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The Department of Energy supplrts research in the geosciences in order 
to provide a sound foundation of fundmental knowledge in thase m a s  
that are gemm to the Bpartment  of Energy's many missions. The Divi- 
s ion  of Engineering, Mathematical. and Geosciences - part a€ the Mfice 
of Basic Energy Sciences which is under the Director of Energy Research - supports the Geosciences Research Prqran. The participants in this 
progrm include Department of E n e r g y  laborataries, industry, universi- 
ties, and other goverrrnental agencies. Their s u p p r t ,  formalized by a 
contract &tween the Epartment of Energy and the crganization perfom 
ing the work, provides funds for salaries, equipent and other materi- 
als,  a r d  an overhead allawance. 

The summaries in this dccument, prepanxl @ the investigators, describ 
the scope of the Mividual  ~ q r a m s  and detail the research performed 
during 1983-1984. The Geasciences Research Progrm includes research in 
geology, petrology, geophysics, geochmistq , hydrology, solar- 
terrestrial relationships, aemnamy, s e i s n o l w ,  and natural resource 
analysis, including t h e i r  variaus subdivisions a d  interdisciplinary 
areas. All such research is related either directly or indirect ly  to 
the kpartment of Energy's technological weds. 



INTR3CeSCTION M WIE GEOSCIENCES RJSEAFCH PROGRAM 
OF 7HE OFFICE OF BASIC ENERGY SCIENCES 

The Geosciences Research Program is directed by the Department of 
Energy's Office of Energy Research, within the O f f i c e  of h s i c  Energy 
Sciences, Division of Engineering, Mathematical, and Geosciences. 
Research supprted by this program may be directed tcward a specific 
energy technolqy, national security, conservation of the environment, 
or the safety  objectives of the Epartment af Energy, The purpose of 
this program is to develop geoscience or geoscience-related information 
relevant to  one m mre of these Department of Energy objectives or to 
develop Ule broad, basic urderstanding of geoscient i f ic  materials and 
processes necessary for attaining long- term Epartment of E n e r g y  goals. 
I n  general, individual research e f f o r t s  supported by this prqrm may 
involve elements af al l  four ci3jectives. 

The Geosciences Research Program is divided i n t o  f i v e  broad 
ca teyor ies: 

o Geolagy, geophysics, and earth dynanics 
o Geochemistry 
o Energy resource r ecop i t i on ,  evaluation and develoy-ent 
o Hydrologic and mrine sciences 
o Solarcterrestrial-atmospheric interactions. 

The following content o u t l i n e  of these cateyories is intended to be 
illustrative rather than exhaustive, and w i l l  evolve with time. Indivi- 
dual research efforts at the Department of Energy, university, college, 
corporate, not- f or-prof it, and other Federal qency  laboratories sup- 
ported by this program frequently have c m p n e n t s  i n  mre than one of  
the categories or subcategories listed. 

1. Geology, Geophysics, and Earth Qmanics 

A. LarqeScale Earth Movments. Research re la ted to t k  physical 
aspects of large-scale plate m t i o n ,  mountain ku ilding , and 
regional scale u p l i f t  m subsidence, 

B. Evolution of Geolwic Structures. Research bearing on the 
history and developnent of geologic structures le.g,, folds, 
faults, landslides, and volcanms) on a local or subregional 
scale,  

C.  Properties of Earth Materials. Research cn physical properties 
of r c c k s  and minerals determined i n  the labratory or in  the 
f i e l d  l in s i t u )  by direct or indirect techniques. 

D. Rock Flaw. Fracture, or Failure. Research related to xrespnse 
of minerals, rccks, and rock un i t s  to ~ t u r a l  or artificially 
induced stress, including the strain rates that range £ran 
those appropriate to drilling to visaelastic response. 



2, Geochemistry 

A. Thezm~chProaertiesflf Geoloqic Materials. Fbzsearch related 
to themdynmic and transport psoperties of natural geologic 
materials and their synthetic analcrgues. Emphasis is on generic 
rather than site specif ic stud ies . 

B. Static Rock-Water Interact ions. Laboratory-based resear& on 
chemical, mineralogical, and textural consequences of interaction 
of mtural apeous flu ids, or their synthetic analogues, with rPcks 
and minerals. 

C. manic GeochemisW. Research on ~ t u r a l l y  occurriq carbna-s 
and biologically derived &stances of geologic importance, 
including research on the origin and d e v e l o p n t  of coal, petrolem 
and gas. 

Geochmical Mimation. Research m chemical migration in materids 
of the earth's crust, emphasizing a generic rather than specific 
understanding, which m y  (ultimately) lead to prdictive capability. 
These e x p r h n t a l  and theoretical studies focus on chemical 
transport induced ky pressure, temperature, and canposition 
gradients within, between, and & a phase or phases. This ontponent 
is part of a nniltiiqency (Department of E n e r g y ,  National Science 
Foundation, U.S. Geological Survey) joint pogl-an. 

3. Energy R?sour# Recapition, Evaluation, and Utilization 

A. Resource I R f i n i t i m  and Utilization. The principal goal of this 
research is to develop new and advanced techniques that are 
physically, chemically, and mthmatically based, for energy and 
energy-related resource exploration, definition, and use. 

B. Reservoir Dynanics and Modeling, Research related to dynamic 
modeling of geothermal and hydrocarbon reservoirs i n  their 
natural and perturbed ( by prduction, inject ion, or reinjection) 
states. 

C, Magma E n e r g y  Resources, Field, labratory,  experi enta l ,  and 
theoretical research bearing on the origin ,  migration, e q l a m e n t ,  
and crystallization of natural silicate liquids or their synthetic 
analques. These studies anphasize the extraction of energy frm 
such liquids. 

D. Informatiun Canpilation, Evaluation, and Dissemination. These 
research activit ies  are principally orient& toward evaluating 
existing w s c i e n t i f  ic data to ident i fy  s ign i f ican t  gaps, including 
the necessasy canpilation and dissemination activities. 

E. Continental Scientific Drilling Program CCSDP). Research on 
advanced technolcqy and services as -11 as scientifically 
motivated pojects- concerned with utilizing shallow (0 .3  km) , 
intermediate (0.3  to k Ian), and deep ( >  1 h) d r i l l  holes in the 



United States cuntinental crust to l a )  obtain smples for detailed 
physical, chemical, minerdlogical, ptrrolqic, and hydrolwic 
characterization and interpretation; (b) correlate pophysical data 
with laboratory-determi& poperties; and ( c )  use the drill hole as 
an experimental facility for studying crustal mterials and 
processes. The kparbwnt  of Energy f m s e s  on drilling thrmqh an 
active hydrothermal system (or systems) into a magma &anber or into 
high-temperature igneous rocks ,  Research includes aspects of 
drilling tecfulolqy developent  for such b s t i l e  enviromnts.  Part 
of a mltiagency {U,S, Geological Survey, National. Science 
Foundation, and Deparbnent of Energy)  coordinated prqran under the 
-is of an Interagency *cord on Continental Scientific Drilling. 

4. Hydrologic and Marine Sciences 

A, Ground Water Hydrolqy Research related to chemical and physical 
principles underlying the flm of water through perms and 
permeaDle rocks near the earth's surface. 

B. Fresh t5ater Systems. Research m the chemistry, physics, and 
dynmics of fresh water systms, including streams, rivers, and 
lakes. 

C. Oceanqraphy. Research involving materials and processes of the 
marine env i romnt ,  Principal emphasis is m geological, 
geophysical, and m h e m i c a l  research related to m c k s  and sediments 
beneath the water m l m .  

5. Solar-Terres tr ial-Atmospheric Interact ions 

A. Magnetospheric Physics, Research directed taward developing a 
fundmental understanding of the interactions of the solar wind 
with the terrestrial mgnet ic  field. Research related to the 
earth" magnetosphere as a &el magnetohydredynanic generator 
and associated plasna physics research. 

B. Upper Atmosphere Chemistry and Physics. Research on thermal, 
canpositional, and electrical menanena i n  the upper 
atmosphere, and the effects induced $y solar radiation. 

C. Solar Radiation. Research m the solar mnstant, spectral 
distribution, and dmracteristics of solar radiation of the 
earth, including the long-term effects of solar radiation m 
the climate. 

Dm Meteorology and Climatology. Interrelationships of wather and 
climate w i t h  energy systems. 
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Contractor : ARGONNE NATIONAL LABORATORY 
Argonne, I l l i n o i s  60439 

Contract :  109 ENC 38 

T i t l e :  Geosciences Program 

Person i n  Charge: F. A,  Cafasso and M .  J .  S t e i n d l e r  

Scope of Work 

The Geosciences program a t  Argonne National Labora to ry  is focused 
on research i n  t h e  areas of geochemical migration a n d  mineral 
thermochemistry. I n  the migrat ion area s t r o n g  emphasis is placed on 
developing an understanding of the  chemistry underlying a c t i n i d e  element 
t r a n s p o r t  i n  geomedia. S t u d i e s  of t he  thermodynamics,  k inet ics  and 
mechanisms of actinide complex format  ion reac t ions  with organi  c 
compounds ( e . g . ,  hurnic a n d  f u l v l c  ac ids )  and inorganic cons t i t uen t s  in 

f 

ground (e.g., Cog  , SO = )  are b e i n g  pursued i n  this connection. 
4 

A n a l y t i c a l  s t u d i e s  of hydrothermal ly-al tered m a t e r i a l s  are  also i n  
p r o g r e s s  i n  an attempt t o  describe t h e  more general phenomenon of trace 
element migra t ion  in rock-water systems. As research i n  t h i s  program 
area advances, i n v e s t i g a t i o n s  of rock s u r f a c e  reaction chemistry are 
expected t o  become prominent.  The thermochemistry part of t h e  program 
is largely focused o n  measur ing,  by a variety of c a l o r i m e t r i c  methods,  
t he  thermodynamic p r o p e r t i e s  of z e o l i t e s  and r e l a t e d  materials. The 
i n t e n t  i s  t o  deve lop  thermodynami c-structure c o r r e l a t i o n s  for  these 
m a t e r i a l s  and t o  use t h e  da t a  t o  e x p l a i n  mineral  equi l ibr ia .  

A. TsaceElement M i g r a t i o n i n  t h e E a r t h f s  Crust; (M. Sei tz ,  M. 
S t u r c h i o ,  S. Boggs, Jr  . , and D. Livermore) 

An unders tand ing  o f  t h e  d i s t r i b u t i o n  and mobi l iza t ion  of t r a c e  
e lements  i n  n a t u r a l  rock-water systems is  fundamenta l ly  impor tan t  
and i s  p a r t  of t h e  basis for developing r a t i o n a l  policies 
r e g a r d i n g  t h e  management of our environment and t h e  evaluat ion and 
e x p l o i t a t i o n  of our energy and minerals resources. In this 
program, we are c u r r e n t l y  c o n c e n t r a t i n g  on two main areas of 
research: ( 1 )  chemical mobility d u r i n g  hydrothermal a l t e r a t f o n  in 
a c t i v e  geothermal systems, and ( 2 )  t h e  effects  of o rganic  
compounds i n  groundwaters on t h e  m o b i l l  t y  of heavy elemknts. 

Active geothermal systems prov ide  excellent o p p o r t u n i t i e s  f o r  t h e  
study of chemical m o b i l i t y  in rock-water systems a t  r e l a t i v e l y  
h igh  temperatures. T h i s  is e s p e c i a l l y  t r u e  when rock  cores and 
thermal water (o r  brine) samples a r e  a v a i l a b l e  from var ious  d e p t h s  
and p h y s i c a l  cond i t i ons  are known. We are now performing a 
d e t a i l e d  study o f  hydro the rmal ly  a l t e r e d  r h y o l i t i  c v i  t r o p k y r e  
samples from t h e  Y7 and Y8 shal low research d r i l l  ho les  i n  



Yellowstone N a t i o n a l  Park, using electron microprobe, instrumental 
neutron act ivat ion analysis, i n d u c t i v e l y - c o u p l e d  plasma atomic 
emiss ion  spectrometry, and mass s p e c t r o m e t r y .  This work I s  being 
done t o  quantify t h e  chemical  mobility concomitant with 

hydrothermal alteration i n  t h e s e  rocks a t  t e m p e r a t u r e s  of lt0"-160' 
C. We have also analyzed s e v e r a l  the rmal  water samples from the 
v i t r o p h y r e  u n i t  i n  these holes. I n  a separate s t u d y ,  g r a n i t e  from 
the  2 km deep d r i l l  hale a t  the MarysviLLe Geothermal Anomaly, 
Montana, is being investigated t o  de te rmine  the effects of 

protracted interaction between t h i s  rock and the coexisting 95'~ 
d i l u t e  sodium bicarbonate-sulfate water. 

Organic compounds i n  groundwaters a r e  known t o  form stable 
complexes with heavy elements. We are now i n v e s t i g a t i n g  the 
e f fec t s  of dissolved organics o n  t h e  d i s t r i b u t i o n  rat ios of 237- 
neptunium and 241 -mer i c i  um between b a s a l t  and groundwater, us ing  

0 
both natura l  and s y n t h e t i c  groundwater compositions a t  25 and 

90'~.  Specf al t e c h n l  ques f o r  s t u d y i n g  these effects  i n  natural 
groundwaters are being developed. This work w i l l  have important 
impl ica t ions  regarding t h e  influence of groundwater c o m p s i t f o n  i n  
t h e  t r anspor t  properties of hazardous waste elements in gr0UJId~ater 
aquifers. I n  r e l a t e d  work, we have examined the m o b i l i t y  of 
phenols  i n  dolomite aquifers. Also under I n v e s t i g a t i o n  is the use 
of catalysts in low temperature geocherni cal e x p e r i m e n t a t i o n .  

B. Migration of Heavy Element Chemical Species in Geolog ic  Media 
IF. Schre iner  and A. M. Friedman) 

The mechanisms of transport of heavy e lements  i n  na tu ra l  g e o l o g i c  
f o r m a t i o n s  de te rmine  t h e  r a t e  and e x t e n t  of t he i r  d i s p e r s a l ,  and 
the  p o t e n t i a l  local ized concentration o f  t h e s e  e lements  i n  t h e  
environment. The objective of the present program is the 
investigation of' t h e  chemical f a c t o r s  t h a t  are  important in  t h e  
t ranspor t  of elements w i t h  atomic nmbers of 92 and beyond. 
Chemical proper t ies  of importance include redox and hydrolysis 
equilibria and c m p l e x  f o r m a t i o n ,  To unravel the canplex aggregate 
of physicochemical  i n t e r a c t i o n  modes a number of techniques are  
being u t i l i z e d .  O x i d a t i o n  s t a t e s  and reaction r a t e s  are determined 
s p e e t r o p h o t m e t r i  ca lLy,  and e q u i l i b r i u m  parameters are es tabl i shed 
by calorimetry. Rate  measurements are made on the  microsecond t ime  
sca le  by using the t e m p e r a t u r e  jump technique. The acquired data 
should provide information p o t e n t i a l l y  useful i n  t h e  assessment of 
the  safety of nuclear waste r e p o s i t o r i e s ,  and in t h e  modeling of 
d ispers ion  patterns for hazardous s a d i o n u c l i d e s  af ter  accl d e n t a l  
release.  

In recent months c a l o r i m e t r y  af the sys tern of complex uranium 
carbonates has received special attent ion, a long  wi th  en tha lpy  



measurements on the  r e a c t i o n  of u r a n y l  (VI) ions with such common 
anions as chlor ide  and s u l f a t e .  The c a l o r i m e t e r  used for these 
measurements is a commercial t i t r a t i o n  microcalorimeter madif i e d  
f o r  specia l  use with r a d i o a c t i v e  e l e m e n t s .  The ins t rument  i s  
capable of measuring heat releases t o  + 0.0005 K-degrees. The 
results show t h e  calorimetric enthalpies f o r  t h e  carbonato 
complexes of uranium t o  be consistent w i t h  p u b l i s h e d  equilibrium 
data based on pot enti ometri c and s pectrophotometri  c measurements. 
L i te ra tu re  values for  the  equil ibr ium cons tan ts  of t h e  stepwf se 
f o r m a t i o n  of the dicarbonato- and t h e  t r i ca rbbna to  uranate ions are 

18 
l d 4  and 10 , respectively, indicating very high stabilities Por 
the complex ions. The bond energy f o r  attachment of a ca rbna to  
group t o  t h e  u rany l  ion deduced from our ca lo r ime t r i c  measurements 
is near 29 k i l o j o u l e s ,  c o n f i r m i n g  t h e  s t r o n g  a f f i n i t y  of t h e  
carbonate group t o  t h e  uranium c e n t r a l  atom. Calorimeric 
measurements i n  t h e  f u t u r e  will concentrate on t h e  complexing 
reactions of nep tun ium and plutonium i n  systems analogous t o  t h e  
uranium, systems. A t  the  same time spectrophot m e t r i c  techniques 
w i l l  be used t o  i d e n t i f y  t he  r e a c t i n g  species and t o  es tab l i sh  
kinetf  c parameters. By canparat i  ve eva lua t ion  of the chemistry of 
t h e  closely related e l e m e n t s  uranium, neptunium, and plu tonium we 
expect to d e v e l o p  correlations which can be used t o  predict the 
unknown behavior of transurani urn elements in geologic formations . 

C. Thermochemistry of Geothermal Materials (P. A .  G. OiHare and 6 .  K. 
Johnson) 

The objective of this program is t o  measure precisely, by 
calorimetry, thermodynamic properties of z e o l i t e s ,  s i l i c a t e s ,  and ' 

s t r u c t u r a l l y  re la ted compounds. Materials selected for study are  
often key components of geologic ensembles, they may have real  or 
p o t e n t i a l  technological value, or t h e y  may be of basic s c i e n t i f i c  
i n t e r e s t  i n  terms of structure or chemical bonding.  Calor imet r ic  
techniques are as follows: s o l u t i o n  ca lor imet ry  i n  aqueous HF f o r  

t h e  determination of enthalpies of formation, A ~ H ~ ;  low-temperatu~e 

C a l o r i m e t r y  (5-350 K) fo r  the d e t e r m i n a t i o n  of heat capac i t i e s ,  
0 

CO and the derived standard e n t r o p y ,  Sm; d r o p  calorimetry (T > P ,m* - 
0 350 K) for the determinat ion of e n t h a l p y  i n c r e m e n t s ,  Hm(T) - HZ 

(298.751, and the d e r i v e d  CO . and d i f f e r e n t i a l  scanning 
ptm' 

calorimetry for t h e  de te rmina t ion  of C" and temperatures and 
P l m  

e n t h a l p f  es of transition. Meaurements cover t h e  temperature range 
from 5 t o  1500 K or the  upper temperaturea limit of s t a b i l i t y .  



Based on our published value for  t h e  Glbbs free energy of formation 
of analelme we have been ab le  t o  estimate t h e  effect t h a t  
var ia t ions  i n  t h e  Si /Al  ratios, and a p p l i e d  those estimated t o  

0 
naturally-occurring systems. O u r  estimated va lues  f o r  AfGm of 

analcimes of composition Na 0 *H 0 along wi th  our 0 . 8 ~ ~ 0 . 8 ~ ~ 2 . 2  6 2 

experimental values f o r  NaO, 9 6 A 1 0 * 9 6 S i  2.04 O6'H20 suggest t h a t  s o l i d  

solution of quartz in analcime i s  nea r ly  i d e a l .  These new Gibbs 
energ ies  have been used to construct a log SiO,(aq) aga ins t  T phase 

C 

diagram which depicts t he  stability of the analcimes with respect 
t o  quartz .  T h i s  diagram is in complete hasmony with geologic f i e l d  
observations and with t h e  experimental determined stability limits 
of the analcimes. 

In order t o  more completely understand t h e  (heulandite-Laumontite- 
SiO ) and (heulandite-analcime-SiQ2) equi l ibr ia ,  our earlier 

2 
stud1 es on heu l and i t e  are being extended t o  inc lude  additional 
specimens with d f  f f  w e n t  SI - to -A1 r a t i o s .  

Currently, the thermodynamic properties of mordenite and dehydrated 
mordenite are being determined i n  o r d e r ,  in ter  a l i a ,  to obtain a 
better understanding of the properties of zeolitic water. 
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Scone of Work 

The geosc$ences program a t  LBL encompasses i n v e s t i g a t i o n s  in 
geochemistry , geophysics, reservoir dynamics , and appl ied  geomechani cs  . 
In t h e i r  a p p l i c a t i o n s ,  these s t u d i e s  are d i v i d e d  i n t o  f i v e  categories,  
r e p r e s e n t e d  i n  t h e  f o l l o w i n g  summaries: p r o j e c t s  re la ted  t o  d r i l l i n g  
for s c i e n t i f i c  purposes i n  thermal regimes on the continents, b a s i c  
geocherni cal i n v e s t i g a t i o n s ,  g e m e c h a n i  cs-f r a c S u r e  studies, invest1 gation 
of chemical  and f l u i d  t ransport  processes, and the  e f fec ts  of b o l i d e  
impacts on mass extinctions. 

A .  Continental S c i e n t i f i c  Dr i l l ing  - Related Projects 

1. Hydrogeochemical I n v e s t i g a t i o n s  ( A .  F. White and A .  Wollenberg) 

The o b j e c t i v e  of t h e  hydrogeochemical  investigatians is t o  
e v a l u a t e  a c t i v e  hydrothermal systems in the Long Valley and 
V a l l e s  c a l d e r a s  and the  S a l t o n  Trough as potential targets for 
deep continental drilling into magma - hydrothermal  regimes.  
The d a t a  d e r i v e d  are being used t o  determine t o  what e x t e n t  
chemical components are introduced i n t o  hydrothermal sys terns 
from deeper magmatic sources and t o  determine sources of 
meteoric water recharge and pathways of d i scharge .  I n  
cooperation ui t h  t h e  U. S. G e o l o g i c a l  Survey, e x i s t i n g  wells 
operated by geothermal  companies have been sampled for  rnaj or 
and t race  f l u i d  components and dissolved gases, i n c l u d i n g  noble 
gas isotopes. Modeling of the chemical evolution of  the 
systems is also under way using these d a t a  and r e a c t i o n  p a t h  
geochemical  codes .  The p r o j e c t  also prov ides  geochemical  and 
hydrogeo log ic  s u p p o r t  i n  the  design of a downhole sampler for 
geothermal wells and the subsequent  cheml cal analyses and their 
interpretation. The samples system may be used i n  h o l e s  t o  be 
drilled by DOE i n  the rmal  regimes, beg inn ing  i n  1484. 

2. Deep Electromagnetic Sounding of t h e  Crust (H. F. Morrison and 
N. E. G o l d s t e i n )  

Variations in e l e c t r i c a l  r e s i s t i v i t y  w i t h i n  t h e  crust are 
r e l a t e d  mainly t o  t h e  degree of connected p o r o s i t y ,  sa tura t ion 
and s a l i n i t y  of pore f l u i d s ,  a s  w e l l  as  past and present 



thermal  effects; e . g . ,  e l e v a t e d  t e m y r a t u r e s  and clays due t o  
hydrothermal  react  ions. In terpre ted  w i t h  c u r r e n t  thermal and 
seismic d a t a ,  subsur f  ace r e s i s t b  v i t i e s  der ived from 
e l e c t r o m a g n e t i c  soundings can yield important i n f o r m a t i o n  on 
t h e  source of the rmal  anomalies w i t h i n  the c r u s t ,  i n c l u d i n g  t h e  
p o s s i b l e  l o c a t i o n  of shallow magma bod1 es. 

C o n t r o l l e d - s o u r c e  EM (CSEM) sound ings  made i n  t h e  Long Valley 
Caldera  have d e l i n e a t e d  two  appa ren t l y  s e p a r a t e  and d i s t i n c t  
h i g h  ~ n d u c t i v i t y  areas a t  dep ths  of 7.5 t o  3 krn and within 
pre -ca lde ra  rocks. One conductor occurs i n  t h e  sou th  moat and 
near the  a r e a  of intense earthquake a c t i v i t y  and presumed magma 
movement. It may be due t o  a combinat ion of c o n d u c t i v e  rock 
within a Paleozoic roof pendan t ,  h igh p o r o s i t y  due t o  f a u l t -  
induced f r a c t u r e s ,  and e l e v a t e d  t e m p e r a t u r e s .  The second 
conductor unde r l i e s  t h e  n o r t h e a s t  corner of t h e  resurgent dome 
and appears t o  plunge southeastward toward Lake Crowley. 
Because t h e  conductor is concordant  w i t h  a magne t i c  anomaly, 
t h e r e  i s  t h e  p o s s i b i l i t y  t h a t  t h e  conductor  r e p r e s e n t s  a post- 
c a l d e r a  extensional zone i n t r u d e d  by maf i c  magnetic rocks. The 
presence of these conductors has r a i s e d  new q u e s t i o n s  on 
c a l d e r a  development and s t r u c t u r e .  

The 3-axi s Super conducting Quantum I n t e r f e r e n c e  D e t e c t o r  
(SQUID) magnetometers p r e v i o u s l y  used w i t h  t h e  CSEM system are 
being replaced by newly des igned  and built, lightweight 
i n d u c t i o n  c o i l  magnetometers and matching amp1 i f  iers.  I n i t i a l  
t e s t s  of t h e  co i l s  r e v e a l  t h a t  t h e i r  i n t r i n s i c  noise is as low 
o r  lower than t h e  SQUIDS.  The new magnetometers s h o u l d  r e s u l t  
i n  lower o p e r a t i n g  and maintenance c o s t s  and be more r e l i a b l e  
t h a n  t h e  SQUIDS, 

3. Center  fo r  Computational  Seismology (T. V .  M c E v i l l y  and E. L .  
Maj er ) 

Seismology has t r a d i t i o n a l l y  been a da t a - in t ens ive ,  m u l t i -  
d i s c i p l i n a r y  science with consequent problems i n  the r e d u c t i o n  
and a n a l y s i s  of large volumes of d a t a  on t h e  one hand, and i n  
the e f f i c i e n t  h a n d l i n g ,  a n a l y s i s ,  and p r e s e n t a t i o n  of results 
on t h e  o t h e r .  To be f u l l y  e f fec t ive  i n  s e i s m o l o g y ,  a modern 
research l a b o r a t o r y  r e q u i r e s  data manipulation and sto-age 
c a p a b i l i t i e s  beyond those of most computational facilities, 
a long  with a s o p h i s t i c a t e d  flexibility i n  g r a p h i c s  and 
i n t e r a c t i v e  o p e r a t i o n s .  

It was a p p a r e n t  t h a t  existing p e r s o n n e l ,  equipment ,  and mutual  
i n t e r e s t s  a t  (UCB) and and Lmrence B e r k e l e y  Laboratory ( L B L )  
provided a unique o p p o r t u n i t y  t o  e s t a b l i s h  t h e  Center for  
Computat ional  Seismology (CCS) . The combined e x p e r t i s e  i n  
computer s c i e n c e ,  hardware development,  d a t a  f i l e  management 



and m a n i p u l a t i o n ,  numerical  a n a l y s i s ,  computer g raph ic s ,  and 
sei srnology o f f e r s  a powerful center capability . 
The bas ic  LRL resources a v a i l a b l e  t o  s u p p o r t  CCS are the 
Canputer  Center and t h e  Computer Science and Mathemati cs 
Department (CSAM) . These resources can compensate for t h e  
hardware and software l i m i t a t i o n s  d i s c u s s e d  a t  t h e  o u t s e t .  The 
LBL Cmputer Cen te r  provides  the basic computa t iona l  equipment. 
This has the advantage of drawing upon t h e  c o n t i n u i n g  hardware 
and s o f t w a r e  developments of a larger f a c i l i t y ,  t h u s  minimizing 
t h e  risk of obso lescence .  We have added t o  t h e s e  f a c i l i t i e s  
the  hardware and software necessary t o  run t h e  s e i s m i c  
r e f l e c t i o n  imaging, and t o  provide the CCS user with t e r m i n a l  
and  g r a p h i c s  service. That is ,  we have es t ab l i shed  w i t h i n  a 
larger c a n p u t a t i o n a l  complex a specially equipped and staffed 
computat ional  f a c i l i t y  t o  s u p p o r t  and advance the  ui de-ranging 
program of seismologic research and e d u c a t i o n  w i t h i n  the 
UCB/GBL community . 

The first year of o p e r a t i o n  has been devoted m a i n l y  t o  software 
development and ut iLi sat ion of the imaging package. The p r i n c i  p a l  areas 
of research with our  specific app l i ca t ion  are: 

1. Deep ref lect ion p r o f i l i n g  techniques 
San Andreas Fault 
Charleston fault zone 

2. R e f l e c t i o n  p r o f i l f  ng f n the rmal  regions 
Basin & Range ( n o r t h e r n  Nevada) 
California Coast Range (The Geysers 1 
Salton Trough ( C e r r o  P r i e t o  1 

3. Sawce  mechanism studies 
Long Valley m i  c roea r thquake  ac t  i vl  ty 
The Geysers sef smic a c t i v i t y  
Coal inga earthquake sequence  
A c o u s t i c  emiss ion  s t u d i e s  of t h e r m a l l y  

disturbed zones 
C h a r a c t e r i z a t i o n  of underground nuclear 

e x p l o s i o n s  

4 .  Wave p r o p a g a t l e n  
Seismic tomography 
Cross-hole seismic studies i n  basalt 
Scattering and a t t e n u a t i o n  of seismic waves 
Seismic p o l a r i z a t f o n  & signal enhancement 
S u r f a c e  wave studies across the T i b e t a n  Plateau 



5. Data base studies 
S a t e l l i t e  d a t a  c e n t e r  f o r  D A R P A f s  Center 

f o r  Seismic S t u d i e s  
Regional da t a  center for  WSGS Office of 

Global Seismology 

In a d d i t i o n  to t h e  above research areas, C C S  is i n t e r a c t i n g  w i t h  
Lawrence Lf vermore N a t i o n a l  Laboratory ( L L N L )  t o  p rov ide  f a c i l i t i e s  for 
r e f l e c t i o n  p r o f i l i n g  p r o c e s s i n g  fo r  d a t a  acquired a t  t h e  Nevada T e s t  
S i t e  and t o  o f f e r  CCS as a host f o r  t h e  development of a VAX version af 
the LLNL seismic analysis code ( S A C ) .  CCS also became a member of the  
Calif  ornla Consortium fo r  C r u s t a l  S t u d i e s  (CALCRUST) i n i t i a t i v e  t o  t h e  
N a t i o n a l  Science Foundat ion for  t h e  processing, a n a l y s i s ,  and archiving 
of reflection data i n  a c t i v e  western t e c t o n i c  regions. I n  t o t a l ,  there 
is rou t ine  usage by seven g r a d u a t e  students, two postdoctoral research 
scientists, four faculty/LBL staff  s c i e n t i s t s  and  f i v e  undergradua tes  i n  
geophysics or computer sciences. V i s i t i n g  s c i e n t i s t s  came from LLNL(31, 
USGS, t h e  State Seismological Bureau of the Peoples Republ ic  of China,  
University of Washington, Penn S t a t e ,  and Cal S t a t e ,  Northr idge.  

4 Detailed Microearthquake Moni to r ing  a t  t h e  Long Valley Caldera 
[Em L. Majer and T. V .  M c E v i l l y )  

The ob jec t ive  of the  study is t o  determine t h e  s o w c e  
mechanisms of t h e  m i  croearthquake a c t i v i t y  i n s i d e  t h e  Long 
V a l l e y  Caldera compared w i t h  a c t i v i t y  o u t s i d e  of t he  caldera,  
It  has been p o s t u l a t e d  t h a t  much of t h e  ear thquake a c t i v i t y  i n  
this r eg ion  may be due t o  magma i n t r u s i o n .  If s o ,  t h e  
mi croearthquake a c t i v i t y  may be an i n d i c a t i o n  of t h e  location 
of magma movement. A 1 5  and 7 2 s t a t i o n  array of 3 component 
h igh  frequency ( 4 . 5  hz) s t a t i o n s  was deployed i n  successive 15 
and 10 day studies I n  t h e  s o u t h  moat and Laurel Canyon areas, 
r e spec t ive ly ,  of t h e  Long Valley Caldera. The data from the 
two separate  arrays were telemetered t o  a c e n t r a l  location and 
processed i n  real t i m e  with t h e  Automated Seismic Processor 
(ASP). The results i n d i c a t e  that  even a t  a d e t e c t i o n  t h r e s h o l d  

of Mo - 1 016 dyne-cm, t h e  micro-earthquake a c t i v i t y  is  d i f f u s e ,  
w i t h  no c l e a r l y  def fned planes o r  c l u s t e r s .  A l l  events 
detected were strike s l i p ,  consistent with regional  tec tonics  . 
Events inside t he  caldera were deeper than  those outside of the 
caldera, but no evidence w a s  seen f o r  a magma c o n d u i t .  

B. Basic Geochemical Inves t iga t ions  

1 . Thermodynamics of High-Temperatures Brines (K. S. P i t z e r )  

This project covers t h e o r e t i c a l  and experimental  s t u d i e s  
concerning t h e  thermodynamic propert ies of aqueous  
e lectrolytes  . The components impor tan t  in natural  waters and 



br ines  arz  emphasized. The r e s u l t i n g  da ta  are important i n  
u n d e r s t a n d i n g  e e r t a i n  geothermal and o t h e r  natural resources. 
Moreover, t h i s  information has a wide range of a p p l i c a b i l i t y ,  
since similar s o l u t i o n s  a r i se  i n  many i n d u s t r i a l  processes and 
i n  high-pressure steam power p l a n t s .  

A t h e o r e t i c a l l y  based equa t ion  was developed f o r  t h e  
thermodynami c p r o p e r t i e s  of aqueous NaCl v a l i d  form 373-823 K ,  
to 1 k b a r ,  and t o  s a t u r a t i o n  with t h e  solid. This extends t o  
higher temperature the  ea r l i e r  treatment v a l i d  from 273-573 K. 

The experimental program i n v o l v e s  measuring the heat c a p a c i t y  
0 

and t h e  dens i ty  of s o l u t i o n s  i n  t h e  range 0 t o  300 C and 0 t o  1 
kbar . These measurements suffice t o  give a comprehensive 
equa t ion  of s t a te ,  provided t h a t  other thermodynamic properties 

4 

are known for a p a r t i c u l a r  system a t  roan temperature and 
pressure. 

Other recent theoreti caL work has y i e l d e d  equat ions  p r e d i c t  i n~ 
t h e  properties of mix tu res  based on t h e  knowledge of the pure 
component s o l u t i o n s  i n  water. I n  a number of cases, the 
calculated r e su l t s  f o r  mixed brines are well v e r i f i e d  by direct  
measurement. Phase equ i l ibr ia  can be predicted. Recent 
c a l c u l a t i o n s  have i n c l u d e d  s o l u b i l i t y  c a l c u l a t i o n s  of Na S O  

2 4 
and s e v e r a l  alkali h a l i d e s  fn a variety of mixed electrolytes 

usually t o  about 250'. D e n s i t i e s  were measured recently for 
Na SO and MgSOq, and the heat capacity of the l a t t e r  is now 

2 4 
b e i n g  measured. When these data are combined w i t h  earlier 
results, a c m p r e h e n s i v e  t reatment  can be given of phase 
equilibria over a range of t empera tu res  f o r  so lut fons  

+ +2 + 2 conta in ing  t h e  geochemically important  ions Na , Mg , Ca , 
and ~ 1 - ,  ~ 0 - 2 ,  HCO-. OH-, K'. 

3 

2. Thermodynamic Propert ies of Si l icate  L i q u i d s  (I. S. E. 
Carmi chael ) 

The objective of this program Is t o  be t t e r  understand t h e  
chemical and physical' properties of silicate melts and t h e i r  
quench p r o d u c t s ,  silicate glasses.  These data  see a wide range 
of' applications,  f r m  t h e  i n t e r p r e t a t i o n  of the generation and 
evo lu t i on  of na tu ra l  magmas t o  t h e  unders tand ing  of t h e i r  
molecular s t ructure.  

The u l t r a s o n i c  v e l o c i t y  and attenuation of several dozen 
s i l i c a t e  liquids has been measured t o  o b t a i n  ad iaba t i c  
compressibilities. Data have been c o l l e c t e d  on liquids with 



s u b s t a n t i a l  amounts of a11 g e o l o g i c a l l y  major elements, as w e l l  
as the alkal i  and alkaline earth oxides .  L i q u i d  and glass  heat 
capacities of s i m i l a r l y  wide compositional range, as well as 
heats of f u s i o n  of many silicates, have b e e n m e a s u r e d  . 
calorimetricly. These r e s u l t s  have been modeled to allow 
prediction of t h e  p r o p e r t i e s  of cmplex, multlcmponent 
liquids, and t o  assess the average behavior (i .e . , s t r u c t u r a l  
role)  of each component. 

S t u d y  of v o l a t i l e  s o l u b i l i t i e s  i n  silicate melts has con t inued  
wi th  work on both v e r y  i n e r t  (He, Ne, Ar, Kr, Xe) and 
chemically a c t i v e  gases (SO 3, 0 2 )  Again, the resul t s  serve 

both t o  suggest u n d e r l y i n g  chemlcak mechanisms and to 
contribute to solving p e t r o l o g i c  problems. 

A highly sophisticated new drop calorimeter has been designed 
and i s  under c o n s t r u c t i o n .  The instrument will be capable o f  

o p e r a t i n g  t o  2400'~ with a n  accuracy of 0.1 $, and w i l l  be used 
t o  measure h e a t s  of f u s i o n  and sol id and l i q u i d  heat capacities 
for a wide range of very refractory and o f t e n  geologically v e r y  
abundant  m a t e r i a l s  (i . e a r  Mg2Si04). The high precision should 

permit t he  q u a n t i f i c a t i o n  of subtle effects which may have 
major phys ica l  s i g n i f i c a n c e ,  such as v a r i a t i o n  with temperature 
i n  heat capacity. 

3. Generation and Migration of Petroleum and its Precursor 
Canpounds (0. Weres) 

The o b j e c t i v e  of t h i s  project is to s t u d y  the reactions t h a t  
produce hydrocarbons  under conditions that  resemble t h o s e  under 
which petroleum is formed in nature. However, reactions are 

run a t  high temperature (usually 3 1 5 ~ ~ )  to allow reactions that 
require millions of years in nature to take place in days. 

Exper iments  have been performed with oil s h a l e ,  humic a c i d ,  
s y n t h e t i c  models of kerogen (polymerized t u n g  oil and terpene 
resins), and a v a r i e t y  of organf c compounds. P r e s e n t  emphasis 
f a  on carboxylic acid a n i o n s .  An impor tan t  result is t h a t  
large yields of acetate i o n  are obtained from a v a r i e t y  of 
s t a r t i n g  m a t e r i a l s ,  and  t h a t  acetate i o n  is converted t o  
methane. This  supports t he  theory that t h e  abundant a c e t a t e  
i o n i n o i l - a n d g a s f P e l d w a t e r s p l a y s a m a j o r r o l e i n t h e  . 
fo rmat ion  of n a t u r a l  gas. The chemical behavior of other 
carboxyllc ac ids ,  c y c l o k e t o n e s ,  and t h e  phenols under gas f i e l d  

, c o n d i t i o n s  has also been i n v e s t i g a t e d .  

R e s u l t s  of this project have already found a p p l i c a t i o n  i n  two 
disparate areas. Techniques developed by this project  have 



been a p p l i e d  to analyzing a gas f i e l d  b r i n e  from Texas, and 
helped explain why this b r i n e  was caus ing  a serious 
environmental  problem. The observatPon t h a t  humic a c i d  y i e l d s  

a large amount of acetate a t  31 5'~ helped e x p l a i n  why acetate 
and similar species we the major a n i o n s  i n  the condensa te  of 
n u c l e a r  powerplants .  T h i s  is a major advance in t h e  art and 
s c i e n c e  of understanding and eliminating t he  cherni cal 
conditions t h a t  cause serious c o r r o s i o n  i n  many nuclear steam 
genera tors .  

The use of p ropy l  esters f o r  the  analysis of mixed c a r b o x y l i c  
acids has been s y s t e m a t i z e d ,  and a c o l l e c t i o n  of propyl ester 
mass spectra w i l l  be p u b l i s h e d .  

4. Rock-Hater Interaction (J. A.  Apps) 

The o b j e c t i v e  of t h i s  project i a  t o  unders tand f a c t o r s  
0 c o n t r o l l i n g  a l b I  te s o l u b i l i t y  i n  aqueous s o l u t i o n s  between 25 C 

and 400°c, and 0.1 t o  50 MPa. The r e s u l t s  pe rmi t  refinement of 
rock-water i n t e r a c t i o n  models. Presently, data from some 25 
d i s s o l u t i o n  studies are being e v a l u a t e d  with t h e  purpose  of 
i n t e r p r e t i n g  the thermodynaml cs and kinetl cs of a l b i t e  
dissolution i n  sodium ch lo r ide  s o l u t i o n s  over the temperature 
and pressure r a n g e  specif l e d .  

5. Abiogeni c Methane Produc t  ion from Igneous and Metamorphic 
Rocks (J. A .  Apps)  

Hypotheses have r e c e n t l y  been advanced i n  whi ch it 1 s asserted 
that large quantities of carbon remain trapped i n  t h e  mant le  
after p l a n e t a r y  accretion and dif ferent ia t ion,  and t h a t  t h e  
propessive degassing of t h i s  carbon as methane may contribute 
t o  the worldv 3 o i l  and gas r e s e r v e s .  Petrological and 
geochemical ar gurnents , however, infer that  mantle degassing 
occurs primarily through release of carbon dioxide. 
Abiogenfcally produced methane may instead have a shallow, l o w  
temperature crustal  origin due t o  h y d r o l y s i s  by ul tramaf ic and 
p o s s i b l y  mafic rocks. 

Research is underway t o  determine, through theoreti~al and 
l a b o r a t o r y  studies,  t h e  range of p r e s s u r e s ,  temperatures, and 
chemical conditions under  which methane might form i n  igneous 
and metamorphic rocks d u r i n g  hydrolysis. Attention is being 
p a i d  t o  t h e  sources of c a r b o n ,  and competing r e a c t i o n s  
involving s u l f u r  and ni t rogen .  



6 .  Aqueous Solut ions  Database (S ,  L. P h i l l i p s  ) 

The twofo ld  objective of t h i s  project is t h e  compilation of 
c r i t i c a l l y  e v a l u a t e d  experimental d a t a  on s e l e c t e d  e q u i l i b r i a  
i n  aqueous s o l u t i o n s  t o  high t e m p e r a t u r e s ,  concentrations, and 
pressures; and, to p u b l i s h  tables of recanmended values for  
t h e s e  equilibrium q u o t i e n t s .  The d a t a  are used,  f o r  example, 
i n  n u c l e a r  w a s t e  d i s p o s a l  , chemical oceanography, geothermal 
energy ,  hydrometa l lu rgy  and corrosion problems. However, 
emphasis is currently on n u c l e a r  waste d i s p o s a l .  

Besides chemical e q u i l i b r i a ,  da t a  covered i n c l u d e  e l e c t r o d e  
p o t e n t i a l s ,  d i f fus ion coefficients and a d s o r p t i o n ,  The basic 
da ta  are used ,  for example, t o  p r e d i c t  solubility and  
s p e c i a t i o n  of radioelements i n  nuclear was te  reposi tor ies  t h a t  
may be located i n  s a l t ,  basa l t ,  and t u f f .  A r e s u l t  of this 
project is  i d e n t i f i c a t i o n  of gaps where data are lacking or are 
inadequate, and r ecommendat Sons for  r eaea r  ch t o  p rov ide  t h e  
needed d a t a ,  

Besides c r i t i c a l  e v a l u a t i o n  of d a t a ,  research is  included on 
c a l c u l a t i o n  of s t a b i l i t y  constants t o  high t e m p e r a t u r e s  and 
c o n c e n t r a t i o n s ;  as well as computeri  zed storage and r e t r i e v a l  
of t a b l e s  of d a t a  u s i n g  desk top  c m p u t e r s .  

C . Geomechani c s J F r a c t u r e  S t u d i e s  

1. Effect of Fracture Chasacteristics Upon Sonic Wave Propaga t ion  
in Boreholes ( M .  S. King) 

F l u i d  f low i n  rock is governed by the p r o d u c t  of a single rock 
parameter, p e r m e a b i l i t y ,  and t h e  h y d r o l o g i c a l  po ten t i a l  
gradient e x i s t i n g  i n  the  rock mass. The determination of 
p e r r n e a b i l i t y  is c r i t i c a l  t o  any endeavor f o r  which a knowledge 
of fluid f low i s  required. Such f i e l d s  of i n t e r e s t  l i e  i n  
geothermal  energy e x t r a c t i o n ,  oil and gas r e c o v e r y ,  deep 
c r u s t a l  s t u d i e s ,  energy s t o r a g e  in aquifers, and the storage of 
hazardous  wastes. In rocks of low p o r o s i t y ,  i n c l u d i n g  many 
igneous, metamorphic and massive calcareous t y p e s ,  the i n  situ 
p e r m e a b i l i t y  is c o n t r o l l e d  by t h e  p resence  of fractures ra the r  
than by t h e  r o c k  matrix p e r m e a b i l i t y .  

Geophysical boreho le  methods are ava i l ab le  f o r  d e t e c t i n g  the 
presence of fractures adjacent t o  a b o r e h a l e  and t h e r e f o r e  
p o t e n t i a l l y  f o r  assessing the rock mass p e r m e a b i l i t y  i n  those  
cases t h a t  i t  is c o n t r o l l e d  by fractures. I n  p a r t i c u l a r ,  t h e  
borehole sonic l o g  has  shown c o n s i d e r a b l e  promise fo r  locating 
f rac tu res  i n  rock. F i e l d  exper iments  have been conducted i n  
which dig i t f  zed sonic  l o g  waveforms were o b t a i n e d  across 
single, hor izonta l ,  isolated fractures i n t e r s e c t i n g  a barehole 



in a c r y s t a l l i n e  r o c k  mass. The fluid flow characteristics of 
these  i s o l a t e d  f rac tu res  were measured us ing  c o n v e n t i o n a l  
borehole packer techniques, and the  resul ts  compared. The 
f i e l d  test w i l l  be extended t o  zones I n  t h e  same rock mass 
where systems of f r a c t u r e s  in tersect  t h e  borehole,  and again 
t h e  resul ts  of s o n i c  and conventional packer t e s t s  w i l l  be 
compared. The theoretical  aspects of elastic-wave propagation 
along a borehole intersecting a f racture  o r  sys tems  of 
f r a c t u r e s  are  also being s t u d i e d ,  w i t h  a view t o  e s t a b l i s h i n g  
the importance of fractwe parameters s u c h  as aperture and 
roughness on acoustic velocity and a t t e n u a t i o n .  The f i e l d  
experiments and theoret ical  studies will be used to establish 
corre la t f  ons between acoustic wave paramete r s  and t h e  
permeability of t h e  rock mass adjacent t o  t h e  borehole. 

2. Fundamental S t u d i e s  of F l u i d  P l o w  in Fractured Rock Masses 
Under Stress  ( P .  A .  Witherswon and Y. W .  Twang) 

The ob jec t ive  of t h i s  research program is to g a i n  a fundamental 
unders tand ing  of t h e  factors governing f l u i d  flow through a 
single rock f racture  which is  sub jec t  t o  stress. Understanding 
the f l u i d  flow behavior in a s ing le  f rac ture  is prerequisite t o  
the  d e t e r m i n a t i o n  of the  permeability of fractured r o c k  masses. 
This i s  of importance i n  many areas of practf ca l  interest such 
as t he  i s o l a t i o n  of nuclear and t o x i c  wastes, the recovery of 
fossil fuels, and the development of geothermal energy. Our 
t h e o r e t i c a l  studies show t h a t  t h e  geometri cal  roughness of 
fracture s u r f a c e s  holds t h e  key Lo many hydromechanical 
propert ies which cannot be explained if fractures are assumed 
t o  be ideal ized,  smooth, parallel plates. By i n c o r p o r a t i n g  
fracture roughness, we f i n d  that: ( 1 )  the charac te r i s t i c  
s t r e s s - s t r a i n  curves for both wel l -mated  and poorly-mated 
fractures can be derived,  ( 2 )  t h e  e f f e c t  of sample size on the 
mechanical and hydraul ic  p r o p e r t i e s  of the  fracture are 
c o n t r o l l e d  by the large scale roughness of t h e  fracture 
surfaces and (3) the t o r t uos i t y  of flow paths may cause the 
f l u i d  flow ra te  th rough  t h e  single f racture  t o  be depressed by 
several orders of magnitude from values predicted from t h e  
paral le l  p l a t e  idealization.  

D. Transport Processes 

1 . Noni sothermal Reservoir Dynarnlcs ( P .  A.  Witherspoon, C. F. 
Tsang, T. N.  ~ a r a s i m h a n )  

This project encompasses a wide range of fundamental s tud ie s  of 
f l u i d ,  heat, and s o l u t e  t r anspor t  i n  underground formations. 
These s t u d i e s  are  r e l evan t  t o  underground thermal energy 
storage, geological i so l a t i on  of n u c l e a r  waste, chemical wastes 
disposal, and o the r  energy-related projects. The goal is t o  



b e t t e r  unders tand various physf ca l  and chemical t r a n s p o r t  
processes i n  porous o r  fractured media and t h e i r  e f f e c t s  
through mathematical. modeling and l a b o r a t o r y  investigations.  

S p e c i f i c a l l y ,  t h e  f o l l o w i n g  topics are addressed :  

Modeling of f lows  of heat ,  liquid, vapor and air th rough  
a f rac tu red-porous  medium. A computer code c a p a b l e  of 
ca lcula t ing these processes i s  being deve loped .  
Applications are made t o  the s t u d y  of non-isothermal 
unsaturated flow near an underground heating source. 

A new w e l l  test  method t o  de te rmine  aquifer v e r t i c a l  
p e r m e a b i l i t y  and layering c h a r a c t e r i s t i c s .  This 
proposed techni  que involves the i n j  ection of hotter or 
c o l d e r  water I n t o  an a q u i f e r  and monitoring of t h e  
temperature v a r i a t i o n s .  F i e l d  da ta  are analyzed t o  
v a l i d a t e  t h e  new method. 

Well t e s t  methods t o  characterize a fractured medium by 
means of coup led  pressure, t racer ,  and thermal 
measurements . 

