i l  s h a l e ,  I n t .  J. Rock. ~ e c h .  Min. ~ c i ,  & Geomech. Abstr .  - 13,  165-- ' 

166 (1976) . [UCRL-76789, P r e p r i n t ]  

I n  s i t u  r e t o r t i n g  of o i l  s h a l e  p re sen t  i n  subsur face  r e s e r v o i r s  i n  t h e  

wes t e rn  United S t a t e s  i s  p o t e n t i a l l y  an  immense source  of hydrocarbon f u e l s .  

I n  a n  a t t empt  t o  e s t a b l i s h  methods which would b e  h e l p f u l  i n  developing t h i s  

r e s o u r c e ,  we have undertaken an  i n v e s t i g a t i o n  of t h e  e l e c t r i c a l  conduc t iv i ty  

(a) and t h e  r e a l  p a r t  of t h e  complex p e r m i t t i v i t y  ( E ' )  of o i l  s h a l e .  Elec- 

t r i c a l  methods long have been u s e f u l  i n  f i e l d  prospec t ing  and i t  seems logi -  

c a l  t o  a t t empt  t o  apply  them a s  a  d i a g n o s t i c  t o o l  during i n  s i t u  processing.  

R e l a t i v e l y  inexpens ive  s u r f a c e  measurements would be i d e a l  f o r  monitor ing 

t h e  p rog res s  of a n  i n  s i t u  r e a c t i o n .  We r e p o r t  h e r e  t h e  r e s u l t s  of our  s tudy  

on o i l  s h a l e  under ambient cond i t i ons  p r i o r  t o ,  and a f t e r ,  r e t o r t i n g  t o  

tempera tures  of 800 K. 

PIWINSKII, A.  J. ,  Geochemical and geophysical  a s p e c t s  of compressional and 
ex tens iona l  t e c t o n i c  regimes ( i n v i t e d  l e c t u r e ,  Un ive r s i t y  of C a l i f . ,  
Berkeley,  May 5 ,  1975) Lawrence Livermore Laboratory, Rept. UCFZ-78101, 
A b s t r a c t  (1976) . 
Mutual i n t e r r e l a t i o n s h i p s  of mobile,  l i t h o s p h e r i c  p l a t e s  d e f i n e  two 

fundamental ly  d i f f e r e n t  t e c t o n i c  s e t t i n g s :  compressional and t e n s i o n a l  

r eg ions .  The former occur  a t  l o c i  of p l a t e  convergence; they a r e  zones of 

c r u s t a l  sho r t en ing  and l o c i  of orogenes is .  The l a t t e r  d e f i n e  l o c i  of p l a t e  

divergence;  they  a r e  zones of c r u s t a l  t ens ion  and r e v e a l  no r e g i o n a l  penetra- 

t i v e  deformation. The rock types of compressional regimes a r e  a n d e s i t i c  

vo lcanogenic  sequences and b a t h o l i t h i c  g r a n i t o i d s .  Tensional  regimes a r e  

c h a r a c t e r i z e d  by t h o l e i i t i c  o r  a l k a l i  b a s a l t  wi th  r h y o l i t e ,  t r a c h y t e  o r  

p h o n o l i t e ,  l o c a l  development of u l t r amaf i c ,  n e p h e l i n i t i c  and c a r b o n a t i t i c  

members and bimodal bas ic -ac id  complexes. Both compressional and ex tens iona l  

regimes develop c h a r a c t e r i s t i c  geophysical  s igna tu re s .  For t h e  l a t t e r  reg ion  

( i . e . , B a s i n  and Range Province) ,  t h e  fo l lowing  a r e  observed: h igh  h e a t  flow, 

low Pn v e l o c i t y ,  t h i n  c r u s t ,  approximately 25 t o  30 km, l a r g e  p o s i t i v e  mantle  

Vp and V s  de l ays  and broad nega t ive  Bouger g r a v i t y  anomalies.  I n  a d d i t i o n ,  

h igh  conduc t iv i ty  s t r u c t u r e s  a r e  p re sen t  under t h e  Basin and Range and 

Southern Rockies. Recent geochemical and geophysical  l abo ra to ry  s t u d i e s  

w i l l  b e  d i scussed  and a model w i l l  be  presented  t o  exp la in  t h e  observed 

geochemical and geophys ica l  v a r i a t i o n s  i n  both  t e c t o n i c  regimes. 



PIWINSKII, A.  J. and Weed, H. ,  A s tudy  of rock-solut ion i n t e r a c t i o n  and i t s  
e f f e c t  on Archie ' s  Law, IEEE Trans. Geosci. E lec t ron .  GE-14, 221-223 
(19 76) . [UCRL-78110, P r e p r i n t ]  

The e l e c t r i c a l  conduct iv i ty  (a) of c y l i n d r i c a l  co re s  of 25.4 mm diameter 
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and l eng th  P ic tu red  C l i f f s  sandstone (permeabi l i ty  range,  7 x 10 -4 x 10-I 

m i l l i d a r c y  (md); p o r o s i t y  range,  3.8-4.9 percent )  was measured a t  a frequency 

of 1 kHz under ambient condi t ions  a f t e r  s a t u r a t i o n  i n  t a p  water .  K ine t i c s  of 

rock-water i n t e r a c t i o n  and t h e  e f f e c t  of Soxhlet  e x t r a c t i o n  on t h e  a of t h e  

rock were a l s o  inves t iga t ed .  Formation f a c t o r s  (F) and t h e  a d i sp l ay  time- 

dependent behavior  up t o  4500 h .  Smooth asymmetrical conduc t iv i ty  maxima 

occur f o r  a l l  samples a t  t imes which i n c r e a s e  wi th  inc reas ing  po ros i ty .  The 

observed time-dependence of F i n  Archie ' s  Law (F = $-", $ = poros i ty ,  n = a 

parameter) is  inf luenced  by the  k i n e t i c s  of ion  t r a n s p o r t  between t h e  

P ic tu red  C l i f f s  sandstone and t h e  aqueous pore  f l u i d .  Soxhlet  e x t r a c t i o n  

lowers F, b u t  does no t  s i g n i f i c a n t l y  change i t s  t ime dependence. 

PIWINSKII, A. J.,  The in f luence  of sedimentary rock-solut ion e q u i l i b r i a  on 
Archie ' s  Law ( i n v i t e d  l e c t u r e ,  Un ive r s i t y  of C a l i f . ,  Berkeley, A p r i l  
29, 1976) Lawrence Livcrmore Laboratory, Rept. UCRL-78117, Abs t rac t  (1976). 

A s  p a r t  of a l abo ra to ry  programme t o  explore  t h e  range of a p p l i c a b i l i t y  
O s  of Arch ie ' s  Law, - = F = $-" where U is  e l e c t r i c a l  conduc t iv i ty  of t h e  ar s 

s o l u t i o n ,  a is  the  e l e c t r i c a l  conduc t iv i ty  of t h e  rock immersed i n  s o l u t i o n ,  r 
F is the  "formation f a c t o r " ,  $ i s  p o r o s i t y  and n i s  a parameter ,  t h e  elec-  

t r i c a l  conduct iv i ty  of c y l i n d r i c a l ,  25.4 mm diameter co re s  cu t  from P ic tu red  

C l i f f s  sandstone ( p o r o s i t y  range 3.8% t o  4.9%) was measured a t  a frequency 

of 1 kHz under ambient condi t ions  a f t e r  submersion i n  t a p  water .  The as 

was a l s o  measured. Formation f a c t o r s  and a d isp layed  time-dependent behavior  , r 
up t o  7,500 h r s  . The time r equ i r ed  f o r  a t o  reach maximum va lues  was found r 
t o  i nc rease  wi th  t h e  p o r o s i t y  of t h e  rock sample. The observed time-depen- 

dence of F was inf luenced  by t h e  k i n e t i c s  of ion  t r a n s p o r t  between t h e  

P ic tu red  CS.i.ffs sandstone and t h e  aqueous pore f l u i d .  

PIWINSKII, A: J . ,  Duba, A , ,  and Weed, H. C , ,  E l e c t r i c a l  conduc t iv i ty  s t u d i e s  
and geothermal d i a g n o s t i c s  (Conf. Geothermal Resources of Imper i a l  
Val ley,  C a l i f . ,  Rivers ide ,  June 19 76) Lawrence Livermore Laboratory,  
Rept. UCRL-78293, Abs t rac t  (1976). 

The e l e c t r i c a l  conduc t iv i ty  (a )  of igneous and sedimentary rocks has  

been inves t iga red  a s  a func t ion  of frequency ("), p o r o s i t y  ( 4 ) ,  pore f l u i d  



composi t ion,  specimen s i z e ,  and time. Sample s i z e  and v a f f e c t s  t h e  a of 

r o c k s  s a t u r a t e d  i n  0 . 1  M/NaCl s o l u t i o n  l e a s t .  No s imple  c o r r e l a t i o n  was 

found between l o g  a and l o g  4 f o r  rocks s a t u r a t e d  i n  t a p  o r  d i s t i l l e d  water .  

For  t h e  P i c t u r e d  C l i f f s  sandstone (J  ~ 4 . 0 % ) ~  k i n e t i c s  of rock-water i n t e r -  

a c t i o n  and t h e  e f f e c t  of Soxhlet  e x t r a c t i o n  on t h e  a of t h e  rock were a l s o  

i n v e s t i g a t e d .  The a of t h e  rocks and s o l u t i o n s  d i s p l a y s  time-dependent be- 

h a v i o r  up t o  7,500 hours  and i s  inf luenced  by t h e  k i n e t i c s  of i o n  t r a n s p o r t  

between t h e  sands tone  and aqueous pore f l u i d .  Thus, c a r e  needs t o  b e  taken  

when apply ing  r e l a t i o n s h i p s  such a s  Archie ' s  Law t o  o b t a i n  p o r o s i t y  f o r  a  

g iven  geo log ic  formation.  

The o f ' a l b i t e ,  a  predominant c o n s t i t u e n t  of geothermal r e s e r v o i r  rocks,  

and b a s a l t  was i n v c s t i g a t c d  a s  a  func t ion  of tempcrature,  v, and oxygen 

f u g a c i t y  (fO2) under ambient t o t a l  p re s su re s .  The a of a l b i t e  is a  func t ion  

of t ime and v a t  t empera tures  below melt ing.  Af t e r  3,200 hours  a t  tempera- 

t u r e s  between 1U8U and 1111'~~ t h e  i n c r e a s e s  approximately t o u r  decades. 

These r e s u l t s  i n d i c a t e  t h a t  t h e  degree of d i s o r d e r  a t t a i n e d  i n  t h e  s o l i d  

s t a t e  p r i o r  t o  me l t i ng  c o n t r o l s  t h e  r i s e  i n  a and t h a t  mel t ing  need n o t  be  

invoked t o  produce l a r g e  changes i n  t h e  a .  The l abo ra to ry  d a t a  suggest  t h a t  

l a r g e  conduc t iv i ty  anomalies  de t ec t ed  by f i e l d  geophysical  measurements could 

r e p r e s e n t  l a t e r a l  v a r i a t i o n s  i n  p l a g i o c l a s e  f e l d s p a r  conten t  under i so thermal  

cond i t i ons  r a t h e r  than  p a r t i a l  melt  zones o r  r i s i n g  thermal  plumes, provided 

t h a t  t h i s  same behavior  p e r s i s t s  i n  f l u id - sa tu ra t ed  regimes. 

