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FOREWORD 

The Department o f  Energy supports research i n  the geosciences i n  order t o  
provide a sound underlay o f  fundamental knowledge i n  those areas o f  the earth, 
atmospheric, and s o l a r / t e r r e s t r i a l  sciences which r e l a t e  t o  DOE'S many missions. 
The D iv i s ion  o f  Engineering, Mathematical and Geosciences, which i s  a p a r t  of 
the O f f i ce  o f  Basic Energy Sciences and comes under the D i rec tor  o f  Energy 
Research, suppor ts  under i t s  Geosciences program major  DOE l a b o r a t o r i e s ,  
industry, u n i v e r s i t i e s  and other governmental agencies. Such support provides 
f o r  payment o f  salaries, purchase o f  equi pment and other materials, an a1 lowance 
f o r  overhead costs, and i s  formalized by a contract between the Department and 
the organization performing the work. 

The summaries i n  t h i s  document, prepared by the invest igators,  describe the 
work performed dur ing  1978, include the scope o f  the work t o  be performed i n  
1979 and provide information regarding some o f  the research planned f o r  1980. 
The D iv i s ion  o f  Engineering, -Mathematics, and Geoscience Program, p a r t  o f  t he  
Off ice o f  Energy Research, supports under i t s  Geoscience Program, research i n  
geology, etrology, geophysics, geochemistry, hydrology, sol a r - t e r r e s t r i a l  
re la t ionsh P ps, aeronomy, seismology and natural resource analysis, including the 
various subdivisions and i n t e r d i s c i p l i n a r y  relat ionships,  as w e l l  as t h e i r  
re1 at ionship t o  the Department's technological needs. 



i DESCRIPTIVE STATEMENT 
BASIC ENERGY SCIENCES * 

GEOSCIENCES 
RESEARCH CATEGORIES 

The fo l lowing out1 i ne  o f  research categories i n  the Department o f  Energy 
(DOE), O f f i ce  o f  Energy Research (OER), Basic Energy Sciences (BES), D iv is ion  o f  
Engineering, Mathematical and Geosciences (EMG) program i n  the  Geosciences i s  
intended t o  be i l l u s t r a t i v e  ra the r  than exhaustive. Categorization w i l l  evolve 
w i th  time from t h i s  FY 1979 basis. Ind iv idual  research e f f o r t s  a t  DOE, univer- 
s i t y ,  ‘col lege, corporate, no t - fo r -p ro f i t  and other Federal agency laborator ies 
supported by t h i s  program frequently w i l l  have components i n  more than one of 
the categories o r  sub-categories 1 isted. 

Research supported by t h i s  program may be d i rected toward: a spec i f i c  
energy technology, nat ional  security, convervation o r  environment and safety  
ob jec t ive  o f  DOE; prov id ing geoscience and geoscience-re1 ated informat ion o f  
relevance t o  more than one DOE objective; o r  development o f  a broad, basic 
understanding o f  geoscience mater ia l  s and processes necessary f o r  the attainment 
of long-term DOE objectives. I n  general , ind iv idua l  research e f f o r t s  supported 

1. Geology, Geophysics, and Ear th Dynamics 

search w i l l  invo lve elements o f  a l l  three types o f  research. 

a. Large-Scale Ear th Movements: Research re la ted  t o  physical aspects o f  
large-scale p l a t e  motion, mountain bu i l d ing  and regional scale u p l i f t  

4 and subsidence. 

b. Evolut ion o f  Geologic Structures: Research bearing on h i s to ry  and 
development o f  geologic s t ructures (e.g. , fo lds  , f a u l t s  , 1 andsl ides , and 
volcanoes) on a loca l  subregional scale (subsets o f  La.) .  

c. Proper t ies o f  Ear th  Materials: Research on physical propert ies o f  rocks 
and minerals determined i n  the laboratory  o r  f i e l d  ( i n  s i t u )  by d i r e c t  
o r  i n d i r e c t  techniques. 

d. Rock Flow, Fracture, and Fai lure:  Research re la ted  t o  response o f  
minerals, rocks and rock u n i t s  t o  natural  o r  a r t i f i c i a l l y  induced 
stress. Includes the range o f  s t r a i n  ra tes from those appropriate t o  
d r i l l i n g  t o  v iscoe las t ic  response. 

e. Continental D r i l l i n g  f o r  S c i e n t i f i c  Purposes: Research on advanced 
technology, and services concerned w i th  u t i l i z a t i o n  o f  shallow (<300 m) , 
intermediate (300-1,000 m) and deep (1,000-9,000 m) d r i l l  holes i n  the 
U. S. cont inental  c rus t  to:  obta in  samples f o r  de ta i  1 ed physical , 
chemical , mineralogical  , petrologic,  and hydrologic character izat ion and 
in terpretat ion;  cor re la te  geophysical data w i th  1 aboratory determined 
properties; and use o f  the  d r i l l  hole as an ac t i ve  experimental f a c i l i t y  
f o r  study o f  c rus ta l  mater ia ls  and processes. DOE focus on d r i l l i n g  
hrough an ac t ive  hydrothermal system (o r  systems) i n t o  a magma chamber 

o r  i n t o  high-temperature igneous rocks. Includes research aspects o f  
d r i l l i n g  technology development f o r  such h o s t i l e  environments. Par t  o f  
a multiagency (USGS, NSF, DOE, DOD) coordinated program. 



2. Geochemistry _ _  

a. Geothermal F1uibs:s. Research ed t o  thermodynamic, physical, and 
transport  propert ies o f  natural  geothermal f l u i d s  and t h e i r  synthet ic 
analogues. Emphasis i s  on g e r i c  ra ther  than s i te -spec i f i c  s tu  

S t a t i c  Rock- Water I nterac t io  : Laboratory-based research on c 
mineralogical , and tex tu ra l  conse f in te rac t i on  of natural  
aqueous f l u ids ,  o r  t h e i r  synthet ic -a 

' C. Organic Geochemistry: Research on occurring carbonaceous and 
b i o l o g i c a l l y  de r i ved  substances o f  geo log i c  importance. Inc ludes  
research on o r i g i n  and development o f  coal, petroleum, and gas. 

d. Geochemical Migration: Research on chemical mig i on  . i n  materia 
the ear th 's  crust  where emphasis i s  on generic ra ther  than spec i f i c  
understanding which may (u l t imate ly)  lead t o  p red ic t i ve  capabi l i ty .  
Focus i s  on experimental and theoret ica l  studies o f  chemical t ransport  
induced by pressure, temperature , and composition gradients I wi.thin, 
between and by a phase o r  phases.( P a r t  o f  a mi l t iagency (DOE, NSF, 
USGS) j o i n t  program. 

i t h  rocks and minerals. 

3. 

a p r inc ipa l  goal o f  
developing new and advanced physical ly, chemically, and mathematically 
based techniques fo r -  energy and energy-re1 ated resource explorat ion, 
de f i n i t i on  and use. 

b. Reservoir Dynamics and Modeling: Research re la ted  t o  dynamic modeling 
o f  geothermal and hydrocarbon reservo i rs  i n  t h  atura l  and perturbed 
(by production, i n j e c t i o n  o r  re in jec t ion)  s ta te 

c. Magma Energy Resources: F i e l d ,  l a b o r a t o r y ,  exper imenta l  , and 
theoret ica l  research bearing on or ig in ,  migration, emplacement , and 
c r y s t a l l i z a t i o n  o f  n a t u r a l  s i l i c a t e  l i q u i d s  o r  t h e i r  s y n t h e t i c  
analogues. Emphasis i s  on studies re la ted  t o  energy ex t rac t ion  from such 
1 i quids . 

d. I n f o r m a t i o n  Compi la t ion,  Eva lua t ion ,  and Disseminat ion:  Research 
a c t i v i t i e s  which are p r i n c i p a l l y  or iented toward the  -evaluation o f  
ex i s t i ng  geoscience data t o  i d e n t i f y  s ign i f i can t  gaps, and includes the  
necessary compilation and d i  ssemination a c t i v i t i e s  . 