C o n t i n u a t i o n  of t h e  v a l i d a t i o n  and appl ica t ions  of t he  
LBL coupled thermo-hydromechani cal code t o  model flow 
through f sactured porous media. 

A new t e chn i  que t o  improve grid orientation performance 
of a f Lni te difference method with a p p l i c a t i o n s  t o  
pattern steam-flood problems. 

A s t u d y  of the p o s s i b i l i t y  of d e t e r m i n i n g  t h e  shape and 
location of a f l u i d  plume by means of coupled h y d r o l o g i c  
and geephysi  cal methods. 

Chemical Transport i n  Natural Systems (C. L. Carnahan) 

The o b j e c t i v e  of this research program is t o  b e t t e r  unders t and  
and char act e r i  ze c e r t a i n  cherni ca l  and phys i cal phenomena that 
influence t h e  movement of chemical ly  react ive s o l u t e s  in 
g r o u n d w a t e ~  flow systems. The resu l t s  of t he  research a re  
a p p l i c a b l e ,  for example, t o  t h e  migration of con taminan t s  away 
from nuclear waste r e p o s i t o r i e s  and uranium m i l l  t a i l i n g s  
pcnds, as well as to s t u d i e s  of geothermal energy reservoirs ,  
hydro- thermal ore depoai ts , and o the r  energy-related t o p i c s .  

The p r i n c i p a l  focal p o i n t  is t h e  nonequ i l ib r ium n a t u r e  of 
cer ta in  processes influential i n  chemical  t r a n s p o r t .  C m p u t e r  
codes have been developed t o  s t u d y  s o l u t e  t r a n s p o r t  by 
advec t ion  and hydrodynamic d i s p e r s i o n  i n  three-dimensional,  



axisymmetri c flow systems in which chemical reactions occur 
between solutes  and solid phases. Both l i nea r ,  and nonlinear 
kinet ic  ra te  laws for these reactions have been used i n  the 
numerical models. The thermodynamics of i r revers ible  processes 
is being used t o  describe coupled transport processes such as 
cherni cal osrnosi a ,  thermal osmosis , t hermak diffusion, and 
u l t r a f i l t r a t i on .  Results obtained during 1983 show tha t  
certain coupled processes may be much more s ignif icant  than  
previously rea l i zed  i n  saturated geologic materials that  behave 
as semi-permeable membranes. Such materials include c l a p  
containing b a c k f i l l s  f o r  high-level nuclear waste repositories. 

E .  Bolide Impacts and Mass Extinctions ( F .  Aswo, W. Alvarez, and H. 
V. MichelS 

The overa l l  objective of t h i s  project is t o  determine the 
relationship between asteroidal or other large body impacts on the  
earth and repeated massive e x t i n c t i o n s  of l i f e  which have occurred 
I n  t h e  l a s t  570 mi l l i on  years tm.y.). The primary mechanism for  
the research consists  of intensive chemical and selective 
mineralogical s tudies  (on sediments near both major and minor 
e x t i n c t i o n  boundaries) which are run i n  parallel w i t h  floral and 
faunal fossil studies by collaborating geologists and 
paleontologists. A secondary b u t  major objective is  to ascertain 
if a series of time markers of very  high precision and accuracy ( i n  
the form of i r i d i u m  and other geochemical anomalies) can be 
developed for relat ive  dating and correlation of sediments i n  many 
different parts of the world. A minor ob jec t ive  I s  t o  evaluate the 
major chemical and mineralogical alterations which have occurred i n  
t h e  sedimentation of the 65 m .y .  old Cretaceous-Tertiary (K-T) 
boundary, the one most closely linked to  a large body impact,  in 
o rde r  t o  predict the behavior expected i n  older boundaries. 

I t  has been shown by one of us (W.A. ) I n  collaboration w i t h  Richard 
Mvller of LBL that  periodic e x t i n c t i o n s ,  previously noted by o t h e r s  
t o  occur i n  the fos s i l  record every 26 m.y.,  a r e  matched by a 
comparable per iod ic i ty  in t h e  ages of large well-dated craters on 
the earth. This match has given s t r i k ing  s u p p o r t  and impetus t o  
t h e  new hypotheses which suggest the e x t i n c t i o n s  are re la ted t o  
comet showers originating i n  the outer fringes oP the solar system. 
These showers could have been triggered periodically by a dark star 
orbi t ing t h e  sun. 

I n  studies d t h  Miriam Kastner of U .C. San Diego of the mechanism 
of formation of the 65 m.y. old K-T boundary, i t  was found that the 
large bolide impact (whieh produced the anomalous iridium deposits) 
probably occurred on t e r r e s t r i a l  basalt and t h a t  a homogenized 
mixture (105 bolide and 90% basa l t )  was distributed world-wide i n  
the form of small glassy particles which altered t o  c lay  i n  the 
ensuing 65 m.y. 



An exhaustive study was made of innovat ive new ways i n  which 
methods of x-ray fluorescence or neutron ac t iva t ion  a n a l y s i s  could 
be economicalfy  and r a p i d l y  ( i , e . ,  within a few p a r s )  used t o  
measure i r i d i u m  concentrations continuously i n  1 kilometer of 
sediment. X-ray fl uor es cen ce t e chn i  ques appear f r u i  tl ess but 
neutron a c t i v a t i o n  analysis with new sophis t ica ted e l e c t r o n i c  
techniques of gamma-ray measurement is very practical .  An Iridium 
Coincidence Spectrometer has been designed which will b capable of 
measuring i r i d i u m  w i t h  high sensitivity i n  100,000 samples per 
year a t  a reasonable cost and w i l l  permit a thorough search f o r  
i r i d i u m  anomalies i n  sed iments  cor responding  t o  the 26 m.y .  
p e r i o d i c i t y  found i n  the fossil a n d . c r a t e r i n g  r e c o r d s .  
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Scope of Work 

The Geology, Geophysics,  and Earth Dynamics Program a t  Lawrence 
Livermore Nat iona l  Laboratory consis ts  of six projec ts :  ( A )  Rock 
Mechanics, ( 0 )  D i f f u s i o n  i n  S i l i c a t e  Materials, ( C )  Electrical  
C o n d u c t i v i t y  and Temperature i n  Upper Mantle, ID) A t t e n u a t i o n  and 
D i s p e r s i o n  i n  Rocks Containing F l u i d s ,  ( E )  Surface Wave Method f o r  
Determining Earthquake Mechanisms with A p p l l  cations t o  Regional Stress 
F i e l d  Studies, and ( F )  Thermal Stress Microf rac tur ing  o f  Granite. 

These research tasks are broadly  based fundamental  studies which 
have applications i n  a variety o f  areas i n c l u d i n g  geothermal energy 
development, nuclear waste i s o l a t i o n ,  and seismic verf f i ca t i on  of 
nuclear  t e s t  t r ea t i e s .  

A .  RockMechanics (H. C .  Heasd, B. Bonner, andW.  B. Durham) 

T h i s  Laboratory program i n v o l v e s  Pour re la ted  sub t a s k s :  

De te rmina t ion  of t h e  Thermal Behavior of Igneous Rocks. We are  
currently d e t e r m i n i n g  t h e  thermal.  d i f  f u s i v i t y  OF i gneous rocks  

to 400 '~  and 200 MPa l i t h o s t a t i c  pressure. For use p r i m a r i l y  
on r e l a t i v e l y  fine-grained rock samples of the order of 2.5 crn 
in diameter, the measurement t echn ique  produces precise and 
accurate measurements in a r e l a t i v e l y  shor t  time, a l lowing  
detailed s tudies  t o  be made of s u b t l e  v a r i a t i o n s  of d i f f u s i v i t y  
w i t h  pressure and temperature and of v a r i a t i o n s  from rock t o  
rock. F i v e  d i f f e r e n t  i p e o u s  rock types are being measured. 

Surface Topography of Rock J o i n t s .  The occurrence of large 
scale f ractures  i n  s i t u  cont ro ls  important rock mass 
p r o p e r t i e s ,  s u c h  as s t i f fness  and permeability. We have 
cons t ruc t ed  a cmputer controlled digital measurement appa ra tu s  
f o r  swface p r o f i l i n g  a l o n g  a traverse of 25 crn with v e r t i c a l  
s e n s i t i v i t y  of 25 -pm i n  order t o  produce q u a n t i t a t i v e  
d e s c r i p t i o n s  of these rough surfaces. Several crysta l l ine  
igneous rock t y p e s  a re  b e i n g  profiled t o  t e s t  mathemat ica l  
models of the j o i n t  closure process which i n d i c a t e  tha t  surface 



topography is a c r i t i ca l  parameter for  prediction of b o t h  
e l a s t i c i t y  and f l u i d  flow. 

The Influence of Cation I m p u r i t i e s  on Creep i n  Hal i te  (salt). 
Since t h e  design of high l eve l  waste r e p o s i t o r i e s  i n  s a l t  can 
be expected t o  be s t r o n g l y  i n f l u e n c e d  by bo th  d e p t h  and t h e  
maximum ant ic ipated temperature, i t  is of v i t a l  importance  t o  
be able  to p r e d i c t  accurately the closure rates of these 
underground workings. I n  nature, salt is  usually v e r y  pure but 

occasionally exhibits important t r a c e  amounts of K', M~+'+, and 

~ a + + .  We have demonstrated t h a t  t h e  steady-state flow ra te  i n  
salt i s  dependent on stress, temperature, and impurity con t en t .  

A t  i m p u r i t y  levels  of 0.1 - 0.6% of K* or M~", closure rates 
4 of r e p o s i t o r y  workings  may be lo8 - 10 times slower a t  

t e m p e r a t u r e s  of 30 - 750 '~  i n  impure s a l t  as compared t o  the 
p u r e  ma te r i a l .  These results are being ex tended  t o  include 

effects of and deformat ion  h i s t o r y .  

Elastic Behavior of Dolomite Single Crystals a t  High 
Temperature. We have undertaken an experiment to determine 

compressional and shear velocities i n  do lomi te  t o  4 5 0 ' ~  and 400 
MPa carbon d i o x i d e  pressure. The plastic f low stress i n  a t  
l eas t  one direction of dolomite Increases with t e m p e r a t u r e ,  and 
data relevant t o  the elastic constants should help us 
unders tand  this anomalous b e h a v i o r .  Preliminary d a t a  show 
a n i s o t r o p i c  increases of t ravel  time, and demonstrate t h a t  the 
techniques developed for this work are v iable .  

B. Diffusion in S i l i c a t e  Materials (F. J. Ryerson, W. B. Durham) 

Oxygen d i f f u s i o n  i n  natural o l i v i n e  (Fo ) is being investigated as 
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a func t ion  of temperature, oxygen f ugac i t y  , a n d  orient  a t ion  
employing oxygen-18 enriched gas reservoirs.  Profiles are analyzed 
by both Eon microprobe and n u c l e a r  reaction techniques. The 
dependence of oxygen d i f f u s i v i t y  upon oxygen fugac i ty  w i l l  produce 
a more complete understanding of the  defect chemistry as o l iv ine .  
These resu l t s  can also be e o r s e l a t e d  with data on t h e  anelast ie  
de format ion  of o l iv ine ,  hopefully providing t h e  mechanistic data 
which w i l l  al low conf ident  ext rapola t ion  of h i g h - s t r a i n  ra te  data 
acquired in the laboratory t o  t he  low s t r a i n  r a t e  regimes 
charac te r i s t i e  of t h e  c r u s t  and upper  mantle. F u t u r e  work will 
i n c l u d e  t h e  evaluation of pressure effects  and other important 
rock-forming m i n e r a l s .  



C. Electrical Conductivity and Temperature  i n  Upper Mantle ( A .  G. 
D u b )  ( J o i n t  Projec t  w i t h  T. J. Shankland a t  LANL) 

The thermoelectr ic e f f e c t  i n  the m a n t l e  m i n e r a l s  o lLv ine  and 
pyroxene is b e i n g  measured as a f u n c t i o n  of t e m p e r a t u r e ,  
orientation, oxygen f u g a c i t y ,  and i r o n  c o n t e n t  t o  investigate t h e  
e f f e c t  of Mg/Si non-stoichiornetry on mineral c o n d u c t i v i t y .  The 
r e s u l t s  a p p l y  t o  inference of upper m a n t l e  temperatures f r m  
e l ec t r i ca l  data.  While t h e r e  are  seismic models t o  e x p l a i n  the  low 
v e l o c i t y  zone (LVZ)  as  a s o l i d - s t a t e  phenomenon not r e q u i r i n g  
p a r t i a l  melting, t h e  most well-constrained l a b o r a t o r y  e l e c t r i c a l  
measurements a r e  more c o n s i s t e n t  with t h e  p a r t i a l  melting 
h y p o t h e s i s  f o r  t h e  h i g h  conductivity layer (HCL) a p p a r e n t l y  
associated with the  LVZ.  If the EVZ/HCL is not a p a r t i a l  mel t  
l ayer ,  then mantle geotherms would be considerably 1 ower t h a n  
p r e v i o u s l y  infer red  on t h e  basis of a pa r t i a l  melt zone under 
e x t e n s i v e  r e g i o n s  of t h e  ear th .  Hence, i t  is n e c e s s a r y ,  t o  b e t t e r  
unders tand  electrical. conduc t ion  I n  mantle m i n e r a l s ,  t o  f i n d  
uhether e l ec t r i ca l  data are a serious constraint on t h e  low 
t e m p e r a t w e  geotherms suggested by so l i d  s t a t e  explanat ions of the  
LVZ. Data have been collected and are being analyzed for o l i v i n e  
from San Carlos Ind i an  Reservation, Arizona and a synthet ic  
forsterite. 

D .  A t t e n u a t i o n  and D i s p e r s i o n  i n  Rocks C o n t a i n i n g  Fluids (J. G .  
Berryman, B. P. Bonner, R. C. Y .  C h i n ,  and G .  W. Hedstrom) 

The objective of this project  is t o  cmb ine  t h e o r y  and exper iment  
t o  analyze a t t e n u a t i o n  and dispersion of e l a s t i c  waves i n  partially 
or f u l l y  s a t u r a t e d  r o c k s  over  a  broad r a n g e  of frequencies. The 
t e c h n i q u e s  developed i n  t h l s  work wkll be applicable t o  a broad 
range of basic problems in energy r e c o v e r y ,  part icularly 
hydrocarbon and geothermal  exploration and resource assessment. 
The major accomplishments of this project s o  far  i n c l u d e :  ( 1 ) 
paper ana lyz ing  the dispersion of extensional  waves i n  t h e  
experimentally important case of f l u i d - s a t u r a t e d  porous c y l i n d e r s ,  
(2)  two papers on new computa t iona l  t e c h n i q u e s ,  and  very favorable 
comparison with exper iments  on pulse propagat ion and a t t e n u a t i o n  i n  
f l u i d - s a t u r a t e d  porous layers. 

E. S u r f a c e  Wave Method for  Determining Earthquake Mechanisms with 
A p p l i c a t i o n s  t o  Regional S t r e s s  F i e l d  Studies (H. J. P a t t o n  and S. 
R .  T a y l o r )  

The pr imary purpose of t h i s  project is  t o  u s e  surface-wave 
e x c i t a t i o n  and seismic moment-tensor theories in o r d e r  t o  o b t a i n  
source mechanisms of remote  western Uni ted  S t a t e s  earthquakes. The 
source mechanisms w i l l  be used to study the  s t a t e  of s t r e s s  i n  t h e  
n o r t h e r n  Basic and  Range and environs, Knowledge of the regional 
s t r e s s  f i e l d  and i n t e r p r e t a t i o n s  of s o u r c e s  of s t r e s s  should aid i n  



i d e n t i f y l n g  areas of pot  e n t i  a1 geothermal  energy product ion a n d  
s u p p l y  c o n s t r a i n t s  for  geophysical models of convect f ve 
hydrothermal systems. 

S t a r t - u p  work has involved s tud f  es of t h e  Q - s t r u c t u r e  of t h e  Basin 
a n d  Range and r e g i o n a l i z a t i o n  of surface-wave phase velocities i n  
the w e s t e r n  United S t a t e s .  I n  a d d i t i o n  t o  e l u c i d a t i n g  t h e  earth 
s t r u c t u r e ,  our aim is to develop a c a p a b i l i t y  t o  compute a c c u r a t e l y  
the  path transfer f u n c t i o n  f o r  any e p i c e n t r a l  path i n  t h e  s tudy  
area . 
Regional i zed R a y l e i  gh- and Love-wave a t t e n u a t i o n  c o e f f i c i e n t s  were 
measured across t h e  Basin and Range province of western United 
S t a t e s  i n  t h e  f requency  range 0.02 - 0 . 2  Hz and were  inverted 
sirnul t a n e o u s l y  f o r  shear-wave a t t e n u a t i o n  as a f u n c t l o n  of depth. 
The r e s u l t i n g  shear-wave Z model is characterized by low Q i n  t h e  

6 
lower crust (Q - 100) and Q d e c r e a s i n g  I n  t h e  upper mantle with 

0 0 
lowest values (Q - 30) beneath 60 km depth. Ow i n t e r p r e t a t i o n  of B 
t h e s e  resul ts  i s  that  the l i thosphere  is p o o r l y  developed benea th  
t h e  Basin and Range and t h a t  the p a r t i a l l y  molten a s t h e n o s p h e r e  may 
reach very s h a l l o w  d e p t h s ,  p o s s i b l y  t o  the base of t h e  c r u s t .  This 
i n t e r p r e t a t i o n  of t h e  Q model, i n  conjunction w i t h  a geological and 
geophysical  information,  sugges ts  t h a t  a t t enua t ion  mechanisms 
i n v o l v i n g  p a r t i a l  me l t  predominate i n  t h e  lower crust and upper  
mantle of t h e  Baskn and Range. 

A c o m p i l a t i o n  of s ing l e -  and t w o - s t a t i o n  phase v e l o c i t y  
measurements f o r  Love and Rayleigh waves i n  the 6-60 sec period 
range Mas used t o  s t u d y  r eg iona l  variations of phase v e l o c i t i e s  i n  
the western Uni ted  S ta tes .  A tenta t ive  r e g i o n a l i z a t i o n  c o n s i s t i n g  
of four major, g e o p h y s i c a l l y  distinct prov inces  and three l e s s e r  
p rov inces  can explain up t o  40% of t h e  v a r i a t i o n  i n  RayLeigh-wave 
phase v e l o c i t i e s  and gives an  RMS phase t r a v e l  time e r r o r  of 4-6 
sec. The p r e l i m i n a r y  r e s u l t s  a r e  encouraging for t h e  r e f  i n m e n t  of 
s t r u c t u r a l  models of the  l i t h o s p h e r e  i n  major tec tonic  u n i t s  of the 
western United S t a t e s  and for t h e  c a p a b i l i t y  t o  compute phase 
t ravel  times accurately, a p r e r e q u i s i t e  for use of s u r f a c e  waves i n  
source mechanism s t u d i e s  i n v o l v i n g  l i n e a r  moment t e n s o r  i n v e r s i o n .  

F. Thermal StressHicrofractur ing of G r a n i t e  (H. C. Heard, J o i n t  
p r o j e c t  w i t h  H. F. Wang at t h e  University of Wisconsin-Madison) 

By app ly ing  a simple i n c l u s i o n  model, we are able t o  r e l a t e  crack 
d e n s i t y  t o  changes i n  e i ther  p r e s s u r e  or  temperature. Comparison 
of these p r e d i c t i o n s  for four igneous  c r y s t a l l i n e  rocks with 
l a b o r a t o r y  measurements of thermal expansion under pressure and 
bulk modulus a t  temperature i n d i c a t e  a good c o r r e l a t i o n .  These 
i n i t i a l  r e s u l t s  are being expanded to include characterization of 



microcrack porosit ies,  as well as the  d i s t r i b u t i o n  of microcrack 
shapes and closure pressures. The effect  of pressure-temperature 
path dependence on phys ica l  properties w i l l  be determined d i r e c t l y  
by measurements of e l a s t i c  wave veloci t ies ,  e lec t r ica l  
conduc t iv i t y ,  and permeability. T t is hoped t h a t  the microcrack 
data and model w i l l  provide an understanding of the  physical  
property data. 
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Scow of Work 

The Geochemistry Program at Lawrence L i verrnore National Laborat or y 
consists of two pro jec t s :  ( A )  Thermodynamic, Kinetics,  and Transpdr t  i n  
Aqueous Elect rolyte  Solut ions ,  and (0) Kinetic and Cmposi t i c n a l  Model 
of High-Pressure Kerogen Pyrolysis. S,tudies include laboratory 
measurements of di f fus ion coefficients and activity coefficients for  
mixed salts, and kerogen pyrolysis experiments u p  t o  1 kbar. Data 
obtained i n  t h e  f isst task is important fo r  understanding and  modeling 
sa l t  mixtures. The chemical k i n e t i c  model f o r  kerogen conversion to 
ptroleum as developed In t h e  second task will have applicat ions i n  a 
va r i e ty  of f o s s i l  f u e l  programs. 

A .  Thermodynamics, Kinetics,  andTransport  i n  Aqueous Electrolyte 
So lu t ions  (J. A. Rard and  D. G. Mil ler  1 

Transport of disso lved chemical species is important in a wide 
var ie ty  of geochemical situations, including radioactive and 
chemical waste i so l a t i on ,  diagenesis, and o r e  formation.  Mutual 
d i f f u s i o n  coefficient data a r e  required t o  understand and model 
these processes. Osmotic and a c t i v i t y  coeff ic ient  da ta  are needed 
t o  model. chemical equilibrium, including s p e c i a t i o n  and solubility. 
S m e  data are  avai lable  f o r  one e lsctrolyte  i n  water (a  subs tan t ia l  
f r a c t i o n  measured a t  LLNL). Much less data are available f o r  two  
salts in water. Because such data are d i f f  icuL t t o  p r e d i c t  a 
p r i o r i ,  experimental measwements are esen t ia l .  More a c t i v i t y  data 
are  avai lable ,  bu t  many m i x t u r e s  of interest have not been s t u d i e d ,  
Accurate approx imat ion  methods need to be developed for  mixtures t o  
supplement a l l  these data.  

We have completed d i f f u s i o n  coefficient measurements f o r  aqueous 
MnCl (Ray l  el gh interferometry) , and ac t iv i ty  meaSUPement3 for  

2 

MnCl and MnSO ( i s o p i e s t i c  method), s ince t4n2+ salts  are of 
2 4 

diagenetic in teres t ,  D i f f w i o n  measurements are complete for  f i v e  
NaC1-SrClZ compositions (waste i so la t ion) ,  a n d  act1 v i t y  

measurements are  about 40% done for NaC1- HgC12 (seawater 



0 concentrates and brines), a l l  a t  25 C. These N a C 1 - M g C 1 2  d a t a  

extend t o  the c rys ta l l i za t ion  limits. 

K i n e t i c  and C m p o s i t i o n a l  Model of High-Pressu re  Kerogen Pyrolysis 
( A .  K. Burnham) 

The goal of t h i s  project i s  t o  link a chemical  model for  o i l ,  gas, 
and water evolution tha t  was derived from high pressure pyrolysis 
studies t o  t h e  geological conditions present i n  the Uinta Basin. 
V a r i o u s  ways of  i n t e r f a c i n g  the chemical model with the geology 
will be e x p l o r e d .  The resul t ing caLcuLations will. be compared t o  
observed d e p o s i t s  of oil and gas t o  understand more f u l l y  the  
mechanlsrns of o i l  fo rmat ion  and migration. The chemical model will 
be upgraded t o  more rigorously include the  r e a c t i o n s  of hydrogen s o  
t h a t  H and C H 4  p r o d u c t i o n  i s  more a c c u r a t e l y  ca l cu la t ed .  Previous 

2 
pyrolysis experiments wfll also be extended t o  v a r i a b l e  p o r o s i t y ,  
hence variable residence time of the generated p r o d u c t s  in t h e  
pyrolysis region, i n  order  t o  more f u l l y  decouple various 
mechanisms of o i l  d e g r a d a t i o n  i n  the  model. I n  a d d i t i o n ,  o i l  
samples will be obtained and  various biomarker r a t io s  measured. 
Combined w i t h  analyses reported i n  the l i t e r a t u r e ,  these will 
provide f u r t h e r  model ver i f icat ion when in terpre ted i n  terms of 
d i a g n o s t i c  trends establshied from a n a l y s i s  of o i l  samples  produced 
in our Laboratory a t  var ious c o n d i t i o n s .  T h i s  project w i l l  
demonstrate how to effectively use laboratory p y r o l y s i s  experiments 
for o ther  kerogens as an a i d  i n  both gecchernlcal exploration and 
synthetic f u e l  production. 





drilling tes ts ;  and ( 4 )  p a r t i c i p a t i o n  i n  t h e  d r i l l i n g  and study of 
f u t u r e  we1 1s. 

LLNL has developed a computer ized da ta  base  for  d r i l l  h o l e  da ta  
acquired i n  CSDP projects,  and is p r o v i d i n g  i n f o r m a t i o n  t o  the 
sc i en t i f i c  community on plans and d r i l l i n g  a c t i v i t i e s  i n  a t i m e l y  
manner. It w i l l  c o n t i n u e  t o  do so  th rough  t h e  in i t i a l .  p e r i o d  of 
intensive use. A s t u d y  of p o t e n t i a l  l o n r t e r m  o p e r a t i n g  modes has 
proved tha t  there I s  s t i l l  an a c t i v e  interest i n  t h e  d a t a  base 
which i s  best served by h a v i n g  LLNL provide d a t a  c o m p i l a t i o n s  as 
re ques ted  by researchers. 

B. Underground Imaging (R. J. L y t l e  and A .  G .  Duba) 

A s ignif icant  p o r t i o n  OF t h e  Department of Energy budget is being 
s p e n t  on e x t r a c t i n g  energy  from, o r  storing n u c l e a r  waste w i t h i n ,  
t he  s u b s u r f  ace  environment .  To asses whether the energy extract ion 
or  waste storage procedures a r e  properly Implemented, i t  is 
necessary to o b t a i n  detailed images of the s u b s u r f a c e  environment.  
Such images w i l l  also be of value for  c o n t i n e n t a l  d r i l l i n g  
interests. LLNL has had success i n  developing and a p p l y i n g  the 
concept of geophysical tomography to achieve such images. LLNL has 
also shown t h a t  improved i n t e r p r e t a t i o n s  of t h e  subsurface 
environment can be obtained by  combining labora tory  d a t a  on t h e  
r e l a t i o n s  between remote p r o b i n g  o b s e r v a b l e s  (such as seismic 
a t t e n u a t i o n  or e l e c t r o m a g n e t i c  v e l o c i t y )  and t h e  governing phys ica l  
phenomena Isuch as i n  s i t u  stress of t e m p e r a t u r e ) .  Demonstra t ions  
of seismic shea r ,  seismic compress ional  and e l e c t r o m a g n e t i c  
geotomography has been successfully completed.  T h i s  e f f o r t  will 
continue t h e  i n t e g r a t e d  program for advancing t h e  s t a t e - o f - a r t  i n  
d a t a  col lect ion methods, data processing procedwes , da ta  
i n t e r p r e t a t i o n  t e c h n i q u e s ,  and enhanced means of data  
i n t e r p r e t a t i o n .  

C .  Viscosity and Liquid Lines of Descent for Rock Melts: C o n t i n e n t a l  
S c i e n t i f i c  Drilling Program (H. C. Weed, F. J. Ryerson,  and A. J. 

V i s c o s i t i e s  and liquid lines of d e s c e n t  a r e  be ing  de te rmined  for 
molten s i l i c a t e s  under cdndi tions of controlled oxygen f ugac i ty  
(QFPI). These da ta  w i l l  r e l a t e  rheo log ica l  properties t o  the 
percentage of suspended crystals i n  a magma, and should be of value 
i n  understanding mass and thermal transport  i n  petrologic 
phenomena. Materials c u r r e n t l y  under evaluation include primi ti ve 
t h o l e i i t i c  and high-A1 basa l t s  from Kilauea I k i  and t h e  Medicine 
Lake  Highlands .  The results should be applicable t o  t a r g e t s  
selected f o r  deep c o n t i n e n t a l  d r i l l i n g .  



D. Thermal and P e t r o l o g i c  S t u d i e s  of Large S i l i c i c  Systems (L. W .  
Younker, P. W. Kasameyer, and T. A. Vogel (Michigan S t a t e  
U n i v e r s i t y )  1 

An impor tan t  aspect of c o n t i n e n t a l  c r u s t a l  e v o l u t i o n  is t h e  
ingectfan into t h e  upper crust  of magma frm the upper mantle or 
lower crust and subsequent modi f i ca t i on  of the  crust as a r e s u l t  of 
thermal energy and v o l a t i l  es released from t h e  magma, The thermal 
regimes portion of the C o n t i n e n t a l  S c i e n t i f i c  D r i l l i n g  Program 
(CSDP) seeks t o  unders tand t h e s e  processes which i n v o l v e  
development of geothermal  systems , mineral d e p o s i t s  and vol canf sm 
through d i r e c t  o b s e r v a t i o n  of the  magmatic and near magmatic 
environment.  

O u r  s u p p o r t  f o r  t h i s  CSDP i n i t i a t i v e  f a l l s  r o u g h l y  i n t o  two 
categories ( 1 ) geological and geochemical  f i e l d  studies of s e l e c t e d  
exhumed fossil magma systems, and ( 2 )  thermal modeling of t h e  
shallow hydrothermal sys tem a t  t h e  Salton Sea Geothermal.  

Exhumed F o s s i l  Magma Systems. We have under taken  an i n t e g r a t e d  
prowam of f i e l d  and labora tory  s t u d i e s  of the v o l c a n i c  * - 
e r u p t i o n s  from two major volcanic systems i n  southern Nevada. 
The s o u t h e r n  Nevada volcanic f i e l d  of middle to late Miocene 
age is one of t h e  most intensely s t u d i e d  and b e s t  understood 
fields in t h e  world. Work, largely by g e o l o g i s t s  of t h e  U.S. 
Geological Survey, has lead t o  the i d e n t i f i c a t i o n  of more t h a n  
twent*y major ash-flow s h e e t s  and a t  least eight collapse 
calderas. These major volcanic e r u p t i o n s  provide a large 
i n s t a n t a n e o u s  i n v e r t e d  sample  of the  subsurf ace magma body, and 
as a r e su l t ,  provide  an e x c e l l e n t  o p p o r t u n i t y  t o  study the 
evolut ion of high-level silicic magma systems. We have to date 
focused on t h e  Black  Mountain v o l c a n i c  system far a detailed 
g e o l o g i c a l  , geoeherni cal and p e t r o l o g i c a l  s t u d y .  We have 
cmplemented  tha t  study with an analysis of one of t h e  major 
eruptions from t h e  T i m b r  Mountain Caldera complex. The 
r e s u l t s  of t h e  s t u d y  have provided us w i t h  i n f o r m a t i o n  on how 
these crus ta l  magmas evolve and t h e  dynamics of major volcanic 
eruptions. 

S a l t o n  Sea Geothermal Field. The S a l t o n  Sea Geothermal System, 
a hot hypersaline convecting system d r i v e n  by I n t r u s i o n s  i n t o  a 
sediment-smothered r i f t  system n o r t h  of the Gulf of California,  
has been r e c o g n i  zed as one p l a c e  where magmaticJhydrotherrna1 
processes can be observed and ana lyzed .  Modeling of t h e  
hydrothermal system based on thermal and geophys ica l  d a t a  has 
enab led  us  t o  p u t  constraints on t h e  ra te  of magma i n t r u s i o n ,  
t h e  timing of t h e  i n i t i a t i o n  of t h e  most recent hydrothermal 
system, and t he  a s s o c i a t e d  f low pathways and rates. I t  i s  
expected t h a t  fu tu re  ded i ca t ed  d r i l l i n g  a t  thf  s s i t e  will h e l p  



t o  f u r t h e r  resolve t h e  relationship between the  magma 
i n t r u s l o n s  and the surrounding hydrothermal  system. 

E. CSDP: I m p e r i a l V a l l e y  I n f o r m a t i o n  Base (D. 0. Emerson and P. W. 
K as m e  yer ) 

To a s s i s t  the CSDP-Thermal Regimes Program select s i t es  f o r  
a d d i t i o n a l  s t u d i e s  and determine t h e  types of research t h a t  are 
needed,  an information base is b e i n g  developed fo r  t h e  S a l t o n  
Trough. The da t a  base w i l l  c o n t a i n  s t a n d a r d  b1 bl iographi  c d a t a  
t h a t  can be searched using keywords, lists of r e s e a r c h e r s  who are 
c u r r e n t l y  engaged in research in t h e  area w i t h  a b r i e f  summary of 
t h e i r  interests, and a genera l ized  plan for f u t u r e  research, 
including p o s s i b l e  d r i l l i n g  p r o j e c t ,  Using a conven t iona l  
commercial data base management s y s t e m  on IBM-PC computers, t h i s  
data w i l l  be d i s t r i b u t e d  i n  p s i n t e d  form on a semi-annual basis 
w i t h  t h e  f i r s t  s e t  b e i n g  a v a i l a b l e  Septmkr 1 ,  1984. 

F. Sha l low Hole I n v e s t i g a t i o n  of Long V a l l e y ,  Valles, and S a l t o n  Sea 
Thermal Regimes (L. W. Younker, P. W. Kasameyer, and J. F. 
Scheimer) CCooperative program with SNL, LANL, and LBL) 

The i n t r u s i o n  of magma into the  upper crust;, the release of heat 
and volati les frm these intrusions, and t h e  development of 
associated hydrothermal syat ems are problems centra l .  t o  
u n d e r s t a n d i n g  t h e  evolution of c o n t i n e n t a l  c r u s t  and its resources. 
Recent r e s e a r c h  into magma/hydrothesmal sys tems under t h e  
C o n t i n e n t a l  S c i e n t i f i c  D r i l l i n g  Program have c o n c e n t r a t e d  on Long 
Valley Valles Caldera, and t h e  Salton Sea. A l l  three a r e a s  c o n t a i n  
major, recently act ive mamatic s y s t m s  and c u r r e n t l y  a c t i v e  
hydrothermal  sys tems.  A g e n e r a l  r e c o n n a i s s a n c e  phase of work is 
well  advanced a t  these  sites, and has d e f i n e d  specific questions 
which can be addressed by s h a l l o w  d r i l l i n g .  These questions 
involve t h e  mechan ica l ,  chemical ( p a r t i c u l a r l y  wi th  respect t o  
v o l a t i l e s )  , and t h e r m a l  behavior  of magma a t  s h a l l o w  dep th ,  and the  
the  composition and c f r c u l a t i o n  p a t t e r n  of hydrothermal f l u i d s .  An 
interdisciplinary and i n t e r l a b ~ r a t o r y  prosam of i n v e s t i g a t i o n s  i n  
shallow holes is proposed for  t h e  t h r e e  c a n d i d a t e  C o n t i n e n t a l  
D r i l l i n g  s i t e s ,  as a necessary s t e p  toward deep  drilling at  these 
sites. Drilling targets are  t h e  c o n d u i t s  benea th  t h e  youngest 
vents  a t  Long Valley and V a l l e s  Calderas, and a n  unexplored region 
of  the S a l t o n  Sea thermal anomaly. 

LLNL involvement in t h e  project will c o n c e n t r a t e  on the rmal  model 
development, geophysical char act  eri  zat ion o f  t he  s i t e s  and 
petrological suppor t .  A t  Banco Boni to ,  we w i l l  use boreho le  
geophysics t o  d e f i n e  the geometry of t he  vent s t r u c t u r e .  I n  
addition, m o n i t o r i n g  of the response of pore pressure to t i d a l  
s t ra in  will allow us t o  characterize the orientation of the major 



fsactwes, encountered in t h e  w e l l .  C m b i n e d  interpretation of 
these two sets of da ta  would provide constraints on the  n a t u r e  oP 
t h e  r ing  fracture system. At the Salton Sea, we will p l a n  t h e  heat 
flow survey, s e l e c t  the subcontractor and in te rpre t  the data using 
a recently developed model. W e  w i l l  use the new d a t a  and t h e  
refined model t o  provide new c o n s t r a i n t s  on the volume, density, 
and  l o c a t i o n  of t h e  igneous d ikes  which provide the heat t o  the 
sys tern. 

G. Seismic S t u d i e s  of Possible Magma Inject ion and Magma Chambers in 
t h e  Long Valley Region (J. M, Mills, A. T, Smith, and J. F. 
Sc5eirner ) 

Our seismic r e s e a r c h  program in Long ValPey/Mono Craters area 
emphasizes two approaches:  

High resalution seismic studies t o  de te rmine  mechanisms of 
possible magma injection. 

Crustal structure studies t o  l oca t e  and de f ine  a possible magma 
cham bey. 

Data collected in August 1982 and August 1983 i n  cooperation w i t h  a 
number of other agencies, including t h e  USGS, provf des  t h e  basis f o r  t h e  
analysis . 
Subtask 1 :  High r e s o l u t i o n  seismic s t u d i e s  of p o s s i b l e  magmatic 
i n t r u s i o n .  The b a s i c  analysis w i l l  be extended from a single swam to 
the remainder of t h e  h i g h - r e s o l u t i o n  data se t .  I n  a d d i t i o n ,  mare 
advanced analysis of the ent i re  d a t a  us ing  source and attenuation models 
will enable us t o  fur ther  cons t ra in  the mechanics of t h e  apparenr; 
injection process. 

Subtask 2: P and S wave crustal  s t r uc tu r e  studies. We will a n a l y z e  t h e  
existing 3-cmponent seismic data from t h e  t lmed e x p l o s i o n s  and 
earthquakes using 2-D and 3-D invers ion  techniques, and a p p l y i n g  2-D 
forward modeling t e c h n i q u e s .  Modeling converted phases a l r e a d y  
i d e n t i f i e d  I n  the s e i s m i c  records may determine if they a r e  produced a t  
a solid-rock/rnagma interface.  The Qcoda method of Aki w i l l  also be used 

t o  determine If ray pa ths  through proposed r eg ions  of magma show 
anomalously h i g h  shear wave attentuation. 
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Scope of Work 

Geophysics r e s e a r c h  a t  Los Alamos N a t i o n a l  Laboratory p re sen t ly  
consists of three subtasks: ( A)  Elec t r i c a l  Conductf v i  t y  and Radiative 
T r a n s p o r t  i n  the Ear th ;  ( 0 )  Nonlinear G e n e r a t i  on of Acoustic Beams; and 
(C ) Creep Deformation of Rock. These research t a s k s  a p p l y  i m p o r t a n t 1  y 
t o  technology needs i n  w a s t e  i s o l a t i o n  and geothermal energy. 

A. E l e c t r i c a l  C o n d u c t i v i t y  and Rad ia t i ve  T r a n s p o r t  i n  t h e  E a r t h  (T. J. 
Shankland and A .  G. Duba  (Lawrence Livermore N a t i o n a l  Laboratory)) 

We are measuring the  t h e r m o e l e c t r i c  e f f e c t  i n  t h e  m a n t l e  minerals 
o l i v i n e  and pyroxene as a f u n c t i o n  of t e m p e r a t u r e ,  o r i e n t a t i o n ,  
oxygen f u g a c i t y ,  and iron content  and a r e  i n v e s t i g a t i n g  the  e f f ec t  
of magnesi u m / s i l i  con nonstoi chiometry on mineral c o n d u c t i v i t y  f rom 
rad ia t ive  heat t ranspor t  i n  a variety of materials  that  f igure  i n  
geothermal studies, nuclear waste isolation, and  s o l i d - e a r t h  
geophysics. The results of both  o f  t h e s e  e f fo r t s  a p p l y  t o  
inferences of the  temperature distribution i n  t h e  upper mantle and 
lower crus t  of t he  ea r th .  

Because temperature differences I n  t h e  e a r t h  d r i v e  t ec ton ic  motions 
on t h e  e a r t h ' s  s u r f a c e  and interior, improved knowledge of the rmal  
patterns i s  a requirement for  evaluating seismic and  v o l c a n i c  
hazards. Further, knowledge of the  thermal s t a t e  of t h e  c rmt  and 
upper mantle I s  essential for regional  geothermal  p r o s p e c t i n g ,  
p a r t f c u l a r l y  far  the Continental S c i e n t i f i c  Drilling Program. 

B. Nonl inear  Generationof AcousticBeams (T. J. Shankland and J .  N. 
A l b r i  ght ) 

We are  us ing  t h e  n o n l i n e a r  e l a s t i c  p r o p e r t i e s  of rocks t o  generate 
low-f requencg , long-wave leng th  acoustic beams i n  analogy w i t h  t h e  
case i n  laser opt ics .  Two narrow beams of high-frequency sound can 
interact i n  a n o n l i n e a r  medium t o  produce a narrow beam a t  t h e i r  
much lower d i f f e r e n c e  frequency. The lower f sequency  beam has the 
narrow w i d t h  of t h e  generating beams, but it can travel  much 
f a r t h e r  because of lower attenuation. Such a narrow beam would 
permit examination of acoustic interfaces from mine interiors and 
wellbores withou t  t h e  ambiguities of conventional seismology t h a t  



use u n d i r e c t e d  sources, f o r  example, transducers or explosives t h a t  
broadcast energy in  an almost spherical pattern. Should beam 
formation prove possible, there would be numerous applications to 
problems such as mapping f rac tures ,  the boundaries of ore and coal 
bodies, burn f r o n t s  i n  underground r e to r t s ,  and f l u i d  l o c a t i o n s  i n  
o i l ,  gas, and geothermal reservoirs. O f  more i n t e r e s t  t o  basic 
research in rock physics is the  Investigation of nonlinear 
p r o p e r t i e s  of rocks and f requency  dependence of e l a s t i c  p r o p e r t i e s .  

Nonlinear a c o u s t i c  beams have previously been observed i n  
homopeneous materials and f l  u i  d s ;  however, rocks have t h e  advantage 
of much greater nonlinear coef f icienta owing t o  t h e  strong e f fec t  
of crack closure on e l a s t i c  pr'operties. I n  preliminary results we 
have obse rved  difference frequency generation from vi broseis 
transducers ope ra t ing  i n  t h e  field and f rm piezoelectric 
transducers on laboratory specimens a t  high frequencies. 

Creep Deformation of Rock (J. D. Blaclc) 

Assurance of Long-term i s o l a t i o n  of nuclear wastes In mined 
cavi t ies  in hard  rock requires knowledge of time-dependent strength 
and transport  properties of these rocks. Normal, short-time 
engineering tests do not encompass t h e  full effects of phenomena 
such as water-ai ded stress cor ros f  on and h y d r o l y t i c  weakening. 
Therefore, we s t u d y  creep deformat ion of basa l t ,  g r a n i t e ,  and  tuff  
a t  simulated i n  situ conditions of temperature, pressure, pore 
pressure, and di f fe ren t ia l  s t ress .  Emphasis is  placed an 
evalua t ing  ef f ecta of water on time-dependent b r i t t l e  de fo rmat ion  
of in tac t  vs.  fractured s a m p l e s  and the effect of creep on fluid 
peraeabil l t y .  Results of t h e  expesiments will be formulated i n t o  
creep constitutive r e l a t i o n s  i n  a form amenable to predictive 
computer models of r e p o s i t o r y  desims. 
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Scope of Work 

Geochemistry research consists of e ight  subtasks: ( A )  Rock-Water 
Interact ions  in the Jemez Geothermal System; (0) Element Migration and 
F ixa t ion  i n  Rocks; (C) Physicochemical Basis  of t he  Na-K-Ca 
Geothermommter; (Dl C a t i o n  S i t e  Size and Coulomb Energy Calculations 
for the Principal Rock-Forming Minerals; (El Coal Maturation: 
Occurrence, Form, and Distribution of Sulf w and Mineral Matter i n  Pea t ;  
( F )  Thermodynamic Properties of Aqueous S o l u t i o n s  a t  High Temperatwes 
and Pressures; ( G )  Geochemistry of Technetium and Ruthenium and 
Geochemical Controls on t h e  Redistribution of Multivalent Elements i n  
t he  Lithosphere; and (HI Geologic, Geochemical, and Sr, Nd, and Pb  
Isotopic Studies on the Anomalous Late Cenozoic Basalt Province i n  the 
Southwestern Great Basin. 

A.  Rock-Water Interactions i n  the JemezHydrothermal Systm ( R .  W. 
Charles, R.  J. Vidale,  and F. Cof f )  

Experimental and theoret ical  studies are coop d i n a t e d  w i t h  f l e ld  
work t o  i n v e s t i  gate rock-water interactions i n  t h e  Jemez geothermal 
system, Northcentral N e w  Mexico. The Jemez hydrothermal system 
inc ludes  a t  l e a s t  three maJ or hot  c i r cu la t ing  aqueous f 1 ui ds , each 
of which has a charac te r i s t ic  major and minor element chemistry and 
I s  associated w i t h  charac te r i s t ic  rock a l te ra t ion .  Experimental 
studies w i l l  be coordinated with f i e l d  work i n  order t o  define t h e  
p r i n c i p a l  variables as the system changes or has changed with time. 

The approach is t o  define the s t a b l e  mineral assemblages for a 
given s e t  of variables by equil ibration i n  agitated a n d ,  l a t e r ,  i n  
c i rculat ing systems. Therrnodynarni c calculations will help f i x  
these mineral assemblages i n  f (Op), f(C02), f ( s ~ ) ,  and  pH space 

and, I f  thermodynamic data  is  n o t  avai lable ,  i n  chemical potential 
space. The experimental observations allow us t o  interpret  the 
occurrence of natural a l te ra t ions  in portions of the Jmez system 
and to model the propess of such  a l te ra t ion  through time, 
especially, i n  re la t ion  t o  known and  proto-ore d e p o s i t s .  



B. Element Migra t ion  a n d F i x a t i o n i n C r u s t a l R o c k s  (T. M. Benjamin,  
R .  W. Charles, and G.K. Bayhurst)  

Acquiring an u n d e r s t a n d i n g  of t r a c e  element migration and fixation 
i n  rocks r e q u i r e s  a m u l t i f a c e t e d  exper imenta l  ef f opt. Studf  es 
include: 11 t h e  d e t e r m i n a t i o n  of t he  t race e lement  c o n c e n t r a t i o n s  
and d i s t r i b u t i o n  in d i s c r e t e  mineral phases ;  ( 2 )  t h e  c o n d i t i o n s  and 
mechanisms of element mobi l iza t ion;  and 3) t h e  i n c o r p o r a t i o n  i n  
secondary ,  p r e c i p i t a t e d ,  phases .  Determining the major element 
compositions and spatial d i s t r i b u t i o n s  i n  t h e  solid phases utilizes 
well known e l e c t r o n  m i  cropro be and scanning electron mi cros copy  
t e c h n i q u e s .  The t race  e lements  a n a l y s e s  a r e  o b t a i n e d  from improved 
instrumental  neutson a c t i v a t i o n  a n a l y s i s  of bulk samples and our 
newly deve loped  n u c l e a r  microprobe.  The nuclear microprobe uses 
MeV energy protons,  focused t o  micron s i ze  s p o t s  by a s u p e r  
conducting s s l e n o i d  f i n a l  lens, t o  y i e l d  character is t ic  x-rays 
r e s u l t i n g  i n  elemental s e n s i t i v i t i e s ,  i n  favorable c i rcumstances ,  
i n  t h e  5 ppm range. The hydrothermal  exper iments  a r e  c o n d u c t e d  i n  
s t a t i c  Dickson vessels and dynamic fixed t e m p e r a t u r e  c i r c u l a t i n g  
sys tems .  The rock-aqueous f l u i d  e q u i l i b r a t i o n  experiments are  r u n  
a t  c o n t r o l l e d  pressure, t e m p e r a t u r e ,  and cmplexfng anion 
composi t ion.  S o l u t i o n  samples ase o b t a i n e d  a t  pressure and 
temperature allowing t h e  experimental run' t o  contfnue u n i n t e r r u p t e d  
whi le  obtaining u n f r a c t i o n a t e d  aqueous f l u i d .  These s o l u t i o n s  are 
analyzed by ion  chromatography and plasma erni s sdon  s pe ctrmetry . 
T h i s  work can be used t o  examine economic recovery of metals i n  a 
geothermal energy extraction system, t h e  o r i g i n  of ore bodies, and 
t h e  behavior of elements i n  a hazardous  waste r e p o s f t o r y .  

C. Physicochemical Basis of the  Ma-K-Ca Geothermometer (T. M. 
Benjamin, W. R.  Charles, a n d  C. K .  Bayhurst)  

The Wa-K-Ca geothermmeter  uses t h e s e  ca t ion concent ra t ions  i n  t h e  
emergent aqueous f l u i d  from geothermal systens t o  deduce the 
temperature of equi l  f b r a t i o n  of t h e  subterranean hot  r o c k  and  
coexisting f l u i d .  Fournier  and T ruesde l l  (USGS) u t i l i z e d  s u r f a c e  
water samples and temperature rneaswements t o  derive e m p i r i c a l  
c o n s t a n t s  f o r  a fe ldspar  controlled system. T h i s  form of t h e  Na-K- 
Ca g e o t h e r m m e t e r  has been successfully a p p l i e d ,  w i t h  Ilrnitatlons, 
t o  many r e s e r v o i r s  and has undergone some m o d i f i c a t i o n  t o  t ake  i n t o  
account, where necessary, o the r  elements I n  t h e  s o l u t i o n s .  

A series  of exper iments  i s  underway t o  address the two prirnwy 
l i m i t a t i o n s  of t he  empirical g e o t h e r m m e t e r ,  t e m p e r a t u r e  
cal l  b r a t i o n  and the chemi ca l  basis of t h e  geothermometer . 
Temperature calibration is required because although the s o l u t i o n  
c a t i o n  c o n c e n t r a t i o n s  t e n d  t o  p r e s e r v e  the highest t e m p e r a t u r e  of 
e q u i l i b r a t i o n  t h e  emergent fluid may be sf @ i f  i c a n t l y  cooler  s o  
t h a t  t h e  empirical. geothermmet er w i l l  y i e l d  temperatures below the 



t r u e  t e m p r a t w e  o f  e q u i l i b r a t i o n .  The physicochemical basis needs 
t o  be unders tood so  t h a t  t h e  a p p l i c a b i l i t y  of a given 
geothermometer , or  which of a ser ies  of d i s t i n c t  geothermometer 
f e m u l a t i o n s ,  are a p p r o p r i a t e  i n  a given geochemical  s e t t i n g .  We 
have observed t h a t  t h e  a c t i v i t i e s  of Na-K-Ca are  f i x e d  by secondary  
phases produced by react ion of t h e  fe ldspars  ( +  q u a r t z )  with wate r .  
Characteri zatfon of these s e c o n d a r y  over growth-is t h e  th rus t ;  of t h e  
experimentat ion.  Because granites p r o v i d e  t h e  thermal source i n  
many geothermal  systems, grani te  p l u s  aqueous f l u i d  ( +  cmplexing 
a n i o n s )  is reacted i n  both  s t a t i c  Dickson and d y n a m i e c i r c u l a t i n g  
systems. 