The a of b a s a l t  a t  t h e  QFM b u f f e r  i s  a n  o rde r  of magnitude lower than  
0 

prev ious ly  r epo r t ed  f o r  b a s a l t .  A k i n e t i c  s tudy  a t  1053 C ( s o l i d u s  tempera- 
0 

t u r e  = 1020 C) i n d i c a t e s  t h a t  an approximate equi l ibr ium a i s  a t t a i n e d  a f t e r  

about  130 hours  and t h a t  only 50% of t h e  t o t a l  i n c r e a s e  i n  a i s  observed i n  

t h e  f i r s t  1 5  hours .  These r e s u l t s  i n d i c a t e  t h a t  b o t h  time and oxygen fuga- 

c i t y  a r e  c r i t i c a l  parameters  i n  t h e  i n t e r p r e t a t i o n  of a changes a s soc i a t ed  

wi th  phsee f r a n ~ i t i o n ~ .  

PIWINSKII, A .  J. and Dengler, L., Pore s t r u c t u r e  and mineralogy of c o r e  ch ips  
from t h e  S t a t e  of C a l i f o r n i a  w e l l  no. 1, Sal ton  Sea Geothermal Fiel.d, 
Trans. Am. Geophys. Union 57, 1017 (1976) . [UCRL-78637, Abs t r ac t ]  

Rock ch ips  i n  t h e  depth i n t e r v a l  1380-1478 m were examined us ing  scanning 

e l e c t r o n  microscopy, x-ray d i f f r a c t i o n ,  and pe t rographic  techniques.  A l l  

samples a r e  dense, wel l- indurated s i l t s t o n e s .  P r i n c i p a l  minera l  c o n s t i t u e n t s  

a r e  qua r t z  and K-feldspar ,  d e t r i t a l  and a u t h i g e n i c ,  wi th  minor amounts of 



c h l o r i t e  and p l ag ioc l a se .  C a l c i t e  is  p re sen t  i n  a l l  samples except  t h e  

1400 m horizon;  specimersfrom t h i s  horizon a l s o  possess  ep ido te  ve ins .  P y r i t e  

i s  found i n  a l l  samples both a s  l a r g e  i s o l a t e d  c r y s t a l s  and a s  a replacement 

mineral  i n  foramini fe ra  t e s t s .  Coexist ing au th igen ic  qua r t z  and i r o n  s u l f i d e s  

sugges ts  a reducing environment a t  pH g r e a t e r  than  3.5 a t  a temperature of 
0 

200 C f o r  a b r i n e  of S i n c l a i r  No. 4 composition. Pore s t r u c t u r e  is  he tero-  

geneous and c l o s e l y  l i nked  t o  ro'ck f a b r i c  and bedding. The average pore dia-  

meter  i s  approximately 1 pm, due t o  t h e  f ine-grained n a t u r e  of t h e s e  samples 

and t h e  tendency of c l a y  minera ls  t o  surround g r a i n s  and f i l l  g r a i n  boun- 

d a r i e s .  

PIWINSKII, A. J . ,  Duba, A . ,  and Ho, P . ,  The e l e c t r i c a l  conduc t iv i ty  of low 
and high a l b i t e  throughout i t s  mel t ing  i n t e r v a l  a t  atmospheric p re s su re  
(Min. Asso. Canada Ann. Mtg., Edmonton, May 1976) Lawrence Livermore 
Laboratory, Rept. UCRL-77662, Abs t rac t  (1976). [UCRL-78777, P r e p r i n t ]  

The e l e c t r i c a l  conduct iv i ty  (a )  of s i n g l e  c r y s t a l  Amelia a l b i t e  has  been 

measured p a r a l l e l  t o  t h e  b-axis under con t ro l l ed  oxygen fugac i ty  near  t h e  

QFM b u f f e r  up t o  1406 K .  P r i o r  t o  mel t ing ,  t r i c l i n i c  ordcrcd a l b i t e  was 

cycled between 673 and 1223 K,  temperatures below t h e  t r i c l i n i c  - monoclinic 

invers ion .  The a of low t r i c l i n i c  a l b i t e  was then  measured a s  a func t ion  of 

time during mel t ing  a t  1406 K and f requencies  (v) from 200 Hz t o  10 kHz. 

Within t h e  f i r s t  100 hours ,  t he  a measured a t  1 and 10 kHz increased  by ap- 

proximately 2.5 o rde r s  of magnitude; t h e  a measured a t  200 Hz inc reased  by 

2.0 o rde r s  of magnitude. This i s  t o  b e  con t r a s t ed  wi th  t h e  i n c r e a s e  i n  a of 

high monoclinic a l b i t e  during mel t ing  a t  1406 K of approximately h a l f  a n  

order  of magnitude a t  1 and 10 kHz and a decrease  i n  a of high a l b i t e  by l e s s  

than a f a c t o r  of two a t  200 Hz. These r e s u l t s  i n d i c a t e  t h a t  t h e  c r y s t a l  

s t r u c t u r e s  of low and h igh  a l b i t e  preceding mel t ing  exe r t  a c o n t r o l  over the  

v-dependence of t h e  a observed on melt ing.  Furthermore, i n  t h i s  d i sordered  

monoclinic a l b i t e ,  t h e  degree of d i so rde r  a t t a i n e d  i n  t h e  s o l i d  s t a t e  be fo re  

melt ing appears  t o  c o n t r o l  t h e  a change observed upon melt ing.  

P iwinsk i i ,  A. J . ,  JACKSON, D . ,  and M i l l e r ,  D . ,  Computational methods f o r  , 

es t imat ing  p r e c i p i t a t i o n  from geothermal b r i n e s  (Sympos. Sca le  Manage- 
ment i n  Geothermal Energy Development, San Diego, August 1976) Lawrence 
Livermore Laboratory,  Rept. UCRL-78391, Abs t rac t  (1976) . 
Laboratory experiments using Sa l ton  Sea Geothermal F i e l d  b r i n e s  a t  e le -  

va ted  temperatures  a r e  c o s t l y ,  time-consuming, and p o t e n t i a l l y  d i f f i c u l t  t o  



perform. The LLL Geothermal Program is  t h e r e f o r e  a l s o  a t tempt ing  t o  p r e d i c t  

e q u i l i b r i a  i n  t h e  SSGF b r i n e s  by computation. 

Two approaches t o  t h i s  problem a r e  be ing  taken.  Modeling of chemical 

r e a c t i o n s  i n  t h e  b r i n e s  i s  be ing  c a r r i e d  ou t  us ing  t h e  Helgeson-Herrick (HH) 

code. I n  a d d i t i o n ,  t h e  p r e c i p i t a t i o n  of many s o l i d s  is  be ing  s t u d i e d  ind i -  

v i d u a l l y  us ing  e f f e c t i v e  a c t i v i t y  c o e f f i c i e n t s  which t a k e  c h l o r i d e  complexing 

i n t o  account .  

The r e s u l t s  of bo th  methods a r e  c o n s i s t e n t  wi th  one another  i n  p r e d i c t i n g  

p r e c i p i t a t i o n  behavior  i n  t h e  temperature range 100-300'~. For example, 

r e s u l t s  f o r  S i n c l a i r  No. 4  b r i n e s  a t  2 0 0 ' ~  i n d i c a t e  t h a t  a t  low pH, Si02,  

Mn02, and Fe s i l i c a t e s  p r e c i p i t a t e .  AS pH increases,  Cu and FP. s i i l p h i d ~ s ~  Fe 

s i l i c a t e s  and Fe ox ides  a l s o  p r e c i p i t a t e .  

For  t h e  San Diego Gas and E l e c t r i c  Magmamax b r i n e  a t  2 0 0 ' ~ ~  t h e  HH code 

p r e d i c t s  r e s u l t s  q u i t e  similar t o  t hose  descr ibed  above f o r  t h e  S i n c l a i r  

No. 4  b r i n e  wi th  one n o t a b l e  except ion,  PbS p r e c i p i t a t e d  a t  pH g r e a t e r  than 

4.0. This  c o r r e l a t e s  w i th  observa t ions  on t h e  s c a l e  examined from t h e  San 

Diego Gas and E l e c t r i c  t e s t  s i t e .  
\ 

P i w i n s k i i ,  A .  J .  and SCARFE, C.  M . ,  Phys ics  and chemistry of s i l i c a t e  melts 
and magmas, Lawrence Livermore Laboratory,  Rept . UCRL-78595, P r e p r i n t  
(1976) . 

' f i e  Physics  and Chemistry of S i l i c a t e  Melts  and Magmas" was t h e  s u b j e c t  

of a one-day s e s s i o n  he ld  during t h e  Annual J o i n t  Meeting of t h e  Geological  

and Minera logica l  Assoc ia t ions  of Canada, Echnonton, May 1.9-21, 1976. The 

s e s s i o n  brought  t oge the r  geochemists,  geophys i c i s t s  and m a t e r i a l s  s c i e n t i s t s  

p r e s e n t l y  working on experimental  and t h e o r e t i c a l  a s p e c t s  of s i l i c a t e  me l t s  

and magmas. The papers  covered v a r i o u s  a s p e c t s  of d i f f u s i o n ,  nuc lea t ion ,  

c r y s t a l  growth, v i s c o s i t y ,  v o l a t i l e  component s o l u b i l i t y ,  e l e c t r i c a l  conduc- 

t i v i t y ,  thermodynamic p r o p e r t i e s ,  and t h e  s t r u c t u r e  of s i l i c a t e  me l t s  and 

magmas and a r e  summarized i n  t h e  r e p o r t .  

P i w i n s k i i ,  A.  J . ,  MAGGETTI, M . ,  K e l l e r ,  P . ,  and Weed, H . ,  Hornblende and 
b i o t i t e  a s  geobarometers i n  g r a n i t o i d  rocks ,  Trans. Am. --,..--- Geophys. Union 
57, 1021 (1976).  [UCRL-78638, Abs t r ac t ]  - 

R e s u l t s  of r e c e n t  experimental  hydrothermal i n v e s t i g a t i o n s  (oxygen 

f u g a c i t y  r egu la t ed ,  b u t  n o t  c o n t r o l l e d )  on rocks  of g r a n i t o i d  and gabbroic  

composition a t  e l e v a t e d  temperatures  and water  p re s su re s  t o  1 GPa sugges t  

t h a t  hornblende and b i o t i t e  may b e  used a s  geobarometers i f  c e r t a i n  c r i t e r i a  



a r e  f u l f i l l e d .  They a r e  a s  fo l lows:  (1) hornblende and/or  b i o t i t e  a r e  

l i q u i d u s ,  o r  near - l iqu idus  phases a s  determined from pe t rog raph ic  examination 

of rocks  i n  t h i n  s e c t i o n ,  (2)they a r e  n o t  r e l i c t  phases from some e a r l i e r  

magmatic, metamorphic o r  metasomatic episode,  (3)chemica l  ana lyses  and CIPW 

weight norms of t h e  rocks  a r e  a v a i l a b l e .  S t a b i l i t y  f i e l d s  of b i o t i t e  and 

hornblende toge the r  w i th  p l a g i o c l a s e  a r e  then  a  func t ion  of water  p re s su re ,  

temperature,  and rock composition when portrayed i n  three-dimensional space 

using a  computer program w r i t t e n  f o r  CDC 7600 machines. P r o j e c t i o n  on t o  t h e  

p re s su re -Di f f e ren t i a t i on  Index p lane  (where D i f f e r e n t i a t i o n  Index = normative 

a l b i t e  + o r t h o c l a s e  + qua r t z  and i n d i c a t e s  rock composition) y i e l d s  l i n e a r  

r e l a t i o n s h i p s  f o r  bo th  b i o t i t e  and hornblende. 