4. Hydrologic and Marine Sciences 

a. Ground Water Hydrology: Research re la ted  t o  chemical and physical 
p r inc ip les  underlying the f low o f  water through porous and permeable 
rocks near the earth 's surface. 

b. Fresh Water Systems: Re rch  on the chemistry, physics, and dynamics 
o f  f resh water systems including streams, r i vers ,  and lakes. 
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Contractor: ARGONNE NATIONAL LABORATORY 
Argonne, I1 1 i n o i s  60439 

Contract: 109 ENG 38 

T i t l e :  Geosciences Program 

Person i n  Charge: 

Scope o f  Work 

Argonne National Laboratory Geosciences I s concerned w i th  measurement o f  
thermochemical propert ies of minerals and brines, and with e luc ida t ion  of 
mechanisms whereby t race  elements migrate through rocks. Results should 
contr ibute t o  the  advancement o f  technological e f f o r t s  i n  geothermal energy 
exp lo i t a t i on  and i n  rad ioact ive waste disposal. 

A. Thermochemistry o f  Geothermal Mater ia ls  (C. E. Johnson/P. O'Hare) 

F. A. Cafasso, M. Ste ind ler  

This program i s  devoted t o  determination o f  thermochemical proper t ies 
o f  well-characterized minerals and prototyp ic  brines. Systems studied are 
selected with the aim o f  u t i l i z i n g  data f o r  development o f  p red ic t i ve  
schemes. Propert ies measured are standard enthalpies o f  formation and heat 
capaci t ies i n  the 300-700 K range and under pressures up t o  500 bars. 
F1 uor ine bomb-, solut ion-, and drop-calor imetr ic techniques are methods 
employed. Current research i n te res t  i s  on s u l f i d e  minerals (e.g., s t i b n i t e  
and chalcopyr i te) ,  selected synthet ic  zeo l i t es  (e.g., chabazite and z e o l i t e  
A),  and synthet ic brines. Informat ion gained should prove useful i n  
exp lo i t a t i on  o f  both vapor d p i n a t e d  hot-dry-rock and hot water (b r ine)  
dominated geothermal systems. 

Trace-Element Transport i n  Geologic Media (M. G. Seitz/R.A.Coutre) 

Trace elements t h a t  migrate i n  rocks can produce uranium ores or, i n  
other set t ings,  they can upset man's schemes t o  ex t rac t  geothermal energy o r  
t o  dispose o f  wastes generated with energy. Our goal i s  t o  understand 
fundamental mechanisms t h a t  under1 i e  t ranspor t  by f lowing groundwater o f  
t race  elements i n  rocks. We invest igate trace-element migrat ion t h a t  i s  
e i t h e r  cont ro l led  by an ion-exchange react ion o r  by p r e c i p i t a t i o n  and 
d i sso lu t i on  reactions. 

B. 

I n  hydrothermal- inf i l  t r a t i o n  experiments, groundwater so lut ions are 
pumped through columns o f  rocks o r  minerals. Trace elements introduced i n t o  
so lu t ion  streams are eluted through columns t o  determine migrat ion behavior 
r e l a t i v e  t o  f lowing solutions. 

A r e s u l t  o f  experiments performed i n  F+Y 1979 i s  t h a t  kao l in i te ,  
nominally A12Si205(0H)4, has an a f f i n i t y  f o r  Cs i n  the  presence o f  Na t h a t  
decreases w i th  temperature from 25 t o  212°C (and, hence, cesium i s  more 
mobile i n  kaol i n i t e  a t  higher temperature). Nearly 1 inear  re la t ionsh ips  
were found between the logar i thm o f  the d i s t r i b u t i o n  c o e f f i c i e n t  an$ thf 
r e c i p r o c a l  of temperature,  and between t h e  l o g a r i t h m  o f  t h e  Cs -Na 
s e l e c t i v i t y  coe f f i c i en t  and the rec iprocal  o f  temperature. The standard 

* 

2 



P change o f  entropy f o r  t g e  exchapge react ion i s  equal t o r  the d i f fe rence i n  
standard entropies o f  Cs and Na 

The resu l t ,  appl ied t o  nuclear-waste disposal , suggests that ,  because 
o f  nuc lear-decay heat ing ,  t r a n s p o r t  o f  c e r t a i n  n u c l i d e s  c o u l d  be  ~ 

subs tan t i a l l y  f a s t e r  through a c lay  b a c k f i l l  i n  a nuclear-waste reposi tory 
than previously expected. The adsorption. isotherm i s  nonlinear a t  t r ace  
concentration o f  iodate (lom4 M) wi th  f ract ion adsorbed greater a t  lower 
concentration. Yet adsorption 7s s u f f i c i e n t  even ~ a t  concentrations higher 
than loo4 M SO t h a t  only 200 metric tons (200 Mg) o f  hematite could adsorb 
about 98%-of an annual y i e l d  o f  2000 moles o f  iodate r e s u l t i n g  from 
reprocessing 1500 metr ic tons o f  nuclear fuel.  Thus, i r o n  oxide might 
cons t i t u te  an e f f e c t i v e  b a r r i e r  t o  migrat ion o f  iodate. 

1, ' 
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Contractor : BATTELLE MEMORIAL INSTITUTE 
Pac i f i c  Northwest Laboratory 
Richland, Washington 99352 

Contract: 

T i t l e :  I. Remote Sensi ng/Geoscience a ta  Analysis Methodology 

Person i n  Charge: J. R. Eliason 

Scope o f  Work 

Object ive i s  t o  conduct research i n  remote sensing and t o  develop data 
analysis methodology and instrumentation required t o  meet DOE'S needs f o r  data 
r e l a t i n g  t o  geoscience and the environment. 

A. 

B. 

C. 

D. 

Remote Sensing and Geophysical Data Set 'Correlat ion (H. P. Foote, G. M. 
Pet r ie )  

Geological remote sensing i s  most e f f e c t i v e  when i t  can be combined 
w i t h  other kinds o f  geological and geophysical data. Data co r re la t i on  
methodologies are developed t o  e f f e c t i v e l y  acquire, process, and u t i 1  i z e  
combinations o f  remote sensing and geophysical data sets. These techniques 
w i l l  be based on coversion o f  remote sensing and geophysical data i n t o  
compatible d i g i t a l  data sets which can be analyzed on high-speed d i g i t a l  
computer systems and displayed on computer graphics devices. 

Image Enhancement and C lass i f i ca t i on  (H. P. Foote) 

Computer and anal og processing techniques are being devel oped f o r  
enhanci ng and analyzing mu1 ti spectral  sate1 1 i t e  and ae r i  a1 remote sensi ng 
data. These techniques inc lud  spectral analysis, image enhancement , noise 
f i l t e r i n g  , p a t t e r n  r e c o g n i t i o n  , t e x t u r e  a n a l y s i  s and geographic 
transformat ions. 

Instrumentation Development (H. P. Foote, G. A. Sandness) 

PNL develops a e r i a l  imaging systems f o r  s p e c i f i c  remote sens ing  
a p p l i c a t i o n s .  These systems i n c l u d e  b o t h  o p t i c a l  , mechanical and 
photographic systems which can be configured w i t h  various sensors o r  f i l m .  
Also, an i n t e r a c t i v e  d i g i t a l  system i s  being developed t o  conduct data 
analysis required t o  produce f i n a l  remote sensing data products. 

Simulation o f  S o l i d  Ear th Processes (G. A. Sandness, W. M. P h i l l i p s )  

Advanced data analysis methodologies are used by PNL geosc ient is ts  t o  
b e t t e r  understand large-scale geologic processes i n  the P a c i f i c  Northwest 
Region. These studies w i l l  provide data needed t o  develop an i n i t i a l  
s imulat ion model o f  tecton ic  processes. 
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Tj t l e :  

Person in Charge: 

Scope .of Work 

h s o l a t i o n  and aeronomy programs a t '  Bat te l  l e  Observatory are concerned w i th  
measurement ,and character izat ion of ground-based so lar  ' f l u x  ( inso lat ion)  and 
nightt ime, upper-atmospheric, op t i ca l  emissions (auroras) . The inso la t ion  
program i s  d i rec ted  toward spectral resol  u t i o n  studies o f  d i r e c t  and d i f f u s e  
s o l a r  r a d i a t i o n  and h i g h  s p a t i a l  r e s o l u t i o n  measureme'nts o f  t h e  d i f f u s e  
component of so lar  radiat ion.  ,,Data acquired w i l l  have d i r e c t  a p p l i c a b i l i t y  t o  
so lar  power S i te  evaluations, photovol ta ic and photo-biological programs, and i t  
w i l l  provide basis for a quant i f i ca t ion  o f  inso la t ion  modi f icat ion by clouds and 
aerosol s . 