D. Cation S i t e  S i z e  and Coulomb Energy Calcula t ions  f o r  t h e  P r i n c i p a l  
Rock-Forming Minerals (J. R ,  Srnyth) 

We w i l l  compile p u b l i s h e d  c r y s t a L l o g r a p h l c  d a t a  o n  ordered end- 
members of the  p r i n c i p a l  m i n e r a l  groups and common accessory phases 
i n  igneous and metamorphic  rocks and c a l c u l a t e  f r m  these,  mean 
bond d i s t a n c e s ,  volumes and d i s t o r t i o n  indices or c o o r d i n a t i o n  
po lyhedra ,  and  coulomb p o t e n t i a l s  f o r  a l l  ca t ion  s i t e s ,  This 
research w i l l  result i n  a r e f e r e n c e  p u b l i c a t i o n  t h a t  will 
f a c i l i t a t e  understanding of  i n t e r -  and i n t r a c r y s t a l l i n e  major and 
trace element f r a c t i o n a t i o n  t r e n d s ,  recognize e f fec t s  of sane 
accessory phases on whole-rock t r ace -e lement  d i s t r i b u t i o n s ,  and 
f a c i l i t a t e  understanding of i n t r a c r y s t a l l i n e  diffusion kinetics and 
chemical effects on mineral c o m p r e s s i b i l i t i e s .  Data a l l o w i n g  u s  t o  
in te rp re t  these impor tan t  phenomena a re  not p r e s e n t l y  a v a i l a b l e  for 
most mineral  g ~ o u p s .  

Cmputer program development and modi f ica t ion  are l a r g e l y  
completed,  and  d a t a  c o m p i l a t i o n  i s  c m p l e t e d .  Loading of 
c r y s t a l l o g r a p h i c  d a t a  onto computer disk f iLes has  been completed.  
We will c o n t i n u e  our calculation and c o r r e l a t i o n s  of cation s i t e  
s i z e s  and coulomb p o t e n t i a l s  t o  observed i n t e r -  and 
i n t r a c r y s t a l l i n e  f r a c t i o n a t i o n  trends, and we i n t e n d  t o  c o l l e c t  our 
d a t a  i n  a r e f e r e n c e  pub l i ca t ion .  

E. Coal Matura t ion :  Occurrence, Form, a n d D i s t r i b u t i o n  of Sul fur  and 
Minera l  M a t t e r  i n  Peat ( R .  Raymond. Jr. and A. D. Cohen) 

Elementa l ,  mineralogic, and petrographic composi t ions  of p a t s ,  the 
precursors of coals, are controlled by a c ~ b i n a t l o n  of bo tan ica l  
and d e p o s i t i o n a l  environments .  D i a g e n e t i c  a l t e ra t fons  occur within 
t hese  var ious  environments t h a t  will e v e n t u a l l y  affect t h e  
occur rence  of sulfur and/or mineral  matter i n  coal d e p o s i t s .  To 
evaluate the occurrence of s u l f u r  and/or m i n e r a l  m a t t e r  i n  a coal 
d e p o s i t ,  one must unders tand  t h e  mechanisms f o r  t h e  i n t r o d u c t i o n  
i n t o  t h e  o r i g i n a l  peat d e p o s i t  and t h e  a l t e r a t i o n s  t h e y  go t h r o u g h  
d u r i n g  stages of p e a t i f i e a t i o n .  



We are investigating sulfur  and mineral matter emplacement, 
dis t r ibut ion,  and a l t e r a t i o n  in four distinct coal-forming regions: 
marine t o  brackish water enviroments (Everglades, SW Florida) ; 
s a l t  rnarsh/freshuater complex (Snuggedy Swamp, South Carolina); 
freshwater sumpmarch complex (Okefenokee Sump, Georgia); and a 
freshwater complex with late stage marine incursion {Cranberry 
Island, Maine). The objectives of our r e s e a r c h  are: ( 1 ) t o  
i d e n t i f y  and correlate sulfur t'orms, a u t h i g e n i c  minerals, and 
d e t r i t a l  minerals found i n  d i f ferent  peat types; ( 2 )  t o  i d e n t i f y  
the processes that  enhance and/or i n h i b i t  distribution and 
preservation of s u l f u r  and mineral matter i n  t h e  i n i t i a l  coal- 
f orrning environment ; and (3 )  t o  construct geochemical models f o r  
t h e i r  formation, prese rva t ion ,  a l te ra t ion ,  and d i s t r i b u t u i o n  based 
on t h e  f i r a t  ~ H O  object i ves. 

O u r  approach is to use scanning electron microscopy, x-ray 
diffract ion,  f l uosescen t ,  and plain optical microscopy, b u l k  
chemical ana lyses ,  and conventional sedimentologieal analyses t o  
characterize the modes of occurrence and content of both sulfur 
forms and b logen ica l ly  and non-biogenically de r i ved  mineral matter 
i n  peat t y p e s .  We w i l l  t h e r e b y  be able t o  es tabl ish r e l a t i o n s h i p s  
between sulfur and mineral matter occurrence and peat t y p e s ,  and 
also t o  cor re la te  t h e  concent ra t ion  and forms of t h e i r  occurrence 
with speciPic environments of d e p o s i t i o n .  

Knowledge of the thermodynamic properties of aqueous solutions is 
basic t o  an understanding of many geochemical systems. 
Hydrothermal a l t e r a t i o n ,  element migra t ion ,  and geothermal 
activity, are a few examples of processes l a ~ g e l y  dependent on t h e  
properties of t h e  associated aqueous fluid. S t u d i e s  of t h e s e  
processes require i nforrnation on  the heat content and ion 
a c t i v i t i e s  of mixed e l e c t r o l y t e  s o l u t i o n s  over a wide range  of 
composition and temperature. 

C o n s t r u c t i o n  of a flow mlmocalorimeter, desimed t o  measure the 
heat capacities of aqueous solut ions ,  h a s  recently been completed. 
The calorimeter has several features that make i t  a unique and 
powerful tool  for determining t h e  properties of e lectrolyte  
solutions. The most important of these is t h a t  the fluid flows 
through t h e  calorimeter, allowing measurements alang isobars 
( r a t h e r  than along t h e  saturated vapor pressure cmve) and  allowing 
sample changes without disturbing t h e  temperature equi l ibrat ion of 
t he  calorimeter. A 1 1  par t s  of the calorimeter that  contact the  
aqueous solutions are constructed of a special platinum a l l o y ,  
p r o v i d i n g  c o r r o s i o n  resistance over t h e  operating temperature range 



of 2 5 ' ~  to 350'~. The calorimeter a lso has been completely 
autmated for nearly continuous operation. 

The number of' different electrolyte solutions of interest at high 
temperatures is large, so a method of obtaining thermodynamic 
properties from a minimum amount of experimental data is desirable. 
Heat-capacity measurements are ideal f o r  t h i s  purpose because t h e  
heat capacity data can be integrated as a f u n c t i o n  of temperature 
t o  determine s o l u t i o n  e n t h a l p i e s  and t h e  i o n  a c t i v i t i e s  of solution 
species.  These thermodynamic properties will be used t o  provide an 
a c c u r a t e  model f o r  e lectrolyte  solut ions  at high tenperatwe and 
pressures. 

The Geochemistry of Technetium and Rutheni urn and Geochemical 
Controls on t h e  R e d i s t r i b u t i o n  of Mu l t i va l en t  Elements i n  t h e  
Lithosphere (D. B. Cur t is ,  R .  E. Perrin,  D. J. Rokop, a n d  K .  
Daniels l 

Methods of isotope geochemistry prov ide  powerful  tools for s t u d y i n g  
t h e  a l t e r a t i on  of rocks: nuclear processes change t he  chemical and 
isotopic composition of n a t u r a l  materials i n  s i t u .  The re la t ive  
abundance of these na tu ra l  n u c l e a r  products in a chemically 
i s o l a t e d  system can be p r e d i c t e d ,  usually by rather s t r a i g h t f o s w a ~ d  
models of the nuclear processes. Discrepancies between predicted 
and actual abundance3 manifest the effects  of chemical processes in 
the lfthie environment. 

Common1 y these methods i n v o l v e  radioact i ve n u c l i d e s  and thef  r decay 

p r o d u c t s  ( 238~-234~, 87~b-87~r ) .  However, t h e  number of chemical 
elements represented by radioactive parent-daughter p a i r s  is 
I f m l  ted.  I n  c o n t r a  t , spontaneous f i a s i o n  produces nuclides t h a t  
represent roughly one t h i r d  of all t h e  elements on the  periodic 
table. However, t h e  rate of element p r o d u c t i o n  by  t h i s  process is 

17 so slow, the ra te  constant is 8 . 5 ~ 1 0  /year,  tha t  t he  quantities of 
most elements produced i n  t he  en t i re  history of t h e  ea r th  are 
imperceptible re la t ive  t o  those  found Mnatu ra l l y t l  i n  geologic 
materials. I n  the  case of a few elements, the "natural t t  component 
is suff icFentLy small tha t  t h e  spontaneous fission product can be 
detected. Ruthenium and technetium are two  s u c h  e lements .  Because 
the abundance3 of these spontaneous f i s s i o n  produc t s  are  so small 
there have been few e f fo r t s  t o  develop t he  sophist icated a n a l y t l  cal 
techniques and information required t o  use them as geochemical 
tools. Me are using t h e  unique capabi l i t ies  of the  Sos Alamos 
National Laboratory Isotope Geochemistry Gsovp t o  make the 
measurements. The ability t o  do so permits us t o  address several  
matters of importance. Bath ruthenium and technetium are 
multivalent elements. Studies of their stability w i l l  p rov ide  
information about t h e  effects of redox cond i t i ons  on t h e  long term 



r e t e n t i o n  of mul t iva len t  elements In a geologic environment, Our 
work is one of t he  f i r s t  attempts t o  e x p l i c i t l y  examine the  
geochemis t ry  of t h i s  rare element. Ruthenium is one of s i x  
geocherni call y similar elements termed pla t inum group metals. Some 
of these are  important components of c r i t i c a l  i n d u s t r i a l  processes. 
Studies  of the geochemistry of ru thenium will c a n t r l b u t e  t o  our 
u n d e r s t a n d i n g  of processes tha t  enrich platinum group metals and 
t h u s  enhance t h e  a b i l i t y  t o  assess the reserves of these c r i t i c a l  
r eso UT ces . 

H. Geologic, Geochemical a n d S r ,  Nd, and Pb I s o t o p i c  S t u d i e s  on an 
AnomaZous Late Cenozoic Basalt Province i n  t h e  Southwestern G r e a t  
Basin I B .  M .  Crowe. D. B. Cur t i s .  and G. L. Farmer) 

F i e l d  i nves t iga t ions  are being undertaken t o  study t h e  age, and 
geochemical a n d  i s o t o p i c  patterns of basal t i c  vol  canlsm I n  a narron 
s t r i p  e x t e n d i n g  f rm the  w e s t e r n  edge of t h e  Nevada Test S i t e  
westward t o  the  eastern edge of t h e  S i e r r a  Nevada range. T h i s  
s t r i p  crosses s e v e r a l  major s t r u c t u r a l  features including: 1 )  the 
Death Valley-Pancake Range volcanic zone; 2 )  t h e  w e s t e r n  edge of 
the  North  American waton; and 3) an east-toewest t r a n s i t i o n  i n  the  
d e p e e  of activity of basin-range t e c t o n i s m .  A s s o c i a t e d  w i t h  these 
structural features are: 1 )  a petrological t r a n s i t i o n  In the 
composi t ion of ba sa l t i c  rocks from hawaiites to potassium-ri ch 
a l k a l f  & s a l t s ;  and 2) a t r a n s i t i o n  i n  t h e  i sotopic  composf t i o n  of 
neodymium and strontium ranging Prom mant le  array basalts (Sierra 
Nevada edge)  t o  h ighly  anomalous basalts (Nevada Test S i t e  region) .  
Lead i s o t o p i c  data for  basalts are available o n l y  for  t h e  eastern 
and western edges of t h e  strip. These da ta  def ine  a 1 inear a r ray  

on a 207/206~b versus 204/206~b diagram indicating a common aspect 
t o  the geockemf cal  history of the rocks. The l e a d  isotopic 
compositions of ind iv idua l  samples does not show a recognizable 
covariance with the neodymiumstront ium i s o t o p i c  cmposi tion , w i t h  
v a r i a t i o n s  i n  trace element contents or w i t h  geographic Location of 
t h e  studies b a s a l t s .  I t  is not p r e s e n t l y  known whether  differences 
i n  t he  l e a d  isotopic composition of the basalts re f lec t  a 
heterogeneous source region  or differing d e g e e s  of contamination, 
Se lec ted  basa l t s  , rhyolites , and Cretaceous granites w i l l  be mapped 
and sampled i n  the  field and a n a l y z e d  for  age, major and t race 
element chemistry, a n d  t h e  i s o t o p i c  composition o f  l e a d ,  neodymium, 
and strontium. The prlmary t h r u s t s  of the work  are: 1 )  To 
determine i f  i s o t o p i c  covar ia t ion  e x i s t s  between t h e  basalts and 
crustal rocks and if such covariation 13 consistent w i t h  models of 
crustal  contamination; 2 )  To a t tempt  to relate the  i s o t o p i c  
compositions of lead t o  s t r o n t i u m  and neodymium isotopic v a r i a t i o n s  
f o r  t he  basalts, t h e  r hyo l i t e s ,  and t h e  granites; and 3) To a t t e m p t  
t o  related t h e  lead i s o t o p i c  cmpositions of studied basalts t o  
lead i s o t o p i c  data for basa l t s  from l a r g e r  region of t h e  
southwestern United States. 





T h i s  work w i l l  lead t o  a more complete understanding of the  magma 
chamber o r  chambers ac t ive  2-10 m.y. ago, of processes governing 
changes in magma compositions, and of t h e  o v e r a l l  p e t r o g e n e t i c  
h i s t o r y  of t h e  J m e z  v o l c a n i c  f i e l d .  I t  will also lead to an. 
understanding of the ages, forms, and volumes of volcanic 
constructs that border  t h e  Valles c a l d e r a ,  and t h u s ,  w i l l  k 
i m p o r t a n t  i n  interpreting r e s u l t s  o b t a i n e d  i n  Continental 
Sclentif i c  D r i l l i n g  Program d r i l l  s t u d i e s .  

B. O r i g i n  and Ex ten t  of t h e T o l e d o  Caldera, JemezMountaln,  N e w  
Mexico. and its Rela t ion  to t h e  Valles Caldera (G. H. Hei ken a n d  F. 

The Toledo c a l d e r a  is t h e  o l d e r  of two Large calderas formed d u r i n g  
the  e r u p t i o n  of uppe r  a n d  lower  members of t h e  B a n d e l i e r  T i d f .  It 
i s  a major v o l c a n i c  s t ruc ture  within t h e  Jemez Mountains volcanic 
field, New Mexico, but  its l o c a t i o n  a n d  e x t e n t  is poorly understood 
because much of t he  caldera has been masked by o v e r l a p  of the  
younger Valles c a l d e r a .  If a borehole is t o  be d r i l l e d  by t h e  
C o n t i n e n t a l  Sc i en t i f i c  D r i l l i n g  Program within t h e  caldera complex,  
one o p t i o n  would be t o  choose a drill s i t e  located w i t h i n  the  
over lap  of both calderas; this will provide maximum information o n  
the i r  history, structure, and geothermal  systems. To t h i s  we must 
learn  the  e x t e n t  and o r i g i n a l  p o s i t i o n  of t he  Toledo caldera. W e  
propose t o  Locate the buried port ions of t h e  Toledo c a l d e r a  through 
geoehranologi  c ,  s t r a t i g r a p h i c ,  and p e t r o l o g i c  s t u d y  of domes, 
pyrocl a s t i c  and sedimentary d e p o s i t s  l o c a t e d  wl thin t h e  exposed 
remnant of the Toledo c a l d e r a ,  a l o n g  t h e  n o r t h e r n  edge of Valles 
caldera and along the eastern f l anks  of t h e  c a l d e r a  complex, where 
the t u f f s  are interbedded between t h e  upper an lower  members of t h e  
Bande l ie r  T u f f .  These da t a  shou ld  provide i n f o r m a t i o n  on  source 
areas f o r  these  d e p o s i t s  w i t h l n  t h e  Toldeo caldera and ,  i n d i r e c t l y ,  
Lts o r i g i n a l  location and e x t e n t .  

We have near1 y completed geo log ic  mapping of most of t h e  domes, 
t u f f s ,  and sediments of the Cerro Toledo R h y o l i t e  a t  a scale of 
1 :24,000. We have i d e n t i f i e d  six e r u p t i o n  sequences w i t h i n  t h e  
Cerro Toledo Rhyol i t e .  A l l  c o n s i s t  of r h y o l i t i c  tephra and most 
contain P l i n i a n  pumice-falls and t h i n  beds of v e r y  f i n e - g r a i n e d  ash 
of phreatmagmatic origin. Most Toledo deposits  are t h i c k e s t  i n  
paleocanyons and genera l ly  a b s e n t  on pre-upper B a n d e l i e r  ridges. 
Some of t h e  phreatmagmatic t u r f s  flowed down canyons from t h e  
c a l d e r a  and were d e p o s i t e d  as base surges.  

The t u f f s  are  l i m i t e d  t o  two zones: 1 )  a 200-kmwide band t h a t  
t rends  E t o  N E  of t h e  Toledo caldera (from t h e  n o r t h  edge of t h e  
Valle Grande t o  t h e  no r th  rim of the Toledo c a l d e r a ) ;  m d  2 )  a SE- 
trending, 4-km-wide tuff b l a n k e t  from Rabb i t  Mountain. There are 
no Cerro Toledo t u f f s  exposed elsewhere around the Jemez Mountains.  



A l l  of t h e  major tuff sequences from Toledo i n t r a c a l d e r a  a c t i v i t y  
are separated by epiclas t i c  sediments t h a t  r e p r e s e n t  per iods of 
erosion and d e p o s i t i o n  i n  channe l s .  

A s t u d y  of t h e  g r a v i t y  d a t a  and d ~ i l l h o l e  da ta  i n d i c a t e s  that  
caldera resurgence is n o t  r e f l e c t e d  i n  the basement s t r u c t u r e  below 
Redondo Peak. On t h e  bas i s  of t h e s e  o b s e r v a t i o n s ,  we are  now 
evaluating models of r e s u r g e n c e  associated with t h e  Jemez caldera 
complex. 

C. Lithospberi c Structure and Volcano tec ton i  c E v o l u t i o n  Beneath t h e  
Jemez Mountains and R io Grande R i f  t Using Techni ques of Seismic 
Tmography (K. H. 01sen) 

The o b j e c t i v e  of t h i s  p ro jec t  i s  to i n v e s t i g a t e  l a t e r a l  v a r i a t i o n s  
i n  e a r t h  structure a n d  rock  propert ies ( e l a s t i c  wave v e l o c i t i e s ,  
densities, i n f e r r e d  temperature, e t e . )  beneath a complex 
v o l c a n o t e c t o n l c  regime i n  n o r t h e r n  N e w  Mexico. We employ mainly 
geophys ica l  techniques t o  characterize earth s t r u c t u r e  f r m  d e p t h s  
of a b u t  1-2 km t o  t h e  l e v e l  of the Mohorovicic d i s c o n t i n u i t y  
( a p p r o x i m a t e l y  35 km) , which a r e  beyond access by convent ional  
surface geological t e c h n i q u e s  , a l t h o u g h  we i n c o r p o r a t e  geologi cal 
and geochemical d a t a  by o ther  i n v e s t i g a t o r s  i n  our in terpreta t ions  

O u r  p r i n c i p a l  t echniques  are  seismlc: 1 )  time d e l a y  and synthetic 
modeling of ampl i tudes  and waveforms of seismic waves f r m  local 
and r e g i o n a l  sowces (main1 y explos ions  ) ; 2) merged common-depth- 
p o i n t  (CDP) ref lect ion and w i d e - a n g l e - r e f r a c t i o n  p r o f i l i n g  for 
h i  gh- reso lu t ion  s t u d i e s  of s t r a t i g r a p h y  of n e a r - s u r f a c e  (less t h a n  
5 km) Layers ;  and 3) t ime-delay observations from t e l e s e i s m i c  
( d i s t a n c e s  beyond 2000 km) sources, which are best s u i t e d  for 
delineating mantle-level anomalies at  comparatively l o u  r e s o l u t f o n .  
We combine t h e s e  seismic data  wi th  gravity, aeromagnetic, and  local 
ear thquake Location d a t a  d e r i v e d  f rm o t h e r  Los Alamos programs t o  
form an  integrated geophysical p i c t u r e  of t h e  study area. 

This s t u d y  dea l s ,  i n  g e n e r a l ,  w i t h  broad t e c t o n i c  and  e v o l u t i o n a r y  
q u e s t i o n s  concerning the  Rio  Grande  r i f t ,  one of t h e  major ac t ive  
c o n t i n e n t a l  r i f t  s y s t m s  of t h e  w o r l d .  However, the p r inc ipa l ,  
focus of t h i s  ongoing s t u d y  since 1981 has been the Jemez Mountain 
Vol cani c Zone, which is one of the keys tone elements of t h e  r i f t  . 
The Jemez region is a 100-km x 100-h x 50-kmdeep block of t he  
earth's crust that w i l l  be i n t e n s i v e l y  s t u d i e d  using many 
geoscience d i s c i  p l f n e s  ( i n c l u d i n g  deep  research d r i l l i n g )  during 
the coming decade i n  o r d e r  t o  c l a r i f y  fundamental  s c i e n t i f i c  
q u e s t i o n s  pertaining t o  structure and e v o l u t i o n  of large volcanic 
complexes and r e 1  ated hydrothermal geothermal sys terns, 



D. Shal louHole  I n v e s t i g a t i o n  of Long Valley, Valles, a n d s a l t o n s e a  
Thermal Regimes ( F .  E. Goff and J, C. RowLey) 

The i n t r u s i o n  of magma i n t o  the upper crus t ,  t h e  re lease  of h e a t  
and v o l a t i l e s  from these i n t r u s i o n s ,  and t h e  development of 
assoc ia ted  hydrothermal  systems are  problems central  t o  
understanding the  evo lu t ion  of c o n t i n e n t a l  crust and its resow ces. 
Recent research i n t o  magi'na/hydrothermal sys tems  under t h e  
con t inen ta l  Scientific D r i l l i n g  ProgPm (CSDP)  has concent ra ted  on 
Long Valley ca lde ra ,  Valles caldera, and the S a l t o n  Sea. A l l  t h r e e  
areas contain majol-, recently act ive magmatic systems and c u r r e n t l y  
a c t i v e  hydrothermal systems. An i n t e r d i s c i p l i n a r y  and  
i n t e r l a b o r a t o r y  program of i n v e s t i g a t i o n s  i n  s h a l l o n  holes is 
underway f o r  t h e  three candidate CSDP s i t e s  as a necessary s t e p  
toward deep d r i l l i n g  a t  t h e s e  s i t e s .  D r i l l i n g  t a r g e t s  are the  
youngest volcanic  vents  a t  Long Valley and Valles  caldera and an 
unexplored r e g i o n  of the  Salton Sea the rmal  anomaly. 

Los Alamss has begun t h e  c o n t r a c t i n g  and coord ina t ion  a c t i v i t i e s  
necessary t o  core a 650-m-deep h o l e  down the  Banco Boni to  ven t .  
Vatlous geophysical logs w i l l  be ob ta ined  from t h e  w e l l  during the 
l a t e r  part of FY84. Strain r a t e s  w i l l  be measured on cores a t  
Valles and on those o b t a i n e d  from Long Val ley.  Los Alamos is 
conducting p e t r o l o g i c  s t u d i e s  of p h e n o c r p t  phases as func t ions  of 
d e p t h  i n  the r h y o l i t e  c o r e s  f r m  the  two s i t e s  and w i l l  continue 
w i t h  these i n v e s t i g a t i o n s  during FY85. Hydrolog1 c tests  will be 
performed on several aquifers of i n t e r e s t  i n  t h e  Banco 
Bonito corehole d u r i n g  FY85. Inves t iga t ions  of aquifer 
geochemistry and hydrothermal alterations w i l l  k conducted i n  
co l labora t ion  w i t h  t h e  other laboratories i n  order t o  h e l p  
de te rmine  t h e  c h a r a c t e r i s t i c s  of hydrothermal systems i n  t h e  ring- 
f rac tu re  zone sf Valles. Los  Alamos w i l l  coordinate add i t iona l  
s c i e n t i f i c  e f for t s  i n  t h e  Valles corehole by t h e  othes  l a b o r a t o r i e s  
and o t h e r  i n t e r e s t e d  research groups. 

E. ValLes C a l d e r a I n f o r m a t i o n D a s e  ( N .  Marusak a n d F .  Goff) 

This i s  a cont inua t ion  of an in t eg ra ted  information base conta in ing  
references t o  p u b l i s h e d  geologic, geophysical , and geochemical data 
and i n t e r p r e t a t i o n s  f o r  cons ider ing  d e t a i l e d  site se lec t ion  f o r  
CSDP-Thermal Regimes. This task involves  coordination with LLNL 
and Sandia  w i t h  t h e  objectf ve of. selecting a c o n v e n t i o n a l  
commercfal d a t a  base management system and cmpat ib le  computer 
hardware f o r  this p r o j e c t .  Los dlamos has selected a p p r o p r i a t e  
b i b l i o g r a p h i c  t i t l e s  fo r  the assigned task from t h e  Georef da t a  
base and DOE Energy da ta  base. We have r e c e i v e d  t h e s e  t i t l e s  on 
tapes and  are i n  the process of loading them i n to  the cmputer for 
producing t h e  hard  copy l i s t i n g  of references, 
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Scow of Work 

The object ive  of t h i s  program is t o  analyze and interpret e x i s t i n g  
satellite data from the solar wind a n d  ea r th ' s  magnetosphere t o  y i e l d  an 
unders tand ing  of p h y s i c a l  mechanisms and long-term ef fec t s  of s u n - e a r t h  
c o u p l i n g  t h r o u g h  t h e  solar wind ana t o  unders tand  sources of f r e e  energy 
i n  these plasma particle ve loc i ty  d i s t r i b u t i o n s .  Since t h e  solar wind 
and magnetospheric plasmas are  t h e  media through which s o l a r - g e n e r a t e d  
d i s t u r b a n c e s  propagate and in which s o l a r  wind convection energy is 
stored and subsequently released t o  t h e  auroral ionospheres ,  these 
studies h e l p  u s  unders tand t h e  c o u p l i n g  of so la r  var ia t ions  t o  t h e  near- 
e a r t h  environment. T h i s  research relates  to the Department of Energy 's  
m i s s i o n s  through a p p l i c a t i o n s  t o  plasma phys ics  and magnetohydrodynamics 
(MHD ) pllobl ems r e l e v a n t  t o  fusion energy technology, u n d e r s t a n d i n g  long- 
term solar wind and  earth climate v a r i a b i l i t y ,  and future space-based 
energy  technologies. 

A .  Energy T r a n s p o r t  i n  Space f lasrna (S. P. G a r y  a n d  W. C. Felchan)  

The long-term goals of this research are t o  d e s c r i b e  t h e  s t ructure  
of and flow of plasma energy in the solar wind and the  ear th 's  bow 
shock,  magnetosphere ,  and ionosphere .  S p e c i f i c  aims include 
d e t e r m i n i n g  t h e  propert ies or t h e  electron and ion d i s t r i b u t i o n  
func t ions  i n  t h e  so la r  w i n d  i n  order  t o  bet ter  understand h e a t i n g  
and trans port processes, and unders tand ing  salar wind-magnetosphere 
c o u p l i n g  th rough  fundamen ta l  studies of plasma i n s t a b i l i t i e s  and 
t r a n s p o r t  i n  and near t h e  e a r th ' s  bow shock, magnetosphere, and 
ionosphere  . 
Our most i m p o r t a n t  research of 1983 has been a compsehensive survey 
of electromagnetic i o n  beam i n s t a b i l i t i e s  near col l is ionless  shocks 
such as the earth" bow shock and  i n t e r p l a n e t a r y  s h o c k s .  O u r  work 
has shown there a r e  four di f fe ren t  k i n d s  of beam driven 
i n s t a b i l i t i e s ,  and has demonstrated t h e  parameter regimes i n  which 
each is important. These results have important i m p l i c a t i o n s  for 
understanding how c o l l i s i o n l e s s  shocks accelerate ions  t o  high 
energies, and  may bear on t h e  important a s t r o p h y s i c a l  question of 
cosmic ray a c c e l e r a t i o n  by i n t e r s t e l l a r  shock g e n e r a t e d  by 
supernovae . 



B. Electrodynamical Aspects of t h e  Solar Wind-Magnetosphere 
In tegra t ion (E. W. Hones, Jr.) 

The in te rac t ion  of t h e  s o l a r  wind wlth  t h e  earthqs magnetosphere i s  
in t h e  nature of an electrical generator, i . e . ,  a conducting medium 
( i n  t h i s  case t h e  solar wind plasma) moves through a magnetic f k e l d  
( i n  t h i s  case the ear th f  s magnetic f i e l d )  , gf ving up its momentum 
in the generation of e lec t r ica l  currents. The so l a r  wind- 
magnetosphere sys tem is  much l i k e  an MHD generator of unusual 
geometrical design. But it has the a d d i t i o n a l  feature t h a t  it can 
store t h e  e l e c t r i c a l  energy t h a t  i t  creates in t h e  form of magnetic 
f i e l d s  and t h i s  i t  does  i n  the geomagnetic t a i l .  Unlimited energy 
cannot be s tored i n  the t a i l  and excess energy in released 
in te rmi t t en t ly  i n  spasmodic f a s h i o n  which part of the tail plasma 
sheet is severed f rm earth by magnetic r e c o n n e c t i o n .  T h i s  process 
occurs during (and is the cause o f )  a magnetospheric substarm in 
which some energy is deposited i n  t h e  polar ionosphere  and a 
comparable or greater amount is returned t o  t h e  so l a r  wind as the 
severed plasma sheet in t h e  form of a plasmoid ( a  plasma s t ructure  
threaded w i t h  closed magnetic loops) flows downstream out of t he  
t a i l .  

There  are two major r e su l t s  of  am work  during t h i s  year: 1 )  
Working w i t h  data f rm the ISEE-3 s a t e l l i t e  f o r  1- 1 .5 mil l ion 
kilometers) down t h e  tail we i d e n t i f i e d  the  substorm-generated 
plasmoids passing that d i s t a n t  location;  and 2) We h e l d  a Chapman 
Conference on Nagneti c Reconnection a t  t h e  Los ALamos National 
Laboratory. The Conference was hailed a3 an ou t s t and ing  success 
and most of  the papers will be published in an American Geophysical 
Union Geophysical Monograph e n t i t l e d  Magnetic Reconnection I n  
Space and Laboratory Plasmas. The book w i l l  be avai lable  in May 
1 984. 

C.  Theoryof E n e r g e t i c d c c e l e r a t i o n  a n d P r e c i p i t a t i o n f r m  the 
Terrestrial Mametasbhere (D. N. Baker and M. F. Thornsen) 

I n  t h i s  research e f f o r t  we address the d e t a i l s  of fundamental 
acceleration processes and resonant waver par t i c le  interactions in 
the  ea r th ' s  outer r a d i a t i o n  zone. These aspects sf energetic 
particle studies deal spec i f i c a l l y  with the problem of how 
energetic electrons are generated and  subsequently l o s t  from t h e  
magnetosphere into the aworal  ionosphere. 

During this year we re-examined recent theories which asc r ibe  
banded chorus emissions t o  whistler i n s t a b i l i t i e s  driven by the 
presence of an energetic elect ron loss cone featwe.  We have 
improved this theory  by using r e a l i s t i c  observed d i s t r i b u t i o n  
f u n c t i o n s  and by solving t he  dispersion r e l a t i o n  exact ly  for t h e  
case of para l l e l  propagation. We have also used concurrent d a t a  
from the Lo3 Almos g e o s t a t i o n a r y  orbit energetic e lec t ron  par t ic le  



sensors and ISEE-T i n s t r u m e n t s  t o  determine those cases where high 
fluxes of t rapped electrons were presen t  and ISEE was w i t h i n  + I  
how of local  time of a synchronous o r b i t  s p a c e c r a f t .  several 
c a n d i d a t e  events have been f dentif i e d  and ana lyzed .  

We have fur ther  extended our unders tand ing  of s o l a r  wind- 
magnetosphere interactions through t h e  u s e  of s t a t i s t i c a l  studies. 
I n  one c l a s s  of i n v e s t i g a t i o n s  using the method of l i n e a r  
p r e d i c t i o n  f i l t e s i n g ,  we found that t h e  magnetosphere responds  t o  
solar wind changes on two c h a r a c t e r i s t i c  time scales: 20 minutes 
and 60 minutes. The 20 minute scale  r e p r e s e n t s  d i rect  d r i v i n g  of 
magnetospheric currents by the s o l a r  wind while t h e  60 minute  
respnse I s  due t o  storage of e n e r g y  i n  t h e  m a g n e t a t a f l  ( for  - 1 
h o w )  followed by a sudden release of th is  energy th rough  s u b s t o m  
reconnec t  ion. 

Much of the work d u r i n g  t h e  past  ypar  has been d i r e c t e d  toward a 
d e t e r m i n a t i o n  of where, when, and how magnetospheric reconne ction 
occurs and how energetic particles are accelerated in this process. 
I n  one s u c h  study we have examined v e r y  d e t a i l e d  plasma, energetic 
p a r t i c l e ,  and magnetic f i e l d  r e c o n n e c t i o n  signatures a t  - 30 RE 

g e o c e n t r i c  distance i n  t h e  plasma sheet. We f i n d  good direct 
evidence of strong electron acceleration and h e a t i n g  i n  many of our 
r e c o n n e c t i o n  events. In  other s t u d i e s  we have used plasma 
cm.pos9tion and energetic p a r t i c l e  drlfts  i n  t h e  ea r th ' s  magnetic 
f i e l d  t o  i d e n t i f y  t h e  l o c a t i o n  and s p a t i a l  extent of substorm 
reconnection. We have also used these r e s u l t s  t o  determine whether  
t he  plasma in t h e  outer  magnetosphere during eaeh event originated 
i n  t h e  solar wind or the ionosphere. Our geostat ionary orbit 
particles a r e  a c c e l e r a t e d  and  shy plasma sheet i n s t a b i l i t i e s  
develop i n  certain regions. 

A l l  of these sorts of substorm-related t o p i c s  have been reviewed by 
us i n  a major s o l a r - t e r r e s t r i a l  physl cs document called Solar 
T e r r e s t r i a l  Phys ics  - Present and Future t o  be published by NASA. 
O u r  contr ibut ion  on  substorms constitutes one of the  chapters of 
t h i s  book and summarizes the present  understanding of substorm 
processes. 
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Scope of Work 

The major goal of the promam i s  t o  b e t t e r  understand the chemical 
and phys ica l  processes o p e r a t i n g  in the aqueous and molten silicate 
f l u i d s  that are responsible for  t h e  distributions of elements I n  t h e  
earth's crust. Our p r f n c i p a l  avenue t o  this ma1 is e x p e r i m e n t a l  
s t u d i e s  of selected n a t u r a l  and analogue chemical sys tems  at t e m p e r a t u r e  
and pressure c o n d i t i o n s  simulating crustal environments t o  d e p t h s  of 18 
km . 

Experiments are conducted on the phase equilibria, crys ta l l i za t ion  
kinet ics ,  and elemental/lsotopic p a r t i t i o n i n g  of rockforming silicate 

systems over tmperatwes ranging fran 500 t o  1 4 0 0 ~ ~  and pressures t o  
500 MPa under controlled redox condi t ions  to develop understanding of 
magmatic/hydrothermal processes. Hmogeneous and heterogeneous  
hydrothermal  exper imenta l  s t u d i e s  of m a j  or  and mi nor crustal  cmponents 
ase used t o  derive t h e  thermodynamic and k i n e t i c  d a t a  required to 
develop models f o r  the d i s t r i b u t i o n  and  rnobfl i t ies  of  elements in the 
upper few k i l o m e t e r s  of t he  crust. This research provides insight i n t o  
problems associated with energy transfer i n  magmati clhydrothemnal 
systems, volcani c processes, mineral resource exploration, enhanced 
t e c h n i q u e s  for  o i l  and ore recovery, nuc lea r  w a s t e  i so la t ion ,  geothermal  
energy and development of ceramic s t r u c t u r a l  materials. 

A. Si l i ca t e  Melt Geochemistry (Naney) 

I ron  Redox Equilibration Kinetics i n  S i l i c a t e  Liquids (with S. E. 
Swanson, Uni v e s s i t y  of Alaska ) . 
A series of experiments w i t h  three silicate l i q u i d s  derived by 
melting natural volcanic rocks (basalt, a n d e s i t e ,  and r h y o l i t e )  

were conducted a t  0.1 MPa ( 1  atm) , 1243 '~  and two oxygen 
f u g a c i t i e s :  log f = -6.08 and -7.83 (WH) in a CO/C02 gas-mixing 

0, c. 
v e r t i c a l  t u b e  Ewnace. Minimum equil ibration t i m e s  are 560 and 
1000 min for  the b a s a l t  and andesi te  r e s p e c t i v e l y .  Equ i l ib r ium 
times reported here are comparable t o  durations cited i n  t h e  
l i t e r a t u r e  for experiments w i t h  basalt and andes i te .  



F e r r o u s / f  erri c ra t ios  i n  saaples of r h y o l i t e  showed no i n d i c a t i o n  
of reaching  e q u i l i b r i u m  w i t h  furnace oxygen f ugac i t y  i n  experiments 
of u p  t o  5900 min dura t ion .  Experiments with crushed  r h y o l i t e  
showed o x i d a t i o n  of t h e  melt re la ted t o  t h e  i n t e r a c t i o n  of l i q u i d  
formed d u r i n g  h e a t i n g  w i t h  a i r  t r a p p e d  between t h e  p a i n s  of the 
o r i g i n a l  sample p e l l e t .  This phenomenon was also observed in the 
andes i t e  and basa l t  exper iments .  However, u n l i k e  t h e  basalt a n d  
andes i te  m e l t s ,  t h e  f e r r o u s / f e r ~ i c  r a t i o s  of r h y o l i t e s  showed no 
f u r t h e r  changes f o l l o w i n g  i n i t i a l  oxidat ion.  I r o n  redox behavior 
in n a t u r a l  r h y o l i t e s  is s imilar  to t h a t  observed i n  experiments 
w i t h  r h y o l i t e s .  Oxidation of r h y o l i t e  ash-flows is probably 
r e l a t e d  t o  h i g h  temperature a i r - a s h  r e a c t i o n  during o r  immediately 
following e r u p t i o n .  I n  contrast, massive g l a s s y  r h y o l i t e s  (flows 
and domes) show l i t t l e  va r i a t ion  i n  b u l k  f e r r o u s / f e r r i c  r a t i o - -  
d e s p i t e  t h e  fact  t h a t  c o n s t i t u e n t  Fe-TI oxides may show a wide 
range of  c o n p s i  tions--whi ch suggests t h a t  these massive rhyol  i tes  
are insensi t ive  to extesnal changes in oxygen f u g a c i t y .  

S t a b i l i t y  of "Magmaticw Epidote  i n  G r a n i t i c  Rock Systems. The 
stability of epidote [Ca A l  FeSi 0 (OM) is be ing  inves t iga ted  i n  

2 2 3 1 2  - 

synthetic analogs of n a t u r a l  r a n i  t e  and g r a n o d i o r i t e  composi t ions .  

Experiments are currently being conducted between 400'~ and 600'~.  
over t he  pressure range 200-400 MPa t o  d e f i n e  the s t a b i l i t y  limits 
of e p i d o t e  under s u b s o l l d u ~  condi t ions .  The hydrogoen-service 
i n t e r n a l l y  heated iressure vessel ,  which permits con t ro l  of redox 
condi t ions  over a wide range of f -T cond i t i ons ,  i s  be ing  used  for 

O2 
t h i s  study. Results of r e c e n t  experiments i n d i c a t e  that epidote i s  

s t a b l e  t o  at  least; 500'~ and SO0 MPa a t  r e l a t i v e l y  o x i d i z i n g  
c o n d i t i o n s  ( M I - N i O  < fo  < M t - H m )  i n  the  ccmposition i n v e s t i g a t e d .  

2 
However, under more r e d u c i n g  conditions (Po < ~ i - N i 0 )  epidote  is  

2 

uns table  at 550'~ and 400 MPa. These experiments are doped w i t h  

uranium t o  permit  simultaneous i n v e s t i g a t i o n  of t h e  chemical 
p a r t i t i o n i n g  of this a c t i n i d e .  

Geochemistry of S i l i c i c  Mama Systems (with W. C. LutR and  J. C .  
E i c h e l b e r ~ e r .  Sandia National Labora to r i e s ) .  A su i t e  of hydrous - .  
r h y o l l t i c  glasses from tephra d e p o s t i s  of Little Glass Mtn., 
C a l i f o r n i a ,  were analyzed a t  ORNL f o r  ferrous and ferric i ron using 
a colorimetric method adapted t o  analyze micro-sample (1  0-30 mg) . 
These samples which contained H20 c o n t e n t s  ranging from 0.15 t o  

1 .79 wt. p c t .  showed no significant var ia t ion  i n  f e r r o u s  and fe r r ic  
i r o n  contents. This  is an i n t e r e s t i ng  f i n d i n g  in light of t he  
commonly h e l d  opinion that hydrous volcanic  glasses tend t o  be more 
ox id i zed  t h a n  anhydrous glasses. 



B. Hydrothermal Geochemist ry  - Homogeneous E q u i l i b r i a  (Wesolows k i  , 
Drummond) 

Second Dissociation Constant of Sulfur ic  Acid i n  1 .0  m NaC1 frm 
A 

7 5 ~ 2 9 5 ~ ~ .  These exper iments  were performed in a hydrogen electrode 
emf c e l l  and t h e y  demonzitrate that s u l f a t e  species w i l l  persist 
metastably i n  a hydrogen atmosphere long enough t o  make precise 

measurements of the  sulfa te /bisulf  a te  equilibria t o  300'~. The 
p r e s e n t  results r e p r e s e n t  t h e  only d i r ec t  measurements of sulfate 
hydro7.ysis  i n  chloride media a t  e l e v a t ~ d  temperatures and are the 
first of a series of such  exper iments  t h a t  will extend over a wide 
range of s a l i n i t y  (0.1 t o  5 m) and include NaCl-MgCl mixtures. 

2 

Above 200 '~  the equillbrim quotients of Marshall  for the react ion 

+ 
HS04- S042- r H i n  Ca ''-H+-HsQ~- -so4'- media match those in 

NaCl media. These two data sets  differ  by as much as 50% a t  lower 
temperatures s u g g e s t i n g  important media effects .  

C . HydrothermaL Geochemistry - Heterogeneous Equilibria (Drurnmond, 
D ickson)  

H y d r o l y s i s  of Mamesium and Brucite Solubility in Aqueous Sodium 
Chloride S o l u t i o n s  at E l e v a t e d  Temperatures by EMF (with P.  Brown, 
Western Australia U n i v e r s i t y )  . A series of potentiometrl c 
t i t r a c l o n s  i n  t h e  hydrogen electrode emf c e l l  have been carr ied  o u t  
t o  measure t h e  s o l u b i l i t y  of b r u c i t e  (MG(OH)2) and  the  h y d r o l y s i s  

of ~ g ~ +  i n  aqueous sodium chloride solutions fran 60 t o  2 0 0 ~ ~ .  
Most of the titration data  were taken subsequent t o  b r u c i t e  
p r e c i p i t a t i o n .  These data were analyzed by least squares 
regression in terms of t h e  s o l u b i l i t y  product of brucite and many 
of t h e  pos s ib l e  Mgx(OH) hydrolysis prouucts .  separate so lub i l i t y  

Y 

experiments i n  strong base (at both 60' and 200'~) g- ,ve no 
ind ica t ion  of amphoteric solubility anC hence negate t h e  
p o s s i b i l i t y  of t h e  formation of even minute quantities of 
n e g a t i v e l y  charged Mg (OH)  species I n  t h e  t i t r a t i o n  experiments. 

x Y 
Consequently, t h e  t i t r a t i o n  da ta  are described solely i n  terms of 
t h e  s o l u b i l i t y  product of b r u c i t e .  For the ent i re  data se t  of 
solubility q u o t i e n t s  3 was  about 0.05 l o g  units. The en tha lpy  fo r  

the reaction MG(OH12(s) + ZH+ f4g2+ + 2H20 in both 0.1 and 1.0 m 

N a C l  media i s  26.2 kcal/mole which a F e e s  favorably w i t h  t h e  
estinrate o f  27.3 by Baes and Mesmer (1981).  



Thermal Decarboxyla t ion  of Ace ta te :  Boundary C o n d i t i o n s  for  the  
Role of Acetate i n  t h e  Primary Migration of N a t u r a l  Gas. I n  and 
ef for t  t o  unders tand  t h e  k i n e t i  ca of t h e  thermal d e c a r b o x y l a t i o n  of 
aceta te  and t h e  role of c a t a l y s i s ,  a s e r i e s  of l a b o r a t o r y  
exper iments  were conducted t o  measure t h e  rate  c o n s t a n t  fo r  t h e  
decomposi t ion of acet ic  acid in the presence of' a variety of  
materials i n c l u d i n g  go ld ,  t i t a n i u m ,  stainless s t e e l ,  silica, 
montrnoril loni t e  and mameti t e .  A c t i v a t i o n  energies f o r  
d e c a r b o x y l a t i o n  range from about 8 kcal/mole i n  stainless steel to 
57 kcali'mole i n  treated t i t a n i u m  vessels.  E x t r a p o l a t e d  ra te  

c o n s t a n t s  at  1 0 0 ' ~  differ by more t h a n  t h i r t e en  orders of magnitude 
between the s t a i n l e s s  s t e e l  and t h e  least catalyzed titanium 
exper iments .  Methane and carbon d i o x i d e  were the predomfnant 
reaction produc t s  of these experiments b u t  mass ape ctr ometr i  c 
a n a l y s i s  r e v e a l e d  c o n c e n t r a t i o n s  of carbon monoxide, hydrogen, and 
hydrocarbons (apparent masses range from 29 t o  5 6 )  amounting to as 
much as 40 mole percent of the t o t a l  v o l a t i l e  p r o d u c t s ,  depending 
on the catalyst. Gold, t i t a n i u m ,  and pure montmorillonite were t he  
least active c a t a l y s t s  while s t a i n l e s s  steel, s i l i c a ,  and magnetite 
showed marked catalytic effects.  The reactions were first order i n  
a c e t a t e  except for  t h e  experiments w i t h  silica and m a g n e t i t e  which 
were z e r o  order. With this r e c e n t  advance i n  t h e  unders tand ing  of 
t h e  chemical  kinetics of acetate d e c a r b o x y l a t i o n ,  i t  i s  possible to 
assess t h e  r o l e  of ace ta te  in the primary migrat ion o f  natural  gas. 
The approprf a t e  physl cal  , chemical , and geological c o n s t r a i n t s  on 
this process were considered and integrated via a computer model 
that  couples basin subsidence, compaction and fluid flow parameters 
with the cheml cal  c o n s t r a i n t s  di c ta ted by the experlment a1  k l n e t i  c 
d a t a .  Th i s  analysis shows that  a c e t a t e  can account for  s u b s t a n t i a l  
gas migration from sowce  rocks  i n  t h e  easly catagenic stages of 
kerogen d e g r a d a t i o n  a t  depths around 3 km and temperatures of 110 + 

2e0c. 

Quartz S o l u t i o n J D i s s o l u t i o n .  The reaction of quartz grains w i t h  

HgO and N a C l  were studied a t  ZOO, 220, and 250°c, 20 MPa and over 

times ranging from 20 t o  200 hrs (av. 1 4 4  hrs ) .  Sme exper imenta l  
d i f f i c u l t i e s  that  were encounte red  early i n  the  year were worked 
ou t .  A t o t a l  of 15 e x p e ~ l m e n t s  were done whlch invo lved  182 
samplings and  analyses fo r  S I O  Experiments used double  t i t a n i u m  

2' 
alloy reaction vessels h e l d  i n  one furnace t h a t  were connected t o  
permit  transfer of f l u i d  from the t o p  of one v e s s e l  (reservoir 
vessel) t o  t h e  bottom of the other ( r e a c t i o n  vessel) during 
sampling. ExpeFfments were done a t  several maas- ra t ios  of quartz 

to s o l u t i o n :  5.0, 1 . 2  and 0.22 i n  g'Qtz per g 0 H Z O .  Two grain  s i z e  

ranges (+80 and 35-80 mesh) and 3 t o t a l  s u r f a c e  areas of t h e  quartz 
2 were used  (0.415, 0.177, and 0.0445 M 3 .  Part of the experiments 



with  q u a r t z - f i l l e d  vessels were s t a t i c ;  a l l  other were  rocked 
th rough  vertical s e v e r a l  times per minute. The e x p e r i m e n t a l  d a t a  
hare been processed t o  de te rmine  e q u i l i  b r i m  s o l u b i l i t i e s  and 
k i n e t i c  reaction steps and r a t e s .  Rates of r e a c t i o n s  of i n i t i a l l y  
u n d e r s a t u r a t e d  solution with q u a r t z  are r a p i d  cmpared t o  reactions 
of s u p e r s a t u r a t e d  s o l u t i o n s .  The behavior of quar tz - soPut ion  
systems reflects t h e  prior events (sequences  of var ia t ions  i n  time, 
t e m p e r a t u r e ,  pressure, and c o n c e n t r a t i o n s ) .  Apparen t ly  a new s o l i d  
phase ,  probably  m e t a s t a b l e ,  forms as l a y e r s  of the  q u a r t z ,  as has 
been r e p o r t e d  also by o t h e r  workers. The surface coatings 
e v i d e n t l y  are pervasive and tenacious. They prevent q u a r t z  
surfaces form interacting d i r e c t l y  w i t h  solution s o  Long as t h e y  
are p r e s e n t .  Apparent orders calculated f o r  quartz r e a c t i o n s  range  
from 1.00 t o  1.50 f o r  u n d e r s a t u r a t e d  s o l u t i o n  and to 10 and  above 
f o r  s u p e r s a t u r a t e d  ones. 