P iwinski i ,  A. J . ,  JACKSON, D . ,  and M i l l e r ,  D . ,  Computer model l ing of geothermal 
b r i n e s  from t h e  Sa l ton  Sea Geothermal F i e l d ,  C a l i f o r n i a ,  Trans. Am. 
Geophys. Union - 57, 1016 (1976). [UCRL-78640, Abs t r ac t ]  

To produce e l e c t r i c  power from energy s t o r e d  i n  t h e  hype r sa l ine  b r i n e s  of 

t h e  Sa l ton  Sea Geothermal F i e l d ,  methods must b e  developed f o r  c o n t r o l l i n g  

t h e  s u l f i d e s  and s i l i c a t e s  which p r e c i p i t a t e  a s  s c a l e  d e p o s i t s  on p roces s  

equipment. To circumvent c o s t l y ,  time-consuming, and p o t e n t i a l l y  d i f f i c u l t  

l abo ra to ry  experiments,  we have at tempted t o  p r e d i c t  e q u i l i b r i a  i n  t h e s e  

b r i n e s  by two d i f f e r e n t  computational techniques,  t h e  Helgeson-Herrick code 

and i n d i v i d u a l  r e a c t i o n  c a l c u l a t i o n s  us ing  e f f e c t i v e  a c t i v i t y  c o e f f i c i e n t s  

which take  i n t o  account c h l o r i d e  complexing. The r e s u l t s  of bo th  methods 

a r e  c o n s i s t e n t  wi th  one another  i n  p r e d i c t i n g  p r e c i p i t a t i o n  behavior  i n  t h e  

temperature i n t e r v a l  100-300'~. For example, r e s u l t s  f o r  t h e  Magmamax No. 1 

b r i n e s  i n d i c a t e  t h a t  qua r t z ,  p y r r h o t i t e ,  ga lena ,  cha l copyr i t e ,  s p h a l e r i t e .  

and F e - s i l i c a t e s  can p r e c i p i t a t e .  Th i s  p red ic t ed  s u l f i d e - s i l i c a t e  assemblage 

agrees  gene ra l ly  wi th  observa t ions  on s c a l e  from t h e  f i e l d  t e s t  s i t e ,  a l though 

t h e  s i l i c a - s i l i c a t e  s c a l e  mat r ix  i s  amorphous. Carbonate e q u i l i b r i a  a r e  

e s p e c i a l l y  i n t e r e s t i n g ;  l a r g e  ~ a + ~  and C02 concent ra t ions  i n  t h e  Magmamax 

No. 1 b r i n e  suggest  t h a t  t h e  r e s e r v o i r  f l u i d  i s  s a t u r a t e d  wi th  r e s p e c t  t o  

c a l c i t e .  A t  a  downhole temperature of 2 6 0 ' ~  using t h e  c a l c i t e  curve  a s  a  

guide,  s a t u r a t i o n  would occur a t  pH of 3.5-4.0. 

P iwinsk i i ,  A . J . ,  DUBA, A.,  Heard, H.  C . ,  and Schock, R. N . ,  The e l e c t r i c a l  
conduc t iv i ty  of f o r s t e r i t e ,  e n s t a t i t e ,  and a l b i t e ,  i n  Physics  and 
Chemistry of Minerals  and Rocks, R. G. J. S t r e n s ,  Ed. (John Wiley & 
 son^ ,, N,gw Yorlc, 1376),  pp. 249-260. [UCRL-75790, B r r p r l n t ]  



P i w i n s k i i ,  A. J .  and WEED, H. C . ,  E l e c t r i c a l  conduc t iv i ty  of P i c t u r e d  C l i f f s  
sands tone  s a t u r a t e d  w i t h  t a p  water  under ambient cond i t i ons ,  Trans. 
Am. Geophys. Union 57, 322 (1976) . [UCRL-77638, Abs t r ac t ]  

P i w i n s k i i ,  A. J.,  DUBA, A . ,  Heard, H.  C . ,  and Schock, R. N . ,  Geothermal 
p rospec t ing  and the  e l e c t r i c a l  conduc t iv i ty  changes a s s o c i a t e d  wi th  
me l t i ng  (Panel  Mtg. Expl.  Meth. of Dry Hot Rock, Los Alamos, June 1976) 
Lawrence Livermore Laboratory,  Rept. UCRL-78261, Abs t r ac t  (1976). 

P iwinsk i i ,  A. J . ,  HO, P. ,  and Duba, A . ,  D i e l e c t r i c  p r o p e r t i e s  and t h e  mono- 
c l i n i c -  t r i c l i n i c  i n v e r s i o n  i n  a l b i t e ,  Trans,  Am. Geophys. Union - 57, 
1005 (1976). [UCRL-78639, Abs t r ac t ]  

P i w i n s k i i ,  A. J .  and WEED, H. C . ,  E l e c t r i c a l  conduc t iv i ty  of water  i n  con tac t  
w i t h  mixtures  of cha r  and ash  from Wyodak c o a l ,  i n  LLL I n  S i t u  Coal 
G a s i f i c a t i o n  Program q u a r t e r l y  progress  r e p o r t ,  D. R. Stephens, Ed., 
Lawrence Livermore Laboratory,  Rept . UCRL-50026-76-2, p.  22-23 (1976) . 

Piwinsk i i ,  A. J. and WEED, H.C . ,  E l e c t r i c a l  cunduc t iv i ty  of ruck-sulutCon 
systems under ambient condi t ions :  P i c t u r e d  C l i f f s  sandstone i n  t a p  
w a t e r ,  Lawrence Livermore Laboratory, Rept . UCRL-52005 (19 76) . 

Piwinsk i i ,  A. J. and DENGLER, L., A s tudy  of core  ch ips  from t h e  S t a t e  of 
C a l i f o r n i a  w e l l  no. 1. Sa l ton  Sea Geothermal F i e l d  us ing  pe t rographic  - - - * 

x-ray d i f f r a c t i o n  and scanning e l e c t r o n  microscopy techniques ,  Lawrence 
Livermore Laboratory,  Rept ,  UCID-17184 (1976) . 

Puchl ik ,  K. P. ,  BORG, I. Y . ,  and Stone,  R . ,  O i l ,  gas ,  uranium, and thorium: 
supply  and d e p l e t i o n ,  w i t h  s p e c i a l  r e f e r e n c e  t o  C a l i f o r n i a ,  Lawrence - -  - 
Livermore ~ a b b r a t o r ~ ,  Rept . UCRL-52180 (19 76). 

Qualheirn, B. J., HANSON, M. E., McKee, C .  R . ,  Emerson, D. O. ,  Hears t ,  J. R . ,  
and Terhme, R. W . ,  Q u a r t e r l y  r e p o r t :  t h e  LLL massive hydrau l i c  
. f r a c t u r i n g  program f o r  gas  s t imu la t ion ,  April-June 1976, Lawrence 
Livermore Labora tory ,  Rept . UCRL 50036-76-2 (19 76) . 

RALEY, J. H. and Braun, R.  L., O i l  degrada t ion  during o i l  s h a l e  r e t o r t i n g ,  
P r e p r i n t s  Sympos. O i l  Sha le ,  Tar Sands & Related M a t e r i a l s ,  Div. of Fuel ,  
Am. Chem. Soc. Mtg., San F r a ~ l c i s c o ,  August-Sept. 1976, Vol. 21, 137-146 
(1976). [UCRL-78098, P r e p r i n t ]  

The v a r i e d  temperature-time regimes a n t i c i p a t e d  f o r  i n - s i t u  r e t o r t i n g  of 

o i l  s h a l e  d e p o s i t s  may have important  e f f e c t s  on o i l  y i e l d .  This  paper 

reviews r e c e n t  experimental  d a t a  demonstrat ing t h e  e f f e c t s  of v a r i e d  thermal 

h i s t o r i e s  on o i l  y i e l d  from powdered Colorado s h a l e .  The r epor t ed  l o s s e s  i n  

o v e r a l l  y i e l d  r e s u l t i n g  from i n t e r r u p t i o n  of a  r ap id  hea t ing  schedule w i t h  a n  

i so the rma l  hold ing  per iod  a r e  d i r e c t l y  r e l a t e d  t o  t h e  amounts of o i l  t h a t  a r e  

produced dur ing  t h e  hold ing  period.  These amounts a r e  a l s o  c o r r e l a t e d  wi th  

t h e  i n e r t  gas  flow r a t e s  r equ i r ed  t o  r a i s e  t h e  y i e l d s  t o  the  a s say  va lue .  



The r e s u l t s  show t h a t  degradat ion of o i l  o u t s i d e  t h e  s h a l e  p a r t i c l e s  i s  t h e  

major determinant  of o i l  y i e l d  from powdered sha l e .  Maximum thermal  degrada- 

t i o n  rates are c a l c u l a t e d  from t h e s e  d a t a  and compared wi th  p y r o l y s i s  r a t e s  

f o r  petroleum f r a c t i o n s  and o the r  organic  compounds. 

Raley, J .  H . ,  STOUT, N.  D . ,  Koskinas, G. J., Santor ,  S. D . ,  Opila ,  R. J . ,  
and Rothman, A.  J., Pyro lys i s  of o i l  sha l e :  e f f e c t s  of thermal 
h i s t o r y  on o i l  y i e l d  (Ninth O i l  Shale  Sympos., Golden, Colo., A p r i l  1976) 
Lawrence Livermore Laboratory,  Rept . UCRL-77831, P r e p r i n t  (19 76) 

I n - s i t u  r e t o r t i n g  of o i l  s h a l e  w i l l  s u b j e c t  t h e  s h a l e  t o  h e a t i n g  per iods  

ranging from hours  t o  months. The o i l  y i e l d s  r e s u l t i n g  from such thermal 

h i s t o r i e s  a r e  needed f o r  t h e  modeling and economic eva lua t ion  of i n - s i t u  

processing.  

I n  t h i s  work, t he  e f f e c t  of thermal h i s t o r y  on t h e  o i l  y i e l d  of a pow- 

dered, 22 g a l l o n  per  ton Colorado s h a l e  was s tud ied  by hea t ing  a t  F i sche r  
0 

assay  r a t e  (12 ~ / m i n )  t o  t e s t  temperature,  ho ld ing  a t  t e s t  temperature f o r  
0 0 

varying times up t o  33 days, and f i n a l l y  h e a t i n g  t o  500 C a t  12 C/min. Tes t  
0 

temperatures  covered the  range 150 t o  450 C. Both autogenous and i n e r t ,  

sweep gas atmospheres were used. Under se l f -genera ted  atmospheres, a t  t e s t  
0 

temperatures of 250 C o r  below, y i e l d s  obta ined  were 100% of F ischer  assay .  

Heating a t  300 t o  4 2 5 ' ~  r e s u l t e d  i n  y i e l d  l o s s e s ,  maximizing a t  19% a f t e r  a 

33 day exposure a t  350 '~.  

I n  t h e  i n e r t  gas sweep experiments,  i nc reas ing  flow r a t e s  gave increas-  

i ng ly  h ighe r  o i l  y i e l d s ,  f i n a l l y  approaching 100% of a s say .  This b e n e f i c i a l  

e f f e c t  i s  a t t r i b u t e d  t o  reduced thermal degrada t ion  of o i l  i n  t h e  r e t o r t .  I n  

t hese  experiments t h e  t o t a l  y i e l d  appears  t o  b e  determined by t h e  temperature- 

time exposure of t h e  l i b e r a t e d  o i l  and i s  e s s e n t i a l l y  uninfluenced by t h e  

thermal h i s t o r y  of t h e  kerogen. 

RAMBO, J.  T., S l i f e r s  r e v i s i t e d :  a method f o r  determining y i e l d s  independent 
of radiochemical  measurements, Lawrence Livermore Laboratory,  Rept.  
UCID-1729 2 (1976) . 
T.t would be very d e s i r a b l e  i f  s n  indepcndcnt method o thc r  than  radio-  

chemical measurement were a v a i l a b l e  t o  determine t h e  y i e l d s  of low-yield 

events  i n  t h e  al luviums and t u f f s  of a r e a s  2 ,  9 ,  and 10 a t  t h e  Nevada Tes t  

S i t e .  The succes s fu l  a p p l i c a t i o n ' o f  s l i f e r s  t o  t h e  measurement of y i e l d s  

from high-yield events  sugges ts  t h a t  under some cond i t i ons  they may a l s o  he  



u s a b l e  w i t h  low-yield events .  This  view i s  supported by t h e  evidence d i s -  

cussed he re ,  which i s  based on d i r e c t  exper ience  wi th  s l i f e r  y i e l d  measure- 

ments f o r  low-yield even t s  i n  porous media. Suggested methods f o r  improving 

s l i f e r  y i e l d  de t e rmina t ions  and a  method f o r  determining y i e l d s  independent 

of rad iochemica l  measurements a r e  o f f e red .  