S i  nce i nsol a t  i -studies and auroral emissions studies share a common 
ins t rment ,  and t o  ce r ta in  extent data hand1 ing  techniques, much development 
proceeded i n  para l le l .  Aeronomy focused on use o f  n ightt ime op t ica l  emissions 
as a diagnosti,c t oo l  f o r  inves t iga t ion  o f  s ta te  o f  the  upper atmosphere and the  
p l  asmasphere-magnetosphere in te rac t ion  region. It i s  important t o  obtain 
understanding o f  Earth's magnetosphere because i t  inf luences not on ly  rad ia t i on  
b e l t s  b u t  he lps  p r o t e c t  t h e  ozone l a y e r ,  s i g n i f i c a n t l y  a f f e c t s  r a d i o  
cmun ica t fons ,  and it has been recent ly  suggested t h a t  there ex i s t s  a c lose bu t  
subt le  re la t ionsh ip  between the s tate of the magnetosphere and t e r r e s t r i a l  
weat her . 
A. : 

d Operation o f  DOE Insolation-Aeronomy 

Analysis o f  
ndamental objec rated spectral  data 

the 300-1100 nm' are t o  be archived 
the National C1 Carol i na . D i  r e c t  

so la r  measurements a t  f ive-Minute 
i n te rva l s  throughou made .every ha l f  
hour. Routine dat t i a l  reso lu t ion  

ntervals. On 
l e a r  days, data 
i r e c t  measurement 

average size, si-ze 

i b ra te  so lar  rad ia t ion  both 
d i r e c t  and d i f f u s e  a t  seven spec i f i c  wavelengths. A Mobile Automatic 



Scanning Photometer was developed. It i s  a dual-purpose instrument 
which makes nightt ime observations as w e l l  

The instrument measures inso l  on i n  spectral bands centered a t  
395.0 nm, 470.0 nm, 570.0 nm, 680.0 nm, 785.0 nm, 900.0 nm, and 1010.0 
nm. F i e l d  o f  view o f  the so lar  photometer i s  1.5'. Basic data y i e l d  
both d i r e c t  and d i f fuse  measurements o f  radiat ion.  The detect ion mode 
allows a basic s t a b i l i t y  i n  the measurement o f  +2% and the instrument 
module i s  portable and su i tab le  f o r  remote s i t i n g .  

a 

B. Aeronomy (L. L. Smith, E. W. Kleckner) 

1. Analysis 

A recent ly  complet s i s  program included -corre la t ing n ights  
observa t ions  o f  plasma d e n s i t i e s ,  temperatures and s p e c t r a l  

energies were obtained by the  ISS-11, AEC, AED and ESRO-4 s a t e l l i t e s  
simultaneously when ground observations o f  auroral  op t i ca l  emissions 
were obtained by the MASP u n i t s  a t  B a t t e l l e  Observatory, Richland, 
Washington, and a t  Hinsdale, Montana. A h igh spat ia l  coincidence was 
found between the ground- based observed equatorward boundary o f  the 
d i f f u s e  6300A a u r o r a l  emiss ion w i t h  t h e  equatorward boundary o f  
s a t e l l  i te -observed s o f t  p a r t i c l e  p r e c i p i t a t i o n  and t h e  F r e g i o n  
e lect ron densi ty  trough poleward c l i f f .  I f  d i ' f fuse aurora i s  indeed 
the ionospheric counterpart o f  the plasma sheet Earthward boundary, the  
6300A d i f f u s e  boundary may a f f o r d  a means o f  monitor ing convection, 
c h a r a c t e r i s t i c s  o f  t h e  s p e c t r a l l y  s o f t ,  near-Ear th,  p l  as 
boundary over la rge  spans o f  t ime and a c t i v i t y .  

2. Observations 

a. B a t t e l l e  Observatory 

Beginning i n  September 1967, a l l -sky  photometric observations 
o f  the emissions [Or] 5577A, N2 + 4278A and HB 4861, and 
continuums 5350, 6080. and 7150A have been taken rou t i ne l y  on a l l  
cloudless, moonless n igh ts  from B a t t e l l e  Observatory, Richland, 
Washington. Observing technique consists o f  scanning the n igh t  
sky i n  a ser ies o f  almucantars a t  e levat ions lo",  15", 20°,  30°, 
and 50'. Since the photom o f  view i s  approximately 5', 
these scans adequa e c i r c l e  o f  view. 

b. 

t i o n s  are done a t  s ing le  
stat ions,  understanding nds t o  be regional. 
Synthes is  t h a t  migh t  mu1 taneous g l o b a l  

ons i s  lacking. 

What ' i s  needed i s  a set  o f  simple, re l i ab le ,  
op t i ca l  instruments dispersed over the  globe. B a t t e l l  
such an i n s t  ca l led  the Mobile Automatic Scanning Photometer - 
(MASP). Th a1 1-sky scanning technique present ly used a t  



t B a t t e l l  e, Observatory . i s  imp1 emented n the +!ASP. The main th rus t  
o f  the aeronomy observational program i s  s i t i n g ,  ,ca l jb ra t ing  and 
operating MASP u n i t s  as a pa r t  of the "Global Patterns'' programs. 

, Four MASP u n i t s  are now i n  operation, one a t  B a t t e l l e  Observatory, 
one a t  Hinsdale, Montana, one a t  Boulder, Colorado, and one a t  Ft. 
Providence, Northwest T ory, Canada. 

B a t t e l  l e  Observa i s  a member o f  t h e  I n t e r n a t i o n a l  
Magnetospheric Study ( I M S ) .  Three MASP u n i t s  have been 
constructed and ins ta l led ,  and provide data from I r o n  Mountain, 
Michigan, LeDuc, Alberta, Canada, and Albany, New York. Funds 
have been received t o  b u i l d  two addi t ional  uni ts.  The IMS program 
organized a data center i n  Boulder, Colorado, a t  which each member 
repor ts  observations and can a1 so r e t r i e v e  observations other 
members repor t  per t inent  t o  t h i s  research. 

C. Carbon Dioxide (G. M. Stokes, R. A:~Stokes) 

1. Background 
9 Earth 's  atmosphere now contains 85 x 10 more carbon, as COP, than 

i n  1860, mostly as a r e s u l t  of burning f o s s i l  fuels. Because o f  t he  
C02 content, Ear th 's  average surface temperature i s  35 K higher than 
the  bo lanet r i c  temperature as seen from space. 

A c r i t i c a l  input t o  models which pred ic t  e i t h e r  resu l t s  o f  CO 
increase and/or exchange o f  COP between various reservo i rs  i s  a va lu  
o f  the "Pre- indust r ia l "  atmospheric carbon d iox ide abundance. The 
current  program i s  designed t o  obtain a p re- indus t r ia l  CO abundance 
from a h i t h e r t o  unexploited source o f  data, measuremerks o f  the 
near- infrared so lar  spectrum accumulated since the  mid-1890's f o r  
astronomical purposes . 

i$ 

2. Analysis 

I n  the past yea : ev a1 uat i ng requi red 
accuracy o f  any techniq contr ibute t o  the  h i s t o r i c a l  
study o f  the carbon cy new and ex i s t i ng  data f o r  
analysis, and determining abundances. Accuracy requirements f o r  carbon 
d i o x i d e  abundance s t u d i e s  were es t imated  i n  severa l  ways. I n  
par t i cu la r ,  over and above any long-term change i n  COP, i s  an annual 
v a r i a t i o n  i n  C02 concentration. A t  Mauna Loa, t h i s  va r ia t i on  amounts 
t o  approximately 1% o f  the t o t a l  COP a 

The f i r s t  t w o  areas o f  concern i t a  have been l i n e  
i d e n t i f i c a t i o n  and continuum placement. Using a 1 i ne  i d e n t i f i c a t i o n  
scheme contained i n  the REDUCER data reduct ion package, developed by 
K i t t  Peak National Observatory, i ng  point ,  a method t h a t  
automatical l y  gives wave1 engths d i g it i zed spectrum 
was developed. This scheme i s  since the  spectral  
reg ion chosen f o r  analysis, the ion, contains wel l  
i n  excess o f  10,000 l ines ,  more than 7,000 o f  which o r ig ina te  i n  t h e  
Ear th 's  atmosphere. The second step i n  analysis i s  placement o f  the 
so la r  continuum that is the  reference leve l  against which s t rength o f  

7 
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t e l l u r i c  absorption 1 ines i s  measured. 
i s  being tested. 