D. Hydrothermal Geochemistry- Modeling (Cole, Wesolowski, Drmmond) 

Geochemistry of Tungsten i n  Hydrothermal fluids Experimental 
studies of the hydrolysis of tungsten (VI) in MaCl s o l u t i o n s  t o  

3 0 0 ~ ~  conduc ted  a t  this l a b o r a t o r y  have e n a b l e d  us  t o  develop a 
q u a n t i t a t i v e  model f o r  t h e  transport and d e p o s i t i o n  of scheelite 
(Cam4) i n  o r e  and geothermal systems as a f u n c t i o n  of t e m p e r a t u r e ,  

pressure, i o n i c  s t r e n g t h  and a c i d i t y .  The model. has been 
demonstra ted  to a d e q u a t e l y  e x p l a i n  t h e  occurrence of o r e  g rade  
l e v e l s  of t h i s  impor tan t  s t r a t e g i c  and i n d u s t r i a l  commodity I n  
sever.al t y p e s  of ore systems ranging  from 0.1 t o  >10 MPa and 100 t o  

5 0 0 ~ ~ .  The impor tan t  variables c o n t r o l l i n g  s o l u b i l i t y  have been 
i d e n t i f i e d  as temperature and i o n i c  strength i n  30u P-T regimes and 
proton c o n c e n t r a t i o n  a t  higher  p r e s s u r e s  and t e m p e r a t u r e s .  
However, t h e  i n t e r p l a y  of these variables is cmplex and t h e  
physicochemical  c o n d i t i o n s  of t h e  d e p o s i t i o n a l  system must be well 
c h a r a c t e r i  zed.  

Modeling A c t i v i t y  C o e f f i c i e n t s  i n  Hydrothermal Solutions. 
Recently, largely through t h e  e f f o r t s  of researchers a t  ORNL, a 
f a i r l y  complete body of s t o i c h i m e t r i c  a c t i v i t y  coefficient  d a t a  
has become ava i l ab le  f o r  the major  components of natural 

hydrothermal  s o l u t i o n s  i n  N a C l  media ta 3 0 0 ~ ~ .  It is clear f rm 

t h e s e  d a t a  t h a t ,  u p  t o  300°c, t h e  sa l ts  i n  n a t u r a l  hydrothermal  
solutions behave as i f  t h e y  are predominant ly  i o n i z e d  and t h a t  NaCl 
is a good model substance f o r  the a c t i v i t y  coefficients of these 
components. As a consequence,  it has been possl  ble to systematize 
these data  v i a  a computer program tha t ,  i n  contrast t o  the i o n - p a i r  
approach used historically by most geochemists, a l lows t h e  a c t i v i t y  
coefficients of these components t o  be computed accura te ly ,  
unambiguously and simply. 



Oxygen Isotopic  Exchange Accompanying Surf  ace Reactions and 
Di f fus ion  ( i n  co l labora t ion  with H. Ohmoto and A .  C. Lasaga, Penn 
S t a t e  University). 

Oxygen i sotopi c exchange between m i n e r a l s  and f l u i d s  proceeds 
through two mechanisms: I ) s u r f a c e  reactions ( dissolution, 
p r e c i p i t a t i o n )  and ( 2 )  cliff usion of oxygen-bearing species along 
l a t t i c e  p l a n e s  or crystal imperfections. The r a t e  c o n s t a n t s  fo r  
t h e  f i r s t  t y p e  of mechanism are re la ted  as follows: 
r = -In (I-F) (WS)/ (W * S ) ( A )  ( t )  where W and S a r e  the moles of 
oxygen i n  t h e  solution and m i n e r a l ,  respect ively ,  A i s  the surface 

2 area of the mineral (m ) ,  t is  time (sec)  and F is t he  f rac t ion  of 
iaotopi  c exchange. Exarninatlon of t h e  published experimental data 
on oxygen i so top ic  exchange reac t  i o n s  between various phases ( e  .g . , 
s i l i c a t e s .  carbonates, sulfates) and aqueous f l u i d s  u s i n g  the  above - 4 -2 
equation yields r a t e  constants of between 10 and l o q 8  moles rn - 1 
sec i n  t he  t a p e r a t w e  range of 800 t o  2 5 0 ' ~ ~  and ac t iva t ion  

enePgie5 of between 8 and 22 kcal rnol". Rates of oxygen i s o t o p i c  
exchange accompanying d i f f  u s l o n  of oxygen-bearing compounds through 
mineral lattices are a l s o  c a l c u l a t e d  f rm p u b l i s h e d  experimental 
da ta  u s i n g  equations tha t  t a k e  into account f l u b d / m i n e r a l  mass 
ra t ios  of the  systems. These d a t a  suggest t ha t  oxygen i s o t o p i c  
exchange reac t ions  between f l u i d s  and rocks i n  n a t u r a l  s y s t m s  may 
proceed i n  two steps: the  f i rs t  through a surfaceccontrolled 
mechanism when t h e  f l u i d s  and minerals are out of chemical 
e q u i l k  brium, and then th rough  a dif f uslonal  mechanism once the 
systems a t t a i n  chemical equilibrium. 

P a r t i t i o n i n g  s f  Hydrogen and Oxygen I so topes  between Aqueous 
Elec t ro l f i es  and Coexis t ing  Vapor. The existing experimental  d a t a  
on the f r a c t i o n a t i o n  of oxygen and hydrogen i so topes  between l i q u i d  
a n d  vapor in pure  fluids and i n  e l e c t r o l y t e  s o l u t i o n s  have been 

c r i t i c a l l y  reviewed. D / H  and 1 8 ~ / 1 6 ~  f r a c t i o n a t i o n s  between pure  

l i q u i d  and vapor a t  near infinite d i l u t i o n  i n  H ' 60 Ron 0-200 '~  
2 

can be accurately modeled by  t h e  measwed vapor pressure rat ios of 

t h e  i s o t o p i c  l i q u i d s  D 160 and H 180 r e l a t i v e  t o  p u r e  H 160, 
2 2 2 

assuming idea l  mixing  in both  phases and a c c o u n t i n g  for  t h e  - 

2 6 d l s p r o p o r t i o n a t i o n  reaction Fl2l6O + 1 3 ~ '  60 2HD 0. Above 150'~. 

the calculated f rac t iona t ions  for D / H  p a r t i t i o n i n g  are 
significantly improved by correct ing t h e  v a p r  pressures for gas 

of l i q u i d  D20 in l i q u i d  H 2 0  A t  temperatwe3 above 300°c, 

a d d i  t f  o n a l  corrections are  necessary for  n o n i d e a l  mixing and m o l a r  

volume e f fec t s .  A t  geothermal  temperatures ( -  100-300'~) la rge  



1 i qui d-vapor isotope fractionations occur, and t hus  phase 
separation ( i . e . ,  boiling, condensat ion)  m u s t  be considered i n  
quanti tat ive modeling of f lu id - rock  i so top ic  exchange in dynamic 
systems. Data on f r a c t i o n a t i o n  of oxygen and hydrogen between 
vapor and h igh  s a l i n i t y  brines a t  elevated temperatures are sparse 
and c o n f l i c t i n g .  This information is necessary for the 
f nter pre ta t ion of geochemical processes based on i s o t o p  
measurements. 
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Scope of  Work 

Since 1976, PNL has been conduct ing research in areas of rmote 
sensing, image processing,  and cwnputer graphics most relevant t o  t h e  
geoscientif i c  interests of t h e  Department of Energy. The goal of t h i s  
task i s  t o  d e v e l o p  practical in te rac t ive  computer techniques for  
p r o c e s s i n g  and  analyzing combinat ions of remote sen3 i n g  and geoscience 
data so s c l e n t i s i t s  can in te rpre t  more complex da t a  combinations more 
complete ly  and more r a p i d l y .  Successful techni ques are  being integrated 
i n t o  basic research and technology propams i n v o l v i n g  resource 
d i s cove ry ,  nat ional  s e c u r i t y ,  energy development and utilization, 
conservation of t h e  environment, and t h e  s a f e t y  objectives of t h e  
Depar tment  of Energy. 

The current scope of research responsibil it ies invo lves :  

( A )  Mainta in ing  cognizance and acquiring a p p r o p r i a t e  remote 
sensing and geoscience data sets  t o  suppor t  c o n t i n u i n g  
resewch effor ts ;  

(B) Upgrading computer capab i l i t i e s  (hardware and software), a3 
required,  to advance the s t a t e  of the a r t  in d i g i t a l  
processing, analysis, and d i s p l a y  of remote sensing {imagery)  
a n d  geoscience ( p o i n t ,  line, and map) data; 

(C) Demons t rat inp;  and i n t e g r a t i n g  experimentally d e v e l o p e d  
techniques within basic research and technology programs 
i n t e r n a l  and e x t e r n a l  t o  DOE. 

A. Remote Sensing and Geoscience Data Base Expansion 
(H. P. Foote, S. C. B l a i r ,  and G. E. Wuke l i c )  

Several new d a t a  sets  have recent ly  been a c q u i r e d  and processed. 
Remote s e n s i n g  e xampl ea i n c l u d e  day and n i g h t  Landsa t  seven-band 
t h e m a t i c  mapper (TM) scenes, Heat Capac i ty  Mapper Mission (HCMMI d a t a ,  
and Thermal I n f r a r e d  Mapping Spectrometer (TIMS) d a t a  from selected 
areas of DOE research and development interests.  Current emphasis is on 
a c q u i r i n g  and experimenting with t he  shuttle imaging radar ( S I R )  and t he  



French (h igh- reso lu t ion  s t e r e o )  SPOT data t o  be acquired i n  t h e  f a l l  of 
1984. 

Additdondl geologic  and geophysical data i t ems  and maps t o  support 
pr imar i ly  t h e  prepara t ion  of more advanced CSDP demonstrat ion 
products were acquired and s e l e c t f  v e l y  digitized. D i g l t a l  ocean 
bottom topography I bathymetric ) and ocean surface (radar a l t i m e t r y )  
da ta  f o r  t h e  c o a s t a l  region of Washington S t a t e  have been acquired 
t o  t e s t  ocean data analysis software programs under development. 

B. Image Processing/Cmputer  Graph ics  Sof tnare Developments 
(H. P. Foote ,  S .  C. Bla i r ,  and  G. M. Petrie) 

1 .  Image Enhancement, Data I n t e @ a t i o n / b n a l y s f s  and 
C l a s s i f i c a t i o n  Programs. New and/or improved p-ogrms (e  . g . ,  
P r i n c i p a l  Cmpnent , Intensity-Hue-Saturation, e tc . )  have been 
added t o  upgrade t h e  systemt s image enhancement, spectral 
c l a s s i f i c a t i o n ,  and change d e t e c t i o n  functions fo r  genera l  
usage. Cvrrent emphasis is on upgrading in te rac t ive  analysis 
programs t o  maximize t h e  usefulness of t h e  Landsat  seven-band 
themat ic  mapper data c a p a b i l i t y  for energy r e l a t e d  
a p p l  f c a t i o n s ,  b o t h  q u a l i t a t i v e l y  and q u a n t i t a t i v e l y .  

2. T r a n s i t i o n  to VAX 11  /780 Operat ions.  We are c u r r e n t l y  involved 
i n  t sansf  e r r i n g  computatlonaL1 y intensive gograms t o  t h e  VAX 
1 1 /780 - array processor  combination and i ncospo ra t ing  
addf t i o n a l  NASA Image- processing software developed a t  Goddard 
spec i f i c a l l y  for  manipu la t ing  Landsat thematic mapper data .  

3. CornputerrGenerated Shaded Relief Maps. During 1983, a sof tware  
program was developed and t e s t e d  for gene ra t i ng  gray-scale and 
color-coded r e l i e f  maps for both  l a r g e  and site-specif i c  areas 
using various r e s o l u t i o n  levels  of a v a i l a b l e  tersain da ta .  The 
program is capable of genera t ing  a v a r i e t y  of shading op t ions  
simply by altering the  solar i l l umina t ion  angle and  of 
emphasizing area of lower topographic  relief; both of which 
have po ten t i a l  fo r  inexpensive1 y enhancing surface features of 
geologic i n t e r e s t  no t  normally seen i n  s tandard  satellite 
images. This program w a s  used to wepare a series of shaded 
rel ief  maps f o r  t h e  1983 CSDP Long Valley,  CA Workshop. 

4 Oblique-Mult iparmeter  Stereo Graphics.  A computer program has 
been successfully developed f o r  improving 3-D i n t e g r a t e d  
(remote sensing and geoscience ) d a t a  d i s p l  aya by incorpora t ing  
the  c a p a b i l i t y  t o  genera te  a variety of viewing perspectives 
other  than ver t ical .  This  r e s u l t s  i n  m u l t i p r a m e t e r  stereo 
graphics  , which more closely resemble on-the-surface viewing 
and this should  improve t h e  interpretation value of such 



p r o d u c t s .  This program w a s  also used t o  p r e p a r e  a series of 
combined L a n d s a t ,  t o p o r a p h y  , and geology stereo r a p h i  cs f o r  
the  1983 CSDP Long Valley,  C R  Workshop. 

C. Demonstra t ion and Applicat ion of Tas kcDeveloped Capab i l f  ties 
( H .  P. F o o t e ,  G. E. W u k e l i c ,  S. C. Blair ,  and G. M. Pe t r i e )  

7. E v a l u a t i o n  of Landsat  Thematic Mapper Geoscience Data-Use 
Impl ica t ions .  I n i t i a l  processing, a n a l y s i s ,  and e v a l u a t i o n  of 
Landsat  TM data started in FY83 as part of' a cooperative PNG- 
NASA GSFC agreement and w i l l  ' con t inue  u n t i l  A p r i l  3983 w i t h  the 
s u c c e s s f u l  launch of Landsat-5 on March 1, 1984. E f f o r t s  t o  
d a t e  have emphasized the  q u a l i t a t i v e  p a t e n t i a l i t i e s  of s i n g l e  
band, rnulti  band ( c o m p s i t e d )  , and r a t i o e d  TM products. 
Publ ished r e s u l t s  t o  da te  have emphasized the qualitative 
potentialities of single band, multiband (corn ps i  t e d )  , and 
r a t i o e d  TM p roduc t s .  Published r e s u l t s  t o  d a t e  have 
demonstra ted  and  documented t h e  u t i l i t y  of t he  increased 
spectral and s p a t i a l  c a p a b i l i t i e s  of the  thematic mapper for 
siting and monitoring major energy facilites. F u t u r e  research 
w i l l  stress t he  q u a n t i t a t i v e  uses of TM radiometric data and 
associated error factors  (e.g., data  processing, a t m o s p h e r i c ,  
and  s u b p i x e l  effects)  and how t h e y  can be modeled t o  improve 
TM use for surf ace-temperature d e t e r m i n a t i o n s .  

2. A p p l i c a t i o n  t o  Midscale Geologic Features. The u s e  of PUL 
can put er image processing and m a n i p u l a t i o n  t e c h n i  ques fo r  
analyzing rock features are being examined. Thf r teen rock 
samples were s e c t i o n e d ,  p h o t o ~ a p h e d ,  and d i g i t i z e d  in to  512 x 
51 2 p i c t u r e  e lements  (pixels). E x i s t i n g  image processing 
provams were then used t o  c l a s s i f y  each p i x e l  as e i t h e r  grain 
o r  pore space. Further software development a l lowed the number 
of distinct grains (or pores) c o n t a i n e d  i n  each image t o  be 
de te rmined  a n d  t o  associate each p i x e l  w i t h  t h e  parent g ra in  
(or pore) space. Each pore c o u l d  t h e n  be c h a r a c t e r i z e d  by Its 
area,  s h a p ,  and d i r e c t i o n .  P l a n s  i n c l u d e  e x t e n d i n g  t h i s  2-D 
t e s t  to a 3-D representation of the  rock s t ructure .  

3. Applicat ion t o  Geoscience S t u d i e s  in t h e  S t a t e  of Washington. 
We have r e c e n t l y  completed a d i g i t a l  , high-resolut i o n  
topography  mosaic for t h e  state of Washington t o  use i n  
p r e p a r i n g  a series of in tewated  geosc ience  da ta  p roduc t s .  I n  
this d e m o n s t r a t i o n ,  36 one-degree-square DMA digital elevation 
files were resampled t o  form one  P i l e  i n  a Lambert conic 

p r o j e c t i o n .  The file c o v e r s  the region f r m  l o n g i t u d e  125% t o  

116% and l a t i tude  4 5 ' ~  t o  49'~. The grid spacing for t h e  
f i l e  is 1 5 4  rn, resu l t ing  in array dimensions of 4608 by 3000 
p i x e l s .  Thus, the file conta ins  about 1 3.8 m i l l i o n  e l e v a t i o n  
va lues .  The ground resolution of t h e  file is approximately 



f i ve  t i m e s  greater t h a n  any other  s i n g l e  e l e v a t i o n  f i l e  for t h e  
State. The new elevation file will find application in several  
geologi c and geophys ica l  s t ud1  es wi t h i n  t h e  S ta te .  Shaded 
r e l i e f  maps can be computed f rm t h e  e l e v a t i o n  data from any 
desired i l l m i n a t l o n  angle. We are I n  contact w i  tR the geology 
department a t  Washington State  U n i v e r s i t y ,  where somewhat 
similar work is  b e i n g  done with physical relief models.  We 
w i l l  prepare digital r e l i e f  maps from several l i g h t i n g  
directions f o r  comprf son w l  t h  t h e  phys ica l  models. 

4. Appl icat ion t o  CSDP. The CSDP represents an  ideal o p p o r t u n i t y  
to ob ta in  expert  opinions as t o  the g e o s c i e n t i f i c  
i n t e r p r e t  a t  i o n  si g n i r i c a n c e  of t h e  e x p e r i m e n t a l  geodata 
a n a l y s e s  and d i s p l a y  techniques being developed and  t e s t e d  
under t h i s  t a s k .  Accordingly, an  i n i t i a l  series of geoda ta  
demons t ra t ion  products were prepared'in suppor t  of the Valles 
Caldera Workshop ( 1982) and t h e  Mono Craters-Long Valley 
Workshop (1983). These produc t s  were w e l l  recef ved by the 
p a r t i c i p a n t s ,  and we are c u r r e n t l y  emphasiz ing 1 )  t h e  
acquls i t i  on of Landsat  thematic mapper data far these and other 
CSDP sites (under the  NASA-PNL L I D Q A  Program Apeement ) and 2) 
the i n t e r a c t i o n  with CSDP p a r t i c i p a n t s  t o  acquire more 
geoscientific data f o r  preparation of more e x t e n s i v e  data 
i n t e g r a t i o n  p roduc t s  i n  t h e  near fu tu re .  
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The cur~ent program concentrates on the areas of aeronomy i n  t h e  
uppes atmosphere and on i n s o l a t i o n  and radiat ive poper t ies  of the lower 
atmosphere. I n  p a r t i c u l a r ,  t h e  aeronomy program is concerned w i t h  
energy t r a n s  por t  and i n t e r a c t i o n s  within t h e  complex in terface  between 
t h e  plasmasphere/ma@etosphere regions and the ionosphere/upper 
atmosphere regions. Significant advances have been achieved over  t h e  
p a s t  two decades i n  expanding our basic knowledge of t he  e a r t h t  s 
atmosphere and magnetosphere and the sun as an  interacting system. I t  
is important t h a t  the physics of t h i s  coupl ing  region be well understood 
i n  order t o  o b t a i n  def f n i t i v e  s o l a r - t e r r e s t r i a l  came-effect 
relat ionshi  ps . 

The insolation program relies on a data base of direct and d i f f u s e  
so la r  r a d i a t i o n  measurements made i n  v i s i b l e  and near - inf ra red  spectral 
paasbands. The r e s e a r c h  focuses on two goals. One is t o  quantify t h e  
spectral c h a r a c t e r i s t i c s  of scattered and direct sun l igh t .  T h i s  i s  
germane t o  energy gene ra t i on  s o l a r  t echnologies  such as day1 i g h t  ing .  
The primary emphasis of the i n s o l a t i o n  task is on t h e  characteri  za t ion  
of t he  i n f luence  of trace species in the troposphere and lower 
s t r a t o s p h e r e  on  solar r a d i a t i o n .  These man-made or naturally produced 
t r a c e  s p e c i e s  i nc lude  aerosols, molecules ,  and clouds.  

A.  I n s o l a t i o n  S tud ie s  
(J. J. Michalsky, N. R .  Larsan, and E. W. Kleckner ) 

S i g n i f i c a n t  progress was made i n  the c h a r a c t e r i z a t i o n  of t h e  
continuous solar spectrum f rm discrete sampling of that spectrum. 
One goal of t h e  i n s o l a t i o n  work is t o  develop low=cost 
ins t rumenta t ion  and da ta  reduction techniques which can be used t o  
provide adequate  a pectral  in format ion  fo r  technologies  which are 
sensitive to a broad, contknuous spectrum. These inc lude  m a t e r i a l s  
research, bimass , dayli ghtlng , and phctovol ta i  cs among o the r s .  
Two mathematical. methods for using discrete f i l t e r  measurements t o  
generate continuous spectra are descr lkd  i n  a paper accepted f o r  
publ ica t ion  in So la r  Energy. The effectiveness of t h e  procedures 
are demonstrated t o  sane degree by u s ing  t h e  technique  on s imula ted  
f iLter measurements. A second paper has been drafted which ext;ends 
the validation effort by cornparf ng modeled spectra using measured 



or estimated a e r o s o l ,  water vapor, and ozone data.  The e s t i m a t e d  
spectrum based o n  f i l t e r  measurements is a l so  compared t o  
s i m u l t a n e o u s  s p e c t r o r a d i o m e t r l  c measurements i n  t h a t  paper. The 
agreement is w i t h i n  the error bounds f o r  t h e  s p e c t r o r a d i o m e t r i c  
measurements and f o r  t h e  modeled spectra. 

The major a c t i v i t y  i n  the  i n s o l a t i o n  work t h i s  past  year had been 
on v o l c a n i c a l l y  produced aerosols.  A d a t a  base which e x t e n d s  t o  
t h e  S p r i n g  of 1978 a t  PNL has been used t o  establish a non- 
vol m n i  c a l l y  p e r t w h d  background aerosol data  base. Frm these 
measurements i t  has been found t h a t  monthlyraveraged aerosol 
o p t i c a l  depths are  r e p r o d u c i b l e  fran year- to-year  when there is  no 
volcanic perturbation of the aerosol burden of the troposphere or 
stratosphere. These background measurements h e l p e d  e s t a b l i s h  the 
non-signif  icance of the climatic impact of t h e  Mount S t .  Helens  
e r u p t i o n s  i n  e a r l i e r  work. The pas t  two years i t  has been used t o  
monitor t h e  e v o l u t i o n  d u r f n g  t h e  Spr ing  of 1982. The first year's 
data ( f o l l o w i n g  E l  Chichunt s erupt ion)  which consist of d i f f e r e n c e s  
between prec and post-eruption op t ica l  depths as a func t ion  of 
wavelength  have been i n v e r t e d  for size d i s t r i b u t i o n  i n  a 
collaboration with U n i v e r s i t y  of Arizana scientists. A p u b l i c a t i o n  
on these results appeared in-the January i s s u e  of ~ e o ~ h ~ s i c a l  
Research Letters.  We are about t o  ccm~le te  the r e d u c t i o n  of a 
second year 's  data s e t .  The influence of t h e  E L  Chichon cloud i s  
quite easy t o  d i s c e r n  th rough  1983. The in te res t  of t h i s  volcano 
Is not only t h e  a t t e n u a t i o n  of s u n l i g h t  by the cloud, bu t  more 
i m p o r t a n t l y ,  t h e  i n f e r r e d  s i ze s  of t h e  s t r a t o s p h e r i c  aerosols. I n  
t he  f i r s t  year they evo lved  t o  sizes t h a t  were much larger t h a n  
modeled v o l c a n i c  size d i s t r i b u t i o n s .  These  l a rger  sizes may affect 
t h e  surface temperature In  an unexpected manner. T h i s  unexpected 
tehaviar i n  size e v o l u t i o n  should warn us abou t  how w e  regard 
historical volcanoes and our models of t h o s e  e r u p t i o n s t  influence 
on climate. 

Aeronomy Studies (E. W. Kleckner, D. W. Sla t e r ,  N .  R .  Larson) 

S o l a r - t e r r e s t r i a l  interactions shape and link t h e  three  rnaj or 
regions of near e a r t h  space: t h e  magnetosphere , t h e  i o n o s p h e r e ,  
and t h e  atmosphere. A rnaj or goal of t he  aeronomy program is  t o  
i n v e s t i g a t e  the  coupling of the i o n o s p h e r e ,  plasmasphere, and 
magnetosphere. To accomplish this, a network of computer- 
controlled,  autmated photometers has been maintained t o  acquire 
synoptic o b s e r v a t i o n s  of t h e  a u r o r a  and alrglow. These, i n  t u r n ,  
provide  v a l u a b l e  i n f o r m a t i o n  concern ing  t h e  complex q u e s t i o n  of 
energy t r a n s p o r t  w i t h i n  t h i s  sys tem,  and t h e  s y s t e m ' s  response t o  
e v e r  changing c o n d i t i o n s .  

One t y p e  of phenomenon, S tab le  Auroral Red (SAR) arcs ,  has been the 
s u b j e c t  of e x t e n s i v e  i n v e s t i g a t i o n  during t h e  past  year. These 
m i d l a t i t u d e  f ea tu res  c o n s t i t u t e  the ionospheric response to energy 



i n f l u x  trom the e q u a t o r i a l  plasmapause region. Such energy I n p u t  
d i s t r i b u t e d  o n  a global scale  can be expected t o  have significant 
effects w i t h i n  the  ionosphere, effects which are currently being 
i n v e s t i g a t e d .  Work i n  this area has proceeded from a n a l y s i s  
s ta r ted  l a s t  year which s u g g e s t e d  an association of SAR arcs wi th  
p r e c i p i t a t i n g  s u p r a t h e r m a l  (<  10ev) elect rons  as d e t e c t e d  by the 
Dynamics Explorer -1 and -2 spacecraft. I n  cooperation w i t h  
Southwest Research I n s t i t u t e ,  we have i d e n t i f i e d  a one-to-one 
correspondence of t h e s e  p r e c i p i t a t i n g  electrons and SAR arcs f o r  
approximately 30 i n d i v i d u a l  events. As shown by ear l ie r  a n a l y s i s ,  
heating of t h e  ionosphereJthermosphere within S A R  arcs by this 
energy i n f l u x  can l ead  t o  a lTfounta in  effect," i.e., a thermally 
driven convection ce l l  capable of injecting enhanced densi t ies  of 
N from low al t i tudes into regions within the above SAR a r c s .  We 

2 
have i n i t i a t e d  s t u d y  of  s a t e l l i t e  measurements of atmospheric 
n e u t r a l  species w i t h i n  these locations for comparison w i t h  
empirical ly d e r i v e d  atrnospheri c models. I n i t i a l  r e s u l t s  i n d i c a t e  
s ignif icant  composi t ional  p e r t u r b a t i o n s  due t o  these localized heat 
s i n k s ,  

The comprehensive catalog of S A R  arc e v e n t s  as d e t e c t e d  by t h e  PNL 
photometer network has been made available t o  researchers as a PNL 
report. 

Final c o n s t r u c t i o n ,  software development, and t e s t i n g  of a 
m u l t i c h a n n e l ,  meridian scanning photometer is n e a r i n g  completion. 
The inst rument  is  c a p a b l e  of paral le l  processing f o u r  independent 
photometri c c h a n n e l s  a t  t h e  h igh  speed needed fo r  t ime- reso l  ved of 
the aurorae and a i rg low.  The parallel a c q u i s i t i o n  f e a t u r e  will 
a l low d i r e c t  use of i ~ t e n s i t y  ratios i n  t h e  d e t e r m i n a t i o n  of t h e  
energy spect rum of p r e c i p i t a t i n g  par t ic les .  An add i t i ona l  sys tem,  
centered around a high r e s o l u t i o n  s p e c t r o m e t e r ,  i s  also being 
brought on line. This will allow o b s e r v a t i o n  of OH temperaturea  
arid densities. I n  pa r t i cu la r ,  we are focusing on  measurements of 
p rocesses  i n  t h e  80-95 km region near  t h e  mesopause. 

Data p r o c e s s i n g  is current w l t h  all u n i t s ,  and a r c h i v a l  q u a l i t y  
magnetic tapes conta in ing  the d a t a  are r o u t i n e l y  p repared .  Access 
by r e s e a r c h e r s  t o  this data base has been f ac i l i t a t ed  b y  t h e  
i n t r o d u c t i o n  of an easy-to-use re t r ieva l  system. 
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Scope of Work 

The m a i n  objective is t o  investigate the re la t ive  m l w a t i o n  and 
transport mechanism of maJor, minor, and par t icular ly  trace elements 
during contact metamorphism between g r a n i t e  pegmatites and surrounding 
covntry rocks. S p e c i f i c  emphasis will be e n  t h e  r a r e  e a r t h  elements 
(REE) -- Ba, S r ,  K ,  As, Sb, Pb, C1, Rb, Cs, Zr, Hf, Ni, Th, and U. The 
app l i ca t i ons  of this study may enable us t o  understand and p r e d i c t  the 

3 7 long-term (10 t o  10 years) behavior and movement of radionuclide i n  
diverse geologically c o n f i n e d  nuclear  waste. 

The f i r s t  geological s i t e  was the granite intrusion a t  Notch Peak 
in Southwest Utah. Some of the important; findings were: 1 )  the granite 
stock is compsed of three concentric sequentially intruded rock t y p e s ,  
2 )  maximum tmperature  near the contact between t h e  quartz monzenite 

intrusion and the  Cambrian sediments was 5 7 5 - 6 0 0 ~ ~ ,  3) relative t o  
silts, limestones were impermeable t o  fluids and the f low of f l u i d s  was 
confined t o  silt beds and f rac tures ,  and 4) i n  silt, elements Na, K, Rb, 
Ba, Sr , As, Sb, Pb, and C s  have m i  grated over tens of meters, while 
there is no detectable rniwation of REE, V ,  Cr, Sc, Zr, Af, and Al. 

The second geological s i t e  i s  pegmatite - count ry  rocks i n  the 
Black Hills, South  Dakota. Five different  pegmatites have been chosen 
to address ( a )  composition of f l u ids ,  (b) capability of dispensing 
fluids in to  country rocks, and ( c )  part i t ioning of mobile elements 
between mineral phases and f lu ids  derived from pegmatites. Preliminary 
studies of the T i n  Mountain, E t ta ,  and Bob I n g e r s o l l  p e p a t i t e s  show 
that  there is vi r tua l ly  no m i  gration of REE, dl, V, Sc,  Cr, Hf, and Th 
elements. On the o ther  hand, elements K, ti, Rb, Cs, As, Sb, Zn, and Pb 
have migrated 4 t o  90 meters. The degree of m i  gration varies depending 
on the element. Minerals b i o t i t e  and muscovite are effective t race  
element t raps  fo r  Li, Rb, and Cs. However, b i o t i t e  has a p e a t e r  
a f f in i ty  f o r  L i ,  Rb, and C s  than muscovite and t h e i r  r e la t ive  a f f i n i t i e s  
can be expla ined  i n  terms of crystal chemistry. The REE concentrations 
i n  biotite and muscovi te  are high and ind igenous .  S i m i l a r  t y p s  of 
cherni cal  studies i n  other pegmati tes mphasi  zing minerals silch as 



apa t i t e  and tourmaline as a recorder of m e l t j f l u i d  e v o l u t i o n  w e  under 
pro@-ess. The chemical data on some 40 maJ or  and minor  trace elements 
are obtained by neut ron  ac t iva t ion  a n a l y s i s  and =say fluorescence . 

T h i s  study is in coLlaboration with J. J. Papi ke of South Dakota 
School of Mines and Technology, Rap id  C i t y ,  South Dakota, who w i l l  
ob ta in  rnineralogic and petrologic data on the  same samples. 
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Scope of Work 

Research conducted under the auspices of the Continental S c i e n t i f i c  
D r i l l i n g  Program (CSDP) - Thermal Regimes sub-program a t  Sandia involves  
both generic and s i te  specif ic  activities as well as technology 
development and operation of a Thermal Regimes Research D r i l l i n g  Off ice. 
Generic suppartive research e f f o r t s  include: development and testing of 
advanced thermal geophysical techniques;  a n a l y s i s  of surface 
manifes ta t ion  of subsur f  ace magmatic emplacement; and a por t i on  of t h e  
research conducted under 111 (Geochemistry Resemch) bearing on energy 
and mass transfer w i t h i n ,  and between, hydrothermal and magma systems. 
Site s p e c i f i c  research is concentrated a t  t h e  Mono Craters-Long Vdlley, 
Cal i fo rn i a ,  s i te  and involves  a number of non-Sandia p a r t i c i p a n t s .  
Recognition of the need for  advanced technology t o  o b t a i n  s c i e n t i f i c  
data i n  t h e  hos t i l e  hydsothermal-magma t r a n s i t i o n  zone r e s u l t e d  i n  a 
r e s e a r c h  program i n  d r i l l i n g ,  Logging, and ins t rumenta t ion  t o  provide 
the base f o r  technology development. A Research D r i l l i n g  Office has 
been e s t a b l i s h e d  t o  imp1 ement the d r i l l i n g  a c t i v i t i e s  of t h e  CSDP- 
Thermal Regimes subprogram. The f i r s t  major a c t i v i t y  of' the  Research 
D r i l l i n g  Off ice  will be t o  provide suppor t  f o r  the joint laboratory 
(SNL, LANL, LBL, LLNL) shallow d r i l l i n g  program. 

A .  CSDP - Thermal Geophysical Techniques (J. C. Dunn and H. C. Hardee) 

The 0b jed t iva  of t h i s  research is t o  develop and refine thermal 
geophysical  techniques in order to characterize and understand i n  
s i t u  thermal processes near high temperature heat sources in t h e  
crust . Such thermal geaphysi cal t echnl ques include measurement and 
a n a l y s i s  of thermal, and fluid transport i n  reg ions  where natura l  
convection hea t  transfer and/or ground water flow i n  a q u i f e r s  
s i g n i f i c a n t l y  alter subsurface temperature profiles. C w r e n t  
research is presently concentrated in two areas: 

( 1 )  A convect ive heat flow sensor is being developed for use i n  
permeable subsurf ace zones. A prototype downhol e instrument 
was used  t o  measure ground water velocities and convective 
heat flow i n  Long Valley, C a l i f o r n i a .  An improved downhole 
instrument has been cal ibra ted i n  a permeable t e s t  bed a t  

veloci t ies  as low as loT7 m/s. Several small, scale versions 



of the instrument have been c o n s t r u c t e d  t o  tes t  improved 
methods of velocity measurement i n  a permeable medium. 

(2) Thermopile heat f l u x  s e n s o r s  are  being used i n  regions where 
s u r f i c i a l  hea t  flow is r e l a t i v e l y  high. I n  such regions, 
normal surface t e m p e r a t u r e  v a r i a t i o n  effects  become 
unimportant  a t  very  shallow d e p t h s .  The s e n s o r s  can, 
the re fo fe ,  be emplaced by simple digging as  oppssed t o  t h e  
normal requirement of d r i l l i n g  h e a t  flow holes .  I n  a d d i t i o n  
t o  speed of measurement, t h e  thermopile  method 05 heat flow 
measurement gives a d i rec t  measmement of ve r t i c a l  heat flow 
e s s e n t i a l l y  a t  a p o i n t .  This  eliminates t h e  need t o  o b t a i n  
g r a d i e n t s  f rm temperature measurements over a f i n i t e  
ver t ical  extent .  The sensors have been used to obtain heat 
flow profiles over a smtspected i n t r u s i o n  in t h e  East Rift 
Zone of Kilauea vo lcano ,  Hawaii. Here 20 hea t  flow 
measurements were taken with 4 thermopile s e n s o r s  i n  a time 
pesiod of two days. 

B. MagmaticEmplacement (C. R .  C a r r i g a n )  

The characterization o f  t h e  geology and physics of a geothermal 
system requires treating t h e  problem of bo th  t h e  thermal and 
dynamical e v o l u t i o n  of magmatic seservef rs .  How such r e s e r v o i r s  
evolve  is  dependent in pa r t  upon hea t  transfer processes i n  the 
country rock exterior to a magma body. A model for est imating heat  
transfer and i n f i l t r a t i o n  w i t h i n  a two-phase (l iquid/vapor ) 
hydrothermal zone adjacent t o  a d i k e  has r e c e n t 1  y been developed 
using an e n g i n e e r i n g  type heat transfer analysis. The model l a  
& s t  a p p l i e d  t o  shallow geothermal zones which are most accessible 
t o  drilling and which aye of interest from a hazards perspective,  
The model predicts maximum d l  ke s o l i d i f i c a t i o n  r a t e s  of about 1 
meter/ y r  f o r  reasonable permeab i l i  t i e s .  

The i n t e r i o r  problem of thermal convec t ion  i n  a cooling r e s e r v o i r  
is b e i n g  studf ed using bath finite element and parameterized 
schemes. For 100 M r h y o l i t e  sills, t h e  more approx imate  
pa ramete r i zed  models are found  t o  be i n  reasonable agreement d th 
the more rigorous 2-D f i n i t e  element models. The parameterized 
models can i n  p r i n c i p l e  be extended to model t h e  thermal regfrnes of 
cooling magma bodies  which are beyond t h e  parameter  ranges t r e a t e d  
by f i n i t e  element or difference formulations. In terms of computer 
r e s o u r c e s ,  they a re  a l s o  much less costly t o  produce.  

C. CSDP Mono Craters-Long Valley (CAI  Site Assessment (J. C . 
E i c h e l b e r g e r  and J. 8. Rundle) 

With i t s  l o n g  h i s t o r y  of a c t i v e  volcanism, and its current 
t e c t o n i s m  and seismicity, the Mono Craters-tong Valley region i s  
impor tan t  as a p o t e n t i a l  s i te  for deep c o n t i n e n t a l  drilling. For 



the pas t  two years, assessment of t h i s  site as a crustal  thermal 
regimes t a r g e t  f o r  d r i l l i n g  has been conducted using a variety of 
geophysical ,  geochemical and petrologi c techniques. Inves  ti ga t lons  
under t h i s  program are being conducted by a v a r i e t y  of National 
Labora to r i e s ,  the U.S. Geological Survey, Academic T n a t i t u t i o n s ,  
and prf vate i ndus t ry .  

Specific i n v e s t i g a t i o n s  include a high r e s o l u t i o n  seismic 
r e f r a c t i o n  profile covering t h e  entire Long Valley c a l d e r a  and the  
Mono Craters-Inyo Danes chain of recent extrusions; es t ab1  ishment 
and reobservation of a dense network of high prec i s ion  Wavi ty  

. benchmarks throughout t h e e n t i r e L o n g V d l e p M o n o C r a t e r a a r e a ;  
passive s el s~ni ci t y  record ing;  temperature  and heat flow 
observa t ions ;  and geochemical and i so top ic  analyses of carefully 

3 sampled young (<  10 yr ) volcanic glasses. Data examined and 
analyzed to  date Indicate the probable existence of shallow magma 
w i t h i n  t h e  caldera, and that surface samples show a p a t t e r n  af  
degassing of v o l a t i l e s  i n d i c a t i v e  of the physics of emplacement of 
the recent ex t ru s ivea .  

D. CSDP -Drilling, Logging, and Ins t rumenta t fon  (H. C.  Nardee and 
J. C .  Dunn) 

Drilling, logging, and ins t rumenta t ion  suppor t  i s  concerned with 
developing advanced logging tools and downhole instruments for CSDP 
and then a p p l y i n g  these t o o l s  t o  answer acientif i c  questions of 
i n t e r e s t  t o  CSDP. E a r l y  work has concent ra ted  on downhole seismic 
tools and downhole high temperature tberrnal probes. Shallow test 
boles were drilled at Long V a l l e y  for the purpose of evaluating 
t h e s e  logging instruments . 

High temperature ( 1200'~) thermal  probes and associated cab1 es and 
handl ing equipment are being developed f o r  logging high t emperat w e  
holes. A high  temperature logging system for  measuring d r i l l h o l e  

0 
temperatures t o  800 C is i n  t h e  f i n a l  stages of development. T h i s  
system uses a platinum WTD i n  a s p e c i a l  probe assembly attached to 
a 2 km l e n g t h  o r  high temperature, stainless steel sheathed cable. 
The cable is mounted on a microprocessor controlled winch assembly 
and cable ope ra t i on  and data collection is computer con t ro l l ed .  

E. CSDP-Shallow Hole I n v e s t i g a t i o n  of Long Valley, Valles , and Sa l ton  
Sea Thermal Regimes (J. C .  Eichelberger) 

The intrusion of magma into the upper must, t h e  release of hea t  
and the development of associated hydrothermal systems w e  w o b l  ems 
central t o  understanding the evo lu t ion  of con t inen ta l  crust and i t s  
resources. Recent s u r f a c e  research i n t o  magma/hydrothermal systems 
under t h e  Continental Scientif f c D r i l l i n g  Program has concentrated 



on Long Valley Caldera, Valles C a l d e r a ,  and the Sal ton Sea. A 1 1  
th ree  areas c o n t a i n  recently active mamatic s y s t m s  and currently 
active hydrothermal  systems. A shallow d r i l l i n g  phase of research 
began a t  Long V a l l e y  and Valles in FY84 and w f l l  begin a t  S a l t o n  
Sea in FY 85. These holes w i l l  answer s p e c i f i c  q u e s t i o n s  about the  
t h e r m a l ,  chemica l ,  and mechanical behavior of magma a t  s h a l l o w  
dep th ,  and the  composi t ion and c i r c u l a t i o n  pat tern  of hydrothermal 
f l u i d s .  They will also prov ide  a n e c e s s a r y  s t e p  toward deeper  
d r i l l i n g .  Targets a r e  t he  youngest  r h y o l i t e  flow (Obsidian Dome) 
and its feeder c o n d u i t  a t  Long Valley, t h e  youngest r h y o l i t e  flow 
(Banco Bonito) and a hydrothermal outflow zone a t  V a l l e s ,  and an 
unexplored region of the S a l t o n  Sea thermal anomaly. L a b o r a t o r i e s  
p a r t i c i p a t i n g  i n  this propam are Lawrence Berkeley, Lawrence 
Lf verrnore, Los klamos, and Sandia National Laboratories. Sandia  
has r e s p o n s i b i l i t y  f o r  d r i l l i n g  o p e r a t i o n s  a t  Long V a l l e y  and t h e  
Salton Sea and f o r  interpretfng petrologic d a t a  f r m  t h e  Long 
V a l l e y  and Valles ho le s  i n  terns of t h e  degassing of rhyo l i t i c  
magma. A 150 m hole wa.9 cored through Obs id ian  Dane and 
demonstra ted near1 y complete degassing of magma comprising t h e  
flow. Preparat ions are underway f o r  the  conduit h o l e ,  which will 
i n v e s t i g a t e  vent  structure and the degassing and c ry s t a l l i z a t i on  
behavior of magma ernplaced under s u b s t a n t i a l  (10 MPa) load. 
Shallow drilling a t  Long Valley will be succeeded by intermediate 
depth d r i l l i n g  l a t e  i n  FY84 under the Inyo program, which involves 
USG and u n i v e r s i t y  p a r t i c i p a t i o n  i n  a d d i t i o n  t o  the  DOE l a b s .  

F. Geoscience Research D r i l l i n g  O f f i c e  (R. K. Traeger). 

The D r i l l i n g  Office supports g e o s c i e n t i s t s  by providing f i e l d  
l o g i s  ti cs , generic hardware, d r i l l i n g  plan developments,  and 
c o n s u l t a t i o n  f o r  CSDP--Thermal Regimes research. I n  t h e  l a s t  year, 
pe rmi t s  were obtained and contracts  l e t  t o  p rov ide  research h o l e s  
i n  Long V a l l e y ,  CA and t h e  Sal ton Sea, CA. A l fml t ed  
I n s t r u m e n t a t i o n  c a p a b i l i t y  f o r  borehole d i a g n o s t i c s  is being ' 
developed and maintained.  The Off ice is available for  p lann ing  and 
other c o n s u l t a t i o n  re la ted  to  d r i l l i n g  and i n s t r u m e n t a t i o n  for  the 
CSDP--Thermal Regimes. 

G. Long Valley-Mono Craters ( C A I  Inforrnat ionBase (W. C.  L u t h a n d  J. 
C. Eichelberger) 

An i n t e g r a t e d  i n f o r m a t i o n  base c o n t a i n i n g  r e f e r e n c e s  t o  published 
geologic, geophysical ,  and geochemical data and i n t e r p r e t a t i o n s  is 
essen t ia l  i n  considering detailed s i t e  selection f o r  CSDP-Thermal 
Regimes. The l n f  ormat lon base w f l l  c o n t a i n :  

( 1 )  Bib l iog raph ic  informatlon i n  standard reference fo rmat  with 
keyword-based iden t i f i ca t ion  of d a t a  p resen ted  in the 
reference . 



(2 )  A listing of researchers who are currently engaged i n  active 
research in this area, with a brief  statement of type, 
nature,  extent, and obJectives of the research. 

(3) Brief summary of generalized p l ans  for future research, 
including shallow, Interrnedi a t e  and deep d r i l l i n g  . 

The Information Base w i l l  be vepared on a stand-along 
microcomputer using a conventional commercial data base management 
system. ~nformation w i l l  be dis tr ibuted  in p r i n t e d  form on a semi- 
annual basis. 



Contractor : S A N D I A  NATIONAL LABORATORIES 
Albuquerque, New Mexico 871 85 

Contract :  DE-ACO4-76DP00789 

T i t l e :  11. Geophysics Sesearch 

Person  i n  Charge: W. C .  Lwth 

Scope of Work 

Research i n  geophysics under t h i s  program i n w r l  res modeling, 
experimental, and field a c t i v i t i e s  leading t b  a more soundly based 
understanding of physical and mechanical processes in t h e  e a r t h 9  c rus t  
and upper mantle. 

A .  C r u s t a l  Strain (3. B. Rundle)  

The crustal strain program has as its object ive the development of 
methods and t e c h n i q u e s  for modeling time- dependent de format ion  of 
t h e  e a r t h ' s  surface,  a n d  i n t e r p r e t i n g  these data i n  t e r m s  of 
p o s s i b i l i t y  of t e c t o n i c  i n s t a b i l i t y  i n  a given a r e a .  Motions of a 
F e w  c e n t i m e t e r s  a year ,  commonly obse rved  i n  t e c t o n i c a l l y  a c t i v e  
areas such as the  western Uni ted  States,  have been i n t e r p r e t e d  as 
due t o  subtle s t r e s s  relaxation processes deep w i t h i n  the earth. 
These motions provf de clues to t h e  o c c u r r e n c e  of a f utwe event. 

Cmputer codes have been developed which compute time-dependent 
surface deformation due t o  various sources i n  a layered, inelas t i c  
earth model. A d d i t i o n a l l y ,  other codes compute g r a v i t y ,  sea level, 
p o t e n t i a l ,  and surface deformation changes due t o  volcanic  loading 
of t he  crust; and heat; flow, f l u i d  flow and d e f o r m a t i o n  due t o  
sources of fluid pumping i n  a f l u i d - i n f i l t r a t e d  e a r t h  model. 
Physics of the earthquake r u p t u r e  process has also been examined 
using simp1 e models of inhomogeneous f a u l t s ,  together with f ri c t i o n  
laws d e r i v e d  from l a b o r a t o r y  f a i l u r e  experiments. 

Gravity gradient data associated w i t h  the 1975-1 977 K i l a u e a  
i n f l a t i o n - d e f l a t i o n  ep i sodes ,  as well as gravity change d a t a  frcm 
Long V a l l e y  have been i n t e r p r e t e d  by the use of these t e c h n i q u e s .  
Work is also underway on unders tand ing  the mechanics of the 
earthquake cycle, M t h  a t  convergent  p la te  boundar i e s  ( s u b d u c t i o n  
zones) and a t  transform faulted lmundaries.  C o l l a b o r a t o r s  have 
i n c l u d e d  s c i e n t i s t s  a t  U n i v e r s i t y  cF Tokyo, J a p a n ,  t h e  U.S. 
Geological Survey, the  California I n s t i t u t e  of Technology, and t h e  
University of C a l i f o r n i a ,  Santa Cruz. 



8 .  Time-Dependent Deformation a n d F r a c t u r e  of BrittleRock ( L .  S. 
C o s t i n  and  D .  J. Holcomb) 

This research is  d i r e c t e d  toward a bas ic  unders tand ing  of the 
mechanics of microcrack growth and how this is r e f l e c t e d  i n  t h e  
continuum r e s p o n s e  of the material, Both exper imenta l  a n d '  
a n a l y t f  ca l  efforts are i n  progress. An exper imenta l  d e t e r m i n a t i o n  
of t h e  r e l a t i o n s h i  p between appl ied  s t r e s s e s  and t h e  time-dependent 
growth of c r a c k s  In granite and marble has been e s t a b l i s h e d  and 
shown t o  be c o n s i s t e n t  w i t h  the n o t i o n  t h a t  t ime tdependen t  crack 
growth occurs by the mechanism of stress corrosion, I n  these 
experiments, both temperature and moisture were vari e d .  