RAMSPOTT, L. D. ,  P r e l imina ry  des ign  of a  was te  i s o l a t i o n  experiment i n  t h e  
Climax Stock, Nevada Tes t  S i t e  ( d i s t r i b u t i o n  l i m i t e d )  Lawrence Livermore 
Laboratory,  Rept. UCID-17335 (1976). 

Th i s  r e p o r t  documents t h e  pre l iminary  des ign  of a  waste  i s o l a t i o n  experi-  

ment i n  t h e  Climax Stock,  Nevada Tes t  S i t e .  The purpose of such an experi-  

ment i s  t o  demonstrate  t h a t  a  c a n n i s t e r  of s imulated r a d i o a c t i v e  was te  can 

s a f e l y  b e  emplaced, monitored,  and r e t r i e v e d  i n  a d ry  g r a n i t e  environment, 

and t o  measure t h e  i n  s i . t u  e f f e c t s  of t h e  emplaced waste .  Its des ign  i s  ex- 

pec ted  t o  produce g e n e r i c  d a t a  about  was te  i s o l a t i o n  i n  g r a n i t e  and s i m i l a r  

c r y s t a l l i n e  rocks .  

To t h i s  end i t  is  proposed t o  emplace such a  c a n n i s t e r  i n  a  mockup of an  

a c t u a l  v a u l t  i n  g r a n i t e  and t o  monitor t h e  e f f e c t s  f o r  two y e a r s  b e f o r e  re-  

moving i t  from i t s  surroundings.  The p r i n c i p a l  t e c h n i c a l  measurements pro- 

posed a r e  temperature,  pe rmeab i l i t y ,  and rock s t r e s s / s t r a i n  and displacement ,  

w i th  pre-  and p o s t - t e s t  sampling t o  examine p h y s i c a l  changes i n  t h e  rock.  

A pre l imina ry  exper imenta l  p l a n  has  been developed i n  s u f f i c i e n t  d e t a i l  t o  

permi t  t i m e  and c o s t  e s t i m a t e s  t o  b e  made. Ma te r i a l  about  t h e  proposed s t i -  

mulated was te  sou rce  has  been used, t oge the r  wi th  l i t e r a t u r e  va lues  f o r  t h e  

thermal  p r o p e r t i e s  of g r a n i t e ,  t o  produce e s t ima te s  of t h e  expected tempera- 

t u r e  r i s e .  Background m a t e r i a l  on t h e  Climax Stock, t h e  d i f f e r e n c e s  between 

sa l t  and g r a n i t e ,  and a bibl iography have a l s o  been assembled. 

Ramspott, L. D. ,  BORG, I. Y. ,  Stone, R. ,  andLevy ,  H.  B . ,  Movement of 
r a d i o a c t i v i t y  deposi ted.underground a t  t h e  U. S. ERDA Nevada Tes t  S i t e ,  
Lawrence Livermore Laboratory,  Rep t. UCRL-78670, P r e p r i n t  (1976) . 

Ramspott, L. D . ,  BORG, I. Y. ,  Stone, R . ,  and Levy, H.  B . ,  Information p e r t i -  
nent  t o  t h e  mig ra t ion  of r ad ionuc l ides  i n  ground water  a t  t h e  Nevada Tes t  
S i t e .  P a r t  1: review and a n a l y s i s  of e x i s t i n g  informat ion ,  Lawrence 
Livermore Laboratory,  Rept.  UCRL-52078 (1976). 

Ramspott, L. D . ,  BORG, I. Y . ,  Stone, R . ,  and Levy, H. B . ,  Information p e r t i -  
nen t  t o  t h e  mig ra t ion  of r ad ionuc l ides  i n  ground water  a t  t h e  Nevada 
Tes t  S i t e .  P a r t  2: annota ted  b ib l iography,  Lawrence Livermore Laboratory 
Rept . UCRL-52078, P a r t  2  (1976) . 



RODEAN, H.  C. ,  Thermodynamic r e l a t i o n s  f o r  shock waves i n  m a t e r i a l s  wi th  a  
l i n e a r  r e l a t i o n  between shock wave and p a r t i c l e  v e l o c i t i e s ,  Lawrence 
Livermore Laboratory,  Rept. UCRL-77441, Rev. 1, P r e p r i n t  (1976).  

The Rankine-Hugoniot r e l a t i o n s  f o r  shock waves and t h e  empi r i ca l  l i n e a r  

r e l a t i o n  between t h e  shock wave and p a r t i c l e  v e l o c i t i e s  d e f i n e  a n  incomplete 

thermodynamic d e s c r i p t i o n  of t h e  s t a t e s  along t h e  Hugoniot curve.  This  in- 

complete d e s c r i p t i o n  de f ines  t h e  fol lowing along t h e  Hugoniot: (1) i n t e r n a l  

energy and p re s su re  a s  func t ions  of s p e c i f i c  volume, ( 2 )  t h e  r a t i o  of en tha lpy  

t o  i n t e r n a l  energy, ( 3 )  t h e  r a t i o  of t h e  changes i n  enthalpy and i n t e r n a l  

energy ac ros s  a shock wave, and (4) t h e  r e l a t i o n  between t h e  Gruneisen co- 

e f f i c i e n t  and t h e  e f f e c t i v e  i s e n t r o p i c  exponent. We use  t h e  Dugdale-MacDonald 

r e l a t i o n  f o r  t h e  Gruneisen c o e f f i c i e n t  a t  low p res su re ,  an  assumed cons tan t  

va lue  f o r  t h e  s p e c i f i c  h e a t  a t  cons tan t  volume, and reasonable  phys i ca l  

assumptions f o r  extremely s t rong  shock waves toge the r  w i th  t h e  incomplete 

thermodynamic s t a t e  d e s c r i p t i o n  t o  d e f i n e  t h e  fo l lowing  a long  t h e  Hugoniot: 

(5) t h e  Gruneisen c o e f f i c i e n t ,  (6) t h e  e f f e c t i v e  i s e n t r o p i c  exponent,  (7) 

t h e  r a t i o  of s p e c i f i c  h e a t s ,  and (8) thermal and e l a s t i c  components of 

pressure ,  temperature,  and entropy. We present  r e p r e s e n t a t i v e  numerical 

va lues  of t h e s e  parameters a s  func t ions  of reduced volumetr ic  compression. 

We show how t h e  s o l u t i o n s  f o r  t hese  parameters  d e f i n e  tangent  p l anes  t o  t h e  

s u r f a c e s  of t h e  incomplete E,P,V and P,V,T equat ions  of s t a t e  a t  each po in t  

along t h e  Hugoniot curve. 

RODEAN, H .  C . ,  Seismic y i e l d  v e r i f i c a t i o n  and a  r e g i o n a l  M, vs  mb anomaly, 
Lawrence Livermore Laboratory, Rept. UCID-17006 (1976). 

The surface-wave magnitude (Ms) and body-wave magnitude (q,) da ta  f o r  

explosions i n  t h e  western United S t a t e s  a r e  anomalous w i t h  r e s p e c t  t o  such 

da t a  f o r  t h e  Aleut ians ,  t h e  Sahara,  and t h e  USSR. The degree of t h i s  anomaly 

is such t h a t  i t  has  s i g n i f i c a n t  imp l i ca t ions  wi th  r e s p e c t  t o  using magnitude 

vs  y i e l d  d a t a  from t h e  Nevada Tes t  S i t e  t o  e s t i m a t e  t h e  y i e l d s  of explosions 

i n  o t h e r  p a r t s  of t h e  world. This  r e p o r t  p r e s e n t s  t h e  r e s u l t s  of a  l i t e r a -  

t u r e  survey of se i smic  and o the r  geophysical  evidence r e l a t i n g  t o  t h i s  ano- 

maly. The geology and geophysics of t h r e e  r eg ions  a r e  considered:  (1) t he  

Basin and Range province i n  t h e  western United S t a t e s ,  (2 )  t h e  Baika l  r i f t  

zone i n  t h e  USSR, aad ( 3 )  c e n t r a l  Kazakhstan i n  t h e  USSR. Complete geophysical  

models, which would b e  of va lue  i n  expla in ing  t h e  Ms v s  rrg anomaly, have not  

been developed f o r  any of t h e s e  reg ions .  



Rodean, H. C . ,  HANNON, W .  J . ,  and B a r n e t t ,  C .  S . ,  Earthquake t r i g g e r i n g  by 
ear thquakes  and n u c l e a r  explos ions  a t  r a t e s  of l e s s  than 10/day, 
Lawrence Livermore Labora tory ,  Rept. UCRL-52096 (1976). 

Comparative Economics of Syn the t i c  Fuels  Process ing ,  New York C i t y ,  Apr i l  
1976) Lawrence Livermore Laboratory, Rept. UCRL-77344, Abs t rac t  (1976). 

A method i s  desc r ibed  f o r  t h e  i n - s i t u  product ion of o i l  from s h a l e .  

Underground mining o p e r a t i o n s  a r e  used t o  produce a  column of rubbl ized  s h a l e .  

A f lame f r o n t  moving downward through t h e  rubble  r e l e a s e s  t h e  o i l .  D e t a i l s  of 

t h e  mining procedures  a r e  descr ibed .  The c a p i t a l  and ope ra t ing  c o s t s  of t h e s e  

procedures  a r e  presented on t h e  b a s i s  of c o s t  per  b a r r e l  of product .  The 

e f f e c t  on c o s t s  of va ry ing  t h e  s h a l e  bed th i ckness ,  t h e  rubb le  column s i z e ,  

and t h e  r u b b l e  void r a t i o  a r e  considered.  Other c o s t s  involved i n  t h e  process  

a r e  d i scussed .  

ROTHMAN, A. J .  and Lewis, A. E . ,  Research and development on o i l  recovery from 
o i l  s h a l e  by a  rubb le  i n - s i t u  e x t r a c t i o n  (RISE) process  (Ann. Energy 
Sympos.LosAngeles Council  of Eng. & Sc i . ,  Los Angeles, May 1976) Lawrence 
Livermore Labora tory ,  Rept. UCRL-77564, Abs t rac t  (1976). 

A domestic o i l  r e sou rce  equal  t o  t h e  Middle Eas t  petroleum re se rve  i s  

p o t e n t i a l l y  a v a i l a b l e  i n  t h e  form of o i l  s h a l e  i n  t h e  U . S .  West. A proposed 

r u b b l e  i n - s i t u  e x t r a c t i o n  process  (RISE) can make a v a i l a b l e  an est imated 350 

b i l l i o n  b a r r e l s  of o i l  a t  r a t e s  of 2 t o  5 m i l l i o n  b a r r e l s  a  day, a t  a  

r e l a t i v e l y  low cos t  economically and environmental ly .  

The process  c o n s i s t s  i n  a  continuous mining procedure t o  produce l a r g e  

beds of o i l  s h a l e  rubb le  underground. The o i l  s h a l e  i s  then r e t o r t e d  t o  o i l  

by means of h o t  gas ,  produced by combustion i n  p l ace  o r  e x t e r n a l l y  hea ted ,  

R e t o r t i n g  a s p e c t s  of t h e  process  have been under s tudy  a t  t h e  Lawrence 

Livermore Laboratory.  Some r e c e n t  developments i n  t h i s  r e sea rch  a r e  ou t l i ned  

i n  t h i s  paper.  P lans  a r e  o u t l i n e d  f o r  a  l abo ra to ry  and f i e l d  program l ead ing  

t o  commercial s c a l e  r e t o r t s  i n  s i x  yea r s .  It appears  t h a t  t h i s  process  has  a  

h igh  l i k e l i h o o d  of success .  