The continuum placement scheme b 
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T i t l e :  111. Mechanistic Studies o f  Trace Constituent Sorption and 

Person i n  Charge: Dhanpat Rai 

Migration i n  Geologic Media 
I 
1 

i i 
Scope o f  Work 

Pr inc ipa l  goal i s  t o  develop .pred capabil i t Y  based on a physical 
understanding o f  ra te  , extent, and mechani.sms o f  migrat ion o f  selected elements 
i n  the Earth 's crust. Elements, t race  metals, and nuclear waste products were 
chosen f o r  t h i s  study because t h e i r  migrat ion;  behavior impacts man i n  resource 
explorat ion and developmefit and environmental e f fec ts  o f  waste disposal . 

I 
I 

A. I 
The bas i c  exper imental  ap roach i n v o l v e s  p r e p a r a t i o n  o f  o rgan ic  

complexes o f  Zr, Nb, N i ,  Co, Tc P I V ) ,  and Tc(V) and using these species i n  
batch and column experiment 0 determine. t h e i r  adsorption coeff ic ients for  
d i f f e r e n t  soi ls.  

I 

I ! 
1 

1 
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Contractor: LAWRENCE BERKELEY LABORATORY 
Univers i ty  o f  Ca l f fo rn ia  
Berkeley, Ca l i f o rn ia  94720 

I 

I Contract: W -7405-ENG-48 i 

I T i t l e :  Geosciences Program 
, 

Person i n  Charge: 

Scope o f  Work 

The Geosciences Program a t  Lawrence Berkeley Laboratory consists o f  e igh t  
projects. These pro jects  are broadly based fundamental studies that  support 
developnent o f  geothermal energy, hot  water energy storage, st imulated recovery 
o f '  o i l ,  i s o l a t i o n  o f  . rad ioact ive wastes, and. uranium resource evaluat ion and 
recovery. Studies include formulat ion o f  theore t ica l  concepts, development o f  
new ins t rmenta t ion ,  experimental measurements, and s imulat ion o f  processes 
using computer model s. 

Paul A. Witherspoon 

A. (P. A.Witherspoon and C. F. Tsang) 

Purpose i s  t o  understand physics and chemistry o f  mass and energy 
t r a n s p o r t  in h y d r o l o g i c a l  systems and t o  i s o l a t e  and s t u d y  c r i t i c a l  
phenomena ' i n  these systems through deyeloprient o f  computer models. . 

1. Reservoir Dynamics Related t o  Geothermal Energy 

geothermal energy are addressed. 

a .. 
Several  p r o b l  ems o f  fundamental n a t u r e  i n  evelopment o f  

i t  Transient pressures i n  reservo i rs  f o r  isothermal systems are 
well-known. The present work studies thermal, ef fects.  An 
ana ly t i ca l  as w e l l  as a numerical approach t w i l l  be taken. This 
w i l l  g i v e  understanding o f  e f f e c t  of temperature-dependent 
v i scos i t y  and density. It may suggest new methods o f  monitoring 
thermal f r o n t  movements i n  a reservoir .  

b. Nonisothermal Flow i n  a Porous Medium with Fractures 

Work w i l l  incorporate d isc re te  f rac tu res  (and the  wel l  bore) 
i n t o  a numerical model "CCC". This model present ly  studies 
nonisothemal f low through porous media. 

%. I n c o r p o r a t i o n  o f  V a r i a b l e  F low Rate  and V a r i a b l e  I n j e c t i o n  
Temperature i n t o  the  Numerical Model "CCC" 

Present ly ''CCC" a1 1 ows only  constant flow ra tes  and constant 
i n j e c t i o n  temperatures as inputs. This new work w i l l  increase 
u t i l i t y  o f  the model t o  t r e a t  var iab le condi t ions t yp i ca l  o f  rea l  
s i tua t ions  .' 

10 



Objectives a re  t o  measure desired physical propert ies  under 
simulated subsurface evironmental conditions and to,  develop model S 
which will predict properties, and their  changes, w i t h  changes i n  
environmenta conditions. Properties needed include porosi ty ,  
permeabi 1 i t y  ,’ lectrical  res is t ivi ty  factors, compressional and shear 
wave velocities, b u l k ,  pore, and matrix compressibilities, and thermal 

y, diffusivity,  therinal expansions and 
ap i  11 ary (heat-pi pe) effect . These 

properties’ are currently measured on a variety of rock-fluid 
a t  elevated tern ures b u t  new apparatus has 

signed and is  s ed t o  extend the range t o  
s 4 O O O C  .temperature and r s  pressure. Most properties will be 

measured concurrent1 y t i a l l y ’ o n  the same tes t  specimen i n  
’ f ac i l i t a t e  correlation o f  data. 

iction of thermal 
unt o f  data such a s  
an g r a i n  s i r e  and 
dict  base thermal 

availab’le t o  predict 
ng conditions o f  .temperature, pressure 

t h  an oxide analysis of the rock, specific 

, 

be ,  estimated with ‘considerable accuracy. 

Theoretical and experimental studies of ‘solution thermodynamics of 
strong aqueous electrolytes over a wide temperature range provides essential 

11 
p.  . 
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i n f o r m a t i o n  f o r  t e c h n i c a l  u t i 1  i z a t i o n  o f  many 
T h e o r e t i c a l  work u c c e s s f u l l y  d e a l t  w i t h  corn es a t  room 
temperature,  sim systems over  w i d e ,  temperatures,  
e lec t ro l y tes  invo lv ing d issoc ia t ion  e q u i l i b r i a ,  and ma 
electrolytes.  Future work w i l l  continue, using ex i s t i ng  volumetric and 
thermodynamic data f o r  model ing. The recent ly  constructed f l ow  calorimeter 
and densimeter are y ie ld ing  heat capaci t ies and dens i e s  up t o  about 3OOOC 
and 1 kbar on sy eviously unreported, i n  d i t i o n  t o  extending 
ex i s t i ng  data t o  temperatures and pressures. Results w i l l  be 
integrated w i th  the work t o  develop equations al lowing predic t ion o f  
propert ies a t  temperatures and compositions other than tho 

p l  eted , measurements w i  11 proceed t o  
other pure components important thermal f l u i d s ,  KC1; 
Na SO , MgS04, etc., and then xtures. , The aim i,s 
imFor?ant parameters over the r o 300°C and 1 kbar 
accuracy o f  our equations f o r  m i  c t ro ly tes.  With' experimental data 
becoming avai lable i t  w i l l  be possible t o  extend modeling calculat jons, o f  
the type so successful f o r  NaCl a t  high temperatures, t o  other s a l t s  ad t o  
mixtures. 

Rock Water In te rac t ions  (3. A. Apps) 

A f te r  t es ts  wi th  NaCl have been 

D. 

Objective o f  t h i s  pro ject  i s  t o  .quan t i f y  
r e c i p i t a t i o n  o f  c m o n  rock forming mineral s b 
etermine impact o f  such reactions on rock c 

during groundwater transport. I n  accompl 
be gained regarding control1 ing mechanisms-of t 

o f  low a1 b i  t e  over 
t h e  temperature range c i t e d ,  and i n  s o l u  
compositions. With completion o f  s o l u b i l i t y  
t remol i te,  and epidote w i l l  a1 so be invest igated by analogous techniques, 
over the same temperature range. 

Mineral d i sso lu t i on  rates w i l l  be - re la ted  t o  ock geometry through 
measurement of d i sso lu t i on  of rock wafers containing t h e  minerals studied. 
Measurements w i l l  be made using both ''open" and I' osed" conditions. 
Aqueous sol u t i o n  compositions w i  11 be monitored cont i  ously dur ing open 
system operation using spec ia l l y  designed autoclaves and autoanalyzers. 
Aqueous species present i n  so lut ion w i l l  be computed from ,experimental ly 
measured so lut ion compositions using avai lable d i s t r i b u t i o n  codes, and 
r e s u l t s  compared w i th  reactions using ind iv idual  minerals. 