To a p p l y  the exper imenta l  results t o  t h e  poblem of t i m e d e p e n d e n t  
deformation of brittle rock, a relationship between mi crocrack 
behavior and c o n t i n u r n  behavior was established through an 
analytical model based on  f r a c t u r e  mechanics and damage theory. 
The response of rock to various loading h i s t o r i e s  are being 
p r e d i c t e d  and compared with experimental results. 

Current efforts are concentrated on develop1 ng a proper definition 
of damage e v o l u t i o n  t h a t  i n c l u d e s  t he  interaction of microcracks 
which o c c u r s  when microcrack d e n s i t y  becomes large, I t  is t h i s  
i n t e r a c t i o n  t h a t  r e s u l t s  in faul t  and j o i n t  f o r m a t i o n  prior t o  
fa i lu re .  Damage r a t e s  will be based o n  t e s t  d a t a  where t h e  damage 
accumulat ion is i n f e r r e d  from acoustic emiss ions .  

C.  Creep Response of NaCl a t  Lou Stresses and Tempesatures { D . H .  Zeuch 
and W. R .  Wawers ik )  

The objective of t h i s  program is t o  i n v e s t i g a t e  t h e  creep mechanics 
of sodium c h l o r i d e  a t  low t e m p e r a t u r e s  and  stresses. The c r e e p  
r e s p o n s e  of sodium chloride has been s tudies  extens ive ly  at 
temperatures above appsoximately one-half the absolute melting 
point, where i t  appears t h a t  d i s l o c a t i o n  c l i m b  is t h e  creep 
mechanism; however, relaf i vel y little work h a  been carried o u t  at  
lower t empera tu res .  Such r e s u l t s  as are ava i l ab le  suggest that the 
dominant creep mechanism under lower-temperature c o n d i t i o n s  may be 
a thermally a c t i v a t e d  g l i d e  o r  cross-slip process. This in t u r n  
i m p l i e s  t h a t  creep history and i n i t i a l  substructure may e x e r t  a 
profound influence on the creep behavior  of sodium chlor ide ,  
because recovery is ( i m p l i c i t l y )  slow. 

Work is i n  progress t o  conduct creep exper iments  on sodium c h l o r i d e  
single c r y s t a l s  under low s t r e s s ,  low temperature c o n d i t i o n s  
o u t s i d e  the range  of  any p rev ious  t e s t i n g .  Single-stage creep 
t e s t s  w i l l  be performed t o  assess the basic creep proper t i e s  and 
s u b s t r u c t u r a l  e v o l u t i o n  of t h e  single crystals. I n  a d d i t i o n ,  
m u l t i s t a g e  temperature and s t r e s s - c h a n g i n g  experiments will be 
c a r r i e d  out t o  determine the a c t i v a t i o n  paramete rs  and stress 



dependence of creep in order to: ( 1  1 identify t h e  deformation 
mechanismla]; (2 )  q u a n t i f y  t h e  kinetics of recovery; and (3) 
determine t h e  influence of i n i t i a l  substructure on creep. 

A specia l ized creep frame has been cons t ruc ted  t o  perform the 
t es ts ,  and a series of cold-wor king/annealing tests have been 
carried out in order to develop techniques for the a l te ra t ion  of 
the  initial s u b s t r u c t u r e  of t h e  synthetic s ingle  crystals.  The 
substructural modification tests also provided preliminary results 
on the kinetics of recovery of chloride;  t he  apparen t  act ivat ion 
energy associated w i t h  t h e  recovery process is consistent wl th a 
cross-sli p mechanism at lower temper at ur es . 
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Scope of Work 

Research under t h i s  prowam involves experimental, a n a l y t i c a l ,  and 
theoret ical  geochemistry r e l a t i n g  t o  magmatic and hydrothermal  processes 
taking place w i t h i n  t h e  ear tht  s crust. 

A. Hydrothermal-Ma~aSptms (W. C. Luth,  T. M. Gerlach, J. C. 
Eichelberger, and H ,  R .  W e s t r i c h )  

T h i s  research Is directed toward developing an unders tanding of 
mass and energy  t r a n s  p o r t  within and between hydrothermal, and magma 
systems through a combination of f i e l d ,  experimental, and modeling 
approaches .  The research Pncl udes e2e ctron m i  croprobe analysis of 
quenched in s i t u  samples of basa l t ic  magma o b t a i n e d  from d r i l l i n g  
programs a t  Kilauea Iki Lava Lake in 1978 and 1981 as p a r t  of t h e  
Mama Energy Research Program, experimental s tudies  of bubble  
nuc lea t ion  and p o w t h  i n  s i l i c i  c melts, studies of the mounts and 
kin& of volatile3 in young s i l i c i c  volcanic s u i t e s ,  and t h e  
chemis t ry  of v o l c a n i c  gases i n c l u d i n g  sublimate and condensate 
fractions. Advanced methods are being developed for  use of t h e  
fully au tmated  electron probe i n  geochemical analysis of drill 
core samples. Cmnputer software is also under development f o r  
p r o c e s s i n g  and e v a l u a t i n g  large data bases of automated pobe  
analyses w i t h  complete p r o p a g a t i o n  of error  c a p a b i l i t i e s .  Water 
C02, S, C1, and F are being determined for  a l a r g e  number of 

obs id ian  samples f r m  explosPvely and e f f u s i v e l y  erupted  young 
volcanic u n i t s  a t  Mono CratersJInyo Domes and the Cascade Range. 
These s tud ie s  have focused on t h e  i sotopic  composition and amount 
of water in the obsidian samples as a function of time. The r a t e s  
of bubble nucleat ion and growth as a f u n c t i o n  of water content are  
being invest igated  in r h y o l i t i c  melts up to 0.5 kbar. Field, 
analytic, and computer-based studies of volcanic and fumarolfc 
gases are being performed f o r  Vdcano, Usu Volcano, Long Valley, 
and Kilauea Volcano in an e f f o r t  t o  better unders tand chemical 
t r e n d s  d u r i n g  magma degassing. 



The ability t o  predict the course of rockcwater i n t e r a c t i o n s  at 

temperatures up t o  3 5 0 ' ~  is cri . t ical  t o  a la rge  number of 
geocherni c a l  , geophysical , and energy re lated problems. To a large 
degree these p r e d i c t i o n s  depend on a knowledge of t h e  kinetic and 
thermodynarni c c o n s t r a i n t s  governing c lay  mineral disso lut ion .  T h i s  
problem has  been approached t;hrough the use of a Dickson 
hydrothermal appara tus ,  and by employing s tandard ized  clays.  To 
date the  Wyoming bentoni te  SWycl has been subjected t o  t e s t s  of a t  

l e a s t  t w o  months  d u r a t i o n  a t  300 and 300°c, and in both  ac id i c  (pH 
= 2.1 ) and neu t ra l  solut ions .  The results of these t e s t s  i nd ica te  
t h a t  c l ay  d i s s o l u t i o n  i s  h i g h l y  incongruent ,  t h a t  hydroxide 
complexing of bo th  aluminum and iron is an important factor in 
g o v e r n i n g  t h e  o v e r a l l  s o l u b i l i t y ,  and t ha t  when compared to 
t h e o r e t i c a l  estimates d e r i v e d  u s i n g  a TardpGar re l s  t y p e  
approximation, the clay is somewhat more stable than  would have 
been a n t i c i p a t e d .  It  was also found t h a t  r u n  times of at l east  six 
weeks were r equ i r ed  f o r  t h e  system t o  achieve steady s t a t e ;  
consequen t ly ,  eva lua t ion  of a w i d e  range of clays (of differing 
compositions) w i l l  proceed somewhat more s l o w l y  than  had been 
ant ic ipated i n  t h e  o r ig ina l  proposal. 
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Scope of Work 

Research conducted in this program involves exploratory research i n  
several geoscience areas. Typically such research efforts are of a 
short-term natwe and may be o r i e n t e d  toward assessing f eas ib i l i t y  of a 
particular research task.  

Noble Metals (H. W. stockman) 

The noble metals are d e s i p a t e d  as  s t ra teg ic  and c r i t i c a l  minerals 
by t h e  U.S. government because of the i r  unique properties and 
energy and-defense a p p l i c a t i o n s .  The goal- of this project i s  t o  
develop an understanding of how noble metals are concentrated and 
transported by geologic processes. Work has been concentrated on: 
( 1 )  development of techniques f o r  obtaining high q u a l i t y  analyses 
of noble metals i n  socks and minerals; and ( 2 )  experiments w i t h  
synthetic, noble metal-containing systems, used to interpret noble 
metal dis t r ibut ions  i n  n a t u r a l  rocks and minera ls .  Work on 
analytical  methods has i n v o l v e d  development of techni ques for 
separation of noble metal-rich Fe-Ni-Cu sulfides from rocks, SEri 
and electron microprobe analyses of mineral separates and i n  s i t u  
platinum minerals, and development of computer codes f o r  correcting 
electron microgobe analyses of minute platinum-group minerals. 
Experimental studies have involved determinations of the 
solubilities of platinum elements i n  solid and liquid Fevsulfides 

a t  1000-1 250°c, determination of the Ru-RuSp and Ir-lr2Sg s u l f v  

buffers, and investigations i n  the PtcS and 0s-S a y s t m s  at high 
temperatures. 
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Scope of Work 
P l a r n a s  i n  thermonuclear  fusion r e s e a r c h  devices and  i n  space 

around t h e  e a r t h  have much in common. The ear th ' s  magnetosphere 
provides a unique oppar tuni ty  to s t u d y  sane of the  b a s i c  c h a r a c t e r i s t i c s  
of plasmas. We have l e a r n e d  basic processes associated wi th  t h e  natural 
dynamo ( c o n s i s t i n g  of t h e  solar wind a n d  magnetosphere)  which can 
g e n e r a t e  as  much as one m i l l i o n  MW. Specifically, U n i v e r s i t y  of Alaska  
r e s e a r c h e r s  are working with thermonuclear f u s i o n  groups a t  t h e  
University  of Texas, A u s t i n ,  and the Plasma Physics Labora to ry ,  
Princeton U n i v e r s i t y ,  i n  applying computational methods developed by 
them t o  l e a r n  some of the basic c h a r a c t e r i s t i c s  of plasmas i n  nature. 
During he last 12 months we have used e x t e n s i v e l y  t h e  electromagnetic 
codes developed b y  the f u s i o n  researchers i n  s imula t ing  various 
rnagnetospheslc and s o l a r  processes. So f a r ,  we have not found any 
indication t h a t  magneti c r e c o n n e c t  ion can occur e x p l o s i v e l y  (namely, 
explosive magnetic field annihilation), s u p p l y i n g  energy for 
rnagnetospheri c substorms and solar flares. 

U n i v e r s i t y  of Alaska r e s e a r c h e r s  are also interested in energy- 
related geophysical. probLems i n  t h e  A r c t i c  reg ion .  I n  particular, they 
are  s tudy ing  t he  e l ec t r i c  c u r r e n t  induced by a u r o r a l  a c t i v i t y  i n  power 
transmission l i n e s  and Ln oi l /gas  p i p e l i n e s  , We hare successfully 
demons t r a t ed  that auroral activity causes surges I n  t h e  protective r e l a y  
system i n  pwer transmission l ines .  An intense surge w i l l  open the 
protective re lay ,  caus ing  a systmati c blackou t ;  blackouts caused by 
au ro fa l  activity are fairly common I n  Canada where many power 
t r a n s m i s s i o n  lines a r e  rather long. By s t u d y i n g  the characteristics of 
the  surges,  we a r e  d e s i g n i n g  a protective relay system which w i l l  not be 
affected by auroral activity. T h i s  p r o j e c t  i s  impdrtant for  t h e  
proposed Anchorage-Fairbanks tie line. We have o b t a i n e d  e x c e l l e n t  data 
t o  s t u d y  the r e l a t i o n s h i p  between the induced current and  t h e  p r o t e c t i v e  
r e l a y  and thus are a n a l y z i n g  them i n  detail. 

In t h e  arctic r e g i o n ,  pe rmaf ros t  provides seriaus o b s t a c l e s  i n  
energy search and o i l  t r a n s p o r t  e f for t s .  Thus, t h e  d e t e r m i n a t i o n  of 
thickness of permafrost is increasingly a n  important problern. We have 
an i m p u l s e  radar (GSSI) , loop-loop induc t i on  systems (EM-31 ,-34) aud io  
magnetotelluri c systems, and e l e c t r i c a l  r e s i s t i v i t y  devices. We made an 
extensive survey d permaf ros t  i n  the Prudhoe Bay area last smmer and 
are  a n a l y z i n g  t h e  d a t a .  
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Title: S i l i c a t e ,  Aluminosilicate and B o r o s i l i c a t e  Mel ts :  
Thermal~Chemica l  S t u d i e s  by High Temperature 
C a l o r i m e t r y  

Person  i n  Charge: A. N a v r o t s k y  

Scope of Hork 
High temperature s o l u t i o n  c a l o r i m e t r y  is  used t o  d e t e r m i n e  heats of 

mixing in aluminosilicate glasses and melts. We are f o c u s i n g  on the 
role of o x i d e  b a s i c i t y  I n  d e t e r m i n i n g  mixing p r o p e r t i e s  along t h e  joins 
M A 1 O 2 ~ S i O 2  (M = Li, Na. K, Rb, Cs, Mg, Ca, Ba, Sr, Pb) and i n  

d e t e r m i n i n g  heats of v i t r i f i c a t i o n  and of f u s i o n .  These systematics 
l e a d  t o  an understanding of effect ive heats of f u s i o n  of d iverse  
components i n  an a l u m i n o s i l k c a t e  framework. The enthalpies  of the 

s u b s t i t u t i o n  5i4' + *13+ + 1 /nMn+ c o r r e l a t e  w i t h  the  f i e l d  strength z / r  
of t h e  s u b s t i t u t i n g  cation and w l t h  t h e  trends shown i n  TO bond length  
v a r i a t i o n s  o b t a i n e d  from a$ i n i t i o  molecular orbital calculations. I n  
a d d i t i o n ,  we have completed s t u d y  of t h e  system KAl S i  0 rNaA1Si3O8-S i4O8 

3 8 
and are continuing t h e  model ing of phase e q u i l i b r i a  i n  silicate systems, 
using experimental heats of mixing and  af fusion and models for 
e n t r o p i e s  of rnlxlng. The emphasis is on ascer ta in ing t h e  usefulness of 
t h e  two-latti ce model for t h e  entropy of mixing and  i n  developing more 
a p p r o p r i a t e  cmplex s t r u c t u r a l  e n t r o p y  models. 

I n  a d d i t i o n ,  we a r e  beginnning to study other coupled 

s u b s t i t u t i o n s ,  e s p e c i a l l y  si4+ + B ~ +  + ~ a *  and t h e  s u b s t i t u t i o n  of 

n i t r o g e n  f o r  oxygen b y ' r e a c t i o n s  such as oZC + N~~ + ? l n ~ " ' .  The system 
Na20+3 0 -SiO is receiving d e t a i l e d  c a l o r i m e t r i c  s t u d y .  These glasses 

2 3  2 
differ from the c o r r e s p o n d i n g  a l u m i n o s i l i c a t e s  i n  a systematic fashion. 

A pressure vessel f o r  the study of heat c o n t e n t s  of hydrous melts 

i n  the system KAlSi 0 -NaAlSi 0 -Si408 up l OOO'C and 1 kbar has been 
3 8 3 8 

constructed. It will permi t  d i rect  s t u d y  of the thermodynamic 
p r o p e r t i e s  of glasses and melts c o n t a l n f n g  u p  t o  50 mol$ H 0 by d r o p  

2 
calorimetry under h i g h  pressure. 

The da ta  and models are c o r r e l a t e d  t o  t h e  s t r u c t u r e  and physical 
p r o p e r t i e s  of s i l i c a t e  melts and have p o t e n t i a l  appl ica t ions  i n  such 
diverse f i e l d s  as geochemis t ry ,  magma energy g e n e r a t i o n ,  ceramic 
science, nuclear waste  disposal, and reactor safe ty .  



C o n t r a c t o r :  UNIVERSITY OF ARIZONA 
Tucson, APizona 85721 

Cont rac t :  DE-AC02-80ER10753. A001 

Title:  I ,  Solar Variability: Changes i n  F i g u r e  and 
Mean Diameter 

Person i n  Charge:  Henry A.  H i l l  

Scope oP Work 
The o b j e c t i v e  of t h i s  program is to develop and  use an f n d i r e c t  

d i agnos t i c  of changes i n  the solar constant by m o n i t o r i n g  t h e  figure and  
diameter of t h e  sun over l ong  periods of time. Obta in ing  r e p r o d u c i b l e  
rad iomete r  data over the per iod  of years t o  decades necessary for a 
s ignlf  icant study of the changes i n  solar luminosity c o n s t i t u t e s  a 
serious problem; this problem motivated the s e a r c h  for an  indirect 
d i a g n o s t i c .  Such indirect d i a g n o s t i c  of l u m i n o s i t y  is offered by 
measures of changes i n  the  solar shape and mean diameter .  Techniques 
measur ing f r ao t fona l  s o l a r  diameter changes over approximately 9 br 

observing runs to accuracies of DID - l o6  t o  loC6 are being w e d  t o  
measme changes over longer,  c l i m a t i c a l l y  s i g n i f i c a n t  time periods. The 
relationship between t h i s  I n d i r e c t  diagnostic and solar  c o n s t a n t  is 
being examined. 

A. Technical Developments 
The success of the proram t o  monitor l o n g  term v a r i a t i o n  i n  the 
figure and diameter  of t h e  sun depends i n  large measme on 
main ta in ing  t h e  stability of the telescope over s i m i l a r l y  l o n g  
periods. To meet this requ i rement ,  a focal p lane  d i s t a n c e  
c a l i b r a t o r  has been desimed f o r  t h e  SCLERA astrometric telescope, 
and i ts  cons t ruc t ion  and i n s t a l l a t i o n  is n e a r l y  complete. T h i s  
device consists of a pre-lens d i f f r a c t  ion grating; a focal plane 
stabilized light source; light detectors on the solar detector; and 
necessary computer and computer related equipment. Hardware is  now 
being i n s t a l l e d ,  and software is s t a r t i n g  t o  be developed. The 
g r a t i n g ,  on low expansion glass ,  can be placed on t h e  s top  of the 
primary lens and is  des igned  t o  produce f i r s t  order d i f f r a c t i o n  
images i n  t h e  f o c a l  plane w i t h  t h e  approximate  angular diameter of 
t h e  sun.  The l i g h t  source is a single mode s t a b i l i z e d  h e l i u m n e o n  
laser .  The f i r s t  o r d e r  d i f f rac t ion  maxima are imaged on the  solar 
detector and are used t o  ca l i t r a t e  t h e  angular  f ie ldm This device 
w i l l  c o e x i s t  w i t h  the  Michelson measwing Snte r f  ermeter that 
measures distances in t h e  focal plane.  The Michelson 
i n t e r f e r o m e t e r  has been designed and c o n s t r u c t e d  s o  t h a t  t h e  w h i t e  
l i g h t  fringe can be d e t e c t e d ,  thus p r o v i d i n g  a f i d u c i a l  fo r  d a y  t o  
day cornprison of rneasurementa, This system t o  detect t h e  white 
light f r i n g e  has been in operation s i n c e  t h e  summary of 1981. 



B. Observat ions 
Nearly seventy days of s o l a r  diameter measurements have been  
collected during 1983 with the whitetlight fringe d e t e c t i n g  system 
i n  place. A n a l y s i s  is c o n t i n u i n g  on t h e  unprecedented q u a n t i t y  of 
t h i s  t y p e  of astrometric data.  I t  is expected t h a t  t h e s e  
observations contain information on the  var ia t ion I n  time of t h e  
s o l a r  figure and mean diameter and a h o d d  yield a new measurement 
of t h e  v i s u a l  solar o b l a t e n e s s .  

C .  T h e o r e t i c a l  Work 
Our a b i l i t y  to i n f e r  a particular l u m i n o s i t y  change from, for  
example,  an observed change i n  the mean solar diameter h a  been 
quite Lfmfted .  A t  present  t h e r e  is  a difference of a p p r o x i m a t e l y  
three o r d e r s  of magnitude between the Peast and the p e a t e s t  
sensitivity t h a t  has been s u g g e s t e d .  This l a r g e  range i n  t h e  
estimates of t h e  s ens i t i v i t y  i s ,  i n  part ,  a re f lec t ion  of the 
several different physical processes that have been c o n s i d e r e d  
p o t e n t i a l l y  important i n  producing l u m i n o a i t  y changes. However, of 
equal importance have been differences i n  the treatment of the 
Mundary  c o n d i t i o n s  i n  the solar envelope. Cons ide r  able success 
has been achieved i n  r e f i n i n g  t h e  treatment of the boundary 
conditions. T e s t i n g  of the new theoretical  work  is currently 
underway. I n  a d d i t i o n  t o  t h e  new developments i n  t h e  theory, 
i n f o r m a t i o n  on She r a t i o  of f ract ional  change of l u m i n o s i t y  t o  the 
tractional change in the s o l a r  diameter has been obtained from 
recent work en global o s c i l l a t i o n s  of the sun. This r a t i o  is  found 
t o  be about two fo r  variations in the sun t ha t  occur over a t i m e  
sca le  of hours. To the extent  that  this r a t i o  i s  character is t ic  of 
t h e  lower f r e q u e n c y ,  c l ima t i ca l ly  significant v a r i a t i o n s ,  these new 
findings should be quite valuable. These findings will a i d  
in terpreta t ion of t he  results of the solar diameter observations 
and will a i d  the tes t ing  of SCLERAts theoretical  s t u d i e s  know in 
progress. 



Contractor: UNIVERSITY OF ARIZONA 
Department of Geosciences 
Tuscon, Ariwna 85721 

Contract: DE-=AC02-81 ERI 0842 

Title: 11. Rock D ef ormat ion  i n  Magma-H ydrothermal 
Systems 

Person in Charge: Denis Norton 

Scope of Work 

The goal of t h i s  project is t o  ob t a in  a better understanding of t h e  
evolu t ion  of stress and s t r a i n  in f o s s i l  magma-hydrothermal sys tms  
through t h e  investigation of fracture systematics. Our main object ive  
has been t o  obtain a data b a s e  on the nature of f rac tures  that i s  
s u f f i c i e n t  to (a) test previous theoretical studies on the e v o l u t i o n  of 
stress around cooling magmas, and ( b )  improve techniques far numerical 
modeling of coupled transport  processes around thermal per t~ l rba t lons  i n  
the  Ea r th ' s  crust. I n  establishing t h i s  data base, we have df scovered 
several new aspects of fracture topology: 

1. I n  tbe approximately 30 fossil magma chambers we have s t u d i e s ,  
which represent a broad spectrum of co.:!psitions, ages, exposure 
l e v e l s ,  and chamber sizes ,  fractures are oriented with respect t o  
what we infer t o  have been l o c a l  stress trajectories present when 
t h e  magma was emplaced and cooled. 

2. Fractures observed i n  outer ops and shal low d r i l l  holes  can be used 
t o  p r e d i c t  f racture  charac te r i s t i cs  that  w i l l  be encountered a t  
greater depths became v a r i a t i o n s  i n  t h c  abundance and character of 
fractures as a function of depth are caused by magma-hydrothermal 
c o n d i t i o n s .  Weathering processes a c c e n t u a t e  the fracture p a t t e r n s  
but dr no t  g e n e r a l l y  cause fractures.  

3 Fractures are p r e s e n t  t o d a y  that formed subsequent  t o  :he cooling 
event. Even in one b.y. old systems, these f r a c t u r e s  can be 
readily differentiated from those formed by t h e  thermal event. 

4. Fracture extents are much more l i m i t e d  than prevZousLy assumed. In 
a d d i t i o n ,  t h e  shapes of i n d i v i d u a l  f r a c t u r e s  are d i r e c t l y  related 
t o  foss i l  stress o r i en ta t ions  and relat ive  stress magnitudes. 

5. Substantial evidence e x i s t s  t o  suggest tha t  fracture topology is  a 
d i r e c t  consequence of H O ~ r i c h  fluids responding t o  nonhydros t a t i c  

2 
stress condi t ions.  



Because fractures control  t h e  response of a rock mass to thermal, 
chemical, and  mechanical perturbations, our research i s  relevant to 
engineering design problems re la ted  t e  waste d i s p o s a l  and both natural 
geothermal and hot-drprock reservoirs. We have concluded the  
following: ( I )  Thermal pertmbations ( e r n e . ,  waste disposal) .embedded i n  
c r y s t a l l i n e  rocks w i l l  very l i k e l y  cause fractures to propagate away 
from the heat source a t  a rate similar t o  the ra te  of heat dispersion: 
(2) Production of f l u 1  d s  from geothermal reservoirs w k l l  i n e v i t a b l y  lead 
to deleterious chemical reactions t h a t  w i l l  ultimately seal the 
productive wells. This problem can be avoided o n l y  by u t i l i z i n g  methods 
that produce fluids within the constraints imposed by t h e  natmal. 
feedback conditions; and (3)  H 0-rich f l u i d s  are d i s t r i b u t e d  in 

2 
v i r t u a l l y  a11 fractures. The i n t r i n s i c  properties of these f l u i d s  and 
the shapes of t h e  fractures that contain them exert a dominant effect on 
the  bulk modulus of rock. Therefore, t h e  seismic prospecting technqiues 
w e d  t o  detect magmas and geothermal resources are  inadequate for 
discriminating between t h e  sheath of fractures around a magma chamber 
and the  magma i tself .  



Contractor: CALIFORNIA INSTITUTE OF TECHNOLOGY 
S e i s m o l o g i c a l  Laboratory, Div i s ion  of 
Geological and Planetary Sciences 
Pasadena, C a l  iiorni a 91 t 25 

Contract: D E - A T O ~ - ~ ~ E R I  31 20 

Tit le:  In S i t u  Stress i n  Deep Boreholes 

Person i n  Charge: T.  J .  Ahrens 

Scope of Work 

Knowledge of the in s i t u  s tress  i n  the earth i s  Important t o  our 
understanding of contemporary tectonic ,  geothermal, and rock-formfng 
processes, and provides information whf ch i s required t o  exploi t energy 
resowces and store waste in the earth. 

We are developing a new type of stressmeter which employs 
interference holography and by means of laboratory and field 
measurements, we are attempting t o  turn it into  a useful geophysical 
tool .  

This development w a s  carried out with a 12" diameter device which 
i s  Lowered i n t o  boreholes and first locks  in place. Then a holographic 
exposure is taken of the borehole wall, a side-core hole i s  dri l led 
which relieves i n  s i t u  s t r e s s  and a second hologram i s  taken, The 
resulting interference hologram yields a map of  displacement, which is 
inverted t o  obtain the 6 components of the  i n  s i t u  stress tensor. 

Current Activit ies  (J. Bass, D. Schmitt, and T .  J. Ahrensl 

We have completed laboratory and i n i t i a l  f i e l d  t e s t s  of t h i s  new 
device, which we believe w i l l  become a useful tool  in  borehole 
geophysics . Laboratory tests included carrying out rneasur ments on 
samples, under known prestress, and developing the numerical methods for 
calculating synthetic interference holograms for inverting f i e l d  data. 
In 1983,  we carried out a successful s e r i e s  of f i e l d  teats of the 
holographic tool at depth i n  the  Union Oil Co. o i l  shale mine in a 
aeries of 12" holes especially dr i l l ed  for us. We obtained an 
outstanding set  of good results. We have performed a prel irni nary 
ana lys i s  of' these data to yield values of maximum and minimum horizontal 
stress and stress orientation which agrees well with values obtained by 
other methods (hydrofracture) i n  t h i s  region by Bredehdeft e t  al. 
( 1 9 7 8 ) .  These r e s u l t s  and the description of t h e  aperation of the 
instrument are currently being d e s c r i k d  i n  a scientff i c  paper,  "In sFtu 
stress measurements with borehole interference h~lography.~ 

Because most uncased s c i e n t i f i c  dr i l lho les  i n  the U.S. are  6" ol" 
less i n  diameter, we are currently deve lop ing  a 5 1 /2" dlameter f i e l d  



v e r s i o n  of t h e  earlier instrument. We expect that this instrument w i l l  
be compatible with both s t anda rd  and  high temperature 7-conductor 
borehole l o g g i n g  cable. Many d e t a i l s  of design include f i l m  t r a n s p o r t ,  
optical s y s t e m s ,  rotation, l o c k i n g ,  o r i e n t a t i o n  t r a n a d u c i n g ,  internal 
presswri z a t i o n  , mu@-f T l t e r i n g  , and s i d e - h o l e  coring, are being improved 
as a result  of our experience with t h e  12" nlaboratory-fieldlt a p p a r a t u s .  
We expect this device could operate i n i t i a l l y  a t  depths of several 
hundred meters u s i n g  film. With a new i n d i m c o x i d e  coated 
photoconductor  polyvinyl car m z o l e  f i l m  which is erasable, and an 
electroni wopt ic  s c a n n e r  o m b o a r d  t h e  apparatus,  ue expect to eventual ly  
provide a television-like d i s p l a y  of i n t e r f e r e n c e  fringes on t h e  
surface. With this remote  read-out d e v i c e ,  we expect t h a t  the  apparatus 
w i l l  have a d e p t h  c a p a b i l i t y  of several km. 

A f ina l  series or tests of t h e  12" apparatus is  now s c h e d u l e d  f o r  
June 1984. After t h i s  p o i n t  w e  w i l l  pu t  all our ef P o r t  into f i e l d i n g  a 
6" device in existing s c i e n t i f i c  boreho les  i n  S. C a l i f o r n i a  and other 
holes of oppor tun i ty .  



Contractor :  UNIVERSITY OF CALIFORNIA 
Department of Geology and Geophysics 
Berkeley, California 94720 

Contract: D E - A M O ~ T B ~ E R I  31 00 

Title Advecti  ve-Dif Pus i v e / D i s p e r s i  ve Transport of 
Chemically Reaching Species i n  H y d r o t h e r m a l  
Systems 

Person i n  Charge: H. C .  Helgeson 

Scope of Work 

A phenomenological t ranspor t  code based on continuum t h e o r y  is 
be ing  developed t o  d e s c r i b e  fluid flow and s imul taneous  chemical 
reactions representing ion assoc ia t ion ,  oxidation/reduction, ion  
exchange, and mineral hydrolysis i n  hydrothermal systems. Mass and heat 
transfer coupled t o  r e v e r s i b l e  r e a c t i o n s  by t h e  l a w  of mass a c t i o n  and 
irreversible P e a c t i o n a  described by kinetic ra te  laws are i n c l u d e d  In 
t h e  code. Transport equations r ep re sen t ing  conservation of mass and 
energy are  so lved  n u m e r i c a l l y  fo r  t r a n s i e n t  c o n d i t i o n s  of f l u i d  flow i n  
p r o u s ' a n d  fractured media. The f l u i d  flux equation c o n t a i n s  an 
advec t i  ve term co r r  es pondlng t o  Darc y f  s law and a d i f f u s i v e /  dis persi ve 
term based o n  F i c k t  s f irst  law. 

Preliminary t e s t s  of t h e  code so  fa r  deve loped  i n c l u d e  v a l i d a t i o n  
of t h e  chemical algori thns u s e d  in t h e  code by comparison w i t h  the 
e q u i l i b r i  urn s p e c i a t i o n  and mass transfer program package EQ3/EQ6 
developed by Wolery ( 19791, as modif ied  by Helgeson and  Murphy ( 1  9 8 3 )  t o  
i n c l u d e  mineral d i s s o l u t i o n  kine t i c s .  The r e s u l t s  of calculat.t lons for 
reaction paths i n  a c losed  system obtained by considering a s i n g l e  node 
i n  t h e  transport code w i t h  appropriate boundary conditions f o r  complex 
systems i n v o l v i n g  activity coefficients, aqueous complexes, and reaction 
p r o d u c t s  compare favorably w i t h  the p a r t i a l  equ1Libriu-n model. 
Furthermore, the computat ion time is considerably f a s t e r ,  which is 
i n d i s p e n s i b l e  f o r  i n t e g r a t i n g  chemistry w i t h  f l u i d  flow. The t r a n s p r t  
code has also been tested f o r  t h e  case of d i f f u s i o n a l  mass t r ans fe r  
coupled t o  revers ible  precipitation/dissolution r e a c t i o n s  by compar ing  
numerical, r e s u l t s  with t h e  analyt ical  s t e a d p s t a t e  limit obtained by 
Helfferlch and  K a t c h a l s k y  (1970) for a two-component s y s t e m .  In t h e  
transient case considered, the  calculations i n d i c a t e  t h a t  t h e  zone of 
m i n e r a l  precipi ta t ion f i r s t  o v e r s t e p s  t h e  s teady-state 1 imi t and t h e n  
dissolves a t  i t s  boundar ies ,  s h r i n k i n g  in size until s teady-s ta te  is 
reached. Multi-mineralic zones were found t o  move i n  a complicated 
Fashion before r e a c h i n g  steadycstate.  



Contractor: UNIVERSITY OF CALIFORNIA 
Department of Physics 
Berkeley, California 94720 

Contract: D~-~M03~76SFO0034 

Title: I s o t o p i c  S t u d i e s  on Rare Gases In  Terrestrf a1  
Samples and in Natural Nucleosynthesis 

Person in Charge: J. H. Reynolds 

Scope of Work 

This  p ro j ec t  is concerned with research i n  r a re  gas mass 
spectrometry. The broad objective I s  t o  read the natural record t h a t  
isotopes of the rare gases comprise as trace constituents of natural 
gases, rocks, and meteorites. In past y e a r s ,  these in te res t s  have l e d  
t o  t h e  study of such diverse problems as t h e  dating of pocks, the e a r l y  
chronology of the solar a ystem as revealed by e x t i n c t  r a d i o a c t i v i t i e s ,  
and t h e  elemental and i s o t o p i c  cornpsi  t l o n  of t r a p p e d  p r i m o r d i a l  rare 
gases i n  meteorites. I n  recent years the project has focused 
progressively more on tesres t r ia l ,  problems. 

A. The RARCAPro.lect 

The Roving Automated Rare G a s  Analysis (RARCA) system is a s e l f -  
c o n t a i n e d ,  mobile labora tory  des igned  t o  make precise elemental and 
isotopic abundance measurements of the noble gases i n  t e r r e s t r i a l  
fluids. In 1983 t h e  l a b o r a t o r y  was deployed a t  Yellowstone 
National P a r k  from l a t e  June un t i l  e a r l y  November, acquiring a 
large data  s e t  consisting, for  each sample, of an elemental run 
(He, Ne, A r ,  Kr, and Xe concent ra t ions)  plus isotopic runs on He, 
Ne , and  Ar . A d d i t i o n a l l y  enough isotopic r u n s  on Xe were carried 

out to establish tha t  there are no significant 1 2 9 ~ e  anmalies i n  
Yellowstone samples and enough c a l i b r a t i o n  r u n s  on a i r  Ne t o  
monitor mass f r a c t i o n a t i o n  occurring in the mass spectrometry. 

B ,  Yellowstone Projects 

The first completed report on the Yellowstone w o r k  is an overview 
of the November 1983 data s e t  (approximately 80 samples), with 
emphasis on correlations among t h e  measured parameters i n  t h e  w h l e  

3 40 s e t .  The heliumargon d a t a  conform well t o  a plane in He/ Ar, 
~ 40 q0 4 ~ e /  A r  , 3 6 ~ r /  AF space, i n d l  ca t ing tha t  a l l  sample, can be 

explained as mixtures  of three component3 T- an air compnent, a 
4 crustal oompnent with a ~ e / ' ' ~ r  r a t i o  of 4.1, and a magmatic 

component which Is as y e t  not well c o n s t r a i n e d  beyond knowing t;hat 



4 3 ~ e /  He exceeds 1 6  times the a i r  va lue  and t h a t  ' O ~ r 1 ~ ~ b r  exceeds 
500, i n  agreement with p r e v i o u s l y  de te rmined  limits. The repbrt 
presents an overview of the neon anomalies (more below) ,  the 
e l  menta l  fractionation p a t t e r n s  (well c o r r e l a t e d  bu t  not  
expla ined) ,  and regional behavior of the  q u a n t i t y  

3 4 ' '@' H e ' ~ o c a l  maximm which f a l l s  o f f  qu i c ldy  t o  air-like v a l u e s  

outs ide  the caldera and has a s t ruc ture  inside the caldera which is  
reasonably well d e f i n e d  but does not c o r r e l a t e  i n  any simple way 
wf th other geophysical parameters. 

A brief r e p o r t  i s  i n  p r e p a r a t i o n  of an experiment we performed i n  
3 4 measuring He/ He r a t io s  in soil samples a t  Yellowstone by t h e  

simple p r a c t i c e  of i n s e r t i n g  t h e  Lower, open end of a copper  tube, 
closed a t  t h e  top ,  i n  t h e  s o i l  and leaving it there for  two weeks 
before c l o s i n g  off the a i r  sample it con ta ined .  This s i m p l e  

t e c h n i q u e  d e t e c t s  excess %e and might  be u s e f u l  i n  the fu ture  f o r  
studies of vertical heat f low in Yelloustone. 

A projec t  which is  well along, b u t  requires ana lyses  of about a 
dozen more samples ,collected i n  1983 but n o t  ye t  analyzed, is a 
study of t h e  noble gas dynamics i n  Horseshoe Spring, i n  t h e  N o r r l s  
Geyser Basin. That s p r i n g  was sampled e x t e n s i v e l y  a t  various 
depths and a t  various l a t e r a l  positions i n  o r d e r  to understand how 
convect'ion i n  that s p r i n g ,  which dissolves a i r  gases a t  the surrace 
and 1s fed  with s u b t e r r a n e a n  gases a t  a vent at the bottom, affects 
t h e  elemental and isotopic ratios observed i n  the  samples.  This 
s tudy ,  together  w i t h  some measurements we have made on  cold s p r i n g s  
i n  Yellowstone, is a start towards understanding t h e  elemental  
patterns mentioned above. 

Another proj ect which requires addl t i o n a l  analyses, current1 y be ing  
carried out  with t h e  RARGA equipment, concerns  a d e t a i l e d  s t u d y  of 
t h e  helium 1~0 topes  i n  Lower Geyser Basin a t  Yellowstone.  

3 '1 Preliminary results i n d i c a t e  varying He/ He ra t ios  but 
.? 

c o r r e l a t i o n s  with t h e  HCD /clr  r a t i o s  i n  t h e  f l u i d  phase, as might 
3 

be a reasonable outcome of varying degrees of boiling and steam 
s e p a r a t i o n  i n  t h e  f l u id  there. T h i s  w o r k  w i l l  be reported at the 
May 1984 meeting of the  AGU i n  C i n c i n n a t i .  

RARGA o b t a i n e d  t h e  f i rs t  extens ive  data s e t  f o r  neon isotopes i n  
Yellowstone and t h e  results are be ing  examined in more deta i l  t han  
w a s  possible i n  t h e  report on t h e  overview of the  data as a whole. 
There is evidence for both mass fractionation of neon isotopes and 
occurrence of nuclear  anomalies i n  the  isotopic  ra t ios .  In o w  
present s c r u t i n y  of the data  we are concen t r a t i ng ,  w i t h  acme 



success, on see ing  how t h e  isotopic ratios correlate for 
measurements within given regions in Yellowatone. 

Well Samples from t h e  Valles Caldera 

The RARGA equipment has been used t o  measure t h e  noble  gases from 
four wells i n  the Baca f i e l d  a t  the VaZles caldera and a paper has 
been completed on t h e  rather simple story those  measurements 
reveal. The sampl ing  was carr ied  out i n  such a way that the 
absolute concentrations of the noble gases in the  s t e m  were 
determined q u i t e  prec i se ly  i n  addition t o  the relative elemental 
and isotopf c ratios .  We were thus able t o  show conclusively t h a t  
the fluid i n  the Baca wells we sampled are two component mixtures. 
The o r i g i n  of these components, and how they correlate with 
chemical measurements made on these f l u i d s ,  is discussed i n  t h e  
Pa Per 

D. Noble Gases i n  S i l i c a t e  Melts 

Data are now being col lec ted i n  our study of  solubilities of noble 
gases i n  silicate melts of various compositions a n d  at  various 
temperatures. One of our spectrmeter systems has been dedicated 
t o  t h i s  study and equipped w i t h  a p ipe t t e  of i so top ica l ly  anomalous 
He, Ne, A r ,  and Xe for precise isotopic dilution measurements on 
the quenched glasses which are prepared in  Carrnichaelf s l a b  at LBL. 
Preliminary measurements indicate that  there may be surface as 
well as volume s o l u b i l i t i e s  involved. We a r e  well  equipped to  
check such a p o s s i b i l i t y  with the  sensitive lmer-microprobe rare 
gas spectrometer which has been constructed i n  our laboratory and 
i s  now i n  operation. That instrument i s  part of our N A S A  research 
on extraterrestrial samples, but is available for a few key 
measurements in t h i s  study. 

N e w  Starts for 1984 

We are planning t o  main ta in  the momentum i n  o u r  RARGA p r o j e c t  by 
an annual. f i e l d  deployment. We are beginning t o  formulate plans 
for the 1984 expedition. I t  is  important t o  extend our studies t o  
natural gases so that  i t  i s  l i k e l y  that a d e t a i l e d  study of a gas 
f i e l d  w i l l  be the  eventual  plan. We w i l l  have t o  add a Cu/CuO 
furnace to our inlet system for conversion of methane and hydrogen 
to  carbon dioxide and water, but  we a n t i c i p a t e  t h a t  t h i s  change i n  
the equipment w i l l  be easy to  accomplish. Otherwise we are ready 
to apply  RARGA to t h i s  new c l a s s  of problems, 



Contract or: UNIVERSITY OF CALIFORNIA 
Department of E a r t h  and  Space Sciences 
L o s  Angeles , Cal ffornia 90024 

DE-FG03 ~84ER132 03 Contract: 

Title: Determinat ion of Therrnodynami c Functions of' 
Minerals a t  High Temperature 

Person i n  Charge: Orson L. Anderson 

Scow of Work 

We are cont inu ing  work done i n  our laboratory for  the past three 
years, measuring t h e  thermal e x p a n s i v i t y  and elas t i c  constants of' 
cer ta in  minerals a t  h igh  temperature (e.g., well above t h e  Debye 
temperature of' the mineral 0 ) .  The new minerals t o  be measwed a re  
N a C 1 ,  o rquar tz ,  vi treous silica, Ti0 and p o s s i b l y  iron (acphase) . 

2 

It is proposed to use these new data  and the corresponding ex i s t i ng  
data already measured for  M g O ,  Mg2SiQq, a n d  Fe2S10,, t a  calculate the 

thermodynamic functions of these minerals i n t o  t h e  h i g h  temperature 

lsange 600 '~  - 7 300'~. These include the ent ropy ,  t h e  i n t e rna l  energy, 
the entha lpy  and  t h e  free energies. 

The thermodynamic func t ions  t hus  determined would  be applicable t o  
a large range of DOE projects i n c l u d i n g  geochemistry, magma energy 
generation, nuclear waste' disposal ,  and t h e  cantlnental s c i e n t i f i c  
d r i l l i n g  program. 



UNIVERSITY OF CALIFORNIA AT LOS ANGELES 
Department of Chemistry and Biochemistry 
Los Angeles, California 90024 

Contract: DE-AT03-81 ER10965 

Adi abats and Grunei aien Parameter a t  High 
Temperatures and High Pressures 

Person i n  Charge: R, Boehler, M, Nicol 

Scope of Work 

The high temperature equation of state may be described by a 
Gruneilsen model for the finfte-temperature pressure, 

where To(V)  i s  the  T-0 static l a t t i c e  presswe. The second term is  the 

hi ghr temper ature quasi  harrnoni c appr  oxirnation t o  t h e  thermal 1 a t t  ice 
pressure. The Gruneisen parameter 1 (V) is related to the volume change 
of lattice frequencies. The knowledge of its pressure dependence is of 
great importance i n  studies involving high pressures and high 
t emperaturss , for example geophysical. modeling and shock wave 
experiments . 

Various forms of the volume dependence of Y have been deduced In 
t h e  past and are frequently used such as for  example the  Slater model 

or simpler forms such as Yap = constant. The purpose of our study was 
t o  measure the Gruneisen parameter Y a t  very high  compressions (over 
50%) and to  compare its functional dependence w i t h  those shown above. 
the study includes effects  of s o l  idcliquid and solid-sol i d  phase 
transitions on the volume dependence of Y. 

Adiabatic compresskon measurements were carried out on the hl ghly 
compressible a l k a l i  metals in both the  solid and the liquid s tate .  This 
yields direct ly  the Gsuneisen parameter as a funct ion of pessure and 
temperature. The results for ti, Na K ,  Rb, and Cs can be generalized i n  
t h e  following form: 1 ) Y r a p i d l y  decreases with compression approaching 
an asymptotic value of 0.5 at  compressions above 30%. T h i s  behavlour is 
s ign i f ican t ly  different from the Slater or free valme re la t ionsh ips ;  2 )  
the pressure dependence of Y in the l i q u i d  is e s s e n t i a l l y  the same as i n  
t h e  s o l i d .  3) Y increases by several percent at the l iquid-solid 



transition; 4 )  at constant volume, Y decreases with temperature. For 
Cs, both experiment and theory indicate that Y becomes very small as the  
isostructural electronic transition a t  42 kbar I s  approached and shows a 
strong increase a f t e r  the transition. 



C o n t r a c t o r  : THE UNIVERSITY OF CHICAGO 
Chicago, Sl l i r i o i s  60637 

C o n t r a c t :  

T i t l e :  Water and Magma Bodies 

Person i n  Charge: A. T. Anderson, J r .  

Scope of Work 

The emplacement,  c r y s t a l l i z a t i o n  and e r u p t i o n  of s i l i c i c  magmas are 
important both f o r  t h e  compositional evo lu t ion  of t he  crust; as a whole 
as well as for the f o r m a t i o n  of a v a r i e t y  of ore deposits and geothermal  
fields. We a r e  c o n t i n u i n g  development of a new way to determine t h e  
pressures of c r y s t a l l i z a t i o n  within such bodies of magma. The new 
method rel ies both on the i n c r e a s e d  solubility of H20 and C02 i n  

s i l i c a t e  melts with pressure and on t h e  preservation of samples of the  
n a t u r a l  high pressure environment of crystallization as t i n y  I n c l u s i o n s  
w i t h i n  v i r t ua l l y  r i g i d  crystals. Gfe make wafers of t h e  phenocrysts 
found i n  silicic volcanic r o e h  t o  expose inclusions of glass for 
ana lys i s  both by t h e  e l e c t r o n  m i  croprobe fo r  major elements and by a 
s p e c i a l v a c u u m f u s i o n d e v i c e f o r H O a n d C O  That dev icehas  been 

2 2 
c o m p l e t e l y  rebuilt with m o d i f i c a t i o n s  intended t o  r e d u c e  u n c e r t a f n t l e s  
in r e s u l t s .  A quadrupo le  mass spectrometer ( r e s i d u a l  gas analyzer) will 
be incorporated ' into the  system in order t o  allow more c e r t a i n  
c o n f i r m a t i o n  of the nature of each of t h e  gases present .  U n c e r t a i n t y  
concerning possible H2S c o n t r i  but i o n  t o  a p p a r e n t  GO c o n c e n t r a t i o n  wi 11 

2 
be removed. We are a l s o  i n v e s t i g a t i n g  possible use of laser hea t i ng  of 
me1 t i n c l u s i o n s  which might h e l p  t o  d r a s t i c a l l y  reduce blanks and smple 
analysis time. C u r r e n t  work centers on a s u i t e  of samples of t h e  
r h y o l i t i c  B i shop  Tuff which i n c l u d e s  pumice frcm t h e  p l i n i a n  phase as 
well as each of t he  mao r  i ~ i m b r f t e  lobes. A n a l y s i s  of this suite may 
he lp  reveal change i n  magmatic vapor pressures  w i t h  t ime  as t h e  magma 
body developed prior to t h e  cataclysmic e r u p t i o n .  I t  may a l s o  a i d  i n  
understanding of dynami c mixing processes within the e r u p t f  n g  magma 
body. The data w i l l  also be used t o  h e l p  assess the current s t a t e  of 
t h e  magma body(1esS beneath t h e  I n y o  domes and Mammoth Lakes. 

S t a n l e y  Williams joined t h e  project  I n  January  of 1984, and t h e  
r a t e  of progress incseased dramatically. 



Contractor: COLUMBIA UNIVERSITY 
Lamont~Doherty Geol'ogi c a l  Observatory 
P a l i s a d e s ,  New York 10964 

Contract :. DErAS02~76E03134 

Tit le :  Tectonics of t h e  Eas t e rn  Aleutian Arc 

Person i n  Charge: K .  Jacob, J. T a b e r ,  and L. Sykes 

Scope of Work 

The geophysical processes a s s o c i a t e d  with subduct i o n  and arc7 
magmatism are investigated i n  one of the  world's major active *-trench 
systems. We use p r i m a r i l y  se i smologica l  methods f o r  t h i s  purpose. On 
an ar crwide  b a s i s  we compare and synthesize globally recorded 
seismotectoni c information for most of t h e  A l e u t i a n s .  I n  t h e  Shumagin 
Islands section of the A l e u t i a n  arc we carry out a v e r y  detailed study 
of this 300th l ong  a r c  segment. This in-depth s t u d y  r e l i e s  on high- 
quality data fsom a d ig i ta l  seismic network for which w e  operate 1 4  
remote s t a t i o n s  linked by telemetry t o  a c e n t r a l ,  d i g i t a l - r e c o r d i n g  
s i te .  T h i s  arc  segment is a seismic gap f o r  which a 30 t o  99% 
p r o b a b i l i t y  has been determined t h a t  a great earthquake ( M  > 8 )  w i l l  
occur wi th in  t h e  n e x t  t w o  decades. Major research  topics  p e s e n t l y  
concern: accurate determination of t h e  geometry and velocf ties of the  
interface of the descending Pacific s l a b  a g a i n s t  t h e  uppe r  mantle and 
crust of t h e  overr id ing North American plate by means of three 
dimensional seismic ray tracing of d i rec t  and converted body wave 
phases; re la t f  ve location of the d I  pping seismic (Benf of f- ) zone w i t h  
respect t o  the s l ab  surface; inversion of l o c a l  and teleseisrnic t ravel  
time residuals f o r  determination of two7 and t h r e e ~ d i m e n s i o n a l  veloci ty  
perturbations a s s o c i a t e d  wi th  t h e  volcanic  a rc  and its magmatic root  
zone; monitor ing of seismic and eruptive a c t i v i t y  of Pavlof  Volcano and 
other structures along t h e  vo l can i c  a r c ,  and i n t e g r a t i o n  of these 
results with t hose  from g e o d e t i c  crustal deformat ion  data t o  investigate 
plate coupling and  t o  update  t h e  existing estimates of l o n g  term 
p r o b a b i l i t i e s  fo r  t h e  occurrence of f u t u r e  p e a t  earthquakes by rnedium~ 
t o  short-term precursors. Although the study focuses on bas ic  research 
of the subduction process, immediate a p p l i c a t i o n s  concern t h e  geothermal 
energy po ten t i a l  of t he  Aleutian arc; seismic, vo lcan ic  a n d  t sunami  
hazards r educ t ion  t o  off shore oil. l ease  sale areas t h a t  are located 
directly adjacent t o  the Shumagin seismic gap and network ;  o t h e r  
sp inoffs  concern earthquake e n g i n e e r i n g ,  and 7 perhaps 7 earthquake 
prediction. Technical l o n e t e r m  objectives are the sensing and 7 

eventually d i g i t a l  r transmission of high f i d e l i t y ,  widerdynami c range, 
seismic ground motion data t o  the  central  network recording s i t e  capable 
of resolving t h e  motions of both small and t h e  l a r g e  earthquakes. 