ROTHMAN, A. J .  and Lewis, A. E., Recovery of o i l  from o i l  s h a l e  by rubb le  i n -  
s i t u  e x t r a c t i o n  (RISE) (Am. I n s t .  Aeronautics & Astronaut ics  
S p p o s ,  A l t e r n a t e  Fuel  Resources,Santa ? far ia ,  C a 1 i . f . ~  March 1976) 
Lawrence Livermore Labora tory ,  Rept. UCRL-77565, Abs t rac t  (1976.). 

An enormous domest ic  p o t e n t i a l  supply of o i l  is a v a i l a b l e  i n  t h e  form of 

o i l  s h a l e .  Estimated recoverable  o i l  from t h i s  resource  by t h e  RISE ( rubble  - 



i n - s i t u  e x t r a c t i o n )  process  i s  350 b i l l i o n  b a r r e l s ,  a q u a n t i t y  approximately - - - 
equal  t o  t h e  Middle East  petroleum re se rves .  

Development of  t h e  RISE process  f o r  even tua l  commercial recovery of o i l  

from o i l  s h a l e  i s  descr ibed .  The process  would u t i l i z e  cont inuous mining 

methods t o  produce o i l  s h a l e  rubble  underground. The rubb le  i s  hea ted  e i t h e r  

by ho t  gases  o r  by combustion i n  p l ace  u s ing  a supply of,  a i r .  The product o i l  

formed i s  recovered a t  t h e  su r f ace .  Research and development requirements  a r e  

o u t l i n e d ,  i nc lud ing  s t u d i e s  of r e t o r t i n g  (py ro lys i s )  of o i l  s h a l e ,  r ubb l i za -  

t i o n ,  and a series of proposed fie1.d tests l e a d i n g  t o  commercial s i z e  opera- 

t i o n s .  The program could be  completed i n  s i x  yea r s  a f t e r  an expendi ture  of  

about $80 m i l l i o n ,  and has  a high l i k e l i h o o d  of  success .  Success fu l  develop- 

ment would produce o i l  a t  lower c o s t  (&$8/barrel)  than  convent iona l  s u r f a c e  

r e t o r t i n g  and a t  h igher  product ion r a t e s  t h a t  a r e  less l i m i t e d  by water  supply,  

populat ion i n f l u x ,  and c a p i t a l  requirements ,  and s o  would have s u b s t a n t i a l  

impact on domestic a v a i l a b i l i t y  of o i l .  

Although t h e  program i s  no t  c u r r e n t l y  funded a s  such,  r e sea rch  is  w e l l  

under way a t  t h e  Lawrence Livermore Laboratory on r e t o r t i n g  a s p e c t s  of t h e  

process .  

ROTHMAN, A. J . ,  e d . ,  Qua r t e r ly  r e p o r t ,  LLL o i l  s h a l e  program, January-March 
1976, Lawrence Livermore Labora tory ,  Rept. UCID-16986-76-1 (1976). 

ROTHMAN, A. J . ,  ed. ,  Qua r t e r ly  r e p o r t ,  LLL o i l  s h a l e  program, April-June 1976, 
Lawrence Livermore Labora tory ,  Rept. UCID-16986-76-2 (1976). 

ROTHMAN, A. J . ,  ed. ,  Qua r t e r ly  r e p o r t ,  LLL o i l  s h a l e  program, July-September 
1976, Lawrence Livermore Labora tory ,  Rept. UCID-16986-76-3 (1976). 

R~thman,  A .  J . ,  STOTTT, N. n,, Raley, J .  H . ,  K o s k i n n ~ ,  C.  J,, Eantor, S .  D . ,  
and Opi la ,  R. J . ,  Py ro lys i s  of  o i l  s h a l e :  e f f e c t s  of thermal  h i s t o r y  
on o i l  y i e l d  (Ninth O i l  Shale  Sympos., Golden, Colo.,  April' 1976) 
Lawrence Livermore Laboratory, Rept. UCRL-77831, P r e p r i n t  (1976). 

Sandhol tz ,  W. A. and ACKERMAN, F. J . ,  O i l  s h a l e  r e t o r t  experiments s i m u l a t i n g  
i n - s i t u  ope ra t i ons  (AIME Soc. P e t r o l .  Eng. Ann. Te'ch.' Conf'. & Exhib., 
New Orleans,  October 1976) Lawrence 1,ivermore Laboratory,  Rept,  UCRL- 
77830, Abs t r ac t .  (1976). 

SCHATZ, J. F., 
m a t e r i a l s ,  Lawrence Livermore Laboratory, Rept. UCRL-78227, P r e p r i n t  
(1976). 

Porous geologic  m a t e r i a l s  are h i g h l y  i n e l a s t i c .  With h y d r o s t a t i c  load-  

i n g ,  they  compact i r r e v e r s i b l y .  W h e n  shea r  s r r e s s e s  a r e  imposed, they may 

e i t h e r  compact o r  d i l a t e  wi th  i nc reas ing  mean s t r e s s .  This  paper reviews 



models of  i n e l a s t i c  deformation wi th  emphasis placed on h y d r o s t a t i c  loading  

and unloading  of d r y  m a t e r i a l .  Pure ly  phenomenological models a r e  common and 

v e r y  u s e f u l ,  but  more p h y s i c a l  i n s i g h t  can be gained from models which at tempt  

t o  i n c o r p o r a t e  t h e  a c t u a l  i n t e r n a l  mechanisms of deformation. Most mechanis- 

t i c  models a r e  based on a  concept of  m a t e r i a l  being e i t h e r  an assemblage of 

o b j e c t s  i n  con tac t  o r  vo ids  d i s t r i b u t e d  throughout a continuum. Void defor -  

mation models which u s e  s p h e r i c a l  pores  a r e  a t  t h i s  t ime t h e  most powerful and 

convenient .  

SCHOCK, R. N . ,  Abey, A. E . ,  and Duba, A . ,  Q u a s i s t a t i c  deformation of porous 
be ry l l i um and.aluminum, J. Appl. Phys. - 47, 53-63 (1976).[UCRL-76587, 
P r e p r i n t ]  

Loading and unloading of two types  of porous bery l l ium and a  porous 

aluminum under c o n d i t i o n s  of u n i a x i a l  s t r a i n ,  p ropor t iona l  loading ,  and hydro- 

s t a t i c  p re s su re  i n d i c a t e  t h a t  y i e l d i n g  is  dominated by po ros i ty .  Analysis  of 

t h e  d a t a  p r i o r  t o  y i e l d i n g  i n d i c a t e s  t h a t  a s p h e r i c a l  pores  cause increased  

c o m p r e s s i b i l i t y  on i n i t i a l  loading .  A l l  m a t e r i a l s  e x h i b i t  enhanced compaction 

when loaded under nonhydros t a t i c  s t r e s s  condi t ions .  Models which t r e a t  t h e  

c o l l a p s e  of s p h e r i c a l  pores  do not  ag ree  wi th  t h e  bery l l ium d a t a ,  probably 

because of <he i n f l u e n c e  of a s p h e r i c a l  pores  and pore-size d i s t r i b u t i o n .  

SCHOCK, R. N . ,  A c o n s t i t u t i v e  r e l a t i o n  d e s c r i b i n g  d i l a t a n t  behavior  i n  Climax - 

Stock g r a n o d i o r i t e ,  I n t l .  J. Rock Mech. Min. Sc i .  & Geomech. Abstr .  1 3 ,  - 
221-223 (1976). [UCRL-77204, P r e p r i n t ]  

Climax Stock g r a n o d i o r i t e  was compressively loaded a long  d i f f e r e n t  pa ths  

t o  f a i l u r e  a t  a  f i x e d  s t r a i n  r a t e  and a t  mean p re s su res  t o  0.7 GPa. These 

d a t a  a r e  used t o  develop a  c o n s t i t u t i v e  r e l a t i o n .  The express ion  r e l a t e s  

d i l a t a n t  volume s t r a i n  cd t o  mean p re s su re  P and shea r  s t r e s s  T i n  t h e  form: 

where x  and A a r e  e x p l i c i t  f unc t ions  of T .  The equat ion  has  t h e  advantage of 

s i m p l i c i t y  and of express ing  t h e  a c t u a l  behavior  i n  terms of measured phys ica l  

parameters .  

SCHOCK, R. N . ,  Duba, A. G . ,  Heard, H. C . ,  and Stromberg, H. D . ,  The e l e c t r i c a l  
conduc t iv i ty  of p o l y c r y s t a l l i n e  o l i v i n e  and pyroxene under p re s su re ,  i n  
High P res su re  Research, Appl ica t ions  t o  Geophysics, M. H. Manghnani and 
S. Akimoto, Eds. (Academic P r e s s ,  New York, i n  p r e s s ) .  [UCRL-78048, 
P r e p r i n t  ] 

E l e c t r i c a l  conduc t iv i ty  (a) measurements on p o l y c r y s t a l l i n e  o l i v i n e  and 
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pyroxene were made a t  p ressures  up t o  5.0 GPa and a t  temperatures  up t o  1200°c 

t o  examine the  e f f e c t  of g ra in  boundaries  on conduction. Values of a were 

observed wi th in  one-half o rde r  of magnitude of t hose  f o r  s i n g l e  c r y s t a l s  a t  

lower p re s su res  and under con t ro l l ed  oxygen fugac i ty  ( f o 2 ) .  I f  t h i s  d i f f e r -  

ence p r e v a i l s  over  t h e  e n t i r e  temperature range ,  t h e s e  va lues  r e s u l t  i n  

temperature p r o f i l e s  f o r  t h e  e a r t h  and moon t h a t  a r e  lower than  p r o f i l e s  from 

s i n g l e - c r y s t a l  d a t a  by no more than  200°C. However t h e  smal l  0 d i f f e r e n c e s  

between s i n g l e  and po lyc rys t a l s  most probably a r e  due t o  a  h ighe r  f o  i n  t he  
2  

experimental  appara tus  r a t h e r  than  t h e  presence of g ra in  boundaries .  The d a t a  

i n d i c a t e  p re s su re  has a  small  e f f e c t  on conduc t iv i ty  and a c t i v a t i o n  e n t h a l p i e s  

a s soc i a t ed  wi th  conduction. 

SCHOCK, R. N . ,  The response of rocks t o  l a r g e  s t r e s s e s  (Sympos. P l ane t .  
C ra t e r ing  Mech., Houston, September 1976; Pergamon P r e s s ,  i n  p re s s )  
Lawrence Livermore Laboratory, Rept. UCRL-78587, P r e p r i n t  (1976). 

To p r e d i c t  t h e  dimensions and c h a r a c t e r i s t i c s  of impact- and explosion-  

induced craCers, one must know t h e  equat ion  of s t a t e  of t h e  rocks  i n  which t h e  

c r a t e r  is  formed. Recent experimental d a t a  shed l i g h t  upon i n e l a s t i c  proces- 

ses t h a t  i n f luence  t h e  s t r e s s l s t r a i n  behavior  of rocks .  We examine t h e s e  d a t a  

wi th  a  view t o  developing models t h a t  could be used i n  p r e d i c t i n g  c r a t e r i n g  

phenomena. New d a t a  is  presented on t h e  volume behavior  of two d i s s i m i l a r  

rocks subjec ted  t o  t e n s i l e  s t r e s s e s .  