I n e r t  t racers  w i l l  also be incorporated i n  the aqueous phase and 
monitored t o  determine uptake by rock as a func t ion  o f  time. This 
information w i l l  be used t o  compute rock poros i ty  and pore tor tuos i ty .  
Experimental r e s u l t s  w i l l  be re la ted t o  theoret ica l  models describing 
advective t ransport  through porous o r  f ractured rocks, chemical d i f f u s i o n  
i n t o  the rock mat r ix  from fractures o r  h igh l y  permeable beds, a ace 
r a t e  control  l e d  chemical p r e c i p i t a t i o n  o r  d i sso lu t i on  o f  minerals. 

Work cu r ren t l y  proceeds with measurement o f  sol u 

L 

I 
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E. Thermodynamic Properties- of S i l ica te  Liquids' (I. S. E. Carmichael) 

a 'cont i n u i  ng erimental investigation t o  measure 
In almost a l l  

below are in the stable liquid region, a t  

i e s  -and thermal ies' are  v i r t u a l l y  
ange 1000° t o  15OO0C, a l t h o u g h  obtaining values 

proved experimentally difficu in view of the propensity of t h i s  
component t o  oxidize a t  h i g h  temperatu s. From these da ta  molar volumes of 

02, A1203, FeO, MgO, CaO, Na20 and K20* have been calculated a t  
temperatures, and w i t h i n  the experimental errom, there i s  no 

compositional dependence of these partial quantities. However, by analyzing 
e different set of experimental data for the excess partial molar f ree  
es of lfquid compo i s  a small p ive excess volume for 

namic properties of s i l i ca t e  liquids. 

ratures considerably above the glass region 

ponents i n  the e ' l  t o  12,000 

riments are now u way t o  measure compressi bi 1 i t y  of si 1 icate 
sing an ultrasonic s over a range of temperatures and composition 

technique. 

e s  a t  elevated 

up t o  2000"c t o  
minerals t h a t  

o f  a number of elements in a 
I . From thes 

13'Cs tracer and each 
m form i n  each 

in solution will be me 

Kinetic da ta  will 
cesses i n  systems 
i bri  um so rp t ion  
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isotherms w i l l ' b e  used t o  der ive heats o f  adsorption as funct ions o f  extent 
o f  sorption. Concurrently w i th  the  experimental work, theore t ica l  studies 
of the e f fec ts  o f  nonequi 1 i b r i  um sorpt ion and nonl i near sorpt ion 
on concentrations o f  transported chemical species being condu 
resu l t s  o f  the experimental and theoret ica l  studie 11 provide i 
needed f o r  the formulation o f  a generalized nonequil ibrium, nonl inear source 
term f o r  use i n  numerical preparation o f  an operat ive computer code t o  
simulate chemical t ransport  i n  nonsteady groundwater f low systems i n  t h e  
presence o f  strong dispersion. The code w i l l  . incorporate non 
nonl i near source ems f o r  the t r a  ported sol Ute. 

. 

G. Characterization o f  Mineral Hosts Using Spectrometric Techniques: ' NQR Spec- 
troscopy (S. M. Klainer)  . ,  

I n i t i a l  research i s  expected t o  begin i n  FY 1980. Aluminuni-27 
selected as the probe, nucleus, and the  plagioclase miner 
chosen as the system f o r  study. This w i l l  .permit the N 
f u l l y  and fa i r ly  evaluated using samples which have been w 
by other methods. I t ' w i l l  a lso permit those areas t o - b e  
best supplements exi  s t i ng  data. 

I n  pa ra l l e l  t o  the NQR studies on aluminum-27, t w o  other . tasks w i l l  be 
i n i t i a ted .  Calculat ions w i l l  be made on s u i t a b i l i t y  of NQR $0' measure 
uranium-235, neptunium-237, p l  utonium-239, and cesium-133. Secondly, ' NQR 
spectraneters presently avai lab le w i l l  be continuously upgraded. F i r s t  they 
w i l l  be made compatible w i th  probe nuc le i  o f  in te res t ,  and then emphasis, 
w i l l  be placed on a t ta in ing  greater sens i t i v i t y ,  b e t t e r  data handling and 
in te rpre ta t ion ,  the measurement o f  u l t r a  smal l  samples and operation i n  the 
remote mode. 

. 

H. National Geothermal Informat ion Resource (S. L. Ph i l1  ips)  .. 

Objective i s  a single, comprehensive data base o f  basic propert ies of 
aqueous solut ions f o r  geothermal energy u t i l i z a t i o n .  Compilation, c r i t i c a l  
evaluation, and cor re la t ion  cons t i tu te  a data book o f  recomnended values for  
research and modeling, inc lud ing i d e n t i f i c a t i o n  o f  areas where data are 
e i t h e r  lack ing o r  are inadequate, and recomnendatlons f o r  research t o  
provide needed data. Scope covers thermodynamic and transport  roper,ties o f  

(1) substances which on B i sso lv ing,  i n  
water s i g n i f i c a n t l y  change basic propert ies o f  the solut ion, f o  
NaC1, KC1, CO (2) substances which cause scaling, corrosion, o 
when present i%' brines. Carbonates, s i l i c a t e s  and H2S are 
substances + . -  

We completed a data base containing over 1000 r e  
propert ies o f  aqueous solutions, and a repor t  on v i scos i t  
t o  150°C and 30 MPa. We also completed: entropy, hea 
conduct iv i ty,  density, s o l u b i l i t y ,  and e l e c t r i c a l  co 
solut ions. Tables o f  data w i th  a cor re la t ion  equation a 
property t o  35OoC, and a t  e i t h e r  vapor sa tura t io  
pressures. 

We w i l l  complete' a c o m p i l a t i o n  and c o r r e l  
scale-forming substances, s i1  icate,  carbonate, and sul  

- the  fo l lowing aqueous solut ions: 
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I. F e a s i b i l i t y  o f  Shear Wave Vibrators  for  Deep Crustal  Studies i n  Geothermal 
Environments (H. Frank Mo rri ' son) 

i 

The occurrence o f  large shear wave r e f l e c t i o n  coe f f i c i en ts  a t  the 
boundaries o f  low shear r i g i d i t y  regions i n  the  ear th  suggests the use of 
shear wave r e f l e c t i o n  surveys as a means o f  detect ing and mapping such 
zones. The purpose of t h i s  pro ject  i s  t o  evaluate t h e  means o f  using 
h o r i z o n t a l  (shear)  v i b r a t o r s  f o r  deep c r u s t a l  se ismic p r o f i l i n g  i n  
geothermal environments. There are two main goals: 

1. To evaluate the e f fec ts  o f  low-shear ve loc i t y  regions on the source 
rad ia t ion  pat tern and develop techniques o f  mapping geothermal targets  
using -shear wave ref lect ions.  

the ear th  and t o  beam i t  

through nun a1 two-dimensional 
model ing  t o  establ i s h  whether mu1 t i p l e  shear wave resources can be beamed a t  
an angle, scale modeling t o  invest igate three-dimensional inhomogeneities 
 and ana ly t i ca l  studies t o  determine means o f  opt imizing shear wave energy 
t rans fer  i n t o  the earth. 

A. t ime domain f i n i t e  element program and a frequency domain , in tegra l  
equation program have been used t o  model rad ia t i on  patterns and scat ter ing 
for  s ing le  and mu l t i p le  SH l i n e  sources over homogeneous ,and layered 
half-spaces, O f f  v e r t i c a l  axis sounding has been ,accomplished using 
mu l t i p le  sources s e r i a l l y  phased i n  time. a comparison o f  seismic responses 
f o r  k a n d  SH wave sources demonstrates t h a t  an improvement i n  t h e  
detectabi l  i t y  o f  s t ruc tu ra l  1y simp1 e 1 ow shear ve loc i t y  zones i s  possible 
using shear wave sources. , I  

v ib ra to r  has been ana ly t i ca l l y  calculated *.. for homogeneous and layered 
half-spaces, f o r  both damped and undamped mqdel s. The rad ia t i on  impedance 
provides inform erning the thickness and shear wave ve loc i t y  o f  t he  
weathered 1 aye on may be used t o  make, a dynamic weathered 
layer  co r rec t i o  f a -v ib ra to r  survey, and i n  se lect ing 
source 1 ocat i  o ra tor -ear th  Work has begun on the 
ana ly t i c  so lut ion f o r  the  rad ia t ion  impedance rad ia t ion  pat tern f o r  

r i z o n t a l l y  and v e r t i c  i b ra t i ng  sources - layered v isco-e last ic  

s i s  will6,be extended t o  
nc lude beaming o f  se ismic r a d i a t i o n  i n  presence o f  complex 

two-dimensional structures. Sei smograms w i  11 erated i n  an e f f o r t  t o  
determine methods o f  opt imizing data reduct ion o f  scattered re f l ec t i ons  
using a m u l t i p l e  source. Scale modeling w i l l  used t o  study rad ia t i on  
pa t te rns ,  beam forming, and s c a t t e r i n g  f rom imp le  three-d imensional  
inhomogeneities. The rad ia t ion  impedance and r a t i o n  pat tern from beamed 
mu l t j p le  .source arrgys may a1 so be invest igated ana ly t i ca l l y .  