C o n t r a c t o r :  HARVARD UNIVERSITY 
Department of Geological Sciences 
Cambridge, Massachuse t t s  021 38 

Contract :  DE-AC02t83ER13096 

Ti t le :  E n e r g e t i c  and  Thermochemical P r o p e r t f  es of Rocks 
a n d  Minerals 

Person i n  Charge: J. 8. Thompson, JP. and S. K. Dobos 

S c o ~ e  of Work 

Any thorough  u n d e r s t a n d i n g  of the  earthq s c ru s t a l  p r o c e s s e s  and , 

energy budget must take i n t o  account the  e n e r g e t i c s  and therrnochemical 
p r o p e r t i e s  of rocks and t h e i r  constituent m i n e r a l s ,  notably t h e i r  heat 
capacities and their  e n t h a l p i e s  and e n t r o p i e s  of transformations. Such 
thermodynamic data,  and  p h y s i c o ~ c h e m i c a l  models derived fran them, are 
of direct concern in such f i e l d s  as t h e  extraction of geothermal  energy, 
nuclear waste disposal, te r res t r ia l  h e a t ~ f l o w  s t u d i e s ,  t h e  geochemistry 
of ore deposits and i g n e o u s ,  metamorphic a n d  sed imenta ry  petrology. 

Much of t he  requisite thermochemicaL data t o  h a n d l e  problems in the  
above f i e l d s  is unknown or poor ly  c h a r a c t e r i z e d .  We propose t o  augment 
t h e  data base f o r  the therrnochemical  p r o p e r t i e s  of rocks and rock7 
f ormf n g  m i n e r a l s  , as well as he te rogeneous  t r a n s f o r m a t i o n s  i n  rocks 
involving the appearance o r  disappearance of mineral phases  of a given 
phase assemblage. Such s t u d i e s  comprise one of t h e  most basic e n e r g p  
related branches of s c i e n t i f i c  investigation i n  t h e  g e o s c i e n c e s ,  and are  
fundamental  t o  our u n d e r s t a n d i n g  e a r t h  processes and earth materials. 

Our e a l o r i m e t s y  l a b  is now complete  and fully equ ipped  w i t h  three 
t h e r m o a n a l y t i c  i n s t r u m e n t s :  {I) a power tcmpensa ted  differential 

scanning c a l o r i m e t e r  Tor the  temperature range 7170 t o  725'~,  ( i i )  a 

h e a t ~ f l u x  differential scanning calorimeter for  the range 25 t o  1 700°c, 

and ( i i i )  a therrno@-avimetric analyzer for  t h e  sange 25' t o  1200bC, 
c a p a b l e  of operation with c o n t r o l l e d  a tmospheres  from a moderate  vacuum 
t o  ambient pressure. The i n s t r u m e n t s  may be r u n  s e m i ~ a u t o m a t i c a l l y  , and 
are interfaced t o  computers for  r e a l - t i m e  monitor ing,  data co l l ec t ion  
and data r e d u c t i o n ,  



Contractor: UNIVERSITY OF HAWAII  AT MANOA 
Hami i I n s t l t u t  e of Geophysics 
Honolulu, Hawaii 96822 

Contract: D~tAT03r80ER12099 

Ti t le :  Physical Characterization of Magma Samples 

Person in  Charge: M. H. Manghnani 

Scow of Work 

This program involves two areas of l a b o r a t o r y  i nves t i ga t ion :  ( 1 ) 
characterization of p h y s i c a l  ( d e n s i t y ,  p o r o s i t y ,  and pore size 

d i s t r i b u t i o n ) ,  seismic ( V  Vs, ~ ~ ' 1 ,  and the rmal  ( c o n d u c t i v i t y )  
P' 

properties of core samples from Kilauea  I k i  Lava Lake and ( 2 )  v i s c o s i t y ,  

e lec t r ica l  c o n d u c t i v i t y ,  and V VS, and pc1 of magmatic f l u i d s  a t  
P" 

e l e v a t e d  temperatures and pressures and as a function of c o n t r o l l e d  
volatile (e.g., H20. Cop) content. 

The goals of t h e  proposed research are threefold:  ( 1 )  to 
understand how t h e  physical properties of b a s a l t 3  re levant  t o  geothermal. 
exploration and thermal modeling i n  a v o l c a n i c a l l y  a c t i v e  area a re  
a f f e c t e d  by a t o t a l  environmental system; ( 2 )  t o  investigate 
i n t e r r e l a t i o n s h i p s  between the various properties; and (3) t o  c o r r e l a t e  
the  laboratory data w i t h  the models based o n  theory and f i e l d  
measurements. 

Two parts of the proposed work (chemical and mineralogical analyses 
of Kilauea I k i  and other samples ,  and viscosity and e l ec t r i ca l  
conduc t iv i t y  of magmatic fluids a t  elevated pressures)  are being 
conducted i n  cooperation w i t h  W. C. L u t h  a t  t h e  Sandia N a t i o n a l  
Labor a t  or i es . 

The phys i ca l ,  seismic, e lec t r i ca l ,  and thermal propert ies 
( d i f f u s i v i t y ,  c o n d u c t i v i t y  and spec i f ic  heat)  of selected Lava Lake core 
samples, f o r  which chemical composition and mineralogy have been 
determined by the  S a n d i a  Laboratories (Dr. M. C. Luth) , are being 
interpreted in terms of chemistry, g l a s s  content, and mineralogy of 
t h e s e  core samples. 

We are currently focusing our e f for t s  on the elastic, anelastic, 
and electr ical  properties of melts of basa l t i c  and r e l a t ed  composition. 
The temperature and frequency dependence of u l t r a s o n i c  compressional 

v e l o c i t y  (V ) and  at tenuation (Q measurements f a r  var ious  melt 
P P 



compositions are i n t e r p r e t e d  i n  terms of v iscosi ty ,  relaxation time and 
s t ructure  of melt. 

The t e m p e r a t u r e  dependence of  the melt conductivity of t h e  e i g h t  
samples from Kilauea Iki samples from different  depths is almost the 
same and fo l lows  the Arrhenius  equation. 

The proposed research, involv ing  close cooperation between the 
University of Hawaii and the Sandia  National Laboratories, p r o v i d e s  an 
impetus t o  basic energy research needed f o r  acquiring a better knowledge 
of the fundamental in s i t u  physical properties of rocks relevant t o  
geothemal exploration and t o  planned projects such as t h e  U,S. 
Cont inenta l  Sclentif  i c  Dri l l ing Propam. 



C o n t r a c t o r :  LAMONTTDOHERTY GEOLOGICAL OBSERVATORY 
P a l i s a d e s ,  N e r j  York 10964 

Cont rac t :  DE-=AC02~76ER64054 

Title: Fluid Transport Properties of Rock Fracture 

Person i n  Charge: T. Engelder  and C .  Scholz 

S c o ~ e  of Work 

Our problem i s  to  understand t h e  parameter3 t h a t  limit f l u i d  f low 
w i t h i n  t h e  crust of t h e  earth. Because t h e  rnqjor flow paths are through 
J o i n t s  w i t h i n  the c r u s t  the  rock~water i n t e r a c t i o n  along joints i s  of 
most i n t e r e s t  t o  our project. This problem is  impor tan t  t o  t h e  DOE 
because the extraction of hydrocarbons and geothermal energy is  
c r i t i c a l l y  dependent on flow a l o n g  f r a c t u r e s  toward well bores. Yet ,  
the burial  of nuclear waste requires c o n d i t i o n s  which l i m f t  o r  s t o p  the 
flow of f l u i d  away from t h e  waste repository. 

Flow i s  governed by t h e  mechanical  closure of  j o i n t s  as well as t h e  
d i s s o l u t i o n  and p rec ip i t a t ion  of components w i t h i n  the joints. During 
t h e  past year our a t t e n t i o n  has been d iv ided  between two projects: 1). 
the  correlation between Plow ra te  and the change i n  water chemis t ry  
a l o n g  j o i n t s :  and 2) t h e  closure of random surfaces i n  contact. 

A. Chemistry 

Experiments on the  corre la t ion between flow ra te  and the change i n  
water chemis t ry  were r u n  i n  a t r i ax ia l  testing machine w i t h  
confining pressures u p  t o  100 MPa and pore f l u i d  pressures some 
predetermined f r a c t i o n  of 100 MPa. Temperatures were u p  t o  100 C. 
The experiments were accomplished by r e c y c l i n g  a n  80 cc charge 
through the rock sample ( p r i m a r i l y )  a quartzite with some 
impurities and a granite). Usually t h e  sample c o n s i s t e d  of a s p l i t  
c y l i n d e r  t o  s i m u l a t e  a j o i n t .  Samples were taken a t  predetermined 
intervals u n t i l  t he  80 cc charge was exhausted. 

For very  rough joints the flow rate d i d  not change with t ime  as the 
f l u i d  chemistry approached equil ibri urn values. A t  room 
temperature, 1 4  days were required f o r  equilibrium between the  
water and rock .  For chemical components such as  Ca, Na, K, and Mg 
e q u l l i  b r i m  was approached asymptotically. For a p o l i s h e d  jo in t  
with s m a l l e r  apertures equilibrium was  established a t  about the 
same rate, but the f low rate decreased w i t h  t i m e  with t h e  rate  of 
decrease slowing a f t e r  a coup le  of days.  Future work i n c l u d e s  
identifying t h e  mechanism f o r  this t imwdependen t  flow rate. 



B .  Closure 

The GreenwoodcWil l  iamson~Walsh7 Grosenbaugh t heo ry  descr i bing the 
e l a s t i c  deformation of joints has been w r i t t e n  i n  a more general  
form. We have tested t h i s  theory q u a n t i t a t i v e l y  i n  the l a b o r a t o r y .  
This has been done by comparing j o i n t  closure fsom experiment with 
j o i n t  closure p r e d i c t e d  by t h e  t h e o r y .  These comparisons were made 
using a c t u a l  topography data  from the  su r f aces  of the j o i n t s  used 
in the experiments. 

Joint  closure exper iments  were done using fused silica g l a s s  as a 
materials because of its i s o t r o p y  and its wellrknown e l a s t i c  
modul i .  J o i n t s  consisted of  s a w ~ c u t s  whose faces were ground w i t h  
8220, 87 20, #80, and F60 po l i sh ing  grits. Experiments were done 
where one rough surface w a  in contact  w i t h  a f l a t  surface and 
where t w o  similar rough surfaces were i n  contact .  Maximum s t r e s s e s  
reached i n  these experiments ranged from 7.5 MPa t o  10 MPa. 

The maximum j o i n t  c l o s u r e  a t  a given normal stress does n o t ,  i n  
g e n e r a l ,  depend s o l e l y  on t h e  rms h e i g h t  of the  surf aces i n  
contact. The amount of joint closure depends more s t r o n g l y  on the 
shape of t h e  uppermost t a i l  of t h e  p r o b a b i l i t y  d e n s i t y  function f o r  
summits ( local  maxima) on t h e  s u r f a c e s .  To campute t h e  surface 
topography parameters in t h e  g o i n t  closure t heo ry  using oner 
dimensional  p r o f i l e s ,  a model f o r  surface topography  must be 
assumed. The best agreement between theory and  experiment is 
obtained w i t h  a model t h a t  includes t h e  t r u e  skewed n a t u r e  of t h e  
p r o b a b i l i t y  d e n s i t y  functions associated with t h e  surf aces i n  
contact. For  these experiments, the  i nve r t ed  chi  squared model f o r  
surface topography of Adler and Firman (1981) shows much b e t t e r  
agreement with experiment than does t h e  gausslan model of Nayak 
(3971 1. 
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Scope of Work 

T h i s  propam was s t a r t ed  a s  an involvement  i n  two major geothermal 
projects, namely t h e  Hot Dry Rock Geothermal Energy Development Pr oJect 
of the Los Alarnbs National Laboratory and  the  Magma Energy P r o j e c t  of 
Sand ia  National Laboratories. The t h e o r y  and methods developed far 
i n t e r p r e t a t i o n  of various seismic exper iments  conducted a t  Fenton H i l l ,  
New Mexico, and Kilauea Iki, Hawaii, however, found a v a r i e t y  of 
app l i ca t ions  t o  other geothermal  areas and volcanoes, and our research 
has been evolving into what might be c a l l e d  Volcanic Seismology. 

I n  t h i s  program, we a r e  a p p l y i n g  t h e  methods of both p a s s i v e  and 
a c t i v e  se i smology  t o  t h e  c a n d i d a t e  sites f o r  CSDP, s u c h  as  Long Val ley ,  
Jemez Mountaiqs and Imperial  Valley in order  t o  d e l i n e a t e  t h e  
geometrl c a l  and mechanical pro pert ies of t h e  geothermal system. We use 
a se t  of d i g i t a l  event recorders f o r  col lec t ion of h i g h  quality d a t a  as 
used in our s t u d y  of Mt. St .  Halens.  Ow i n t e r p r e t a t i o n  methods f o r  
observed seismic s lg r ia ls  from volcanoes and geothermal areas i n c l u d e  the 
effects  of seismic wave g e n e r a t i o n ,  t r a n s m i s s i o n ,  scattering, and 
attenuation i n  a medium containing f l u i d p f i l l e d  cracks. 

Major  accomplishments in t h e  past year include ( 1 ) Development of 
theory  of magma i n t r u s i o n  and volcanic tremor and a p p l i c a t i o n  t o  t h e  
Mammoth L a k e s  seismic e v e n t s ,  and ( 2 )  Determination of frequency 
dependence of a t tenuat ion i n  t h e  Long Val ley .  W e  discovered that Q f s  
and S waves and coda wares i n  the Long V a l l e y  show a unique f r e q u e n c y  
dependence,  which i s  similar t o  the Kilauea, Hawaii, region but 
d i s t i n c t l y  d i f f e r e n t  from a l l  other areas s o  f a r  s t u d i e d .  
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Scope of Work 

The ob jec t ive  of t h i s  p r o j e c t  i s  t o  deve lop  t h e  scientific basis 
f o r  t h e  pract ica l  u t i l i z a t i o n  of microcracks in DOE energy programs. 

Open microcracks c o n t r o l  such i m p o r t a n t  properties as h y d r a u l i c  
p e r m e a b i l i t y ,  e l ec t r i ca l  c o n d u c t i v i t y ,  c o m p r e s s i b i l i t y ,  thermal 
expans ion ,  and the vePoci t ies  of e las  tic waves. Healed microcracks 
provide  da t a  o n  t h e  p ressu r~ tempera tu re~s t re s s  h i s t o r y  of a rock and 
may be useful i n  e s t i m a t i n g  t h e  p r o p e r t i e s  a t  t h e  time the healed cracks 
were open. The potential a p p l i c a t i o n s  include (11 site c h a r a c t e s i z a t i o n  
for  waste repositories; (2) estimation of t h e  changes of p e r m e a b i l i t y  of 
rock  i n  s i t u  due t o  changes of t e m p e r a t u r e  associated with p r o d u c t i o n  i n  
a hot-dryrrocks geothermal system; ( 3 )  p r e d i c t i o n  of t h e  behaviour of 
c e r t a i n  i so topes  i n  r a d i o a c t i v e  waste emplaced i n  g r an i t i c  rocks; and 
( 4 )  improvements i n  t h e  e x p l o r a t i o n  techniques f o r  uranium in 
crystalline rocks. 

We use t h e  p e t r o g r a p h i c  microscope, the scanning  e l e c t r o n  
microscop? (SEMI e q u l p p d  w i t h  bo th  h igh  energy r e s o l u t i o n  b a c k s c a t t e r e d  
electron d e t e c t o r  and imaging system and an energy dispersive x-ray 
system, and various phys ica l  proper t ies  measured as a function of 
pressure to charactesize micfocracks. The SEM yields i n f o r m a t i o n  on 
healed cracks (composi t ion and  extent of t h e  minerals t h a t  f i l l  formerly 
open microcracks, ex ten t  of h e a l i n g ,  and t h e  physical d i m e n s i o n s ) .  
Presently open micro f r ac tu re s  are c h a r a c t e r i z e d  with t h e  SEM and also 
w i t h  a high p r e c i s i o n  technique f o r  the measurment of strain a s  a 
func t ion  of pressure {differential s t r a i n  analysis, DSA) . 

We have examined t h e  rnobillzation of uranium and r a r e  e a r t h  
elements in several  igneous rocks:  Conway and Mount Osceola g r a n i t e s  of 
New Hampshire, Sherman granite of Wyoming and Colorado, the Carmenel l is  
granite of southwest England,  and var ious  granl t es and contf guous 
metasedimentary r o c k s  near Augusta, Maine. several different uran ium 
b e a r i n g  and REEtbearing minerals occur in t h e  m i c r a c r a c k  i n  these rocks 
over ex tens ive  geographical  areas and ver t ica l  d e p t h s  - a t  l eas t  250 
square k i l o m e t e r s  and a ve r t i c a l  ex ten t  of one kilometer f o r  t h e  New 
Hampshire r a n i  tes . Recause t h o r i  u m ~ b e a r i n g  secondary minerals a l s o  



occur in t h e  same microcracks, it now appears that thorium may have been 
mobilized along with U and the  REEs. 

Uranium and REEs were mobilized i n  t h e  Sherman g ran i te  over 
distances of a t  l e a s t  50 kilmeters and vertical extent of 350 meters. 
They have remained immobile for one b i l l i o n  years. It would appear t h a t  
t h i s  granite provides a guide to the type of crys ta l l ine  rock for use as 
a hf gh l e v e l  rad-waste repository: namely, a granite pluton t h a t  has 
been altered and  in which t h e  microcracks are  sealed.  
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T i t l e  Exper imenta l  Formation or  Chalk f rm  Calcareous 
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Scope of Work 

The purpose  of t h i s  project was to determine t h e  chemical and 
p h y s i c a l  changes which occur d u r i n g  t h e  transformation of ooze t o  c h a l k .  
Chalk  comprises a large part of the marine c a r b o n a t e  record ,  and oil is 
present ly  being produced from chalk reservoirs. An understanding of t h e  
mechanism of cha lk  d i agenes f s  has i m p l i c a t i o n s  pe r t inen t  t o  a broad 
range of problems In geology. 

Hydrothermal experiments on t h r e e  calcareous oozes of different 
compositions were performed a t  low water t o  rock r a t i o s  in a flow7 
through apparatus and a pore f l u i d  sampler apparatus  developed a t  t h e  
U n i v e r s i t y  of Minnesota. These f a c i l i t i e s  allow u n c o n s o l i d a t e d  sediment 
t o  be compacted and dewatered i n  t h e  exper imenta l  cell. Sediments i n  
t h e  f l o w ~ t h r o u g h  system were exposed t o  300 bars d i f f e r e n t i a l  pressure, 
100 bars pose pressure;  those i n  the squeezer assembly were exposed to 
1100 bars con f in ing  pressure and little pore pressure. Experiments 
l a s t e d  t w o  weeks a t  150 C. 

The sediments were chosen to ref lec t  t h e  changes in carbonate 
sediment  composition through t h e  Calc i te  Compensation Depth. The 

o r i g i n a l  pore f l u i d  i n  the oozes was replaced w i t h  Ng and SO; free 

a r t i f i c i a l  seawater similar t o  t h a t  i n fe r red  t o  exist in chalk 
formations at  d e p t h .  The presence of Mg a n d  S r  i n  the reacted pore  
fluid and the  decrease i n  pH and Ca concentration s e f l e c t e d  C a ~ x  
exchange and the rep lacement  of less stable carbonate phases, v h i l e  
exchange r eac t ions  with c lays  i n t r o d u c e d  e lements  such a t  Si and Fe i n t o  
the pore f l u i d .  I n f t i a l  p o r o s i t y  r e d u c t i o n  due t o  compaction was 
f u r t h e r e d  by pressure solut ion;  f rag i le  coccoli ths d i s s o l v e d  while  
s o l u t i o n - r e s i s t a n t  forms became more abundan t .  The sediments in the 
pore f l u i d  sampler which were exposed t o  l i t t l e  pore pressure 
experienced a s l i g h t l y  greater r e d u c t i o n  i n  porosity. 

The fo l lowing  conclusions are r e l e v a n t :  1 )  The p o r o s i t y  decrease 
due t o  compaction and dewatering of calcareous oozes i s  re inforced  by 
h i g h  conf in ing  pressure and elevated temperature which produce welded 
contacts  and l i t h i f i e d  sed iment .  2)  The el imination of unstable phases ,  
as  r e f l e c t e d  by t h e  CarMg exchange and t r a c e  element abundances , 



increases the  p r e s e r v a b i l i t y  of t h e  sediment. 3) Trace element 
abundance in Peacted pore f l u i d s  can be traced to CarX exchange in 
carmnate phases and exchange reactions ~i th clays. The t race element 
compositions of reservoir pore f l u i d s  and sediments may be useful in t h e  
determination of condf tions of li t h i f  i ca t ion  and diametic pathways. 4 )  
Expesiments on cha lk  diagenesis  i l l m i n a t e  mechanisms of lithification 
and p o r o s i t y  r e t e n t i o n  in cha lk  reservoirs. 
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T i t l e :  I. S t u d i e s  i n  Ceophyslcs 

Person in Charge: Thomas M. Usselman 

The Geophysics Research Forum ( G R F )  of the National Research 
Council, National Academy of Sciences is conduc t ing  a series of S t u d i e s  
in  Geophysics  d e a l i n g  with timely s c i e n t i f i c  and  s o c i e t a l  aspects  of 
geophysics and the  corresponding demand on geophysical knowledge. 

The studies i n c l u d e :  (1) problem-oriented s t u d i e s  such  as demands 
on geophysi caL knowledge i n  connect ion with climatic v a r i a t i o n s ,  f resh  
water resources, mineral resources, geothermal and o t h e r  energy sources, 
natural  hazar da,  and environmental maintenance; and 2 2) sclenceroriented 
studies such as geophysical d a t a ,  international programs i n  geophysics, 
status of developments and dpportuni t i e s  in geoph y s i  cs , and impact  of 
t echno logy  on geophysics. Each s t u d y  is conducted by a panel  selected 
for  t h e  spec i f i c  purpose. The prel iminary f i n d i n g s  of each s t u d y  are 
presented to the scientific community for comment a t  a s u i t a b l e  
symposium. Two or three s tud ies  are expected t o  be cmpleted each year. 

The stud ies  are guided by t h e  Geophysics S t u d y  Commi t tee  (GSC) . 
Members of the  committee a re  Arthur  E. Maxwell (chairman) , C o l i n  5. 
B u l l ,  John C. C r o w e l l ,  Devrie S. I n r i l i g a t o r ,  Nicholas C .  Matalas, J. 
Murray M i t c h e l l ,  V. Rama Murthy , a n d  Ferris Webster; and  Thomas M. 
Usselman, s taf f  of f icer .  

Studies Completed 

ENERGY AND CLIMATE (Roger R . Revelle , pane l  chairman ) . Pub1 i s h e d  in 
1977 (158 pp. ). 

ESTAURIES, GEOPHYSICS A N D  THE ENVIRONMENT (Charles B. O f f i c e r ,  pane l  
chairman). P u b l i s h e d  i n  1977 (127 p p . )  . 
CLIMATE, CLIMATIC CHANGE, AND WATER SUPPLY (James R. Wallis, panel 
chairman). Publ ished i n  1977 (132 pp .) . 
THE UPPER ATPOSPHERE AND MAGNETOSPHERE ( Francis  S .  Johnson, panel  
chairman). P u b l i s h e d  i n  1 9 7 7  1169 pp.  1. 

GEOPHYSICAL PREDICTIONS (Helmut E . Lands berg, pane l  chairman) . 
Published i n  1978 (215 pp.). 



GEOLOGICAL PERSPECTIVES ON CLIMATIC CHANGE (Preston Cloud,  ad ho c 
committee chairman). P u b l i s h e d  in 1978 ( 4 6  pp.  ) . 
IMPACT OF TECHNOLOGY ON GEOPHYSICS (Homer E.  Newell, panel chairman) . 
Publ i shed  I n  1979 (136 pp.3 .  

CONTINENTAL TECTONICS ( B. C l a r k  Bur chf iel , Jack E. 01 i ver and Leon T . 
Si lve r ,  panel  cocchairmen). P u b l i s h e d  i n  1980 (197 pp.1. 

MINERAL RESOURCES: G E E T I C  CONSIDERATIONS FOR PRACTICAL APPLICATIONS 
( P a u l  B. Barton, Jr., panel chairman). P u b l i s h e d  in 1981 (119 p p . ) .  

S C I E N T I F I C  BASIS OF WATER RESOURCE MANAGEMENT (Myron B, F i e r i n g ,  panel 
chairman). Publ i shed  in May 1982 (127 p p . )  . 
SOLAR V A R I A B I L I T Y ,  WEATHER, AND CLIMATE ( John A .  Eddy, p a n e l  chairman) . 
Published in July 1982 (104 pp.  1. 

CLIMATS IN EARTH HISTORY (Wolfgang H. Berger and John C .  Crowel l ,  pane l  
co~chai rmen) .  Published in December 1982 (198 p p . ) .  

FUNDAMENTAL RESEARCH ON ESTAURIES (L. Eugene Cronin and Charles  B. 
O f f i c e r ,  panel co-chairmen). P u b l i s h e d  May 1983 (79 pp.). 

EXPLOSIVE V O L C A N I S M :  I N C E P T I O N ,  EVOLUTION, AND H A Z A R D S  ( Francis  R.  Boyd, 
panel chairman). P u b l i s h e d  January 1 9 8 4  (192 p p .  1. 

GROUNDWATER C O N T A M I N A T I O N  ( John D . Bredehoef t , panel chai m a n  ) . 
Publ i shed  February 1984 (179 p p . )  . 

Studies  in Premration 

Geophysical Data and P u b l i c  Po l i cy  (Michael A .  Chinnery,  pane l  
chairman). Publication is expected in 1984. 

Atmospheric Electr ical  Environment ( E .  P h i l i p  Kr ide r  and Raymond G. 
Roble ,  panel  co-chairmen) . Symposium h e l d  June 1983, publication is 
expected f o r  1984. 

Active Tectonics  (Rober t  E. Wallace, panel chairman).  Symposium h e l d  
December 1983, p u b l i c a t i o n  i s  expec ted  i n  1985. 

Sea-Level Change (Roger R. Revel le ,  panel chairman). Symposium is 
schedtLled for  December 1984. 



Scope of Work 

The modular pat;tern for  t h e  S t u d i e s  i n  Geaphysics was des igned  t o  
permit  s e l e c t i o n  of the  most t i m e l y  topics  t o  meet the following 
o b j e c t i v e s :  

(1) to s e t  f o r t h  t h e  current  and prospect ive con t r ibu t ions  t h a t  the  
geophysical sciences can make to such  concerns of mankind as 
energy ,  non-renewable resources, and  the environment; 

( 2 )  to prov ide  goverment  o f f i c i a l s  w i t h  t e chno log i ca l  and s c i e n t i f i c  
eva lua t ions  t h a t  can serve as a basis to a s s i s t  in dec i s ion  making 
I n  matters involving geophys ica l  research and knowledge, b o t h  in 
po l i c i e s  and programs; 

( 3 )  t o  provide  t h e  scientific community a b a s i s  f o r  judgments  w i t h  
respect t o  the development of t h e  b a s i c  science of geophysics in 
t he  broad sense and w i t h  respect to the r e l a t ive  importance to 
socie ty  of t h e  developments w i t h i n  var ious  branches of geophys ics .  



Contractor: NATIONAL ACADEMY OF SCIENCES/ 
NATIONAL RESEARCH COUNCIL 
Washington, DC 20418 

Contract:  DE-FG01-82ERl2018 
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Person in Charge: Joseph W. Berg, 3 r .  

Scope of Work 
The Cmmittee on Seismology meets twice a year t o  discuss cu r ren t  

topics of major importance relevant to seismology, t o  review w i t h  
@government agency personnel, i n  par t icular ,  t h e  actions t h a t  have 
r e s u l t e d  from recommendations of t h e  committee and its panels, and t o  
take actions t o  assure a h e a l t h y  science which i s  i n  a p o s i t i o n  t o  
provide maximum beneflts  t o  t h e  n a t i o n  and t o  society. These a c t i v i t i e s  
are directed a t  fulfilling the fundamental mission of the  committee,  as 
follows: t o  maintain an a c t i v e  surveiklanee of major trends i n  
seLsmology and of developments related t o  seismology i n  a l l i e d  
s c i e n t i f i c  and technical fields; t o  provide special studies f o r  
government agencies on appropriate subjects or problems; t o  maintain 
cognf zance of and t o  p-ovide advice o n  international seismological 
a c t i v i t i e s ;  t o  provide advice t o  government agencies concerning the 
operation of U .  S. Government-supported seismograph networks and data- 
disseminatiofi f a c i l i t i e s ;  and t o  coordinate seismologically related 
activities w i t h i n  t h e  National Research Council, par t icular ly  i n  t h e  
f i e l d s  of* earthquake e n g i n e e r i n g ,  rock mechanics, geodesy, geodynamics, 
and geology. Panels a r e  established t o  conduct ad hoc s tudies  on t o p i c s  
s p e c i f i e d  by t h e  committee. 

Mmbers of the comrnlttee are Paul W. Pmroy (chairman), Lawrence W. 
Braille, C. Allin Cornel l ,  Robert S. Crosson, R i c a r d o  Dobsy, Robert B .  
Hermann, Thomas H. J o r d a n ,  Hirao K a n m o r i ,  F r a n k l y n  Levin,  David W. 
Simpson, and  Robert E. Wallace; and Joseph W. Berg, Js., staff  officer.  

Products \ 

The C m m i t t e e  issued three reports during t h e  contract pe r iod  as  
follows: S e i s r n o p a p h  Networks: P r o b l m s  and O u t l o o k  f a r  the 1980s 
( 1 9 8 3 ) ;  Effect ive  Use of E a r t h q u a k e  Data (1983); and  Seismological 
Studies of the Continental Lithosphere (1984).  

Current A c t i v l  t i e s  
The Canmittee on Seismology is planning t o  conduct a study and  t o  

write a report on Seismic Hazard A n a l y s i s  which will prov ide  an in-depth  
review of t h e  s t a t i s t i c a l  and deterministic approaches t o  t h e  problem. 



Contractor: NATIONAL ACADEMY OF SCIENCES 
NATIONAL RESEARCH COUNCIL 
Washf ngton, DC 20418 

Contract:  DE-FG01-82ER12018 

Title: 111. U .S. Geodynamics Cmmi t t e e  

Person in Charge: Pembreke J. Hart 

Scope of Work 
The U.S. Geodynamics Cmrnittee (USGC) w a s  e s t a b l i s h e d  i n  1969 t o  

foster and encourage studies of the dynamic h i s t o r y  of t h e  ear th ,  w i t h  
appropriate attention t o  both basic science and applicat ions.  The USGC 
work is based l a rge ly  on  t h e  recommendations d e v e l o p d  by its 17 
reporters and their associated groups. I n  1976, a t  the request of t h e  
Geophysi cs Research Board, the  USGC began planning U. S ,  sesearch 
ac t iv i t i e s  i n  solid-earth studies i n  the  1980ts. I n  the  following 
years, t h e  committee devoted a considerable e f fo r t  t o  th is  task; t h i s  
l e d  t o  the  r epo r t ,  Geodynamics i n  the l98O1s, p u b l i s h e d  in 1980. T h i s  
repor t  emphasizes the  o r i g i n  and evolution of con t inen ta l  and oceanic 
crust, the  continent-ocean t r an s i t i on ,  the  r e l a t i on  of mantle dynamics 
t o  c ru s t a l  dynamics, and  a geodynamic framework for  understanding 
resource systems and na tura l  hazards . 

Members of the committee are Jack E. Oliver  (chairman), Don L. 
Anderson, Bruce A .  Bolt ,  Francis R. Boyd, B. Clark Burchf i e l ,  William C. 
Kelly, Davf d L. MacKenzie, John C. Maxwell, Frank Rich te r ,  and David W. 
Schol l ;  and  Pembroke J. Hart, s taff  o f f i ce r .  

The list of top ics  and respective reporters has been subject t o  
c o n t i n u a l  revlew and r e v i s i o n ,  as appropriate. As of December 1983, the  
l i s t  was as fol lows:  

F i n e  Structure  of the  Crus t  and Upper Mantle J. E. Oliver 
Evolution of Oceanic Li thosphere  J, I?. Heirtzler 
Large Volume Experimentation R.  C . Liebsrmann 
Applicat ion of Isotope Geochemistry t o  Geodynami cs R. E. Zartman 
Geodynami c Modeling D ,  L. Turcotte 
Dr i l l i ng  f o r  S c i e n t i f i c  Purposes F. G. Stekili 
Magnetic Problems C. E. Helsley 
Plate  Boundaries J. C. Maxwell 
Geodynamic Data -- User's Needs W. 3. Hinze 
Geodynamic Data -- Archiving Problems M. A .  Chinnery 
Li thospher ic  Properties T. H. Jordan  
Comparative Planetology J. W. Head 
Continent-Ocean Geodynamic Transects R .  C .  Speed 
Electrical Properties of t h e  Asthenosphere C. S. Cox 
Coordination of Major Geodynamics-Related P r o p a n s  A .  R. Palmer 
Geophysics Film Series C, L, D ~ a k e  



The r e s u l t s  of the work of the  USGC and reporters have been i s s u e d  
i n  annual reports ( p u b l i s h e d  o r  unpub l i shed) .  H i g h l i g h t s  are outlined 
below. 

In 1973, t h e  USGC s t r o n g l y  u rged  t h e  application of seismic 
reflection p r o f i l i n g  techniques  t o  the s t ruc ture  of t h e  earth" crust 
and u p p r  mantle. Two years later  a consortium of f o w  u n i v e r s i t i e s  
(COCORP)  b g a n  a p p l y i n g  t h i s  technique. That group has  now completed 
p r o f i l e s  totalling more t h a n  4000 km. This  t e c h n i q u e  has now become a 
s t a n d a r d  tool in i n v e s t i g a t i n g  t h e  earth's crust and upper  mantle. 

The USGC strongly s u p p o r t e d  e f fo r t s  t o  deve lop  a c o n t i n e n t a l  
s c i e n t i f i c  d r i l l i n g  program. The work of t h e  USGC reporter l e d  t o  two 
workshops (1974 and 1 9 7 5 ) .  The r e p o r t  of t he  1978 workshop, C o n t i n e n t a l  
Sc i en t i f i c  Drilling Program (19791, contalned the p r inc ipa l .  conclusion 
t h a t ,  w i t h  advance p l a n n i n g ,  a greater s c i e n t i f i c  re tu rn  c o u l d  be 
o b t a i n e d  through add-an e x p e r i m e n t s  involving a r e l a t i v e l y  small 
increased expenditure  t o  the exist ing large inves tment  i n  d r i l l i n g  by 
government and industry.  The 1979 report recommended that a na t iona l .  
C o n t i n e n t a l  S c i e n t i f i c  D r l l l i n g  P r o p a m  be o r g a n i  zed t o  f aci 1 i t a t e  t h e  
necessary communication and coordinat ion.  As a result of t h e  respnse  
by t h e  federa l  agencies t o  t h e  repor t  recommendations, a C o n t i n e n t a l  
S c i e n t i f i c  Drilling Committee was created In January 1980 under the 
Geophysics Research Board. The U S E  a c t i v e l y  encourages t he  development 
of t h i s  d r i l l i n g  program, including add-on i n v e s t i g a t i o n s  i n  miss ion-  
oriented holes and the d r i l l i n g  o f  holes dedicated  t o  bas i c  s c i e n t i f i c  
a b j e c t 1  ves . 

The reporter for plate  boundaries organized cross s e c t i o n s  across 
ancient  p l a t e  boundaries. Eighteen such cross s e c t i o n s  a re  i n  
prepara t ion  of which s i x t e e n  have been p u b l i s h e d ;  two are i n  press. 

The USGC places s t r o n g  emphasis on  t h e  importance of t h e  t r a n s i t i o n  
zone between c o n t i n e n t a l  and oceanic l i t h o s p h e r e .  The USGC recommended 
t h a t  a series of transects be prepared t o  s e t  f o r t h  e x i s t i n g  g e o l o g i c a l ,  
geochemical and geophysical data along a series of 25 c o r r i d o r s  around 
t h e  Nor th  American coast -- from the con t inen t a l  craton across t h e  
t ransi t ion zone t o  oceanic l i t h o s p h e r e .  The t r ansec t  projec t  began in 
1980. I t  lnvolves e igh t ;  working groups a n d  more than one hundred 
people.  The working groups  met i n  A p r i l  1982 t o  exhibit and review t h e  
results of t he i r  w o r k  t o  date; a p u b l i c  e x h i b i t  (poster session) and 
symposium were h e l d  a t  the meeting of the  Geological Society o f  America 
i n  November 1982. Prepa ra t i ons  of t h e  maps and  cross s e c t i o n s  was 
e s s e n t i a l l y  complete a t  t h a t  time. P u b l i c a t i o n  of t h e  r e s u l t a n t  maps 
a n d  s e c t i o n  i s  under way; completion is expected i n  1 9 8 4  o r  1985. 

The USGC has endeavored t o  a d d r e s s  t w o  main issues regard ing  
geodynarnlc data: t h e  needs of users and p c h i v i n g  p-oblms.  The USGC 
convened a v o u p  in t h e  ea r ly  sevent ies  t o  d e v e l o p  new s e c t i o n s  of t h e  
Guide to I n t e r n a t i o n a l  Data Exchange Through the World Data Centers and 
co l l abo ra t ed  w i t h  t h e  Committee on Geophysical Data i n  )Yeparing the 
solid-earth s e c t i o n  of t h e  CGD repor t  issued i n  1979, The two USGC 
reporters f o r  geodynamic da ta  are  a c t i v e l y  i n v o l v e d  with t h e  current 
s tudy  on geophysical  d a t a  and  p u b l i c  p o l i c y  a n d  t h e  t a s k  aF moderniz ing 
t h e  international Guide .  



The USGC t ook  i n f t i a t i v e  i n  t h e  mid-sever i t ies  t o  encourage and 
assist the product ion of g r a v i t y  and magnetic maps of the U n i t e d  States;  
the e f fo r t  expanded t o  i n c l u d e  North America. Preparation of these maps 
was s t r o n g l y  s u p p o r t e d  by t h e  Society of Explorat ion Geophysicists and 
federal agencies. The g r a v i t y  and magnetic maps for the U n i t e d  Sta tes  
were p u b l f  shed in 1982 and were the subject of  special  symposia on 
appl ica t ions  a t  t h e  fall 1982 meeting of S E G .  P u b l i c a t i o n  of the maps 
fo r  North America i s  expected w i t h i n  t h e  n e x t  year. 

The reporter f o r  e l ec t r i ca l  p r o p e r t i e s  of t h e  asthenosphere has 
worked closely with  the i n t e r n a t i o n a l  committee fo r  a program of the 
same title. Several meetings have been he ld  w i t h  the  objective of 
developing a s p e c i f i c  coopera t ive  program k t w e e n  t h e  United States and 
Canada. 

In 1980, t h e  USGG appointed a repor te r  and associated work ing  group 
t o  ensure coor d i n a t l o n  among major geodynamics-r elated prow ams , 
e s p e c i a l l y  the Circumpilcif ic Map Project ,  Consortium fo r  C o n t i n e n t a l  
R e f l e c t i o n  Profiling (COCORP) , Continental Scientific D r i l l i n g  P r o p a m ,  
Cont inent-0 cean Transects , E a r l y  C r u s t a l  Evolu t ion ,  Deep Sea and 
Continental Margins Drilling, Gravity Anomaly Map for North America, 
LASE, Magnetic Anomaly Map f o r  North America, T e c t o n i c  Map of North 
America, and t h e  USGS Geological Framework Program. An i m p o r t a n t  
result:  agreement was reached t h a t  t h e  major maps will be p u b l i s h e d  on 
t h e  same pro j ec t ion  and a t  t h e  same scale .  

I n t e r n a t i o n a l  Li thosphere Program. The lnternat  ional  Union of 
Geodesy a n d  Geophysics and t h e  I n t e r n a t i o n a l  Union of Geological  
Sciences have organized t h e  International Lithosphere  Program -- a n  
I n t e r n a t i o n a l  program of geodynarnics f o r  t h e  1 9 8 0 9  as a successor t o  
t h e  Geodynamics Project ,  which formally ended in December 1979. The 
f u l l  t i t l e  or t h e  new program i s  "Dynamics and Evolut ion of the 
Lithosphere:  The Framework for  Ea r th  Resources and t h e  Reduction of 
Hazards." l n t e r n a t i o n a l  guidance i s  p rov ided  by the Inter-Union 
Commission o n  the L i t h o s p h e r e .  The secre ta r ia t  of' t h a t  commission is  
loca ted  i n  t h e  U n i t e d  States;  basic suppor t  f o r  the  pract ical  operat ions 
of t h e  s ec re t a r i a t  is prov ided  through t h e  USGC. The international 
program is d e v e l o p i n g  in a manner p a r t l y  analogous t o  t h e  new p l a n s  of 
the USGC. I n  particular,  t h e  emphasis has s h i f t e d  toward the con t inen t s  
and t h e  continent-ocean t r ans i t ; i on  for  reasons of  s c i e n t i f i c  and 
s o c i e t a l  relevance, e s p e c i a l l y  in t h e  areas of resources  and natura l  
hazasds. The USCC serves as the U . S .  counterpart t o  the Inter-Union 
Commission on t h e  Li thosphere.  

Workshop on t h e  Lithosphere.  The USGC organized a workshop on 
problems of the l i t h o s p h e r e  which w a s  h e l d  in March 1982,  in A u s t i n ,  
Texas. The workshop focused primarily on areas of scientific 
cont roversy  i n  connection with t h e  l i t h o s p h e r e ,  wi th  t h e  expectation 
t h a t  this will p ~ o v i d e  guidance regasding t h e  most p r o d u c t i v e  areas fo r  
research i n  t h e  coming years. Proceedings were published in The - 
Lithosphere:  Report of a Workshop (1983). 

F u t u r e  Work of the  USGC 



1. Identify actions that can be taken inresponse torecommendatfons 
of the reporters.  

2. Assess new d i r e c t i o n s  for  the committee andnew p r i o r i t y  topics t o  
which the committee can react direct ly  or via a reporter. T h i s  
assessment w i l l  take especially i n t o  account Geodynamics in the 
19&Ot3, the discussion at the Workshop on  t h e  Lithosphere, the 
Continental Scientific Drilling Program, the In te rna t iona l  
Li thosphere Progrm, and recommendations of reports of the Board on 
Ear th  Sciences (e  . g . ,  Seismological Studies  of the Continental 
Lithosphere; and report of the Cmmittee on Global and 
International Geology) .  

3. Address t he  program of t h e  International Lithosphere Commission 
(I-CL}. What act ion shou ld  the USGC take i n  response t o  
recommendations of the I C L ?  C a n  t h e  USGC provide guidance and 
recommendations for t h e  Lithosphere Commission? 



Contrac tor :  N A T I O N A L  ACADEMY OF SCIENCES/  
NA TTONAL RESEARCH C O U N C I L  
Wash.ington, DC 20418 

Contract :  DE-FG01-82ER12018 

Ti t le :  I .  Cont inenta l  S c i e n t i f i c  D r i l l i n u  C a m i  t t ee  

Person in Charge: Rober t  S. Andrews 

Scope of  Work 

The Cont inenta l  S c i e n t i f i c  D r i l l i n g  C a m i  t t e e  ( C S D C )  was 
e s t a b l i s h e d  i n  January  1980 a t  t h e  N a t i o n a l  Academy of Sciences-Mat i ona l  
Research Council t o  work toward j.rnplemcntatien of t h e  r~csrnmendati.ons i n  
t h e  r e p o r t  of t h e  July 1978 Workshop on C o n t i n e n t a l  D r i l l i n g  f o r  
Scientific Purposes h e l d  at Los Alamas, New Mexico. This r e p o r t ,  
Continental S c i e n t i f i c  Drilling Program ( L 9 7 9 ) ,  j d e n t i f l e d  r? rn.-tjor qoal 
f o r  t h i s  program of max imiz ing  t h e  s c i e n t i f i c  v a l u e  of current and 
planned d ~ i l l i n g  a c t i v i t i e s  of federa l  agencies and of i n d u s t r y  t h r c u ~ h  
add-on exper iments ,  and supp lement ing  t h e s e  e f f o r t s  with l tdedi  catedti  
holes d r i l l e d  f o r  s c i e n t i f i c  purposes .  In 1983 t h e  CSDC &came an 
a c t i v i t y  under t h e  n e w l y - e s t s h l i  shed Doard on E a r t h  S c i p n c m .  

Memkrs of  t h e  CSDC are :  F r a n c i s  S t e h L i  (chairman),  Charles Bacon, 
Lawrence Cathles ,  Charles Drake, James EideL, Howard Gould,  Kate Hadley , 
John Hermance, W i l l i a m  Hinze, Charles Mankin, Jack O l i v e r ,  ElburL 
Osborn,  C .  Barry Raleigh, R i c h a r d  Traeger, and Matt  Walton; a n d  Rohert 
Andrew, s t a f f  o f f i c e r .  

Scientific o b j e c t i v e s  for  t h e  National  Continental Scientific 
D r i l l i n g  Propam me formulated by t he  panels  of t h e  CSDC, six of which 
c u r r e n t l y  exist: Thermal R e ~ i m e s ;  Basement S t r u c t u r e s  and Deep 
Continental B a s i n s ;  P ine ra1  Resources; Fownhole P h y s i c a l  P r o p e r t y  
Measurements and F a u l t  Zone D r i l l i n g ;  D r i l l i n g ,  Logging, and  Ins trurnent  
Technology; and Sample Curatien and Data Management. The CSDC 
e s t a b l i s h e d  e i g h t  a d  hoc t a s k  groups  t o  address  s p e c i f i c  research 
d r i l l i n g  targets  and objec t ives :  Sa l ton  Sea Geothermal F i e l d  (CAI ; 
VaLles Caldera (NM); Yellowstone (WY); Cre~de Mining Distri c t  ( C O } ;  
Tonopah Mining  Distrlct ( W )  ; Red Mountain Mining District ( A Z )  ; 
Southern Appalachians; and Sample  C u r a t i o n  F a c i l i t i e s .  

A - DEW ( D r i l l i n g  - E a r l y  Warning) NEWSLETTER was e s t a b l i s h e d  by t h e  
CSDC a s  its mechanismfor communicating w i t h  t h e  scientific community. 
This newsletter i s  d i s t r i b u t e d  on occasion t o  approximately 2500 
researchers i n  u n i v e r s i t i e s  and o the r  academic institutions, i n d u s t r y ,  
government l a b o r a t o r i e s  and geoscience admin i s t r a to r s ,  ~ n d  geoscience 
soc i e t i e s ,  and  t o  in te res ted  foreign s c i e n t i s t s .  The mos t  important 
role of t h e  DEW NEWSLETTER is t o  announce ear ly  i n  t he  p l a n n i n ~  s tage  



important e p p o r t u n i  ties f o r  add-on i n v e s t i g a t i o n s  to d r i l l i n g  a c t i v i t i e s  
of goverment  and i n d u s t r y  and  encourage c o l l a b o r a t i v e  research e f f o r t s .  
It a l s o  ~ o v i d e s  i n f o r m a t i o n  on t h e  committee's a c t i v i t i e s ,  announces 
important mee t ings  and publicat ions,  and serves as a forum f o r  
i n t e r e s t e d  s c i e n t i s t s  t o  exchange i n f o r m a t i o n  re la ted  t o  d r i l l i n g .  Nine 
newsletters were distri but ed by mid-1984. 

I n  1980,  the CSDC reviewed t h e  scientific pLan for add-on 
i n v e s t 1  g a t i o n s  t o  an i n d u s t r y  d r i l l i n g  a c t f  v i t y  i n  nor thern  I l l i n o i s  and 
i s sued r epor t  e n t i t l e d  Comments of the  C o n t i n e n t a l  Scientific D r i l l l n g  
Committee on t h e  Document t ' I l l i n o i s  D e e ~  Hole P r  o. iect -- P r  elirninarv .. 
Plan . "  Research r e s u l t s  from t h i s  project were p u b l i s h e d  i n  t h e  1 0  
September 1983 issue  of the Journal of Geophysical Research. 

Current Act iv i t i es  

S i n c e  the summer of 1983, t h e  CSDC has great1  y accelerated its 
ac t iv i ty .  T h i s  book place as t h e  r e s u l t  of h igh i n t e r e s t  expressed by 
t h e  White House Office of S c i e n t l f  i c  and Technology P o l i c y  (OSTP) i n  
providing maijor incremental f u n d i n g  for  a Natf ana l  Continental 
Scientific D r i l l i n g  Program for FY 85. Impor tan t  factors t h a t  l e d  t o  
this s i t u a t i o n  were the  p u b l i c a t i o n  of the Board on  Ea r th  Sciences1 
report O p p o r t u n i t i e s  for  Research i n  t h e  Geo log ica l  S c i e n c e s  and t h e  
r e s e a r c h  b r i e f i n g s  t o  OSTP and otheP r e l e v a n t  goverment agencies by t h e  
Panel on the Sol  id E a r t h  Sciences of the Committee on Science ,  
Engineering, and Public P o l i c y .  