Schock, R. N . ,  DUBA, A . ,  P iw insk i i ,  A.  J . ,  and Heard, H. C . ,  The e l e c t r i c a l  
conduc t iv i ty  of f o r s t e r i t e ,  e n s t a t i t e ,  and a l b i t e ,  i n  Physics  and 
Chemistry of Minerals and Rocks, R. G. J. S t r e n s ,  Ed. (John Wiley & Sons, 
New York, 1976),  249-260. [UCRL-75790, P r e p r i n t ]  

Schock, R. N. and COSTANTINO, M. S., A c o n s t i t u t i v e  r e l a t i o n  t o  desc r ibe  t h e  
d i l a t a n t  behavior  of a  dense sands tone ,  Trans. Am. Geophys. Union 57, - 
330 (1976). [UCRL-77647, Abs t r ac t ]  

Schock, R. N . ,  DUBA, A . ,  and Heard, H.  C . ,  E l e c t r i c a l  conduc t iv i ty  of or tho-  
pyroxene t o  1400°C and t h e  r e s u l t i n g  selenotherm, S roc .  Seventh Lunar 
Sc i .  Conf., Vol. 3 ,  3173-3181 (1976). [UCRL-77655,-Preprint] 

Schock, R. N . ,  DUBA, A . ,  Heard, H.  C.,,and P iwinsk i i ,  A. J . ,  Geothermal pros- 
pec t ing  and t h e  e l e c t r i c a l  conduc t iv i ty  changes a s s o c i a t e d  wi th  mel t ing  

(.Panel Mtg. Expl. Meth. of Dry Hot Rock, Los Alamos, June 1976) Lawrence 
Livermore Laboratory,  Rept. UCRL-78261, Abs t rac t  (1976). 

Schock, R. N . ,  HEARD, H.  C . ,  and Duba, A. G . ,  Geotherms based on e l e c t r i c a l  
conduc t iv i tv  of o l i v i n e .  Dvroxene. and o v r o l i t e  fU.S.-Ja~an Sem. Hieh .. L d  A. L, 

Pres su re  Res. Appli . ,  Honolulu, J u l y  1976) Lawrence Livermore Laboratory, 
Kept. UCRL-78294, Ahs t rac t  (1976). 



Schock, R. N .  and COSTANTINO, M. S . ,  A c o n s t i t u t i v e  r e l a t i o n  f o r  compressive 
l o a d i n g  i n  Nugget sands tone ,  Lawrence Livermore Labora tory ,  Rept. UCRT>- 
52036 (1976). 

Schock, R. N . ,  HEARD, H. C . ,  Bonner, B. P . ,  Cos tan t ino ,  M. S . ,  and Weed, H.  C., 
Mechanical response  of  s a t u r a t e d  Kenunerer coa l  t o  4 GPa, Lawrence 
Livermore Labora tory ,  Rept. UCRL-52063 (1976). 

Schroeder ,  R. C .  and KASAMEYER, P. W . ,  Thermal dep le t ion  of a  geothermal 
r e s e r v o i r  wi th  both  f r a c t u r e  and pore permeabi l i ty ,  Lawrence Livermore 
Labora to ry ,  Rept. UCRL-77323, P r e p r i n t  (1976). 

SCHWARTZ, L. L. ,  Cohen, J. J . ,  Lewis, A .  E., and Braun, R. L.,  High l e v e l  
r a d i o a c t i v e  waste  . i s o l a t i o n  by inco rpora t ion  i n  s i l i c a t e  rock ,  Lawrence 
Livermore Labora to ry ,  Rept. UCRL-78746, P r e p r i n t  (1976). 

A number of t e c h n i c a l  p o s s i b i l i t i e s  f o r  i s o l a t i n g  h igh  l e v e l  r a d i o a c t i v e  

m a t e r i a l s  have been t h e o r e t i c a l l y  i n v e s t i g a t e d  a t  va r ious  t imes and p l aces .  

I s o l a t i n g  such wastes  deep underground t o  i n s u r e  long  term removal from t h e  

b iosphe re  is  one such p o s s i b i l i t y  which has  been i n v e s t i g a t e d .  The present  

concept  i nvo lves  a s  a  f i r s t  s t e p  c r e a t i n g  t h e  necessary  void space a t  con- 

s i d e r a b l e  depth ,  s ay  2-5 km, i n  a  very  low permeabi l i ty  s i l i c a t e  medium such 

a s  s h a l e .  Waste i n  d ry ,  c a l c i n e d  o r  v i t r i f i e d  form is  then lowered i n t o  t h e  

vo id  space ,  and t h e  acces s  h o l e  o r  s h a f t  s ea l ed .  Energy r e l eased  by t h e  

rad ioac t ' ive  decay r a i s e s  t h e  temperature t o  a  po in t  where t h e  surrounding rock 

beg ins  t o  mel t .  The waste  i s  then d i s so lved  i n  i t .  The ex ten t  of t h i s  melt  

r e g i o n  grows u n t i l  t h e  hea t  generated Is balanced by conduction away Trum ~11e  

molten zone. R e s o l i d i f i c a t i o n  then begins ,  and ends when t h e  r a d i o a c t i v e  

decay has  progressed t o  t h e  po in t  t h a t  t h e  temperature f a l l s  below t h e  melt- 

i n g  po in t  of t h e  rock-waste s o l u t i o n .  Ca lcu la t ions  a r e  presented showing t h e  

growth and r e s o l i d i f i c a t i o n  process .  The use  of a  nuc lea r  explusion p re sen t s  

one a l t e r n a t i v e  way of c r e a t i n g  t h e  void space.  

S h a f f e r ,  R. J . ,  HANSON, M. E., Emerson, D.  O . ,  Heard, H.  C . ,  and Carlson,  
R. C . ,  Quar te r ly  r e p o r t :  t h e  LLL massive h y d r a u l i c  f r a c t u r i n g  program 
f o r  gas s t i m u l a t i o n ,  July-September 1976, Lawrence Livermore Laboratory, 
Rept. uCRL-50036-76-3 (1976). 

S n e l l ,  C.  M . ,  COODRPCH, M. F . ,  Bryan, J. B . ,  and Thomsen, J. M . ,  FlnaL r e p o r t  
on a  c a l c u l a t i o n a l  parameter s tudy  of s o i l s  t y p i c a l  of some ESSEX I 
c r a t e r i n g  s i t e s ,  Lawrence Livermore Laboratory, Rept. UCRL-52038 (1976). 

SPRINGER, D. L. and Denny, M. D . ,  Seismic s p e c t r a  of events  a t  r eg iona l  
d i s t a n c e s ,  Lawrence Livermore Laboratory, Rept . UCRL-52048 (1976) . 
About 40 underground nuc lea r  explos ions  detonated a t  NTS were chosen f o r  



a n a l y s i s  o f  t h e i r  s p e c t r a  and any r e l a t i o n s h i p s  t h e y  might have t o  s o u r c e  

pa ramete rs  such as y i e l d ,  d e p t h  o f  b u r i a l ,  e t c .  The sample covered a l a r g e  

y i e l d  r a n g e  (<20 k t  t o  >1 Mt). Broadband (0.05-20 Hz) d a t a  recorded  by t h e  

f o u r - s t a t i o n  s e i s m i c  network o p e r a t e d  by Lawrence Livermore Labora to ry  were 

ana lyzed  i n  a s e a r c h  f o r  unusual  e x p l o s i o n  s i g n a t u r e s  i n  t h e i r  s p e c t r a .  Long 

t ime  windows ( t o t a l  wave t r a i n )  as w e l l  as s h o r t e r  windows ( f o r  i n s t a n c e ,  'n) 
were used as i n p u t  t o  c a l c u l a t e  t h e  s p e c t r a .  Much v a r i a t i o n  i n  t h e  s p e c t r a  o f  

t h e  l o n g  windows i s  t y p i c a l  a l t h o u g h  some g r o s s  f e a t u r e s  are s i m i l a r ,  such as 

a  dominant peak i n  t h e  mic rose i smic  window. The v a r i a t i o n  i s  such t h a t  

s e l e c t i o n  o f  "corner  f r e q u e n c i e s "  i s  i m p r a c t i c a l  and y i e l d  s c a l i n g  cou ld  n o t  

be  determined.  S p e c t r a  f o r  one NTS ear thquake  showed more energy i n  t h e  s h o r t  

p e r i o d s  ( < I  s e c )  as w e l l  a s  i n  t h e  l o n g  p e r i o d s  (>8 s e c )  compared t o  t h o s e  f o r  

NTS e x p l o s i o n s .  

S p r i n g e r ,  D.  L. and MARSHALL, P. D . ,  Is t h e  v e l o c i t y  o f  P  an i n d i c a t o r  of 
Q,?, Nature  264, 531-533 (1976).  [UCRL-78701, p repr% t ]  

It i s  sugges ted  t h a t  Pn v e l o c i t y  may b e  a geophys ica l  pa ramete r  t h a t  i s  

an  i n d i c a t o r  o f  t h e  q u a l i t y  of t h e  upper  mant le  and t h e r e f o r e  r e l a t e d  t o  Qa 

of  t h e  upper mant le .  A r e l a t i o n s h i p  of Pn v e l o c i t y  and a v e r a g e  s e i s m i c  

ampl i tude  r e s i d u a l s  i s  developed u s i n g  pub l i shed  d a t a  which s u p p o r t s  t h e  

s u g g e s t i o n .  

STONE, R. and Snoeberger ,  D.  F . ,  E v a l u a t i o n  o f  t h e  n a t i v e  h y d r a u l i c  c h a r a c t e r -  
i s t i c s  o f  t h e  F e l i x  c o a l  (Eocene, Wasatch Formation) and a s s o c i a t e d  
s t r a t a ,  Hoe Creek S i t e ,  Campbell County, Wyoming, Lawrence Livermore 
L a b o r a t o r y ,  Rept.  UCRL-51992 (1976).  

The n a t i v e  h y d r a u l i c  c h a r a c t e r i s t i c s  o f  t h e  s h a l l o w  (35- t o  50-m-deep) 

F e l i x  c o a l  and a d j a c e n t  s t r a t a  have been e s t i m a t e d  from t h e  r e s u l t s  o f  compre- 

h e n s i v e  f i e l d  t e s t s  a t  t h e  Campbell County, Wyoming, s i t e  o f  proposed -- i n  s i t u  

c o a l - g a s i f i c a t i o n  exper iments .  The f i e l d  tests invo lved  wi thdrawal  of w a t e r  

from and w a t e r  i n j e c t i o n  i n t o  w e l l s  completed i n  t h e  F e l i x  c o a l .  Measurement 

o f  t h e  e f f e c t s  o f  t h e s e  h y d r a u l i c  p e r t u r b a t i o n s  i n  t e rms  o f  w a t e r - l e v e l  

f l u c t u a t i o n s  i n  w e l l s  completed i n  t h e  c o a l  and a d j a c e n t  s t r a t a  provided t h e  

d a t a  used i n  t h e  a n a l y s i s .  At t h e  proposed g a s i f i c a t i o n  s i t e ,  t h e  F e l i x  c o a l  

c o n s i s t s  o f  two seams. The e s t i m a t e s  o f  h y d r a u l i c  c o n d u c t i v i t y  o f  t h e  3-m- 

t h i c k  F e l i x  No. 1, t h e  s h a l l o w e r  o f  t h e  two seams, r a n g e  from about  0 .3  t o  

1 m/day. The c o e f f i c i e n t  o f  s t o r a g e  o f  t h e  F e l i x  No. 1 i s  approx imate ly  

2 x  T e s t  r e s u l t s  i n d i c a t e  t h a t  t h e  F e l i x  No. 1 behaves  as a v e r y  



l e aky  a q u i f e r .  

The 7.6-m-thick F e l i x  No. 2 w a s  found t o  be h y d r a u l i c a l l y  a n i s o t r o p i c .  