enhance the t rans fer  o f  seismic ene 

The rad ia t i on  impedance and r a d i a t i  pat tern f o r  a t o  

I 
r .  
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Contractor : LAWRENCE L I  VERMORE LABORATORY 
Univers i ty  o f  Ca l i fo rn ia  
Livermore, Cal i f o r n i  a 94550 

Contract: W - 7405 -ENG -48 

T i t l e :  Geosciences Program 

Person i n  Charge: Robert N. Schock 

Scope o f  Work 

Geosciences a t  LLL i s  organized t o  study physical and chemical propert ies 
and responses o f  ear th  mater ia ls  t h a t  are important t o  DOE programs and 
i n i t i a t i v e s .  A l l  o f  these e f f o r t s  make use o f  experimental work, novel 
diagnostic techniques, and computer modeling. The comnon ob jec t ive  o f  t h i s  
integrated program, from a s c i e n t i f i c  viewpoint, i s  t o  develop models t h a t  can 
be used t o  predic t  and understand the  behavior o f  t he  earth, both near-and 
f a r -  f i e l  d. 

Current e f f o r t  i s  d iv ided among studies o f  (1) basic rock mechanics, (2) 
determination o f  seismic Q wi th  depth i n  the  earth, (3) kineticsAand t ranspor t  
i n  aqueous solut ions, and (4 )  information dissemination and data management o f  
Department o f  Energy d r i l l i n g  ac t i v i t i es .  Within ex i s t i ng  programs special 
a t ten t i on  w i l l  be paid t o  thermanechanical propert ies o f  rocks as they r e l a t e  t o  
t h e  fo rma t ion  o f  rock  m e l t  (bas i c  rock  mechanics), and development o f  
two-dimensional computational model s t o  predic t  thermo-mechanical response o f  
rock (basic rock mechanics), and developnent o f  a mathematical code t o  permit 
ca lcu la t ion  o f  both thermodynamic and k i n e t i c  e f fec ts  i n  aqueous solut ions 
(k ine t ics  and transport  i n  aqueous solut ions). I n  coming years we w i l l  expand 
these current e f fo r t s  t o  include (5)  studies o f  d i f f u s i v i t i e s  of atoms i n  
m ine ra l s  us ing  a unique r a d i o i s o t o p e  tagg ing  scheme, (6) development of  
laboratory; f i e l d ,  and computational t oo l s  t o  u t i 1  i ze  remote techniques t o  i n f e r  
geophysical parameters so as t o  achieve capab i l i t y  t o  image geologic s t ructure 
underground, ( 7 )  studies o f  Uranium d i s t r i b u t i o n  and mob i l i za t ion  i n  g r a n i t i c  
in t rus ives  t o  understand m o b i l i t y  o f  uranium decay chain species i n  natura l  
rocks, (8)  an inves t iga t ion  o f  thermodynamic and t ranspor t  propert ies o f  
s i l i c a t e  melts, and (9) research i n t o  production o f  natura l  mineral forms 
capable of incorporat ing const i tuents o f  the waste from nuclear fuel.  

As par t  o f  our involvement i n  the Continental D r i l l i n g  f o r  S c i e n t i f i c  
Program purposes we w i l l  continue t o  set-up the informat ion u n i t  on Department 
o f  Energy d r i l l i n g  a c t i v i t i e s ,  we w i l l  p lan and d i r e c t  geophysical modeling o f  a 
s i te ,  we w i l l  plan and d i r e c t  the e f f o r t  t o  measure physical and chemical 
propert ies on recovered core, work c losely  w i th  Sandia Laboratories and b r ing  
our expert ise on hydrothermal systems t o  bear on the magma d r i l l i n g  program. 
Along w i th  the Los Alamos S c i e n t i f i c  Laboratory and Sandia Laboratories, we w i l l  
pa r t i c i pa te  i n  the programs t o  obtain i n  s i t u  data. 

Fundamental e f f o r t s  i n  basic rock mechanics, s i 1  i c a t e  me1 t geochemistry and 
geophysics, and rock mechanics modeling w i l l  be d i rected toward understanding 
processes involved i n  disposal o f  rad ioact ive waste by i n  s i t u  rock melt ing. 
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A. Basic Rock Mechanics (R. N.. Schock) 

ock Mechanics studies are, aimed a t  developing a better understanding 
f the rate of explosive energy release on rock fracturing. Effect of 

confining pressure on fracture damage, measucing 'effect .of intermediate-rate 
deposition, developnent of the 
and on ultrasonic identification 

corn are these measurements w i t h  computer predictions near completion. 

porous material, computer predictions of fracture damage are reliable,  
but  t h a t  compaction effects near a conventional explosive probably 

Imp P ications for gas stimulation by.explosive fracturing are t h a t ,  i n  a 

2. 

fracture surface production maximized if mu1 tip1 e fractures, a s  opposed 
paction zone and i n t o  
gion. Prel iminary 

loading apparatus , 
eed be driven from a 
pressurization rate  i s  

rock salt. 
. 
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5. Thermomechanical Rock Propert ies (H. C. Heard) 

For the rock melt  process t o  be acceptable as a method o f  
radioact ive waste dispos growth with t ime o f  t h e  molten rock-waste 

. mixture must be wel l  un tood and t o t a l l y  predictable. During the 
growth phase the stress f i e l d  i n  the surrounding rock w i l l  be thermal ly 
perturbed and lead t o  loca l i zed  fa ' l lure near the mel t -so l id  rock 
boundary as a r e s u l t  of f racture o r '  p l a s t i c  flow. Later, dur ing 
cool ing rec rys ta l l i za t i on  the stress f i e l d  w i l l  again be disturbed.. In  
order t h a t  thes processes be modeled successful l y  , a know1 edge o f  rock 
p r o p e r t i e s  i s  r e d  ove r  t h e  e n t i r e  temperature range t o  be 
encountered . periments would be devised t o  measure physical and 
mechanical propert ies required t o  construct  a computational model i n  
several possible host rocks. We w i l l  invest igate cons t i t u t i ve  behavior 
of host rock and o f  host rock-waste mixture a t  r e a l i s t i c  condi t ions up 
t o  hypersol idus temperatures., We plan t o  measure uniax ia l  stress 
behavior and thermal expansion under pressure (0.1 t o  150 MPa) and a t  
h igh temperature (25°C t o  1000°C). Pore H 0 pressures i n  equ i l ib r ium 
w i th  t h e  mater ia l  would be independently co%trol led and could range up 
t o  150 MPa. We would also measure overa l l  deformation behavior as a 
function o f  t ime through creep, (constant stress), constant s t r a i n  rate, 
o r  stress re1 axat io 

6. 

he rock mel t  
concept f o r  disposal o f  rad ioact ive was 
predic t  quant i ta t i ve ly  physical as we1 
The concept was i n i  ti a1 l y  devel oped u t i  1 i z i  ng a one-dimensi onal heat 
conduction code assuming isothermal me l t ing  o f  the  rock. This has 
proved useful i n  predic t ing maximum me1 t radius and temperatures 
outside the melt  w i th  time; however, a more de ta i led  model i s  needed t o  
assess and incorporate e f fec ts  such as convective heat t ransfer,  
e f fec ts  o f  both thermal stresses and those due t o  expansion o f  melt, 
more r e a l i s t i c  melt ing and mixing o f  waste and rock, etc. 