The CSDC has the  goal of f o s t e r i n g  t h e  development of a program of 
maximizing t h e  s c i e n t i f i c  value of current  and p l a n n e d  d r i l l i n g  
a c t i  viti es of i n d u s t r y  and government agencies through add-on 
e x p e r i m e n t s ,  supp lement ing  these ef for t s  with holes d r i l l e d  solely for 
s c i e n t i f i c  purposes .  T h i s  goal has been accompl f shed through 
newsletters, meeting, and symposia which a t t empt  t o  inform the  
s c i e n t i f i c  communlty a s  t o  t h e  n a t u r e  of a p lanned n a t i o n a l  research 
d r i l l i n g  program, o p p o r t u n i t i e s  for  scientists t o  become i n v o l v e d  i n  
d r i l l i n g  e f fo r t s  that  come t o  t h e  committee1 s a t t e n t i o n ,  i n i t i a l  p r i m a r y  
s c i e n t i f i c  objectives and h i g h e s t  p r i o r i t y  t a rge t s  for a research 
d r i l l i n g  program, and p r o v i d i n g  f o r  an exchange of ideas.  

The Panel on Thermal Regimes cmpleted a report  (mid-198Q) to the 
CSDC ~ecomrnending initiation o f  a new, h i g h l y  focused  s c i e n t i f i c  
d r i l l i n g  program aimed a t  u n d e r s t a n d i n g  t h e  roots of hydrothermal  
systems r e l a t e d  t o  young magmatic intrusions. Primary targets  are  high 
l e v e l  s i l i c i c  caldera systems of t h e  Valles c a l d e r a  and t h e  Long Valley- 
Inyo-Mono region.  The imprtance of the Yelloustone system is discussed 
in t h a t  repor t ;  fu r ther  c o n s i d e r a t i o n s  a r e  be ing  made by a new CSDC task 
g roup  concerning t h e  v i a b i l i t y  of t h i s  target f o r  the  f u t u r e .  The 
r e p o r t  a l s o  recommends making use of add-on i nves t iga t ions  wherever 



p o s s i b l e  t a  f u r t h e r  t h e  understanding of the thermal reg ime  of t h e  
Sa l ton  Trough. 

The CSDC learned of an f n d u s t r y  d r i l l  ho l e  i n  t h e  Salton Sea 
Geothermal. F i e l d  t h a t  may provide  an  o p p o r t u n i t y  f o r  add-on 
i n v e s t i g a t i o n s .  The Panel on Thermal Regimes h e l d  an open meet ing of 
i n t e r e s t e d  s c i e n t i s t s  t o  d i s c u s s  this o p p o r t u n i t y  with t h e  p r i n c i  pa l  
i n v e s t 1  gators; the consensus of the group was enthusiastic endorsement 
of t h e  s c i e n t i f i c  merit of t he  plan. The CSDC i s s u e d  a l e t t e r  r e p o r t ,  
Opportunity f o r  Add-on S c i e n t i f i c  Exper iments  i n  a R e p u b l i c  Geothermal, 
Inc., D r i l l  Hole in the S a l t o n  Sea Geothermal  F i e l d ,  i n  October 1982.  
Since t h a t  time, the CSDC has followed t h i s  p ro jec t  w i t h  keen i n t e r e s t  
and has s u p p o r t e d  several  a c t i v i t i e s  t o  develop exper imenta l  research 
FOP t h i s  project  as it has  evolved.  

The Pane l  on Mineral Resources p r e s e n t e d  a report t o  t h e  CSDC (mid- 
1984) recommending maor emphasis on d r i l l i n g  t o  study stacked 
hydrothermal m i n e r a l  d e p o s i t s  i n  four mining d i s t r i c t s :  Creede, Red 
Mountain, Tonopah, and Butte. 

The Panel on Sample C u r a t i o n  and Data Management prepared a report 
concerning c u r a t i o n  of d r i l l i n g  samples and a n c i l l a r y  data. The impetus  
ror t h i s  pane l  was based i n  pa r t  on r e su l t s  o f  a DOE-OBES workshop on 
core curation a t  Los Alamos i n  1981. The r e p e r t  is  presently be ing  
reviewed by the CSDC f o r  i s suance  l a t e r  i n  1980. I n  a d d i t i o n ,  t h e  CSDC 
e s t ab l i shed  a task group to outline t h e  specifications n e c e s s a r y  for a 
national d r i l l i n g  sample  curation f a c i l i t y .  T h i s  task  group  has met,  
and its report  i s  being prepared f o r  issuance i n  June 1984. 

The Panel on Basement Structures and Deep C o n t i n e n t a l  B a s i n s  
addressed d e d i c a t e d  drilling based on a number f s c i e n t i f i c  reports and 
projects , as well as various cornp l l a t ions  of g e o l o g i c a l  and geophysical 
data. The panel  proposed a d e e p  research hole in t h e  sou the rn  
Appalachians a3 its h ighes t  p r i o r i t y  target; a report on its f i n d i n g s  i s  
r eady  f'or Academy review.  The report  should be i s sued  by the  CSDC i n  
the Summer of 1984. The Panel has held several  s p e c i a l  Information 
sessions on r e s e a r c h  d r i l l i n g  a t  various s e c t i o n a l  mee t ings  of t h e  GSA. 

The Pane l  on D r i l l i n g ,  Logging, and I n s t r u m e n t  Technology co- 
sponsored a workshop in l a t e  1983 on d i a g n o s t i c s  and d r i l l i n g  t o  develop 
d ia logue  between s c i e n t i s t s  and t h e  drilling/logging community. Focus 
f o r  t h e  workshop was on s c i e n t i f i c  measurements r e q u i r e d  fo r  research 
drilling projects recommended by the CSDC. The panel is s t u d y i n g  t h e  
s t a t e  of t h e  a r t  i n  drilling and l o g g i n g ,  and w i l l  i d e n t i f y  advanced 
t echno logy  r e q u i r e d  t o  meet s c i e n t i f i c  needs i d e n t i f i e d  by t h e  o t h e r  
panels of the  CSDC. 

The Panel on Downhole P h y s i c a l  Property Measurements and F a u l t  Zone 
D r i l l i n g  prepared a r e p o r t  i d e n t i f y i n g  the San Andreas f a u l t  as the 
highest p r i o r i t y  t a r g e t  t o  study the processes of' active f a u l t i n g .  The 



panel h e l d  a formal symposium o n  t h i s  subject  a t  t h e  AGU 1983 F a l l  
Meeting i n  San Francisco. T h i s  r e p o r t  s h o u l d  be r eady  f o r  issuance by 
the CSDC in Summer 1984. 

I n t e r n a t i o n a l  cooperation and coosdina t ion  i n  c o n t i n e n t a l  
scientific d r i l l i n g  receives c o n t i n u i n g  a t t e n t i o n  o f  the CSDG, The 
chairman, staff  off icer  and o t h e r  members of t h e  CSDC are d i r e c t l y  
invo lved  i n  t h e  a c t i v i t i e s  of the I n t e r n a t i o n a l  Li thosphere Program 
related t o  c o n t i n e n t a l  drilling, and i n  d i s c u s s i o n s  regarding bilateral 
cooperative s t u d i e s .  The CSDC w a s  a cosponsor of the Internat ional  
Symposium on Observa t ion  of t h e  C o n t i n e n t a l  Crust through Drilling, held 
in Tarrytown, NY, 20-25 May 1984 .  Members of t h e  CSDC p a r t i c i p a t e d  i n  
t he  con t inen t a l  d r i l l i n g  ac t iv i t i e s  a t  t h e  I n t e r n a t i o n a l  Geological 
C a n r e s s  i n  Moscow, August 1984. 

F u t u r e  Act iv i t ies  of t he  CSDC 

The g o a l  of the CSDC w i l l  probabl-y change as a n a t i o n a l  program 
becomes a r e a l i t y ,  with mdor inc rementa l  fund ing .  A group of 
universities is in the process o f  forming an  organization t o  manage a 
na t l ana l  progr-am. Many of t h e  activities of t h i s  c o r p o r a t i o n  w i l l  be 
o p e r a t i o n a l l y  o r i e n t e d ,  i n c l u d i n g  decisions on i n d i v i d u a l  p ro jec t s  and 
fund ing .  Some of t he  operational a c t i v i t i e s  may be i n a p p r o p r i a t e  for an 
Academy committee. The f u t u r e  of t he  CSDC w i l l  depend in l a r g e  par t  on 
t w o  f ac to r s :  (1) the needs of the supporting federal agencies to have 
an Academy g r o u p  for o v e r s i g h t  of a management organi  z a t i b n  and f o r  
add re s s ing  lonrterm objectives and t a r g e t s  f o r  a n a t i o n a l  program; and 
( 2 )  t h e  CSDC" perspective on t h e  ability of the  planned management 
o rgan iza t ion  t o  implement t h e  t y p e  of t h e  n a t i o n a l  program called f o r  at 
t h e  t ime of t h e  CSDC's establishment. 



C o n t r a c t o r :  NATIONAL ACADEMY OF SCIENCES/  
N A T I O N A L  RESEARCH COUNCL L 
Washington, DC 20419 

Contract :  DE-FG01-82ER1201R 

T i t l e :  V. Soard o n  Earth Sciences 

Person i n  Charge: Joseph  W .  Berg, Jr. 

Scope of Work 
The fundamental m i s s i o n  of t h e  Board on E a r t h  Sciences of t h e  

Commission on Phys i ca l  Sc iences ,  Mathematics , and Resources is to  
p rov ide  o v e r s i g h t  of the  s o l i d - e a r t h  science a c t i v i t i e s  w i t h  t h e  
N a t i o n a l  Research C o u n c i l ,  t o  p r o v i d ~  a review of r e sea rch  and publ ic  
a c t i v i t i e s  i n  t h e  so l id -ea r th  s c i e n c e s ,  t o  assess t h e  health of t he  
d i s c i p l i n e s ,  a n d  t o  i d e n t i f y  research o p p o r t u n i t i e s .  T h i s  &roup is t o  
take a l e a d f n g  r o l e  i n  h e l p i n g  t o  e s t a b l i s h  s c i e n t i f i c  p o l i c y  bearing on  
l a r g e r  e a r t h  science programs i n  and on behalf of t h e  Uni ted States. A 
major charge of t h e  Board and its committees i s  t o  assess and recommend 
basic reasearch and I t s  a p p l i c a t i o n s  t o  meet n a t i o n a l  and  soc i e t a l  
needs.  

Members of t h e  Board are  William R .  Dickinson (chairman), Don L. 
Anderson,  Paul b .  B a i l l y ,  Thomas  D. Barrow, Lloyd S. C l u f f ,  W. Gary . 
E r n s t ,  Michel T. Halbouty,  Melvin J, H i l l ,  C u r r o l l  Ann Hodges, John 
Imbrie, V, Rama Murthy,  Jack E. O l i v e r ,  Stephen C. P o r t e r ,  C.  Barry 
R a l e i g h ,  J .  William Schopf , and E-an Zen; and J o s e p h  W. Berg, Jr., s t a f f  
o f f i ce r  . 

The committees of t h e  Board a re :  Cmmit tee  Advisory t o  t h e  U.S. 
Geological Survey,  Committee on Cartography, Committee on Geodesy, 
Committee on Geolog ica l  Mapping,  Cmmittee on Global and I n t e r n a t i o n a l  
Geology, Committee o n  Seismology, Con t inen ta l  S c i e n t i f i c  D r i l l i n g  
Committee, U. S. Geodynamics Cmmittee, USNC/Geochemistry, USNC/Geology, 
USNC/International Geographical Union, USNC/International Union of 
Geodesy and  Geophysics ,  USNC/Tnternational Union f o r  Quaternary  
R ese at- ch , and USN C/Roc k Me chani cs . 
Current  Propam 

The aoard main ta ins  an awareness of t h e  n a t i o n a l ,  s o c i e t a l ,  
scientific , and technologica l  demands that solid-earth sciences will be 
expected t o  meet i n  the fu ture  a n d  takes a c t i o n s  which h e l p  t o  meet t h e  
demands. Such ac t ions  a r e  taken  using e x i s t i n g  Nat lona l  Research 
Council a c t i v i t i e s  where p o s s i b l e .  The functions i n c l u d e  t h e  f o l l o w i n g :  

1. I d e n t i f y  b a s i c .  research o p p o r t u n i t i e s  and applied research needs. 



2. Review new technology and recommend ways by which t h e  e a r t h  
sciences can best u t i l i z e  technologica l  advances t o  provide maximum 
benefits t o  soc ie ty  and  t o  t h e  sciences. 

3-  Assess educa t iona l  a n d  manpower requirements r e l a t i n g  t o  f u t u r e  
n a t i o n a l  and s o c i e t a l  demands on t he  ear th  sc i ences .  

4. Provide amechanism to  enhance i n t e r r e l a t i o n s h i p s  between domestic 
and i n t e r n a t i o n a l  p r o r a m s ,  p o l i c i e s ,  and problems based o n  t he  
need to recognize t h a b  t h e  e a r t h  sciences are  i n t r i n s i c a l l y  g loba l  
i n  nature. I 

5. Identify problem areas and h e l p  provide a means f o r  t h e  
dissernfnation of information t o  governmental  p o l i c y  makers a n d  t h e  
general  publ ic  on the  imp l i ca t i ons  of geological da t a  p e r t i n e n t  t o  
many of our major s o c i e t a l  problms.  

6. Coordinate a c t i v i t i e s  i n  t h e  e a r th  sciences w i t h  other National 
Research Council groups having r e l a t e d  respons ib i l i t i e s .  

7. P r o v i d e  advice t o  government agencies  on r eques t  and at t h e  
i n i t i a t i v e  of the  Board. 

8. I n i t i a t e  t asks  t h a t  stem f rm  and a r e  r e l e v a n t  t o  t h e  functions 
given above. The conduct and completion of s p e c i f i c  tasks w i l l  be 
ach ieved  through t h e  use of workshops,  t h e  appointment  o r  s u b u n i t s ,  
and/or any o the r  means deemed appropr ia te  and e x p e d i t i o u s  . 
The committees of t he  Board on E a r t h  Sciences a r e  engaged i n  all of 

t h e  fwctions l i s t e d  above. 

~ r o d u c t s  
Several r e p o r t s  have been i s s u e d  by committees of t h e  Board on  

E a r t h  Sciences. They are: (I) O p p o r t u n i t i e s  f o r  Research i n  t h e  
Geological Sciences;  ( 2 )  Geology a n d  O u r  Future: Smmary of a Workshop 
Report; ( 3 )  The Li thosphere:  Zeport of a Workshop; ( 4 )  S e i s m o ~ a p h i c  
Networks: Problems and O u t l o o k  for  t h e  1980s; ( 5 )  E f f e c t i v e  Use of 
Ear thquake  Data; (6) Seismology of t h e  C o n t i n e n t a l  L i t h o s p h e r e ;  
( 7 )  Annual Review of U .  S. P r o g e s s  in Reck Yechanics - Rock Mass 
Chmacteri  z a t i o n ;  and ( 3 )  n y d r a u l  l c F r a c t u r i n g  S t r ~ s s  M~asurements .  The 
reports are being used by government agencies ard  the scientific 
community. One measure o f  success is t h a t  new incremental funding f o r  
s i t e  s e l e c t i o n  of c o n t i n e n t a l  d r i l l i n g  has been s p c i f  i e d  by t h e  Of f i ce  
of Science and Technology P o l i c y  for  FY 1985. T h i s  was a recommendation 
in O p p o r t u n i t i e s  f o r  Research i n  t h e  Geological Sciences, as well as one 
of t h e  f i v e  research areas identified by t h e  Committee on  Science, 
Engineering, and P u b l i c  P o l i c y  which b r i e fed  o f f i c i a l s  or  OSTP and 
fetleral agencies. 



Contractor:  NATIONAL ACADEMY O F  SCIENCE/ 
NATIONAL RESEARCH COUNCIL 
Washington,  DC 20418 

Contract :  

T i t l e :  V I .  Geophysics  F i l m  Cmmi t t e e  

Person i n  Charge: Pmbroke  J. Hart 

Scope of Work 
The Geophysics Film Ccmrnittee was established i n  t h e  National  

Academy of Sciences t o  p r o v i d e  s c i e n t i f i c  guidance f o r ,  and t o  ensure 
t h e  s c l e n t i f  i c i n t e r 1  t y  o f ,  t h e  film series en t i t l ed  ' (Planet  E a r t h "  
t h a t  is being produced by PBS station W&ED/Pittsburgh i n  cooperat ion 
with t h e  National Academy of Sciences.  The s e r i e s  i s  schedu led  f o r  
p u b l i c  broadcasting i n  t h e  1985-86 season. 

T h e  series w i l l  i n c l u d e  seven one-hour f i lms for broadcas t ing ;  t h e  
f i lms  can be adapted f o r  telecourse a n d  other educa t iona l  pmposes. 

The F i l m  Cmmi t t e e t  s r e s p o n s i b i l i t i e s  include t h e  f o l l o w i n g  t asks :  

1. Select ion of s p c i f  ic t o p i c s  and t i t l e s  for  t h e  f i L m s  i n  t h e  
series.  The s u b j e c t  areas f o r  t h e  seven one-hour f i l m s  are; 
cornparati ve p l a n e t o l o g y ,  s o l i d  earth, mineral and energy resow ees, 
oceanography a n d  hydro logy ,  c l  ImatOlOgy a n d  meteorology, so la r -  
t e r r e s t r i a l  r e l a t i o n s ,  and a concluding segment on  man's impact on 
the earth. 

2. Appointment of a panel f o r  each one-how f ilrn. The basic 
r e s p o n s i b i l i t y  of each pane l  is t o  a s s i s t  the  Commit tee a n d  WQED i n  
i d e n t i f y i n g  appropriate s c i e n t i f i c  top ics ,  s c i e n t i f i c  a c t i v i t i e s ,  
o p p o r t u n i t i e s  for new f i l m i n g ,  and opportunities t o  u t i l i z e  
e x i s t i n g  footage, and t o  r e v i e w  t h e  film and  s c r i p t  as product  i o n  
advances. Thus, each panel will require meetings of t h e  e n t i r e  
panel and of  selected subgroups of t he  panel t o  accornpl i s h  its 
t asks :  

Each panel  ( a  chairman and a p p r o x i m a t e l y  f i v e  members) will 
work closely  with WQED t o  exp lo re  s u b t o p i c s  for  i t s  f i l m  and  t o  
i d e n t i f y  s c i e n t i s t s  who are a t  the f r o n t i e r s  i n  t h e i r  
r e s p e c t i v e  f i e l d  of study and  whose exper iments  are expected t o  
have a major impact i n  science. 

The panel w i l l  assist i n  t he  preparat ion of t h e  film s c r i p t .  

Members of t h e  panel may be asked to par t i c ipa te  i n  
arrangements for t h e  ac tua l  f i lming .  



Each panel w i l l  review the f i lm and i t s  swi pt  as production 
progresses. 

3. A t  a p p r o p r i a t e  stages of produc t ion ,  the C m m i t t e e  will meet t o  
screen and review t h e  seven films fo r  s c i e n t i f i c  content and 
accuracy, as well as t o  confirm t h a t  the overall  theme of the 
series has been addressed. 

4, The Cmmittee and panels  will assist i n  developing w r i t t e n  materf al 
t o  f a c i l i t a t e  use of t h e  films for educational purposes. 

5. Meetings of the  Geophysics F i l m  C m m i  t tee and i t s  panels  have been 
h e l d  or are scheduled during the eighteen-month period of 
development of themes, and p roduc t ion  of t h e  f i l m s .  I n  a d d i t i o n ,  
t r ave l  by t h e  chairman and staff of the Committee, and by subgroups 
of the panels ,  i s  required. 

I n  1983, t h e  Canmlttee established a panel to provide guidance in 
top lc  selection and p roduc t ion  aspects of the sol id-ear th  fllm. That 
f i l m  entered e d i t i n g  in mid-1984. Corre~ponding panels f o r  the 
remaining films have been established;  production of those films and 
associated written material is  proceeding i n  pa ra l l e l .  

Members of t h e  Geophysics Film Committee are: Roger R. Revel le  
(chairman), G. Arthur Barber,  ,Charles L. D r a k e ,  Herbert Friedman, 
Laurence M .  Gould, Thomas F. Malone, John P. Schaefer, Alan J. Shapley , 
Eugene M. Shoemaker, Walter 'S. Su l l i van ,  Verner E. Suorni, James A. Van 
Allen ,  J. Tuzo Wilson, and S t a n l e y  Ruttenberg (senior c o n s u l t a n t ) ;  and 
Pembroke J. Hart and Barbara Valentine, s t a f f .  



Contractor :  UNIVERSITY OF NEVADA 
SEIST"K3LOGICAL LABORATORY 
Reno, Nevada 89557-001 8 

Contract: DE-AS08-82ER120 82 

I. I n v e s t i g a t i o n  o r  Magma Chambers i n  t h e  
Wes te rn  Great B a s i n  

Person i n  Charge: A.  S. R y a l l  

Thf s r e s e a r c h  is  i n  s u p p o r t  of t he  Cont inenta l  S c f e n t i f  i c  Drilling 
S i t e  Assessment Program,  and is aimed a t  d e f i n i n g  t h e  geometry of magma 
bodies  In Long V a l l e y  caldera,  California; charac ter i  zing seismicity 
assocfated w i t h  mama i a e c t i o n  in t he  caldera; searching  f o r  evidence 
of o t h e r  magma bodies i n  t h e  s w r o u n d i n g  region; and s u p p o r t i n g  
cmplementary investigations by o the r  agencies i n v o l v e d  i n  t h e  S i t e  
Assessment Program. Subtas  ks are  descri k d  below. 

During t h e  last h a l f  of 1983 we deployed e i g h t  a d d i t i o n a l  seismic 
s t a t i o n s  n o r t h  and eas t  of Long Val ley  caldera. The US Geological 
Survey has concurrent ly i n s t a l l e d  1 2  new s t a t i o n s  i n  t h e  caldera 
region.  T h i s  brings t o  33 the number of seismographic stations 
r e c o r d i n g  i n  and  around the Long Valley caldera. All of the 
U n i v e r s i t y  of Nevada s t a t i o n s  and many of the USGS s t a t i o n s  are 
being recorded on analog magnetic tape a t  Reno. Station spacing In 
t h e  southwest part of t he  caldera is Less t han  1 0  km; n o r t h  of t h e  
caldera it is 15-20 km. T h i s  network is s u f f i c i e n t  t o  p r o v i d e  a t  
l e a s t  20 readings f o r  t h e  l o c a t i o n  of a l l  earthquakes i n  the  
Mammoth Lakes  area w i t h  magnitude g r e a t e r  t h a n  1 .5  ML. 

The U n i v e r s i t y  of Nevada has developed and t e s t e d  a d i g i t a l  
seismographic system for remote  ope ra t i on .  The d ig i t a l  s t a t i o n  is  
a data acquis i  Lion system that provf des broad- band (0.05-20 Hz) , 
w i d e  dynamic-range 196 dB) d i g i t i z a t i o n  of s imals  from a three- 
component s e t  of seismometers, and telemeters the  da ta  t o  a central 
facility where i t  is continuously recorded .  This  system h a s  been 
t e s t e d  i n  an experiment in Hot Creek Val ley ,  c e n t r a l  Nevada, and 
three s t a t i o n s  are now operat ing in  mine- tunnels  a t  Mina, Badie, 
and Washoe Lake .  A f o u r t h  s t a t i o n  is t o  be i n s t a l l e d  in t h e  Las 
Vegas area i n  the near f u t u r e .  The Bodie and Mina s t a t i o n s  w i l l  be 
used t o  d e t e r m i n e  s p e c t r a l  character is t ics  of se f  smic s ignals  
affected by attenuation i n  Long V a l l e y  caldera.  

5. Data Analys is  

Routine analysis e f fo r t s  have provided a d e t a i l e d  p i c t u r e  of 
earthquake d i s t r i b u t i o n  through e a r l y  1984 and work i s  in peg-ess 
t o  deve lop  a master-event  algorithm t h a t  w i l l  enable us  to  
reanalyze data collected before t h e  dense network was i n s t a l l e d  fn 
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1982. A New system h a s  been i n s t a l l e d  t h a t  w i l l  p r o v i d e  on- l ine  
even t  d e t e c t i o n  and  d i g i t i z a t l o n  of t he  analog se ismic  s ignals  
t r a n s m i t t e d  t o  t h e  Reno da ta  f a c i l i t y .  This  w i l l  f a c i l i t a t e  
a n a l y s i s  of la rge  numkrs of earthquakes and w i l l  al low waveform 
a n a l y s i s  of t h e  n e t w o r k  da ta .  

C, In te rp re ta t ion  -- 

1. Gedrnetry of t he  Magma Chamber ( C .  0 .  Sanders and F. D .  R y a l l )  

In order  t o  o u t l i n e  t h e  th ree -d imens iona l  geometry of t h e  Long 
Val ley  mama chamber, we hav,e s t u d i e d  propagation effects  along 
1200 r a y  pa ths  fo r  nearly t h r e e  hundred small events a r o u n d  t h e  
sou the rn  ca ldera  boundary a n d  w i t h i n  t h e  caldera.  The pr imary 
d i sc r iminant  for paths  through mama appears t o  be anomalous1 y 
l o d  (2-3 H z )  s igna l  frequencies c a n b i n e d  with t h e  l a c k  of an  S- 
wave. S i m a l  characterist ics have been t a b u l a t e d  and mapped 
f o r  a v a r i e t y  of p a t h s  th rough  t he  caldera a n d  a range of event 
d e p t h s .  Two massive magma bodies have been i d e n t i f i e d  i n  t h e  
tong  Valley caldera and the i r  geometries have been mapped out; 
in d e t a i l  in a paper by Sanders soon t o  be p u b l i s h e d  i n  t h e  
Journal of Geophysical Resew ch. We are also i n v e s t 1  g a t i n g  
anoLnalous propagat,ion e f f e c t s  t h a t  s u g p s  t t h e  presence of 
magma bod ies  under Lake Crowley and a l o n g  t h e  f r o n t a l  f a u l t  
system sou th  of t h e  caldera. 

2 .  Magma - Injection ( A .  S. Ryall and F. D. Ryall) 

Earthquakes i n  one small area just east  of t h e  town of Mammoth 
Lakes have tended to occur as i n t e n s i v e  swarms having t h e  
appearanct? of spasmodic tremor obse rved  i n  vo lcan i c  r eg ions .  
Current  research is aimed a t  e x p l a i n i n g  t h e  l o c a l f  z a t i o n  of 
t h i s  type o f  a c t i v i t y  in t h e  sou thwes te rn  part of the caldera ,  
and dete rmin ing  the e x t e n t  to which s w a r m  a c t i v i t y  a long  thy 
s o u t h e r n  caldera boundary may represent d i k e  formation. 

3. Focal Mechanisms (U. R. Vetter and A. S. R y a l l )  

In two papers we have  concluded t h a t  f e c a l  mechanisms of 
ea r thquakes  i n  t h e  n e s t e r n  Great B a s i n ,  i n c l u d i n g  t h e  area 
around Song Val ley caldera, v a r y  sys t ema t i ca l ly  w i t h  d e p t h .  
Shallow even t s  have strf ke-sl i p  mechanisms and events  a t  mid- 
c r u s t a l  d e p t h  have a s t r o n g  component of normal sl i p .  This 
v a r i a t i o n ,  t aken  toge the r  with d l f f e r e n t  f a u l t  geometries a t  
d i f f e r e n t  d e p t h ,  is  c o n s i s t e n t  w i t h  a process of l i t h a s p h e r i c  
e x t e n s i o n  i n v o l v i n g  normal movement o n  p r i m a r y  f a u l t s  and t h e  
format ion of c l u s t e r s  of fissures o r  d i k e s  due  t o  c r u s t a l  
s p r e a d i n g  a t  shallow dep th .  We are  now r e a n a l y z i n g  r eg iona l  
and worldwide da ta  f o r  severa l  l a rge  ear thquakes i n  1980, t o  
determine whether those  events can b~ explained by a m u l t i p l e  
rupture process  r a t h e r  than  t h e  f l u i d  in jec t ion  model r e c e n t l y  
proposed by US Geological Survey scientists. 
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Scone of Work 

The objectives of this research are ( I )  t o  gain an u n d e r s t a n d i n g  of 
what makes or breaks p o r o s i t y  in carbonate rocks  as a r e s u l t  of deep 
b u r i a l ,  (2)  t o  r e l a t e  changes i n  t e x t u r e s  of c a r b o n a t e  rocks  t o  d e p t h ,  
and ( 3 )  t o  develop cr i t e r i a  f o r  in te rp re ta t ion  of fomer dep th  of b u r i a l  
and p a l e o t e m p e r a t u r e  i n  s t r a t a  now a t  shal lower dep th ,  We have adopted 
three parallel lines of i n v e s t i g a t i o n :  ( 1 ) experimental  compaction 
t e s t s ,  ( 2 )  study of cores, samples ,  and w i r e l i n e  l o g s  f rm boreho les  of 
some of t h e  w o r l d ' s  d e e p e s t  hydrocarbon reservoirs, and ( 3 )  study  of 
samples Prom s t ra ta  now exposed t h a t  were fo rma l ly  subjected t o  great 
depth of b u r l a 1  and high  paleotmperat  wes. 

Compaction t e s t s  reveal t h a t  ooi d samples show apprec i ab l e  
r e d u c t i o n s  or bulk volume and porosi ty when squeezed a t  temperatures and 
pressures equivalent to overburdens  of over 3 t o  6.5 km. Oolds deve lop  
pressure-solution contacts during experimental  compaction. This is 
consistent w i t h  ear l ie r  experience t h a t  pressure s o l u t i o n  is  one of t h e  
important processes i n  the  overall d i a g e n e s i s  of carbonate sediments. 
S c a l i n g  down of the  time fac tor  f r m  millions of years to j u s t  a few 
d a y s  of r a p i d l y  r i s i n g  pressures and temperatures might exp la in  t he  
r e l a t i ve ly  small magnitude of p r e s s u r e - s o l u t i o n  effects  t h a t  g i v e  way t o  
more mechanical g r a i n  ad,  u s t m e n t s  th rough  d i f f e r e n t  t y p e s  of grain 
breakage. B e s i d e s  pressure solution, o o i d s  have been def orrned 
p l a s t i c a l l y  developing both  longitudinal and concavo-convex c o n t a c t s .  
Temperature and salinity of water t h a t  sa tura ted t h e  e x p e r i m e n t a l l y  
compacted oofd  samples have effects  on the  nature of w a i n  c o n t a c t s  and 
styles of g ra in  breakage. Marine water appears t o  suppress pressure 
solution and enhances p l a s t i c  deformation when o t h e r  experf mental 
conditions remain c o n s t a n t .  H i g h e r  temperature appears t o  enhance 
pressure solution. Change in temperature appears t o  have little effect  
on s t y l e s  of over-bur den breakage ;e, but s a l i n i t y  of water has.  These 
changes in ooid g ra in  contacts and ooid breakage a r e  s u b t l e ,  but 
c o n s i s t e n t  i n  a l l  experiments t h a t  have been r u n  and a re  c o n s i d e r e d  t o  
be s i g n i f i c a n t .  

I n  t h e  deep Anadarko Bas in  of Oklahoma and Texas carbonate rocks of 
t h e  Hunton Group ( u p p e r  Ordovi clan t o  Lower Devonian dolostones alone 
provide p o r o s i t y  ( b o t h  i n t e r c r y s t a l l i n e  and rnoldic) . Bulk densities 
determined by measuring propor t ions  of major minerals ( x - r a y  
d i f f rac t  ion)  and i r o n  c o n c e n t r a t  Ion ( x - r a y  fluorescence) permit improved 
estimates of t r ue  porosit ies and water saturations.  We have calculated 
more p o r o s i t y  and hydrocarbons  t h a n  expected f o r  select zones. 
Intervals with less t h a n  4% apparen t  p o r o s i t y  before correction f o r  
iron, a c t u a l l y  have 4-1 0% p o r o s i t y .  Potentially p r o d u c t i v e  in te rva ls  

-1 18- 



have been missed. A t  depths exceeding 3 krn ferroan dolomite and c a l c i t e  
En the Hunton Group carbonates are predictably associated with 
interbedded argiLkaceous zones and with t h e  underlying marine Sylvan 

Shale. The Sylvan Shale i s  inferred as the source for ng2+ and F?+ in 
generating iron-rich dolomite.  Increased temperature w i t h  depth has 
been inferred as the predominant factor  for dolomitfzation. 

Lower Ordovician carbonate strata i n  undeformed belts of the 
northern Appalachian Bash yield depth of burial and pdleot emper at w e  
data implying a former depth of burial which has not been usually 
inferred for thLs area, A study of liquid i n c l u s i o n s  in  carmnate 
crystals puts the paleotemperature into  the anchizone suggesting a 
burial depth of several kilometers. I n  t h i s  continuing study w e  plan to 
define the depth of burial/orogenic transition zone. 
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Person i n  Charge: H .  G. Avet L a l l m a n t  

Scope of Work 

The objective of t h i s  r e s e a r c h  program is t o  acquire a thorough 
unders tand ing  of t h e  e v o l u t i o n  of the  EW-trending Brooks Range f o l d  and 
t h r u s t  b e l t  in n o r t h e r n  Alaska. A NS-trending transect along the Alaska 
Pipe Line  is be ing  mapped In d e t a i l  a t  a scale of 1:30,000 and  locally 
a t  1:15,000, Available seismic reflection l i n e s  and bore-hole data o f  
t h e  n o r t h e r n  f o o t h i l l s  and t h e  foreland basin are being ana lyzed  to ge t  
b e t t e r  ver t ical  c o n s t r a i n t s .  

The Brooks Range consists of Lower Paleozoic rocks which g e n e r a l l y  
are  metamorphic and exposed most ly  in the  southern par t  of t h e  range, 
and Upper Paleozoic c l a s t i c s  and limestone and Mesozoic elastic rocks i n  
t h e  n o r t h e r n  Brooks Range. The s o u r c e  area of a l l  pre-Middle Jurassic 
sediments l i e s  t o  the  north: Middle Jurassic and  younger sediments have 
sources t o  t h e  aouth,  This change of course area h w  been related t o  
the emergence of the Brooks Range f o l d  and t h r u s t  b e l t  i n  t h e  Middle 
Jurassic. An o l d e r  Devonian deformation has been proposed t o  have 
af fec ted ' the  Lower Paleozoic rocks and t h i s  deformation is related t o  
the  I n n u i t i a n  event of the Canadian Arctic Islands. 

I n  t h e  c e n t r a l  Brooks Range l i e s  the s o - c a l l e d  Donnerak window. 
Two models have been proposed t o  explain the  nor th -d ipp ing  t h r u s t  
f a u l t s ,  n o r t h  of the window, and  sou th-d ipp ing  ones, sou th  of Doonerak. 
I n  one model two thrusting events were proposed: t he  f i r s t  one  south- 
d i r e c t e d  and the second one n o r t h - d i r e c t e d .  The second model proposes 
only a n o r t h - d i r e c t e d  t h r w t i n g  event .  The Doonerak window was supposed 
to be a basement high i n  t h e  first model and a basement u p l i f t  i n  t h e  
second  one. 

D e t a i l e d  mapping d w i n g  1983 has shown that only one north- directed 
thrusting e v e n t  had occurred, but t h a t  the Doonerak window is not  a 
basement u p l i f t ,  b u t  an exhmed duplex s t r u c t u r e .  Fieldwork has also 
shown that the Lower Paleozoic rocks hare undergone exactly t h e  same 
deformat iona l  h i s t o r y  as  t h e  younger rocks; no pr  e-Upper Devonian 
structures were Pound. This may ind ica te  tha t  the Upper Devonian 
c l a s t i c  r o c k s  were deposf t ed  on the southern flank of a foredeep, too  
far  away from the I n n u i t i a n  f o l d  and t h r m t  bekt t o  be deformed 
penetrative1 y. 

Structures in t h e  metamorphic rocks of t h e  southern Brooks Range 
are 611 correlatable to  the ones i n  the Doonerak window and thus have 
formed also dwi hg t h e  Juro-Cretaceous Brookian event. Slices of 
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o p h i o l i t i c  rocks are much leas penetratively deformed but have also k e n  
emplaced by northward t h r u s t i n g .  

P r e l i m i n a r y  balanced cross sections incorpora t ing  our f i e l d  data, 
seismic reflection, and bore-hole data show that i t  i s  possible t h a t  
major structural traps may occur in the central Brooks Range, but t h a t  
because of their dspth  would hold o n l y  gas. 
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Scope of Work 
The major objective of this research is  t o  gain a quanti tat ive 

understanding of chemical migration i n  the  geologic environment over a 
range of temperatures and pressures and i n  diverse geologic media. 
Contact metamorphic occurrences serve as geologic analogs w i t h  t h e  
igneous intrusion providing the neat and t race element source, and t h e  
country rock  t h e  medium through which migration takes place. The 
specific sites for  t h i s  study are pegmatite/wallrock interaction zones 
I n  the B l a c k  Hills, SD, This type of study provides information on 
chemical m ipa t i on  over geologic times; a time span t h a t  cannot be 
dup l i ca t ed  i n  laboratory experiments or with presently available 
calculation procedures. 

Key Quest ions Being Addressed 
1. What i s  the  ex t en t  of chemical m i r a t i o n  under differing geologic 

c o n d i t i o n s ,  e.g., P, T, canpusition of solut ions ,  and nature of 
country rock? 

2. What are  t h e  r e l a t i ve  mobilit ies  of' elements of interest ,  e.g., Cs, 
Rb,  L i ,  Sr, e tc .?  

3 .  What are themechanisms of migration, e.g. ,  na tu reo f  f lu id  phase, 
speciation, etc. ? 

4. What are  the  mechanisms of retardation,  e .g., sorption,  equilibrium 
cation exchange, etc. ? 

5. What is the par t i t ioning behavior of the elements of i n t e r e s t  among 
t h e  mineral. phases in the host rock and migrating f l u i d  phase? 

6. What are t h e  mechanisms of f l u id  and chemical m i r a t i o n  through 
granite cmplexes? How does this m i r a t i o n  manifest itself? 

Sme Inf t i  al Findings f r m  Pegmatite/Wallrock Studies  
0 

1. Maximum temperakure of country rock was appoximately 510-540 C .  
2. The migrationof Li and Cs has taken place t o  distances greater 

than 90 meters. R b  has migrated up  t o  1 0  meters. 
3. The relative mobili t ies of L i ,  Cs, and Rb are? Li > Cs >> Rb. 
4, There is no detectable mipa t ion  of REE, A l ,  V ,  Sc, C r ,  H f ,  U, Th. 
5. Sheet s i l i c a t e s  are effective trace element t raps .  Bio t i t e  is a 

much more effect ive t r ap  as indicated by Kd' s for  biotite/nuscovite 
pairs: Cs-12,3, Rb-2.5, and Li -4 .  These par t i t i an  coefflcients 
agree with experimentally determined coeff i c l e n t s  for phlogopite  
and muscovite and can be rationalized i n  terms of the c r y s t a l  
c h e m i s t r y  of these sheet s i l i ca t e s .  Thls work is being done In  
collaboration w f  th J. C. Laul (Pacific Northwest Laboratories 1, who 
is conducting t h e  I N A A  and RNAA analyses. 
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Scope of Work 
The mechanism of zeolite c ry s t a l l i z a t i on  is irnmrtant not only  from 

a theoretical  viewpoint, but also  in reference to the  large field br 
i n d u s t r i a l  a p p l i c a t i o n s  . Despite the importance of z e o l i t e s  
geologically and I n d u s t r i a l l y ,  relat ively  little is known a b u t  the 
physiochemical controls  an zeo l i t e  formation o r  about thermodynamic 
v o p e r t i e s  of zeolites. This p r o j e c t  includes t h e  following three maor 
tasks: 

A. Experimental Study on t h e  Processes of Zeol i te  Formation 
Ow experimental  s tudy  a t t e m p t e d  t o  1) examine t h e  effect of 
solut ion composition on the composition and structure of some 
synthetic zeolites in the system NapO-K20-A1 0 -Si02-Hz, 2 )  study 

2 3 
the effect of solut ion composition on the c r y s t a l l i z a t i o n  path of 
these zeo l i t es ,  and 3) interpret these observations with in  the 
Framework of a theory for  t h e  crystallization mechanism of 
zeoli tes.  Three sets of experiments i n  which p h i l l i p s i t e  or 
rnerl ino i  t e  p e c i  pi  t a ted  from clear solutions were cmpleted, The 
results showed t h a t  at  a f i x e d  activity of s i l i c a ,  z e o l i t e  Si /Al  
ratio is a l inear  func t ion  of pH. This  dependence is examined in 

t h e  l ight of 2 9 ~ i  NM spectra of t h e  i n i t i a l  s o l u t i o n s .  The 
results are app l i ed  t o  natural zeolite paragenesis and serve t o  
deL ineate the f ramewo~k of a comppehensive theory for  the mechanism 
of zeolite cryst a l l i  zat ion. 

B. Synthesis and Character1 z a t i o n  of Alkali  Zeolites 
Zeolites having t h e  s t r uc tu r e s  of p h i l l i p s i t e ,  merl i no i t e  and 

gismondine w e r e  synthesized from clear solutions at 8 0 ' ~ .  T h e i r  
morphologies, ce l l  parameters and composition were determined and 
the  chemical controls  (pH, Na/ (Na + K) r a t i o )  on t h e i r  formation 
were delineated. Using the experimental resul ts ,  t h e  occurrence of 
merlinof t e  together with p h i l l i p s i t e  i n  s a l ine ,  a1 k a l i n e  sediments 
from Searles Lake, C a l i f o r n i a  was predicted and confirmed by SEM 

*Present address: Dept. of' Geology, Univ. of Alabama, U n i v e r s i t y ,  AL 
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o b s e r v a t i o n  of selected core samples. Because of their close 
s imi lar i t ies  in phys ica l  proper t ies ,  i t  is suggested t h a t  
merlinoite is much more common as an au th igen ic  m i n e r a l  t hen  is 
c u r r e n t l y  realf zed. 

C. Calorimetric Study of Synthetic Zeolites 

Low-temperature heat c a p a c i t i e s  and heats of so lu t i on  were 
determined for  n i n e  synthetic r n e r l i n o i t e s  of various Si /A l  and 
Na/(Na + K )  ratios. Eleven  add i t iona l  rnerlinoites w i l l  be pepared 
and their thermochemical properties w i l l  be measured. In t h i s  way, 
v a r i a t i o n  of thermochemical wopert ies  as a funct ion  of both Na-K 
and S i - A 1  mixing can be s t u d i e d ,  f a c i l i t a t i n g  t h e  a p p l i c a t i o n  OF 
t h e  da ta  t o  natural  zeol i tes .  
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Physical Properties of Crustal Rocks 
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Stop of Work 

The objectives of this o n m i n g  project a r e  (1) t o  advance ow 
understanding of physical processes i n  cracked rocks with fluids; and 
(2)  apply the results to  geophysical exploration, reservoir evaluation 
and the study of shallow crustal processes. Specific current studies 
are: 

1.  Seismic Attenuation i n  Rocks. Measwmenta of wave attenuation i n  
socks vs temperature and frequency have revealed tha t  the rheology 
of the pore f l u i d ,  and surface interactions between f l u i d  and solid 
control wave induced f l u i d  flow in the pores. It appears tha t  
these processes dominate mechanism of attenuation i n  rocks a t  
shallow crustal. eondl tions. The results are being applied to the 
interpretation of ref lect ion data in o i l  and gas f i e l d s ,  
hydrological exploration, and t o  seismic models of over pressure 
zones. 

Network models of porous rocks wi th  fluids. We have u t i l i z e d  our 
network model to deacri be the petrophysical properties of about 50 
rocks, and t h e i r  dependence on overburden pressure, pore pressure, 
and other variables. The madel correctly and a c c u r a t e l y  predicts 
t h e  hydraulic, electrical and elastic properties of all the rock  
studies. Results suggest that  the  pore space can be characterized 
as a m i x  of f l a t  grains I n  contact, w i t h  a wide  range of contact 
shapes, The results are used already in the development of 
rigorous pet rophys ica l  reservoir  models, u t i l i z i n g  seismic, core, 
and l o g  data.  

Velocity and a t t e n u a t i o n  i n  heavy o i l  sands. We have by now 
measured the velocities and amplitudes of cmpressional and shear 
waves in heavy 011 sand sample Pram the U.S., Canada, and Venezuela 
as well as sandstones with  various hydrocarbons as a function of 
pressure and temperature. The new results confirm the large 

decreases i n  velocity and amplitude upon h e a t i n g  t o  125'-150~~. 
These large changes have been found t o  be controlled by wave 
induced phase transformation and/or chemical reactions i n  the pore 
f l u i d .  The results are being appl ied  a t  present i n  tracking an i n  
s i t u  steam flood for enhanced oil recovery, 

4. Pore pressure i n  the  crust. Our numerical model which incorporates 
hydraulic d i f f u s i v i t y ,  pressure solut ion and solut ion transfer, 
rock and pore deformation, and tectonic s t r a i n  rate, is being used 
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to estimate the tec tonl  c and mechanical conditions under which 
super pore pressure zones develop i n  the accretionary wedge in 
suMuct ion  zones; in ac t ive  f au l t  zones; and during the migration 
of hydrocarbons from theEr source rocks to t he i r  reservoir rocks. 
The results show t h a t  the main factors whf ch control pore pressure 
i n  these situations are the r a t i o  between permeability and p r e  
volume strain rate and the geometry of permeable and impervious 
zones in the  crust .  The results of t h i s  study w i l l  a l so  be used in 
the evaluat ion  of radioactive waste disposal  s i tes .  
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Scow of  Work 

The equi l ib r ium s o l u b i l i t y  of uranium (IV) dioxide  (UO ) i n  aqueous 
2 

s o l u t i o n  is a function of solution composition (pH, l i g a n d  
concent ra t ian ,  and i o n i c  strength), oxidat ion-reduct ion p o t e n t i a l ,  
temperature, and pPesame. The l i m i t i n g  concen t r a t i on  af waniun i n  
n a t u r a l  aqueous systems depends on these factors as well as adso rp t ion  
and more complex rock- and soi l -water  interactions. These c o n s t r a i n t s  
m u s t  be recognized and accounted f o r  i n  solution t r a n s p o r t  and fixation 
models. The thermodynamic data required t o  u t i l i z e  these models and to 
compute the  s o l u b i l i t y  limit of wanium exis t  for  near-surface 
condFtions of low t e m p r a t u r e  and high o x i d a t i o n  p o t e n t i a l ,  b u t  data f o r  
higher  temperatures  and pressures i s  limited M t h  in e x t e n t  and 
prec i s ion .  This i s  e s p c i a l l y  t r u e  for t e t r a v a l e n t  uranium species. 

The mdor thrmt  of this work is t o  o b t a i n  equ i l i b r ium s o l u b i l i t y  
data for s t o l c h i o m e t r i c  U 0 2  i n  t h e  system UO -H 0 whi le  vary ing  pH but 

2 2 
w h i l e  maintaining fo2 conditions a t  s u f f i c i e n t l y  low levels t o  maintain 

the low ox ida t ion  s t a t e  bo th  i n  t h e  s o l i d  and solution. The temperature  

range of t h e  experiments is fm 100 t o  4 0 0 ' ~  at 500 bars  t o t a l  
pressure. 

The experimental  approach invol vea reacting spher ica l  , uran i  urn 
dioxide  pel1 e t a  with solution I n  Di ckson-Gordon hydrothermal appa ra tu s  
which permits s o l u t i o n   sample^ t o  be withdrawn I n t o  g a s t i g h t  c o n t a i n e r s  
a t  ambient P/T condi t ions  of t h e  experiement. Equi l ibr ium is approached 
both f ran over-sa tur  ated and under-satur a t e& condi ti ans . The U02 sol i d  

i s  cha rac t e r i zed  both before  and a f t e r  each experiment. The oxygen 
f ugaci t y  (redox po ten t i  a1  ) is c o n t r o l l e d  In t h e  experimental apparatus 
by maintaining a f i x e d  partial pressure of hydrogen w i t h i n  t h e  react ion 
cell. Attempts t o  monitor i n  s i t u  pH a t  ambient P/T condi t ions  of the 
experiment have no t  been successful as i t  praved Imwssi b l e  t o  maintain 
s t a b l e  electrode p o t e n t i a l s  f o r  the d u r a t i o n  of t h e  experiments. 

Hydrogen ion a c t i v i t y  i s  now measured a t  2 0 ' ~  and extrapolated t o  t h e  
P J T  condi t ions  of the  experiment by cmputer. 

We have completed a series of f i f t e e n  solubility experiments  f rm 

pH 1 t o  pW 7 at 200 and 300'~ and eleven i n  t h e  range from 100 t o  4 0 0 ~ ~ .  
Prel iminary analysis of t he  r e s u l t s  i n d i c a t e s  that t o t a l  uranium in 
s o l u t i o n  is a t  l e a s t  an  order  of magni tude  h igher  than predicted from 
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thermodynamic calculations using the  data bass of Lemire and Tremaine 
(1980) and EQ3J6 (Wolery, 1978). The resu l t s  show o n l y  a very slight 

increase in s o l u b i l i t y  from 100 to 300'~. 

Our UOp is pre-reduced in H2 at 900'~ and N i O  in crimpsealed P t  

capsules included i n  sme runs is reduced t o  N i  metal, ver i fy ing  t h a t  
the low f 02 desired, is achieved. Other investigators have had 

d i f f i c u l t y  In achieving reduction of uranium to  U ( f V )  in solut ion.  We 
are concerned that  persistent surface oxidation of our samples may be 
responsible for the high s o l u b i l i t y  and scatter observed. 