Its maximum h o r i z o n t a l  h y d r a u l i c  conduc t iv i ty  is  es t imated  t o  be approximately 

0.3 m/day along a  d i r e c t i o n  of N 5g0E, whi le  i t s  minimum h o r i z o n t a l  hydrau l i c  

c o n d u c t i v i t y  of about  0.15 m/day is  developed i n  a  d i r e c t i o n  of N 3 1 ' ~ .  The 

p r i n c i p a l  conduc t iv i ty  axes  of  t h e  F e l i x  No. 2  correspond wi th  t h e  o r i e n t a t i o n  

of two sets of n e a r  v e r t i c a l  f r a c t u r e s  found i n  o r i e n t e d  co res  taken from t h e  

seam. The maximum h o r i z o n t a l  conduc t iv i ty  is  developed along t h e  more 

prominent f r a c t u r e  s e t .  The v e r t i c a l  hydrau l i c  conduc t iv i ty  of t h e  F e l i x  No.2 

i s  appa ren t ly  g r e a t e r  than  i t s  minimum h o r i z o n t a l  conduc t iv i ty  and may be a s  

g r e a t  a s  t h e  sum of i t s  maximum and minimum h o r i z o n t a l  c o n d u c t i v i t i e s .  The 

average  v e r t i c a l  h y d r a u l i c  conduc t iv i ty  of t h e  s t r a t a  between t h e  two coa l  

seams i s  es t imated  t o  be  from 0.015 t o  n e a r l y  0.3 m/day. The f i r s t  2  m of 

s t r a t a  below t h e  F e l i x  No. 2 c o a l h a v e a  v e r t i c a l  hydrau l i c  conduc t iv i ty  of 

l e s s  t han  1 x 10-3 m/day. The F e l i x  No. 2 behaves a s  a  leaky  t o  very  leaky  

a q u i f e r .  C o e f f i c i e n t s  of s t o r a g e  est imated f o r  t h e  F e l i x  No. 2 range i n  va lue  

from about  1 x t o  1 . 6  x  wi th  t h e  l a r g e r  va lues  being a s soc i a t ed  

wi th  g r e a t e r  v e r t i c a l  leakage.  The s a t u r a t e d  s t r a t a  from t h e  base  of t h e  

F e l i x  No. 2  upward t o  t h e  water  t a b l e  make up a  mult iple- leaky-aquifer  system. 

The h y d r a u l i c  c h a r a c t e r  of t h e  F e l i x  c o a l  shows l e s s  v a r i a b i l i t y  than t h a t  of 

a d j a c e n t  s t r a t a .  
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f r a c t u r i n g  program f o r  gas  s t i m u l a t i o n ,  Apri l -June 1976,  Lawrence 
Livermore L a b o r a t o r y ,  Rept.  UCRL-50036-76-2 (1976).  

THOMSEN, J. M . ,  Glenn, H.  D . ,  and Germain, B. K . ,  A i r b l a s t  p r e d i c t i o n  p r o g r e s s  
r e p o r t ,  Lawrence Livermore Labora to ry ,  Rept .  UCID-17019, CFRD (1976).  

(U) The sha l low-ear th  p e n e t r a t o r  (SEP) is  a weapon des igned  t o  produce a  

combinat ion o f  a i r b l a s t ,  ground mot ion,  and c r a t e r i n g  damage by a  n u c l e a r  o r  

h igh-exp los ive  d e t o n a t i o n  a t  a  s h a l l o w  d e p t h  o f  b u r i a l  (DOB). . E x i s t i n g  d a t a  

on n u c l e a r  e v e n t s  is  a p p l i e d  t o  t h e  SEP concep t .  A i r b l a s t  p r o d u c t i o n  is i n -  

v e s t i g a t e d  w i t h  one-dimensional c a l c u l a t i o n s  and a n a l y t i c a l  t e c h n i q u e s .  The 

long-s tand ing  g o a l s  of t h e  ESSEX ( e f f e c t s  o f  Subsur face  Explos ions )  and NEST 

(Nuclear  Explos ive  Shock Tube) p r o j e c t s  a r e  examined t o  see i f  t h e y  a r e  

compat ib le  w i t h  t h e  g o a l s  of t h e  proposed low y i e l d  SEP t e s t .  

Thomsen, J.  M. and GLENN, H.  D . ,  Computer s i m u l a t i o n  o f  a h i g h  e x p l o s i v e  
c r a t e r i n g  exper iment  i n  a  complex m u l t i l a y e r e d  geology,  Lawrence Livermore 
Labora to ry ,  Rept.  UCRL-78155, P r e p r i n t  (1976).  

Thomsen, J. M. ,  GOODRICH, M. F., Bryan,  J. B . ,  and S n e l l ,  C .  M . ,  F i n a l  r e p o r t  
on a c a l c u l a t i o n a l  parameter  s t u d y  o f  s o i l s  t y p i c a l  o f  some ESSEX I 
c r a t e r i n g  s i t e s ,  Lawrence Livermore L a b o r a t o r y ,  Rept.  UCRL-52038 (1976).  

TONNESSEN, K. A.  and Cohen, J .  J., Survey of n a t u r a l l y  o c c u r r i n g  hazardous  
m a t e r i a l s  i n  deep g e o l o g i c  fo rmat ions :  a p e r s p e c t i v e  on t h e  r e l a t i v e  
hazard  o f  deep b u r i a l  o f  n u c l e a r  w a s t e s ,  Lawrence Livermore Labora to ry ,  
Rept.  UCRL-52199 (1976).  

Hazards a s s o c i a t e d  w i t h  deep b u r i a l  o f  s o l i d i f i e d  n u c l e a r  w a s t e  are c o n s i d e r e d  

w i t h  r e f e r e n c e  t o  t o x i c  e lements  i n  n a t u r a l l y  o c c u r r i n g  o r e  d e p o s i t s .  Th i s  

problem i s  p u t  i n t o  p e r s p e c t i v e  by r e l a t i n g  t h e  h a z a r d  of a r a d i o a c t i v e  was te  

r e p o s i t o r y  t o  t h a t  o f  n a t u r a l l y  o c c u r r i n g  g e o l o g i c  f o r m a t i o n s .  The b a s i s  f o r  

comparison d e r i v e s  from a  c o n s i d e r a t i o n  o f  s a f e  d r i n k i n g  w a t e r  l e v e l s .  Calcu- 

l a t i o n s  f o r  r e l a t i v e  t o x i c i t y  o f  f a s t  b r e e d e r  r e a c t o r  (FBR) w a s t e  and l i g h t  

w a t e r  r e a c t o r  (LWR) was te  i n  an  underground r e p o s i t o r y  are compared w i t h  t h e  

r e l a t i v e  t o x i c i t y  i n d i c e s  o b t a i n e d  f o r  average  c o n c e n t r a t i o n  o r e  d e p o s i t s .  

R e s u l t s  i n d i c a t e  t h a t ,  o v e r  t i m e ,  n u c l e a r  w a s t e  t o x i c i t y  d e c r e a s e s  t o  l e v e l s  

below t h o s e  of n a t u r a l l y  o c c u r r i n g  hazardous  materials. 



' TOWSE, D . ,  Economics of geo thermal  h e a t  as an  a l t e r n a t e  f u e l ,  Trans .  Soc. 
Min. Eng. 260, 322-326 (1976).  [UCRL-77031, Rev. 1, P r e p r i n t ]  

Geothermal energy  c a n  s u b s t i t u t e  f o r  and compete w i t h  o t h e r  f u e l s ,  b u t  

u n t i l  now i t  h a s  been used o n l y  i n  s p e c i a l  s i t u a t i o n s  where i t  c o s t s  much 

less t h a n  a l t e r n a t e  f u e l s .  Geothermal h e a t  i s  expec ted  t o  b e  developed where 

i t  c a n :  (1 )  compete w i t h  a l t e r n a t e  f u e l s ,  (2)  r e p l a c e  s c a r c e  f u e l s ,  (3)  be  

more e n v i r o n m e n t a l l y  a c c e p t a b l e ,  o r  (4 )  i s  e s p e c i a l l y  adap ted  t o  l o c a l  needs .  

Economic problems i n  development i n c l u d e  t h e  o f t e n  h i g h  c a p i t a l  c o s t s  of w e l l s  

and g a t h e r i n g  sys tems  and t h e  l o n g  l ead- t imes  r e q u i r e d  f o r  e l e c t r i c  g e n e r a t i n g  

p l a n t s .  The l a r g e  i n v e s t m e n t  and l o n g  payout t i m e s  f o r  l a r g e  i n d u s t r i a l  u s e s  

a d v e r s e l y  a f f e c t  t h e  economics.  

TOWSE, D . ,  Geology of S a l t o n  Sea Geothermal F i e l d ,  Am. Asso. P e t .  Geol.  60, 
728 (1976) .  (Also No. C a l i f .  Geol. Soc,  Mtg. ,-. 1976) [ 1 1 ~ ~ 1 . - 7 7 4 3 5 ,  
A b s t r a c t ]  

The S a l t o n  Sea f i e l d  i n  I m p e r i a l  County, C a l i f o r n i a ,  c o v e r s  46.6 s q  km 

(18 s q  mi)  s o u t h  o f  t h e  S a l t o n  Sea. D r i l l i n g  i n d i c a t e s  t h e  p r e s e n c e  nf 2 x 
9 

1018 J ( 2  x 1015 Btu) o f  h e a t  con ta ined  i n  1 . 3  x 1 0  M.T. o f  h o t  s a l t y  wa te r  

a t  t e m p e r a t u r e s  above 2 3 0 " ~  t h a t  could  i n  p r i n c i p l e  b e  used t o  g e n e r a t e  400 

MW o f  e l e c t r i c  power f o r  20 y e a r s .  

B r i n e s  w i t h  t e m p e r a t u r e s  of more t h a n  300°C and s a l i n i t i e s  of more t h a n  

30  p e r c e n t  a r e  i n  f r a c t u r e d  s a n d s t o n e  s e c t i o n s  of t h e  nonmarine Palm Springs 

Format ion.  These l i e  under  a 260-650 m (840-2,130 f t)  Layer of P l e i s t o c e n e  

and P l i o c e n e  (?)  s h a l e  and c l a y  t h a t  t r a p s  t h e  w a t e r  and minimizes  c o n d u c t i v e  

h e a t  l o s s .  Source  of h e a t  i s  young r h y o l i t i c  i n t r u s i v e  r o c k s  i n  t h e  subsur-  

f a c e  and a t  t h e  s u r f a c e  n e a r  t h e  s h o r e  of t h e  S a l t o n  Sea. R e s e r v o i r - f l u i d  

t e m p e r a t u r e s  i n c r e a s e  w i t h  i n c r e a s i n g  t h i c k n e s s  of o v e r l y i n g  c l a y  and a r e  

m o d i f i e d  by v a r i a t i o n s  i n  p e r m e a b i l i t y  caused by o r i g i n a l  s e d i m e n t a t i o n  and 

by f a u l t i n g .  D e l t a ,  s t r e a m ,  beach,  and l a c u s t r i n e  environments  can b e  recog- 

n i z e d  i n  t h e  r e s e r v o i r  s e c t i o n .  
-2 

Measured w e l l  f lows  o f  5  x 1 0  t o  8  x cu m / s  (800-1,300 gpm) i n d i -  

c a t e  f low through f r a c t u r e s  a t  an e f f e c t i v e  r e s e r v o i r  p e r m e a b i l i t y  a s  h i g h  as 

10- l2  s q  m (1 d a r c y ) .  

S t r u c t u r e  is dominated by a  s e r i e s  of n o r t h w e s t - s o u t h e a s t  s t r i k e - s l i p  

f a u l t s  w i t h  s e v e r a l  hundred f e e t  o f  a p p a r e n t  v e r t i c a l  s e p a r a t i o n .  V a r i a t i o n s  

i n  t h i c k n e s s  and s a n d s t o n e  d i s t r i b u t i o n  i n d i c a t e  t h a t  t h e s e  f a u l t s  were a c t i v e  

d u r i n g  d e p o s i t i o n ,  and some are s e i s m i c a l l y  a c t i v e  today.  