The present capab i l i t y  f o r  modeling the  anical  processes 
associated w i th  conventional h igh leve l  waste disposal i s  appl icable t o  
predic t ing temperatures, stresses, and displacements w i th  two- o r  
three-dimensional f i n i t e  element codes i n  continuous, i so t rop i c  rock 

. bodies where temperatures do not exceed 100°C We w i l l  extend our 
current capab i l i t i es  to inc lude d i scon t inu i t i e  ani sotropy , p l  ast i c 
flow, f a i l u r e  w i th  crack propagation, and migrat ion o f  water, both 
gaseous and l i q u i d  i n  fractures. The upper temperature l i m i t  o f  the  
model studies would include complete mel t ing o f  rock, and' include 
viscous e f fec ts  including convection w i th in  the rock melt  i t s e l f .  

The model then should he two-dimensi t o  account f o r  
d i f ference i n  i n i t i a l  geometries o f  the cav i t y  i n t o  which melt  i s  
added, bu t  a1 so t o  model changes * i n  g 
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6. Rock-Fluid Systems (A. G. Duba) 

Seismic ve loc i t y  and e lec t r i ca l  conduct iv i ty  measurements are important 
f i e l d  too l s  which may del ineate s t ructure and extent o f  natural  rock - f l u id  
systems. We studied the re la t ionsh ip  between e l e c t r i c a l  conduct iv i ty  as a 
funct ion of f l u i d  content and composition i n  the  laboratory and a t  elevated 
pressure and temperature i n  a b l e  f i e l d  t e s t  device. In addition, we 
developed a new technique f o  sur ing e l e c t r i c a l  conduct iv i ty  o f  rocks 

. which we l a t e r  developed i n t o  a new core Characterization tool.  Laboratory 
equi w e n t  t o  measure ve loc i ty ,  permeabil ity, and conduct iv i ty  simul tanmusly  
under simulated i n  s i t u  p sure and temperature condi t ions was b u i l t  and 

can produce p r  200 MPa (2 kbar )  and 
It can accomodat cores up t o  100 mm long by 25 
pressure can be d i ndependentl y o f  conf i n i  ng 
f e l e c t r i c a l  i ty ,  acoustic ve loc i t ies,  and 

Experimental parameters are 

temperatures t o  4OO0C. 

permeabil i ty can be performed simul taneously. 
cont ro l  1 ed by a microprocessor. 

1 work i s  required 
t o  characterize 

a thermodynamic 
nerals and io l r ic  

e o f  t h e i r  strong tures from idea l i t y .  
es / i n  representative 

ex i s t i ng  theore t ica l  o r  

e ui7 ibr ium calcu lat ions are p a r t i c u l a r l y  suitable. Therefore, what k i n e t i c  
Thus, t he  e 9 f ec ts  there are w i l l  be dominated by a few slow reactions. 
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mathematical descr ip t ion should include combined thermodynamic and k i n e t i c  
portions. We w i l l  develop a code t o  permit such calculat ions. 

D i f fus ion  i n  Earth Mater ia ls (R. H. Condit, A. J. Piwinsk i i )  

We w i l l  use?a novel technique f o r  rad iot racer  d i f fus ion,  developed a t  
LLL, t o  study i on i c  d i f f u s i v i t y  i n  s i l i c a t e  minerals relevant t o  processes 
i n  the  ear th 's  c rus t  and mantle. The technique uses ra re  but  s tab le 
isotopes which are used ,in d i f f u s i o n  experiments and then are se lec t ive ly  
made r a d i o a c t i v e  af terward.  *Oxygen-18 i s  made r a d i o a c t i v e  by i o n  
bombardment t o  produce 18F (tli2. = 1.8h) . ,Autoradiography i s  used t o  locate 
the t racer  and measure concentrations. We 
w i l l  i n i t i a t e  s tud ies  w i t h  measurements i n  o l i v i n e ,  a major  mant le  
const i tuent which has been r e l a t i v e l y  we1 1- characterized. Measurements 
would then extend t o  pyroxenes, . feldspars, and other materials. These 
measurements would be, f i r s t  concerned w i th  s ing le  c rys ta l  d i f fus ion ,  then 
gra in  boundary and in te r face  d i f fus ion ,  and f i n a l l y  with . l i q u i d - s o l i d  
in ter face problems o f  mater ia l  transport.  

Underground Imaging (A. G. Duba, R. 3. Ly t le )  

The goal i s  t o  develop laboratory, f i e l d ,  and computational t oo l s  f o r  
remote i den t i f i ca t i on  o f  geophysical parameters o f  i n te res t  t o  DOE programs. 
The u l t imate success o f  such DOE programs as geologic storage o f  rad ioact ive 
waste, i n  s i t u  recovery  techno log ies ,  enhanced o i l  and gas recovery,  
geothermal energy, and seismic monitoring and v e r i f i c a t i o n  may depend on our 
a b i l  i t y  t o  p red ic t  mater ia l  propert ies based on geophysical measurements 
made sane distance away. Adaptation and development o f  methods f o r  
predic t ing physical propert ies from geophysical measurements w i l l  depend on 
accuracy o f  model i ng and in te rpre ta t ion  techniques , as we1 1 as capabi 1 i t y  o f  
f i e l d  and 1 aboratory geophysical measurements. We w i  11 devel op equipment 
necessary t o  measure, and provide model ing  and computational too l  s necessary 
t o  in te rpre t ,  geophysical data t o  remotely assess subsurface mater ia l  
propert ies . 
Continental '  D r i l l i n g  f o r  S c i e n t i f i c  Purposes Program (CDSP) 

E. 

30Si w i l l  be used s imi la r ly .  

F. 

G. 

LLL involvement i n  the CDSP Proqram w i l l  cons is t  o f  two comDonents. 
The f i r s t  i s  a service r o l e  f o r  the e n t i r e  program. 

1. Informat ion and Data Management Systems (N. W. Howard) 

The information and Data Managdent pro ject  w i l l  provide data bank and 
information services f o r  the CDSP program. Included w i l l  be subsurface data 
as .we l l  as core and sample data informat ion .on programmatic d r i l l i n g  by 
Federal agencies and new wel ls  d r i l l e d  by industry t h a t  o f f e r  opportuni ty 
f o r  cooperative e f f o r t s  and a computerized data bank f o r  d r i l l  hole data 
acquired i n  CDSP projects. Information w i l l  be disseminated t o  the  
s c i e n 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 ime ly  manner. 

' 
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% 1  2. Subsurface Processes (P. W. Kasameyer) 

t o  a i d  i n  s i t e  s e l e c t i o n ,  d u r i n g  d r i l l i n g  d r i l l i n g  t o  
characterize the s i t e  u t i l i z i n g  our present, c b ta in ing and 
reducing geophysical data. We w i l l  work c losely  w i th  Sandia Laboratories t o  
gain s c i e n t i f i c  understanding o f  a complete magma/hydrothermal system. We 
ill par t i c i pa te  j o i n t l y  w i th  Los Alamos and Sandia Laboratories t o  obtain 

i n  s i t u  data. 

Natural Uranium and Daughter Product Mobi 1 i ty (K. 6. Knauss) 

I n  addi t ion t o  s a l t  and basal t  storage, consideration i s  being made t o  
s t o r a  e o f  r a d i o a c t i v e  wastes i n  g r a n i t e  bodies.  However-, l i t t l e  

products i n  grani te  e i t he r  on short o r  long t ime scales. Techniques e x i s t  
t o  study m o b i l i t y  o f  natural  uranium and i t s  decay ser ies members since t ime 

' o f  c rys ta l1  izat ion.  Understanding uranium mobil i t y  may be c r i t i c a l  t o  
storage o f  rad ioact ive wastes because long-term a c t i v i t y  w i l l  be e n t i r e l y  
determined by the uranium decay series, once 239Pu has decayed. An 
examination w i l l  be made o f  g r a n i t i c  in t rus ives  which remained "closed" 
systems and retained uranium as well  as in t rus ives  i n  which la rge  scale 
mob i l i za t ion  occurred. Uranium d i s t r i b u t i o n  as wel l  as processes and t ime 
scales f o r  uranium mobi l izat ion w i l l  be determined. Methods used include 
(1) f i s s i o n  t rack techniques t o  determine age, thermal h is tory ,  and present 
uranium d is t r ibu t ions ;  (2) d isequi l ibr ium techniques ( low-level gamma and 
alpha spectrometry) t o  study mobi l izat ion due t o  weathering; and (3)  U-Pb 
systematics t o  determine t o t a l  amount o f  uranium l ibera ted  by ' a l l  processes 
since c rys ta l l i za t i on .  