Because t h e  predicted and  measured uranium solubility of UO 2 

approaches or f a l l s  below the l i m i t  of detection of o w  analytical 

method (2 x ~ o - ~ ' M )  near neutral pH, we hope to complete the U02-H 9 
(NaC1 - NaOH) system experiments by conducting experiments at high pH to 
extend and confifm the  high temperature solubility data of Trmalne et ,  
al., 1981. 





Contractor : STATE UNIVERSITY OF NEW YORK 
DEPARTMENT OF EARTH AND SPACE SCIENCES 
Stony Brook, N Y  11794 

Contract: 

Ti t le :  Geochemistry and Or ig in  of Dolmi tes 

Persons  i n  Charge: G. N. Hanson and W. J. Meyers 

Scope of Work 

The prime objective of t h i s  research is t o  inves t iga te  t h e  
geochemistry and petrology of regionally extensive dolomites using 
radiogenic and  stable isotopes,  trace elements, and a v a r i e t y  of 
petrographic approaches. We are applying these approaches t o  the 
r e g i o n a l l y  dolomi t i  zed Burl ington and Keokuk Formations ( M i s s i s s i p p i a n )  
i n  Iowa, I l l i n o i s ,  and Missouri .  These data w i l l  be the basis f o r  
t e s t i n g  d e t a i l e d  q u a n t i t a t i v e  geochemical models, Inc luding  chemical 
mass transfer models, t o  cons t r a in  t h e  source(s )  and migrat ion p a t h ( s )  
of d o l o m i t i z i n g  fluids. A general unders tand ing  of dolomites i s  
important because they are  s i g n i f i c a n t  reservoirs f o r  hydrocarbons and 
i n  many regions have acted as conduits for migration of petroleum, 

. brines, and ore-forming f l u i d s .  

We are using a w i d e  sange of h igh  precis ian  major and trace elanent 
anal-es (Ca, Mg, Fe, Mn, REE) and stable (C, 0 )  and radiogenic isotopes 
(Sr ,  Nd,) w i t h i n  a framework of well-established dolomite and  ca l c i t e  
cement zonal s t r a t i  graphies as e s tab l i shed  by cathodoluminescence 
petrography. In  a d d i t i o n ,  we are Investigating fluid i n c l u s i o n s ,  solid 
m i c r o i n c ~ u s f o n s ,  and crystal defect structures i n  t h e  dolomites. Fluid 
i n c l u s i o n  work t o  date has indicated tha t  highly sa l ine  fluids and 

0 temperatures of 100 C and greater may have been involved i n  
d o l o m i t i z a t f o n .  P r e l i m i n a r y  s o l i d  inc lusfon  work has  i d e n t i f i e d  c a l c i t e  
and i r o n  s u l f i d e s  w i t h i n  t h e  dolomites. The petrographic framework has 
been extended southward into Missouri and I l l i n o i s  and shows t h a t  the 
calcite cement s t r a t i p a p h y  and  dolomite zonal  s t r a t i w a p h y  a re  
r e g i o n a l l y  c o n s i s t e n t  over a t  l e a s t  10's of thousands of square m i l e s .  
Research on petrography and m a J  or and trace elements has shown that 
there are a t  l e a s t  three  r e g i o n a l l y  e x t e n s i v e  dolomite types which 
differ from one another In  luminescence s i p a t u r e a  and i n  s t o i  ch imet ry ,  
Fe, and Mn. The REE data for the  do lomi tes  show tha t  non-carbonate 
components have a major effect on bulk samples, and on acid s o l u b l e  
p o r t i o n s .  This i n d i c a t e s  t h a t  do lomi te ,  or  diagenetic calcite, must be 
physical ly separated from non-car tona tes  i n  order t o  analyze the  REE 
within t h e  c a r b o n a t e  l a t t i c e .  Results of the  REE analyses of dolomites 
show r e g i o n a l  and s t r a t i g r a p h i c  cons is tency  i n  absolute amounts and REE 
patterns. These suggest t h a t  REE are essentially immobile during 
d f a g e n e s i s .  Similarly Nd isotope analyses of d o l m i t e s  show great 
consistency whereas Sr isotopes show wide v a r i a t i o n ,  t h e  l a t te r  
i n d i c a t i n g  a probable allochthenous source f o r  some Sr .  Studies an  Sr  
isotopes and REE on the host llrnestones a r e  j u s t  &ginning.  



These s tud ies  have the potential of developing an in tegrated 
approach t h a t  could be uf d e l y  a p p l i e d  to fluid-rock sys tms ,  not only  
for studies of dolomitization, but also for cementation of carbonates 
and sandstones, for migration of elements related to waste disposal and 
for the chemical evolution of ore f l u i d s .  





the sol i d  p r e s s u r e  medi urn equipment dominant1 y f n t h e  s teady-stat e- 
semi b r i t t l e  to  d u c t i l e  regime,  we are currently beg inn ing  an 
i n v e s t i g a t i o n  of t h e  creep behavior a t  i n t e r m e d i a t e  physical 
conditions, s u p p o r t e d  by DOE J B E S ,  Contract DE-F605-84-ER13216. 
These e x p e r i m e n t s ,  t o  be conducted a t  c o n s t a n t  s t r a i n  rates i n  t h e  

-8 -1 range loa4  t o  10  s at  400 t o  800'~ a t  argon conf in ing  pressures 
of 800 MPa ( e n t i r e l y  i n  the a -quar tz  s t a b i l i t y  field) on both 
nomina l ly  d r y  and fnduced seawater pore pressures t o  500 MPa, w i l l  
permit a thorough p h y s i c a l  understanding of the evolut ion  f rm 
elastic-bri  ttle, through t ransient  (work-hardening)-semi b r i t t l e  to 
steady-state-semibrittle-ductle flow. 

B, Fracture P e r m e a b i l i t y  of Crystalline Rocks as a F u n c t i o n  of 
Pressure. Tem~erature . and Hydrothermal A l t e r a t i o n s  ( B. Johnson 1 

The Z o n r t e r m  ob jec t i ve  is to measure and understand t h e  v a r i a t i o n  
of f racture p e r m e a b i l i t y  of several t y p i c a l  crustal. c r y s t a l l i n e  
rocks as a resul t  of hydrothermal reaction with through-f lowing 

aqueous f l u i d s  a t  temperatures t o  300°c, f l u i d  ppesswes t o  20 MPa, 
and conf in ing  psessures t o  100 MPa. Experiments are designed t o  
evaluate the r e l a t i v e  importance of d i s s o l u t i o n  and secondary 
mineral formation on p e r m e a b i l i t y  changes. Complementary 
e x p w i m e n t a l  and t h e o r e t i c a l  s t u d i e s  aim a t  assessing the r o l e  of 
e l a s t i c  and inelastic deformation of fracture-surface asperities 
upon changes of f ractwe pesmeabil i t y  . 
A s ervo-controlled p e r m e a b i l i t y  system has been designed and built 
t h a t  allows measurement of p e r m e a b i l i t y  u s i n g  e i ther  a con t inuous  
flow method or t r a n s i e n t  pulse method with h igh ly  corrosive aqueous 
fluids a t  elevated t e m p e r a t u r e s .  I n  a con t inuous  flow mode, one 
can c o n t r o l  e i ther  t h e  flow r a t e  (to 1 ml/day) or di f fe ren t ia l  
fluid pressure. 

E a r l y  exper iments  have focused on determf n i n g  how d i  3301 ut;i on 
modifies f r a c t w e  surfaces of q u a r t z i t e  and hence changes fracture 
p e r m e a b i l i t y .  Experiments i n d i  a t e  pronounced changes occur and 
t ha t  Intragranular and i n t e r g r a n u l a r  (grain boundary) cracks, 
pores, and  tubules p l a y  t h e  dominant ro l e  i n  t h e  dissolution 
modification of surface roughness, w i  tR grain-boundary widening 
being e s p e c i a l l y  prminent .  The experiments also c l e a r l y  show that 
cutting and g r i n d i n g  induced mi crocracks war kedly i n f l u e n c e  t h e  
ear ly  stage of f r a c t u r e s u r f a c e  mod i f i ca t i on  and t h a t  one must g i v e  
careful consideration t o  t h e i r  i n f l u e n c e  when performing 
p e r m e a b i l i t y  experiments on l tar t i f  i c i a l '  fracture surfaces ( e  . g . ,  
saw cuts 1 in a chemically reactive fluid environment.  

C. Mechanical  Properties of Rocks a t  High Temperatures and Pressures 
( M .  Friedman and J. Handin)  

The de format ion  of room-dry and w a t e r - s a t w a t e d  Westerly G r a n i t e  I s  
being i n v e s t i g a t e d  a t  confining pressures between 20 and 200 MPa 

and t e m p e r a t u r e s  between 25 and ~ O Q ' C ,  i n  order t o  evaluate (1) 
time-dependent effects  of s t r e n g t h  and s t r a i n  to fai lure,  (2) 
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f r i c t i o n a l  s t rength of bare-rock surfaces,  and ( 3 )  effect of 
temperature on t ens i l e  strength, i .e . , the poasi  b l e  thermal 
act ivat ion of the t ens i l e  f rac ture  precess. 

With  regard t o  our  preliminary conclusions about borehole s t a b i l i t y  
i n  c rys ta l l ine  rocks a t  low confining pressures but high temperatures, 
we no te  that ( a )  t h e  creep-rupture strength of ~ a n i t e  i s  o n l y  about 20 
percent below t h e  short-time triaxial s t reng th  so tha t  f o r  geotechni cal 
applications and f a i lu re  i n  compression t h e  effect  of t ime may be 
ignored; (b) r e s u l t s  from twenty-four f r i c t i o n a l  sliding t e s t s  indicate 
that the frictional s t r e n g t h  of smooth surfaces of g a n i t e  is  only about 
50 percent of the  in t ac t  strength; and Cc) resul t s  from twenty-two 
t r iaxia l  extension t e s t s  show t h a t  the t ens i l e  strength of granite drops 

f r o m  about 1 0  MPa a t  25'~ t o  semi bLy zero at  8 0 0 ~ ~ .  This suggests t h a t  
f racture  is in f a c t  a thermally activated process and it emphasizes the 
n e c e s s i t y  t o  keep boreholepressures during d r i l l i n g  less than the l e a s t  
compressive principal stress i n  the rock mass to avo id  hydraulic 
fracturing. The next atepa in this s t u d y  a r e  to (1) s t u d y  the t e x t u r e s  
a n d  fabrics  of t e n s i l e  fracture surfaces and of p r e c u r s i v e  side cracking 
i n  Westerly Granite specimens t o  detect changes, i f  any, w i t h  increasing 
temperature {and decreasing strength) , ( 2 )  extend  our t r iaxia l -extens ion 
t e s t i n g  t o  o the r  rock  types ( e  ,g., basalt and pure  quar tz i te )  t o  fur ther  
s t u d y  tensile atrength changes with temperature and t h e  thermal a 

ac t i  v a t i o n  of fracture, (3 )  extend our s l i d i n g  f s l c t i o n  work t o  t h e s e  
same rocks, and ( 4 )  look Into  the effects of water, surface roughness, 
and mineralization on  the f r i c t i o n a l  properties of preexisting 
fractures (J  o in ta )  . With regard t o  ( 31, we would  expect the strength 
reduction observed f o r  smooth rock surfaces t o  decrease, perhaps vanish, 
when rough and mineralized natural  fracture surfaces are tes ted .  If so, 

. we may s t i l l  f i n d  a presswe and temperature regime i n  which a jointed 
rock m a s  can be modeled s o l e l y  as a cont f nuum. 



Contractor: UNIVERSITY OF TEXAS AT AUSTIN 
DEPARTMENT OF GEOLOGICAL SCIENCES 
A u s t i n ,  Texas 78712 

Contract: 

T i t l e :  

Person En Charge: 

I n v e s t i g a t i o n  of a Foss i l  Geothermal System, 
Hamblin-Cleopatra Volcano, Clark County, Nevada 

D. S. Barker 

Scope of Work 

In t h e  Lake Mead area ,  Sou thern  Nevada, a Miocene high-potassium 
a n d e s i t e - q u a r t  z l a t i t e  a t r a t o v o l c a n o  w a s  segmented by s t r i  k e - s l i p  and 
normal faults. Erosion and f a u l t i n g  have exposed the  e n t i r e  v o l c a n i c  
s u c c e s s i o n ,  the  i n t r u s i v e  core, a rad ia l  d l k e  system, and sed imenta ry  
and mloani c rocks p r e d a t i n g  and postdating the  s tratomlcano, Mapping 
a t  a scale of 1:12,000, c m p l e t e d  b e f o r e  this contract began, permi t s  
estimates of the proportions of  igneous material that formed intr t t s ive  
bodies, l ava  flows, and reworked debris  during growth of t h e  cone. Such 
data are essential in  c o n s t r u c t i n g  bet ter  models of subvol cani c 
geothermal systems. 

Minera log ica l  and chemical changes were imposed on  t h e  volcanic and  
i n t r u s i v e  rocks by convecting groundwater, The exhumed c o r e  of 
hydro thermal ly  a l tered rocks represents a fossil geothermal sys tm.  
A l t e r a t i o n  :ncreaaes toward t h e  focus of the radial  d i k e  system, and 
most rock u n i t s  can be sampled i n  fresh as well as i n  variously altered 
states; thus t h e  e m p o s i t i o n a l  changes induced by a l t e r a t i o n  can be 
distinguished from those produced by magmatic processes. F i e l d  
observations of f rac t lx re  aperture and spacing, and l a b o r a t o r y  
measurements of p o r o s i t y ,  a r e  being used t o  q u a n t i f y  the hydrologic 
characteristics of t h e  rock u n i t s .  Mineralogical and trace element 
changes, and v a r i a t i o n s  i n  i sotopfc  ratios of oxygen, hydsogen, and 
carbon,  w i l l  be related t o  permeability and p o r o s i t y ,  as well  as to  
sample locations, p e s m i t t i n g  r e c o n s t r u c t i o n  of flow patterns and 
temperature p a d i e n t s  in this geothermal system. 

The f i r s t  stage of this contract  has been t o  fnvestigate the 
magmatic processes t h a t  accompanied and powered the hydrothermal  
convect ion.  Major-element and trace-element IRb, Sr, Y ,  Zr, Nb, Ni} 
a n a l y s e s  have been cmpleted on 24 wholerock samples Prm 
s trat ivaphi  c a l l  y well-located 1 ava f l o w s ,  t o  document changes i n  magma 
composi t l on  through t ime.  More than 800 electron probe analyses have 
been made on phenocrys t  phases. B i m o d a l i t i e s  i n  compositions of 
or thopyroxene,  clinopyroxene , plagieclase , m a g n e t i t e ,  and ilmenite, a3 
well a3 severse zoning i n  p l a g l o c l a s e  and cyclicity i n  trace element  
c o n c e n t r a t i o n s ,  i n d i c a t e  magma mixing during r e p e a t e d  replenishment o f  
the sha l low magma chamber t h a t  f e d  the  Hamblin-Cleopatra Volcano. The 
most highly f r a c t i o n a t e d  liquid ( q u a r t z  1 atite 1 was erupted early in the 
h i s t o r y  o f  t h e  volcano, and was fo l lowed  by an oscillatory t r e n d  toward 
more rnafic l i q u i d s  ( a n d e s i t e s ) .  



Contractor: UNIVERSITY OF TULSA 
T u l s a ,  Oklahoma 74104 

Contract:  

T i t l e :  S t a b i l i t y  of Natural Gas In the Deep Subsurface 

Persons i n  Charge: C, Barker and N. Takach 

Scope of Work 

We have cont inued t o  i n v e s t i g a t e  t h e  s t a b i l i t y  of n a t u r a l  gas i n  
t h e  deep subsurface using a combined t h e o r e t i c a l  and exper imenta l  
approach. The s t a b i l i t y  of n a t u r a l  gas in r e s e r v o i r s  of v a r i o u s  
m l n e r a l o g i e s  is being calculated using a computer pogram that finds the 
minimum free energy i n  multiromponent (up t o  703, m a t i p h a s e  (up t o  30) 
systems f o r  c o n d i t i o n s  corresponding t o  temperatures and pressures down 
to 40,066 f t  (12 km). Equilibrium compositions have been computed fo r  
low,  average, and high geothermal. gradients; hydrostatic and l i t h o s t a t i c  
pressures; and with o r  w i t h o u t  graphite.  Graphite is present when deep 
gases are generated by c r a c k i n g  o i l  but 1s absent if reservoirs were 
ori  g i n a l l y  f i l l e d  wl t h  methane alone, C a l c u l a t i o n s  have been made for 
s a n d s t o n e  reservoirs with v a r i o t l ~  amounts and combinatf ons of Pel ds pars, 
clays, carbonate cements and i r o n  o x i d e s ,  wi th  and without; g r a p h i t e ;  and 
f o r  l i m e s t o n e  and  d o l o m i t e  r e s e r v o i r s  with various ccanbination of clays, 
i ron  minerals, anhydri t e ,  and s u l f u r ,  again with o r  w i t h o u t  g a p h i  te. 
N a t u r a l  gas shows consSderable s t a b i l i t y  f n sandstone reservoirs under 
most c o n d i t i o n s ,  but  i ts  c o n c e n t r a t i o n  i n  deep  c a r b o n a t e s  is much more 
v a r i a b l e  and tends t o  a hydrogen s u l f i d e - c a r b o n  dioxide (H2SdC02) 

mixt we, except when an a p p r e c i a b l e  c o n c e n t r a t i o n  of i r o n  is present. 
Hydrogen is present a t  t h e  one t o  two percent l eve l  for  mast 
lit hologles. Pre l imina ry  calcula t ions  have been made f o r  igneous 
r e s e r v i o r s .  

The thermodynamic p r e d i c t i o n s  can ( i n  p r i n c i p l e )  be checked by 
d i r e c t  analysis down to t h e  d e p t h  l i m i t  of a v a i l a b l e  sanples .  To avoid 
the severe problems of c o n t a m i n a t i o n  and gas l o s s  d u r i n g  sample 
retr ieval ,  the gas trapped i n  fluid i n c l u s i o n s  in l a t e  stage cements is 
being used. The f l u i d  i n c l u s i o n s  are opened by heating in a vacuum 
system that forms t h e  i n l e t  t o  a c a n p u t e r - c o n t r o l l e d ,  gas scanning mass 
s p e c t r o m e t e r .  I n  t h e  p a s t  year the analytical system w a s  moved t o  a new 
building and rebuilt with  an improved c o n f i g u r a t i o n .  A signal 
c o n d i t i o n e r  has been added t o  t h e  computer hardware s o  t h a t  t h e  mass 
s pe ctrorneter s e s p n s e  for  minor components can be pef  erentiall y 
a m p l i f i e d .  I n  a d d i t i o n ,  improved software p l u s  a d d i t i o n a l  memory now 
allows evolution of s e v e r a l  i n d i v i d u a l  gases (H20, CH4, H2S, eto . )  t o  be 

monitored c o n t i n u o u s l y  w h i l e  a t  t h e  same t ime  analyzing gases f rm  
b u r s t i n g  Ind iv idua l  f l u i d  inclusions. Up t o  400 i n c l u s i o n s  can be 
analyzed i n  a s i n g l e  run with a t y p i c a l  sample s i z e  of 10 mg. 
Inclusions have been analyzed i n  both s i l i c a  and  carbonate cements and 
show a var ie ty  of compos i t ions  depending o n  environment.  O f t e n  
different generations of i n c l u s i o n s  i n  t h e  same sample w i l l  show q u i t e  
d i f fe ren t  compos i t ions ,  While shallow samples often show a range of - r 36- 



hydrocarbon samples  frm below 20,000 feet have only methane. T h i s  may 
range from a major component t o  traces in inclusions with s ign i f ican t  
hydrogen s u l f i d e .  The gas canpositions are being canpared w i t h  those 
calculated using 'the therrnodynami c program. 



Contractor: UNIVERSITY OF WISCONSIN 
DEPARTMENT OF GEOLOGY AND GEOPHYSICS 
Madison, Wisconsin 53706 

C o n t r a c t  : DE-FG02-84ER13184 

T i t l e :  Thermal Stress M i c r o f r a c t u r i n g  of G ~ a n i  t e  

Person in Charge: H. F. Wang 

Scope of Work 

The mechanical and h y d r o l o g i c  response of rock masses t o  h e a t  i s  an  
important basic r e s e a r c h  a r e a  especially r e l e v a n t  t o  predi ctkng t h e  
l o n r t e r m  behavior of a g e o l o g i c  repository for radioactive was te .  Such 
research also has a p p l i c a b i l i t y  t o  n a t u r a l  heat sources such  as t h e  
effect of a magmatic i n t r u s i o n  on  t h e  hydrothermal system i n  country 
rock, o r  to t h e  p roduc t ion  of geothermal energy. 

High temperatures d r a m a t i c a l l y  reduce t h e  elastic moduli  of 
g r a n i t e s ,  even under high c o n f i n i n g  pressures. This effect  is 
a t t r i b u t e d  t o  microcracks created by internal thermal stresses. A 
spherical  i n c l u s i o n  model h a s  been used t o  p r e d i c t  whether a g iven  
change i n  t e m p e r a t u r e  or pressure w i l l  i n t r o d u c e  a t e n s i o n a l  wack 
between a minera l  c o n s t i t u e n t  and t h e  rock matrix. We are able to 
predict  crack densities, and hence e las t i c  moduli  as a model rock is 
s u b j e c t e d  t o  changes of P and T. The results are critically dependent 
upon t h e  f ,T path t o  which the rock  is s u b j e c t e d .  Comparisons are made 
f o r  the  case i n  which t h e  rocks  are hea ted  o n l y  a t  maximum pressure, 
then compressed i sot  herrnally. The comparisons are quite close for three 
gran i t i c  rocks, but underestimate the crack d e n s i t i e s  of quartz-free 
gabbro and b a s a l t  . 

A detailed d e s c r i p t i o n  of thermally-produced crack p e ~ o s i  t y  i s  
important t o  improvement of the  crack model. High r e s o l u t i o n  crack 
p o r o s i t y  da ta  w i l l  be o b t a i n e d  f o r  several r a n i  tes  which have been 
h e a t e d  t o  high t e m p e r a t u r e s  a t  high c o n f i n i n g  Fessures. The crack 
c h a r a c t e r i z a t i o n  w i l l  be by differential strain a n a l y s i s  and by d i r e c t  
o b s e r v a t i o n  w i t h  the o p t i c a l  microscope and t h e  s c a n n i n g  electron 
microscope. Given the crack poros i ty  data ,  i t  s h o u l d  be possible t o  
refine a d i f f e r e n t i a l  thermal expansfon model t o  r e f l e c t  t h e  observed 
d i s t r i b u t i o n s  and t y p e s  of cpacks within different m i n e r a l s .  

T h i s  project i s  j o i n t  with Lawrence Lfvermore National Laboratory. 
The microcrack data and model ing described above will be related t o  
physical p r o p e r t y  measurements made there. These d a t a  w i l l  include 
elastic wave velocities, electrical c o n d u c t i v i t y ,  and permeability as  
f u n c t i o n s  of pressure and temperature. C o n s i d e r a t i o n  will be made of 
d i f f e r e n t  pressure, temperature paths. 
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T i t l e :  Organic Geochemistry of Outer Conti  n e n t a l  Margin 
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Scope of Work 
The o b J e c t i r e  of this pro@-am its t o  develop a bet ter  understanding 

of the processes  of hydrocarbon generation and m i n a t i o n  i n  coastal and 
offshore  sedimentary basins as an a i d  in pred ic t ing  favorable 
exploration areas for  petroleum. Our research is  concent ra t ing  on t h e  
l i g h t  hydrocarbons i n  t h e  C1 through C15 range since t h e s e  hydrocarbons 

are no t  formed by living processes except for  methane and poss ib ly  some 
ethane. Also, these are the hydrocarbdns t ha t  mipate most e a s i l y  by 
diffusion, s o l u t i o n  i n  pore waters or i n  the o i l  and gas phases. 

The s t r a t i  graphi c i n t e r v a l s  generating the C1- C15 hydrocar born 

have been i d e n t i f i e d  i n  shale sections of f o u r  wells i n  t h e  Gulf of 
Mexico and four wells on t h e  North Slope of Alaska. Mbg-ation of these 
hydrocarbons has  been f ol lcwed through sediments of varyf ng 11 thologi es 
and organic richness, Methane and e thane  were found t o  m i ~ a t e  over f a r  
g e a t e r  vert ical  distances from their sousce beds than the  C 

3+ 
hydrocarbons over t e n s  of meters In 80 mi l l i on  years i n  f he-grained 
sediments. Lateral and v e r t i c a l  migrat ion does appear t o  occur within 

the a l l  genera t ion  interval  (-1000C) w i t h  t h e  smaller molecules 
mi g r a t i n g  first. 

An ion t rap  d e t e c t o r  is being added t o  the pyrolysis apparatus i n  
orde r  to monitor evo lu t ion  of various gases dur ing  the pyro lys i s  
process ,  It is hoped that specific gases w i l l  give clues as t o  both t h e  
type and matura t ion  s t a te  of the  kerogens. The headspace a n a l y s i s  fo r  
l i g h t  hydrocarbons has been modified by changing t o  a 100 rn f u s e d  s i l i c a  
g l a s s  capi l lary column. It  has been found t h a t  10% PWe silicone gives 
as good separation as the s t anda rd  HHK column i n  the C -C range. The 

5 8 
advantages of the fwed s i l i c a  column over HHK a re  due t o  its much 

higher temperature capability ( 3 % ' ~  as compred to 5 0 ' ~  for HHK). This  
will enable the deta i led  hydracarban analyses t o  extend to a higher 
range. 

We are also analyzing gases  of Deep Sea Drilling Project sediments 
from the Gulf of Mexico i n  order t o  learn more about t he  i n i t i a l  stages 
of l i g h t  hydrocarbon migra t ion  i n  sediments. 

Future work on t h i s  project will concentrate on mechanisms, 
directions, and distances of o i l  and gas migration, the depth and extent 
of gas generat ion and t h e  potential hydrocarbon resources of t h e  outer  
con t inen ta l  slopes and rises. 
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Scope of Work 
The g e n e r a l  aim of t h i s  work is t o  develop computer-aided imaging 

techniques  f o r  v i s u a l i z i n g  the subsurface geology. Work is c u r r e n t l y  
centered on the  i n v e s t i g a t i o n  of computed reflection tomography for* 
a p p l i c a t i o n  t o  underground imaging. The imaging technique is based on a 
l i n e - i n t e r a l  measurement model f o r  incoherent a c o u s t i c  backscattering 
from e l l i p t i c a l  i n t e g r a t i o n  paths  through a two-dimensional underground 
c ros s  s e c t i o n .  Cmpu te r  s imula t ion  results have been produced 
i l l u s t r a t i n g  t h e  image q u a l i t y  o b t a i n a b l e  f o r  t h e  case of a linear 
surface a r r a y  of sources and receivers. Test results i n c l u d e  images of 
l a y e r e d  structures, lines, and point r e f l e c t o r s  o b t a i n e d  by an i t e r a t i v e  
reconstruction t e c h n i q u e  applied t o  simulated d a t a .  

The method is aimed at  near surface imaging s i t u a t i o n s  i n  which 
high r e s o l u t i o n  is requ i r ed  f o r  the d e t e c t i o n  of b u r i e d  o b j e c t s ,  
f ractures  or o the r  s i g n f i c a n t  scattering features.  

Computer s o f t w a r e  has been designed, implemented, and tested f o r  
t h e  for~ard (data generat ion) problem and t h e  i n v e r s e  ( r e c o n s t r u c t i o n )  
problem i n  computed reflection tomography using a l i n e a r  array. The 
i n i t i a l  results indicate  t h a t  good d e p t h  and l a t e r a l  r e s o l u t i o n  is 
obtainable f o r  dep ths  up t o  one h a l f  of t he  t o t a l  array (aperture) 
width.  Below t h i s  depth ,  the l a t e r 2 1  r e s o l u t i o n  d e t e r i o r a t e s  r a p i d l y  so 
t h a t  o n l y  a h o r i z o n t a l l y  layered r e p r e s e n t a t i o n  can be o b t a i n e d .  

The re f lec t ion  tomowaphy model, as implemented f o r  t h e  g e n e r a l  
case, does not assume any p a r t i c u l a r  c e n t e r  frequency f a r  pulse-echo 
probing, and can t h e r e f o r e  be scaled t o  f i t  particular array l e n g t h s  and 
compatible f r e q u e n c i e s .  The basic d a t a  c o l l e c t i o n  and r e c o n s t r u c t i o n  
model is  s t r i c t l y  va l id  o n l y  under  simple assmptlons f o r  the 
b a c k s c a t t e r i n g  process. These assumptions  are: (1 1 t h e  velocf t y  of 
sound i n  t h e  medium is es sen t i a l l y  constant, s o  t h a t  e r r o r s  i n  round- 
t r i p  delay  time and t h e  departwe of the wavefronts f rm c i r c u l a r  arcs 
are small compared t o  t h e  d e s i r e d  image resolut ion;  ( 2 )  at tenuat ion  due 
t o  a d s o r p t i o n  i n  t h e  medium i s  e i t h e r  known o r  is negligible; (3) 
a t t e n u a t i o n  due t o  s c a t t e r i n g  is n e g l e c t e d ,  and t h e r e  a r e  no second- 
order scattering effects; and ( 4 )  t h e  s c a t t e r i n g  i s  assumed do be 
i s o t o p i c .  

Con t inued  work on t h i s  problem is aimed at  i n v e s t i g a t i n g  t h e  
effects of no i se  and q u a n t i f  y lng  t h e  r e l a t i o n s h i p  between array 
parameters and r e s o l u t i o n  as a f u n c t i o n  of p o s i t i o n  i n  t h e  image plane. 
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Opening Mode Crack Growth in Rock 

Robert 8, Cordon 

Scope of Work 
The objective of t h i s  research is t o  develop an  unders tand ing  of 

the f r a c t u r e  s t r e n g t h  of brittle r o c k  t h a t  can be used i n  t h e  s o l u t i o n  
of engineering desilpl problems and i n  t h e  field. The specif ic  energies 
for crack i n i t i a t i o n  and propagation i n  nine d i f f e r e n t  types of rock 
have ken  measured I n  the l a b o r a t o r y .  The exper iments  show t h a t ,  
because of the non-lfnear e l a s t i  city of rock, the measured fracture 
energy depends on the way i n  which the t e s t  specimen is loaded. Hence, 
a standardized t e s t  procedure is needed to obtain data t h a t  show t h e  
d i f f e r e n c e s  i n  f f a c t w e  e n e r g i e s  that are due t o  differences i n  
s tructwe  and composition of rock. The f r a c t u r e  toughness is  found t o  
depend primarily on the p r e e x i s t i n g  microcrack network i n  t h e  
c r y s t a l l i n e  rocks and is less influenced by m i n e r a l o g i c a l  makeup and 
tex ture .  Rock which i s  r e l a t i v e l y  free of microcracks ( such  as  
q u a r t z i t e ) ,  or i n  which cracked or porous material is organized i n  
nearly continuous sheets (such as  limestone), or  which has a very high 
c o n c e n t r a t i o n  of microcracks ( such  as  marble), tends t o  have a low 
fracture energy. - High fracture energy  i s  found when rock c o n t a i n s  a 
microcrack n e t w o r k  that p e r m i t s  development of multiple , p a r t i a l l y  
completed, f r a c t u r e  paths. 

The micromechanical  processes t h a t  control the fracture energy and 
t h e  s t r u c t u r e  of the fracture surfaces i n  rock are being studies by 
d i r e c t  o b s e r v a t i o n  of crack growth under the  microscope. Highly 
p o l i s h e d  specimens a r e  w e d  i n  a small b u t  s t i f f  loading frame t h a t  
pe rmi t s  s t a b l e  crack growth. Successive Loadlng.unloading curves are 
recorded  and wed t o  compute t h e  energy consumed i n  each observed 
increment of crack extension. The s i z e  and structure of t h e  process 
zone formed by t h e  advancing C r a c k  is round to  be sensitive to the 
m i ~ o s t r u c t w e  of the rock. The results are being used t o  i n t e r p r e t  the 
dependence of fracture energy on crack length and r o c k  s t r u c t u r e  which 
w a s  observed i n  the t e a t s  on large specimens. 



GEOSCIENCES RESEARCH (ERDAEPOEI 
Historical Surnmary/Off-Sits 

(Operating Funds - Thousands) 

lnrtltutlon (Pi1 . . . -. -. . . 
U/Alaska (Akasofu) 
UlAlaska (Pulpanl 

UIAlaska (Kienis) 
UIArizonn lHllll 
U/Ar~zona INorton) 
Adzona State {Navrotskyl 
Aspen Institute (Robensl 
Brown U (Hermaneel 
Cal Tech IAhrenal 
WICallfornla-8 IRaynoldal 
U/Calilsrnia-8 ~Hnlflescml 
UtCalifornia-D (MacGregorl 
U/Californla-LA IWamnl  
U/Calllornla-LA IBoshlerl 
UICalitornfa-LA IAndefson 
UJCalifornia-LA IKennedyl 
UICallfornia-SD (Crnlgl 
UlChleago IAndersonf 
Columbia U (Fairbrldgel 
Columbia W [Jacob! 

Columbla U IEngeldnrl 
Columbla W lWalkerl 
Ft. Lewis College (E!lIngton) 
Hatvsrd U (Thompson) 
UtHnweli lMonghnan1) 
Headquarters Sewlees 
lndisnepol~s Ctr. for Adv. Research IOinssf 
UIMlnnesote lJohnsonl 
MIT (Akc) 
MlT (Sirnrnonsl 
NASINRC {U.S. National Comm. GeDchemlst~l  
NASINRC (Studlee in Qeophyaieal 
NASINRC (Comm. on Seismologyl 
NASINRC (Geol/MaMrials Sei. Studyl 
NASINRC (Gsol. Sc4 Bonrdl 
NASINRC (Geodynarnlcs C o d  
NASINRC (Cont. Scl. Drilling Comrn.1 
NASINUE (Geophyu. Film Comrn.1 
Navel Wwpons Suppon Center !Tanner) 
UINevada-R IRyalV 
CUNY-Q [Schreiber) 
SUNY-A (Deweyl 
SU MY-A (HarrlaonJ 
SUNY-SB I Paplke) 
SWNY-SR IHenson) 
NOAA IDonnellyl 
W/Orsgon IWslll) 
Oregon State IFehler) 
Psnnsylwanla Stste U (Manlnl 
Pannaylvsnla Ststs U {Glvsn) 
Princeton V (Moflisterl 
Rice U (Baker) 
Rice U (Ave-Lallemsnt) 
RPI {Friedmsnl 
SMU lBlackwell~ 
S. Oskota Sch. M a T lPaplkel 
UIS. Floilde lSaeksttl 
Stanford U (Llowl 
Stanford U (Nurf 
Stanlord U (Parka) 

Utfexas-A (Barkor) 
Texas ABM lFlledmanl 
Texas ABM ICanerl 
UlTulss IBarksr) 
USGS IHaasl 
UIW~aconsin IWang) 
Woods noltl (Hunt) 
Woodwnrd-Clyde. Pasadena (Burdickl 

XDATA IDinesl 
Yaln U [Gordon) 
oft-5tb TOG 

- 

NFKT 
NFX 
- 
- - - 

- 35 

9B NFX 
- - 

B F  3W 
ZBB - 
- 73 

- - 
- 10 
+ W 
- BO 
- ZO 
- - 
E7 96 
49 - 

NFKT 
138 - 

- 

38T 
NFXT 

140 
- - 
m 
- 

MFX 
- 
57 

141 
- 





SUBJECT I N D E X  
GEOLOGY, GEOPHYSICS, AND EARTH DYNAMICS 

. Large Sca le  Earth Movements.. .7,16,53,54,66,95,116,117,129 
Evolution of Geologic S t r u c t u r e s .  .7,9,16,20,37,38, 39, b0, 41, 

61,62,63,66,89,117,120,129,135 
.... Propert ies of E a r t h  Materials.. 18,20,30,85,86,91,98,140 

Rock Flow, Fracture or Failwe..13,14,18,21,31 ,67,~7~79,931 
96,132,133,138,141 

Continental Scientific Drilling P r o p a m  (CSDP).6,7,9,25,26, 
27,28,29,30,32,38,39,40,41 n52,53,54,61 t6216396Q¶69,79t95, 

108,116,117,i 32,133 

GEOCHEMISTRY 
Thermochemical Propert ies of Geologic Materials. .4,9,10,12, 
19,23q26,33,3~,35,45,46,47,49,50,69,70,74,~2~88~9~,1~3,13~ ..................... S t a t i c  Rock-Water Interactions.. .12,32 

Organic Geochemistry ............. ~...~~.m.I.~.24,47,136,139 
Geochemical Migra t ion . .  . .2,3,15,19,23,33,36,49,50,59,60,81, 

122,127,135 

ENERGY RESOURCE RECOGM I T I O N ,  EVALUATION, AND DMIELOPNENT 
Resource Definition and Utilization.6,11,12,14, 2OP24, 26,28, 

29,31,32,34,47,63,71,118f 125,129,130,136 ........ Reservoir Dynamics and Modeling.. .6,13,14,33,96,118 
. Magma Energy Resources.. . I  0,19,26,27,28,29,37,45,46,61, 62, 

63,69,88,91 
Information compilation, Evaluation, a n d  Dissemination. .l2, 

25,28,52,53,54,64,1009 103,104, 108,112,114 

HYDROLOGIC AND MARINE SCIENCES 
Ground Water Hydrology.. ............................ .15,125 
Fresh Water S y s t t m s  ....................,..*"-...*..*. 11,34 

......................................... Oceanography 98,100 

S OLAR-TERRESTRIAL-ATMOSP H E R I C  INTERACTIONS 
Magnetospheric Phys ics  and Chemistry. .  ............ ,42,43,73 
Upper Atmosphere Chemistry and Physics . . . . . . . . . . . . 1 v . , 5 6 , 5 7  
Solar Radiation . . . . . . . . . . . . . . . . . ~ . . . . . . . . . . . . . . . . . . . m .  57,75 
Meteorology and Climatology., .......................... ,100 



INDEX OF TECHNICAL CONTRIBUTORS 

CONTRIBUTOR 
Ahrens, T.J. 

Akasofu, S. I. 
A k i ,  K .  

b l b r i g h t ,  J.N. 
Alvarez ,  W. 
Anderson, A.T. ,  Jr. 
Anderson, O.L. 

Andrews, R.S. 

Apps, J . A .  
Asaro, F. 
Aveqal lemant ,  H.G, 
Raker, D.N. 
Baldr ige ,  W.S. 
Barker , C . 
Barker, D.S. 
Bass, J ,  

Bayhurst  , G .K.  
Benjamin, T.M. 
Berg, J.W., Jr. 

Berryman, B.P. 

B l a e i e ,  J . D .  
B l a i r ,  S.C. 
Boehler , R . 
Boggs, S. ,' Jr. 
Bonner, B.P. 

Burnham, A.K. 

Cafasso, F.A 
Carrnlchael, I.S.E. 
Carnahan, C.L. 
Carrigan, C.R. 
Carter, N.L. 
Charles, R.W. 
Chin, R.C.Y. 

Cohen, A.D. 
Cole, D.R. 
Cost in ,  L.S. 
Crowe, B.M. 
Curtis, D.B. 
Daniels, K. 

INSTITUTIdN 
C a l i f o r n i a  I n s t i t u t e  of 

Techno1 ogy 
Un ive r s i t y  o f  Alaska 
Massachusetts I n s t i t u t e  of 

Techno1 ogy 
Cos Alarnos National  Laboratory 
Lawrence Berkeley Laboratory 
Un ive r s i t y  of Chicago 
Un ive r s i t y  of C a l i f o r n i a ,  

Los Angeles 
National  Academy of Science/ 

National Research Council 
Lawrence Berkeley Laboratory 
Lawrence Berkeley Laboratory 
Rice University 
Los Alamos National  Laboratory 
Los Alamos Nat ional  Laboratory 
University of T u l s a  
U n i v e r s i t y  of Texas, Austin 
California I n s t i t u t e  of 

Technology 
Los Alamos National Laboratory 
hos Alamos Nat iona l  Laboratory 
National Academy of Science/  

Nat iona l  Research Council 
Lawrence L i vermor e National 

Laboratory 
Los A 1 amos Nat 1 onal  Labor a t  or  y 
Pacif i c Northwest Laboratory 
Univers i ty  of C a l i f o r n i a ,  

Lo3 Angeles 
Argonne Nat ional  Laboratory 
Lawrence Li vermore Nat ional  

Labor a t  or y 
Lawrence ti vermore National 

Labor a t  or y 
Argonne Nat ional  Laboratory 
Lawrence Berkeley Laboratory 
Lawrence Berkeley Laboratory 
Sandia  National Labora tor ies  
Texas A & M University 
Las ALamos National Laboratory 
Lawrence Livermore National 

Labor a t  or y 
Los Alamos Nat iona l  Laboratory 
Oak Ridge National Laboratory 
Sandia National Labora tor ies  
Los Alamos Natlonal  Laboratory 
Los A 1  amos National  Laboratory 
Los Alamos National  Laboratory 

PAGES 
79 



Dickson, F,W. 
Dines,  K.A. 
Doboss S.K. 
Donahoe, R.J. 
Drumrnond, S.E. 
Duba, A.G. 

Dunn, J . C .  
Durham, W.B. 

Ei chel berger , J . C . 
Emerson, D . 0. 
Engel der , T. 

Farmer, G.L. 
Feldman, W.C. 
Foote, H.P. 
Friedman, A.M. 
Friedman, G.M. 

Friedman, M. 
Gary, S.P. 
Gerlach, T .M. 
Goff, F.E. 
Goldstein, N.E. 
Gordon, R . B .  
Randin, J .  
Hanson, G.N. 

Hardee, H.C. 
Harrison, T.M. 

Hart, P.J ,  

Heard, H.C. 

Heiken, G.H. 
Helgeson, H.C. 

Ki l l ,  H.A. 
Holcmb, D.J. 
HoLLey, C.E. 
Hones, E.W., Jr. 
Howard, N.W. 

Hunt, J.M. 

Jacob, K .  
Johnson, B. 

Oak Ridge Natlonal Laboratory 
Xdata Gorp.,  Indianapolis 
Harvard Uni v e r a i t y  
Stanford University 
Oak Ridge National Laboratory 
Lawrence t i verrnor e Nat i onal  

Labor at or y 
Sandia National Laboratories 
Lawrence Li vermore National 

E abor at or y 
Sandi a Natlonal Laboratories 

Lawrence Livermore National 
Laboratory 

Lamont-Doherty Geological 
Observatory 

Lo3 A l  amos National Laboratory 
Los ALarnos National Laboratory 
Pacific Northwest Laboratory 
Argonne National Laboratory 
Rensselaer Polytechnic 

I n s t i t u t e  
Texas A & M Univers i ty  
Los Alamos National Laboratory 
Sandia National Laboratories 
Los Alamos National Laboratory 
Lawrence Berkeley Laboratory 
Yale University 
Texas A & M University 
State  Univ. of New York ,  

Stony Brook 
Sandia National Laboratories 
State University of New York, 

Albany 
Matlonal Academy of Science/ 

National Research Council 
Lawrence Li vermore National 

Labor at or y 
Lawrence Livermore National 

Laboratory 
Los Alamos Natlonal Laboratory 
University of California, 

Berkeley 
Unl versi t y  of Arizona 
Sandia National Laboratories 
Los Alamos National  Laboratory 
Los Alamos National Laboratory 
Lawrence L i verrnor e National 

Laboratory 
Woods Bole Oceanographl c 

I n s t i t u t i o n  
Columbia University 
Texas A & M University  



Johnson, G.K. 
Johnson, T. 
Kasaneyer, P.W. 

King, M.S, 
Klecbe r ,  E.W. 
Krumhansl, J.L. 
Larson, N.R. 
Lasaga, A.C. 
Laul, J .C.  
Liou, J .G. 
Livermore, D. 
L u t h ,  W.C. 

Lytle, R.J. 

Majer, E.L. 
Manghnani , M .H. 
McEvilly, T.V. 
Mesmer, R,E. 
Meyers , W. J. 

Michalsky, 5.3. 
Michel, H.V. 
Miller, D.G. 

Mills, J . M .  

Morrison, H. F. 
M u r a s a k ,  N. 
Naney, M.T. 
Narasimhan, T.N. 
Navrotsky, A.  
Nicol, M. 

Norton, D. 
Nur, A.M. 
OtWare, P . A . G .  
Ohmoto, H. 
Olsen, K . H .  
Papkke, J. J. 

Parks, G.A. 
Patton, H.J. 

P e r s i n ,  R . E .  
Pe t r i ,  6.M. 
Phi l l ips ,  S.L, 
Pi tzer ,  K . 5 .  
P i w i n s k i i  , A .  J. 

Pohl ,  D.C. 

Arganne National Laboratory 
University of Minnesota 
Lawrence Livermore National 

Laboratory 
Lawrence Berkeley Laboratory 
Pacific Northwest Laboratory 
Sandia National Laboratories 
Pacific Northwest Laboratory 
Pennsylvania Sta te  University 
Pacific Northwest Laboratory 
Stanford University 
Argonne National Laboratory 
Sandla National Laboratories 4 

Lawrence Livermore Natf onal 
Laboratory 

Lawrence Berkeley Laboratory 
Univers i ty  of Hawaii a t  Manoa 
Lawrence Bet. keley Laboratory 
Oak Ridge National Laboratory 
State  Univ. of New York, 

Stony Brook 
Pacif l, c Northwest Laboratory 
Lawrence Berkeley Laboratory 
Lawrence Li vermore National 

Labor a t  or y 
Lawrence Livermor e National 

Laboratory 
Lawrence Berkeley Laboratory 
Los Alamos National Laboratory 
Oak Ridge National Laboratory 
Lawrence Berkeley Laboratory 
Arizona S ta te  University 
Unive r s i t y  of California,  

Cos Angel- 
University of Arizona 
Stanford  University 
Argonne National Laboratory 
Pennsylvania Sta te  University 
Los klamos National Laboratory 
South Dakota School of Mines 

and Technology 
Stanford Univers i ty  
Lawrence Livermor e National 

Laboratory 
Los Alamos National Laboratory 
Pacific Northwest Laboratory 
Lawrence Berkeley Laboratory 
Lawrence Berkeley Laboratory 
Lawrence Livermore National  

Labor a t  or y 
Stanford University 



Rard, J.A. 

Raymond, R. 
Reynolds, J.H. 

Rogers, P.S.Z. 
Rokop, D . J .  
RowLey, J.C. 
Rundle, J.B. 
R y a l l ,  A.S. 
R y a l l ,  F.D. 
Ryerson, P. J. 

Sanders ,  C.O. 
Scheimer , J. F. 

Schreiner , F. 
S e i t z ,  M .  
Seyfried, W.E., J r .  
S h a n k l a n d ,  T.J. 
Simmons, G. 

Sla t e r ,  D.W. 
Smith, A.T.  

Smyth, J.R. 
S t e i n d l e s ,  M . J .  
Stockman, H.W. 
Stokes, G.M. 
Sturchio,  El. 
Swanson, S.E. 
Sykes , L. 
Taber, J. 
Takach, N. 
Taylor, S.R. 

Thompson, J .B. ,  d r .  
Thornsen, M.F. 
Tsaeger, R .K. 
Tsang, C.F. 
Tsang, Y.W. 
Usselman, T.M. 

Vaniman, D.T. 
V e t t e r ,  U.R. 
Vidale, R , J .  
Vogel, T.A. 
Wang, H . F .  
Wawersi k ,  W .R. 

Lawrence Li vermore National 
Laboratory 

Lo3 Alamos National  Laboratory 
Un ive r s i t y  of Cal i fdpnia ,  

Ber kel ey 
Los Alamos Nat iona l  L a b o r a t o r y  
Los Alamos National Laboratory 
Los Alamos National  Laboratory 
Sandi a National Laboratories 
Wniversi t y  of Nevada, Reno 
Univers i ty  of Nevada, Reno 
Lawrence L iverrnore National 

Laboratory 
University of Nevada, Reno 
Lawrence Livermore Nat ional  

Laboratory 
California I n s t f t u t e  of 

Techno1 ogy 
Larnont-Doherty Geological 

Observatory 
Argenne National Laboratory 
Argonne Nat ional  L a b o r a t o r y  
University of Minnesota 
Los ALamos National Laboratory 
Massachusetts I n s t i t u t e  of 

Techno1 ogy 
Pac i f i c  Northwest Laboratory 
Lawrence L ivermor e Mat ional 

Laboratory 
Los Alamos National Laboratory 
A r  gonne National Laboratory 
Sandia Nat ionaL Laboratories 
Pacific Northwest Laboratory 
Argonne National Laboratory 
University of Alaska 
Columbia University 
Columbia University 
Un ive r s i t y  of Tu l sa  
Lawrence L i  vermore National 

Labor at or y 
Harvard Unive r s i t y  
Los Alamos National  Laboratory 
Sandi a National Laboratori es 
Lawrence Berkeley Laboratory 
Lawrence Berkeley Laboratory 
National Academy of Science/ 

National Research Council 
Les Alamoa National Laboratory 
University of Nevada, Reno 
Los Alamos National  Laboratory 
Michigan Sta te  University 
University of Wisconsin 
Sandia Nat l ona l  Laboratories 



Weed, H.C.  

Weres, 0 .  
Weslowskf, D. 
Westrich, H.R. 
Whelan, J.K. 

Whetten, J.A. 
White, A.F. 
Witherspoon, P.  A. 
Wollenberg, H. 
Wukelic, G.E. 
Younker, L.W. 

Zeuch, D.H. 

Lawrence Livermor e National 2 6 
Laboratory 

Lawrence Berkeley Laboratory 1 1  
Oak Ridge National Laboratory 47,49 
Sandia  Nat iona l  Laboratories 6 9  
Woods Hole Oceanographic 139 

Ins tit ution 
Los Alamos National L a b ~ r a t o r y  30,38 
Lawrence Berkeley Laboratory 6 
Lawrence Berkeley Laboratory 7 4 
Lawrence Berkeley Laboratory 6 
Pacif ic  Northwest Laboratory 52,54 
Lawrence Livermer e National 18,23,25 

LabQPatory 27,28 
Sandia Hat ional Laboratories 67 

* U.5. G O m R W N T  PRINTINC OFFICE: 198b-12 1-076: 10023 