TOWSE, D. F. and Palmer ,  T. D . ,  Summary o f  geology a t  t h e  ERDA-MAGMA-SDG&E 
geothermal  t e s t  s i t e ,  Lawrence Livermore Labora to ry ,  Rept.  UCID-17008 
(1976) . 
The t e s t  f a c i l i t y  u s e s  f o u r  w e l l s  i n  S  112 s e c t i o n  33-11s-13E i n  I m p e r i a l  

County. The S a l t o n  Sea W i l d l i f e  Refuge a d j o i n s  t h e  p r o p e r t y  on t h e  n o r t h  

edge. 

Two s h a l l o w  w e l l s  (Magmamax 1 and Woolsey 1 )  a r e  planned as producing 

w e l l s ,  and two deeper  ones  (Magmamax 2 and Magmamax 3)  a r e  t o  b e  used f o r  

d i s p o s a l .  These a r e  shown on t h e  a t t a c h e d  s e c t i o n s .  

The r e s e r v o i r  r o c k s  a r e  a s e r i e s  o f  s a n d s t o n e s  below a s h a l y  sequence.  

The r e s e r v o i r  s a n d s t o n e s  a r e  d i v i d e d  by s e v e r a l  major s h a l e  beds over  40 

f e e t  t h i c k  t h a t ,  i n  t h e  absence of f r a c t u r i n g ,  would p r o v i d e  impermeable 

b a r r i e r s  and s e p a r a t e  t h e  r e s e r v o i r  i n t o  s e v e r a l  s e p a r a t e  h y d r o l o g i c  sys tems.  

The most impor tan t  s h a l e  o c c u r s  a t  d e p t h s  between 2000 and 2500' i n  a l l  f o u r  

w e l l s .  The s e c t i o n  below t h a t  b a r r i e r  i s  c a l l e d  h e r e  t h e  'Lower R e s e r v o i r . '  

Towse, D. F., HOWARD, J. H . ,  House, P. A., and Johnson, P.  M . ,  Geology and 
p o t e n t i a l  u s e s  of t h e  g e o p r e s s u r e  r e s o u r c e s  of t h e  Gulf Coas t ,  Am. Asso. 
P e t .  Geol. - 60, 682 (1976).  [UCRL-77434, A b s t r a c t ]  Lawrence Livermore 
Labora to ry ,  Rept.  UCID-17163 (1976).  

WALTON, 0 .  R. and H o l t ,  A. C . ,  C h a r a c t e r i z a t i o n  of two porous  ce rmets :  a 
s t a t u s  r e p o r t  ( J o i n t  JOWOG-6lSUBWOG-268 Mtg., Albuquerque,  S e p t .  1976) 
Lawrence Livermore Labora to ry ,  Rept.  UCRL-78726, P r e p r i n t  (1976).  

A m a t e r i a l  c h a r a c t e r i z a t i o n  e f f o r t  des igned  t o , d e v e l o p  a  model c a p a b l e  

of p r e d i c t i n g  t h e  stress t ime  r e s p o n s e  of two plasma sprayed  ceramic-metal  

m i x t u r e s  i s  d e s c r i b e d .  The p r e l i m i n a r y  models were  developed,  b e f o r e  m a t e r i a l  

f a b r i c a t i o n ,  u s i n g  o n l y  t h e  known and e s t i m a t e d  p r o p e r t i e s  of t h e  components 

of each cermet .  P r e d i c t i o n s  based on t h e s e  p r e l i m i n a r y  models were  w i t h i n  

f a c t o r s  o f  two o r  t h r e e  of t h e  underground exposure  " p r o o f - t e s t s . "  S i g n i f i -  

c a n t  improvements i n  t h e  " p r e d i c t i o n s "  have been r e a l i z e d  by i n c o r p o r a t i n g  

t h e  a s - f a b r i c a t e d  compos i t ions  and p o r o s i t y  and t h e  r e s u l t s  of h y d r o s t a t i c  

P-V measurements i n t o  t h e  model d e s c r i p t i o n s .  A s  electron-beam and g a s  gun 

d a t a  become a v a i l a b l e ,  t h e y  w i l l  b e  i n c o r p o r a t e d  i n t o  t h e  model, h o p e f u l l y  

t o  produce even b e t t e r  agreement w i t h  t h e  underground s t r e s s - t i m e  b e h a v i o r .  

R e s u l t s  t o  d a t e  have provided u s  w i t h  improved methods t o  u s e  i n  p r e d i c t i n g  

t h e  p r o p e r t i e s  of new o r  h y p o t h e t i c a l  m a t e r i a l s  i n  t h e  f u t u r e .  

WALTON, 0 .  R . ,  An e q u a t i o n  o f  s ta te  model f o r  a porous  t u n g s t e n  micro-sphere 
. . -- 

composi te ,  Lawrence  herm more ~ a b o r a t o r ~ ,  Rept . UCIR-1040 (1976) . 



An e m p i r i c a l  equat ion  of s t a t e  and porous model i s  developed f o r  a  mix- 

t u r e  of 21 86% W ,  8% W03, w i t h  an i n i t i a l  p o r o s i t y  of about 28X. A second or-  

d e r  polynomial i n  w i t h  a  l i n e a r  energy dependence i s  found t o  adequately 

f i t  t h e  a v a i l a b l e  Hugoniot d a t a .  A two parameter exponent ia l  P-a r e l a t i o n -  

s h i p  i s  f i t  t o  t h e  s t a t i c  c rush ing  d a t a  and t h e  i n i t i a l  porous and s o l i d  

Hugoniots t o  1Mb a r e  c a l c u l a t e d .  The p o s s i b i l i t y  of mel t ing  a s  low a s  0.5 Mb 

on t h e  Hugoniot i s  d i scussed .  Examples of c a l c u l a t e d  two-wave s t r u c t u r e s  a r e  

p re sen ted .  

WEED, H. C.  and P i w i n s k i i ,  A .  J . ,  E l e c t r i c a l  conduc t iv i ty  of P i c tu red  C l i f f s  
sandstone s a t u r a t e d  w i t h  t a p  water  under ambient cond i t i ons ,  Trans. Am. 
Geophys, Union x, 322 (1976). [UCRL-77638, Abs t rac t ]  

The e l e c t r i c a l  conduc t iv i ty  (a) of c y l i n d r i c a l  co re s  of 25.4 mrn diameter  

P i c t u r e d  C l i f f s  sands tone  (LID = 1; permeab i l i t y  range,  7  x t o  4 x 10-I 

md; p o r o s i t y  range ,  3.8% t o  4.9%) was measured a t  a  frequency of 1 kHz under 

ambient c o n d i t i o n s  a f t e r  s a t u r a t i o n  i n  t a p  water .  K ine t i c s  of rock-water 

i n t e r a c t i o n  and t h e  e f f e c t  of Soxhlet e x t r a c t i o n  on t h e  0 of t h e  rock were 

a l s o  i n v e s t i g a t e d ,  Formation f a c t o r s  (F) and t h e  a of rock specimens d i s p l a y  

time-dependent behavior  up t o  4,500 hours .  Smooth, unsymmetrical conduc t iv i ty  

maxima occur  f o r  a l l  samples a t  t imes which i n c r e a s e  wi th  inc reas ing  po ros i ty .  

The observed time-dependence of F and, therefore ,  of Archie ' s  Law (F = $-n, 

$ = p o r o s i t y ,  n  = a parameter) i s  inf luenced  by t h e  k i n e t i c s  of ion  t r a n s p o r t  

between t h e  P ic tu red  C l i f f s  sandstone and t h e  aqueous pore f l u i d .  Soxtllet 

e x t r a c t i o n  lowers  F, b u t  does not  s i g n i f i c a n t l y  change i t s  time-dependence. 

WEED, H. C . ,  Jackson,  D. D . ,  and Koskinas,  G . ,  The d i s t r i b u t i o n  of r ad ioac t iv -  
i t y  between rock m a t e r i a l s  and water  a t  Nevada Test  S i t e ,  Trans. Am. 
Geophys. Union - 57, 1016 (1976). [UCRL-78644, Abs t r ac t ]  

S t a t i c  l each ing  experiments were performed on r a d i o a c t i v e  d e b r i s  from 

Nevada Tes t  S i t e .  Two l e v e l s  of t r a c e r  were used i n  t h e  l each  s o l u t i o n ,  which 

w a s  w e l l  water  from NTS. Debris  cons i s t ed  of puddle g l a s s  (samples 1 and 3) 

and chimney m a t e r i a l s  (samples 2 and 4 ) .  The maximum leaching  t ime was 384 

days.  High v a l u e s  of KDA, t h e  r a t i o  of t h e  a c t i v i t y  per  u n i t  a r e a  of s o l i d  

t o  t h e  a c t i v i t y  concen t r a t ion  i n  t h e  l e a c h  s o l u t i o n ,  a r e  a s soc i a t ed  wi th  high 

v a l u e s  of pH f o r  samples 1, 2 ,  3 ,  bu t  no t  4.  A c o r r e l a t i o n  between h igh  
%A 

and high pH sugges t s  t h a t  a s  t h e  s o l i d  p a r t i c l e s  d i s s o l v e  dur ing  t h e  leaching  

experiments ,  t h e  a c i d  used i n  making up t h e  t r a c e r  s o l u t i o n s  i s  n e u t r a l i z e d .  

However, t h e  behavior  of sample 4 i n d i c a t e s  t h a t  o t h e r  f a c t o r s  bes ides  p1.I can 

i n f l u e n c e  t h e  K DA. I n s o f a r  a s  KDA i n c r e a s e s  wi th  t ime o r  w i th  pH, t h i s  has  



f a v o r a b l e  p r a c t i c a l  consequences f o r  NTS hydrology s i n c e  a s p e c i e s  w i t h  a  

h i g h  KDA t e n d s  t o  remain a s s o c i a t e d  w i t h  t h e  d e b r i s  n e a r  i t s  p o i n t  of o r i g i n  

Such a s s o c i a t i o n  would b e  expec ted  t o  i n h i b i t  t r a n s p o r t  o f  t h e  s p e c i e s  by 

ground w a t e r .  The e f f e c t  of d e b r i s  t y p e  i s  s m a l l e s t  f o r  8 5 ~ r  and 60Co: KDA 

f o r  t h e s e  s p e c i e s  i s  approx imate ly  t h e  same f o r  b o t h  puddle  g l a s s  and chimney - 

m a t e r i a l .  The e f f e c t  of t r a c e r  l e v e l  i s  n o t  n o t i c e a b l e  f o r  8 5 ~ r  and 6 0 ~ o .  b u t  

i n  t h e  c a s e  of 1 3 4 ~ s  and 1 5 2 ~ u ,  h i g h  t r a c e r  l e v e l  i s  a s s o c i a t e d  w i t h  h i g h  K 
DA . 

WEED, H. C.  and P i w i n s k i i ,  A. J . ,  E l e c t r i c a l  c o n d u c t i v i t y  of r o c k - s o l u t i o n  
sys tems  under ambient c o n d i t i o n s :  P i c t u r e d  C l i f f s  s a n d s t o n e  i n  t a p  
w a t e r ,  Lawrence Livermore Labora to ry ,  Rept.  UCRL-52005 (1976).  

A s  p a r t  o f  a program t o  e x p l o r e  t h e  r a n g e  o f  a p p l i c a b i l i t y  of A r c h i e ' s  

Law, t h e  e l e c t r i c a l  c o n d u c t i v i t y  ( a )  o f  c y l i n d r i c a l ,  25.4-mm-diameter c o r e s  

c u t  from P i c t u r e d  C l i f f s  s a n d s t o n e  ( p o r o s i t y  r a n g e  3.8% t o  4.9%) w a s  measured 

a t  a  f requency  of 1 kHz under ambient c o n d i t i o n s  a f t e r  immersion i n  t a p  wate r .  
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