Transport and Thermodynamic Propert ies o f  S i  1 i cate Me1 t s  (A. J. P i  w i  nski i ) 

Technical f e a s i b i l i t y  o f  rock melt  waste disposal res ts  on our a b i l i t y  
t o  p r e d i c t  behav io r  o f  t h e  mol ten  mass w i t h  t ime. I n  p a r t i c u l a r ,  
thermodynamic and transport  propert ies o f  mol ten  rock-waste mixtures are 
c r i t i c a l  parameters i n  understanding mixing o f  waste w i th  rock, convective 
processes, and thermal energy d i s t r i b u t i o n  w i th in  the  molten rock mass. We 
w i l l  determine transport  and thermodynamic propert ies o f  s i1  i ca te  me1 t s  over 
expected temperature, pressure, and concentrat ion ranges f o r  candidate host 
rocks. Reasonable boundary condit ions: pressure - 150 kPa t o  50 MPa, 
temperature - 900°C t o  17OO0C, a c t i v i t y  o f  water - zero t o  unity. Speci f ic  
propert ies o f  the melt  which w i l l  be examined include v iscos i ty ,  thermal 
conduct iv i ty  , ent ha1 py , d i  ff us ion, e l  e c t r i  ca l  conduct iv i ty  , and t hemal 
expansion. 

#e w i l l  plan and d i r e c t  geophysical modelin 

H. 

consi a era t ion  has been given t o  m o b i l i t y  o f  uranium and/or i t s  daughter 
* 

I . 

(R. W. Taylor, J. 0. Tewhey) 

I n  the rock melt  process the  geochemical form o f  the  waste components 
in  the resol  i d i f i e d  s i1  i ca te  matr ix  w i l l  determine t h e i r  a v a i l a b i l i t y  t o  
in t rud ing  groundwater, and natura l  mineral forms could provide a s ign i f i can t  
b a r r i e r  t o  leaching. We w i l l  study the f i n a l  chemical form o f  important 

I waste components i n  several promising host rock types over the  range of 
concentrations and condit ions expected. Leachabi l i ty  w i l l  a1 so be studied. 



The study w i l l  also extend i n t o  the range , o f  h igher waste concentrations 
appropriate t o  conventional iso la t ion.  Natural examples o f  candidate host 

minera ls  f o r  waste components w i l l  be selected ‘and studied. I n i t i a l  work 
‘ w i l l  be done a t  atmospheric pressure u t i l i z i n g  simulated reactor waste mixed 

w i th  rock, heated t o  melt ing and slowly cooled, and sampled pe r iod i ca l l y  
dur ing cooling. Samples w i l l  be characterized u t i l i z i n g  op t i ca l  microscopy 
and x-ray di f f ract ion.  Mixtures w i l l  range i n  waste concentrat ion from very 
low values t o  %20 percent. Later studies w i l l  be done under steam pressure 
w i th  very slow cool ing. 
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Scope o f  Work 

capacities. In 
ed mineral-1 i ke 

. .  
A. 

Origin, evolution, and cooling hist us rocks associated 
, w i t h  young volcan 

t 

o f  terminal nucle 
a worst case scenario predicting disruptive events near potential waste 
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vaults, (2) predic t ion o f  high r i s k  zones i n  the western U.S., and (3) 
developnent and evaluation of ca l cu la t i on  procedures t o  determine 
volcanic ri sks. 

We study evolut ion o f  shallow magma reservo i rs  by examining 
p e t r o l o g y  and geology o f  s u r f a c e  rock  exposed by  - e ros ion.  
Calculat ions show t h a t  reservoirs which mix during replenishment o f  
magna from below and i n  which there i s  a high i n i t i a l  densi ty contrast 
between in t rud ing magma and reservoir  magma, must l i e  very close t o  the 
surface. These shallow reservoirs may be s i g n i f i c a n t  geothermal 
ta rge ts  . 

2. Rio Grande R i f t  (W. S. Baldridge Bridwel 

erform research on pet nd- chemistry o f  yo 
basa l t i c  rocks from the Rio Grande R i f t .  Results a l low determination 
o f  the depth a t  which magmas o r ig ina te  and mechanisms by which they 
evolve i n  shallow reserv during ascent. Correlat ion of basa l t  
chemistry- with s t ructura t t i n g  provides i n s i g h t  i n t o  regions of 
magma genesis beneath continental r i f t s .  Ages and compositions o f  
o l d e r  (30 t o  5 m.y. o l d )  v o l c a n i c  rocks  p e r m i t  c o r r e l a t i o n  o f  
d isconnected enc los ing  sedimentary u n i t s .  S ince these sgdiments 
deposit i n  response t o  tec ton ic  movements', age data prov i  
understanding o f  s t ructura l  evolution. Time dependency 
composition constrains changes i n  depth, amount o f  p a r t i a l  me1 t i ng ,  and 
mechanisms by which magmas evolve i n  shallow c rus ta l  r 

Maf ic  and u l t r a m a f i c  i n c l u s i o n s  ( x e n o l i t h s )  
samples - of lower crust  and upper mantle. Compositions o f  coexist ing 
mineral phases y i e l d  temperature and pressure (depth) estimates f o r  
l a t e s t  equ i l ib ra t ion .  These data permit ca l cu la t i on  of geothermal 
g r a d i e n t ,  and p lace  compos i t iona l  and p h y s i c a l  c o n s t r a i  
geophysical model s. 

We use integrated numerical model s t o  invest igate hypotheses f o r  
l i thosphere Cenozoic th inn ing  and evolut  of cont inental  r i f t s .  
Models use data frm, heat flow, p age dating, and mantle 
rheologies t o  predic t  temperatures, hear stress, v i s c o s i t y  
var iat ions,  and - v e l o c i t y  f i e lds .  We ne 1 ong- term densi t y - d r i  ven 
asthenospheric c i r c u l a t i o n  and l i t h  hinning w i t h  r e s u l t i n g  
crusta l  u p l i f t .  Response o f  a hot buoyant d i a p i r  beneath the rift 
dur ing dynamic th inning p jed i c t s  v e l o c i t i e s  and topography of t he  
f r e e  surface. c 

, . *  

3. Mantle P e t r o l o g i  (3. Smyth) 

A computer program cast nalyses o f  rocks ea1 o r  hypothetical) 
i n t o  a s u i t e  o f  "normative" r a l  s appropriate for  a 30 kbar (=lo0 km 
depth) env i r o  I t  includes hypothetical Mars mantle compositions. 
We use the' a tmi t o  predic t  mineral assemblages and p a r t i a l  melt  
compositions i n  the  mantle of Mars. The program also defines c r i t i c a l  
deep p l a n e t  s which r e q u i r e  .experimental p e t r o l o g i c  
invest igat ions compositions postul ated f o r  the 
i n t e r i o r  o f  Mars. 

I _  
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8. . Riecker, G. Heiken, K1 Olsen, Laughlin, F. 
a1 e) 

We plan a m u l t i d i s c i  study and t o  understand 
r e  geothermal ng s i l i c i c  magma body 
near a major ine the Jemez Mountains 

caldera located on the Rio Gran New Mexico. Due t o  a 
unique combinat ion o f  e x i s  r a t i o n s  and abundant 
geologic and geophysical data, such a goal i s  a t ta inab le  i n  the Jemez 

ablished a co sample reposi tory t o  provide a center f o r  
es along w i th  basic bu t ion  o f  deep d r i l l i n g  s 

t a  f o r  each sample. 

11 i ng Worksho 
in ternat ional  conference on the "Rio Grande R i f t :  f ec to  
'n October,,1978. The National Academy o f  Sciences published a repo r t  on 
he Workshop. Three pub1 i ca t i ons  r e s u l t  from the R i f t  Conference pub1 ished 

by LASL, the New Mexico Bureau o f  Mines, and the American Geophysical Union. 

c. 1 Research (R ond, Jr. , R. Gooley 

goals are t o :  e n e m  , stab1 e standard for  
f u r  determination i n  coal using the electron probe microanalyses; 

e n t l y  developed method o f  organic s u l f u r  determination t o  
nces and d i s t r i b u t i o n  of t h i s  environmentally troublesome 

(1) develop a h 

I 
I 
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We study deformation mechanisms i n  s i l icates .  This work w i t h i n  a . 
e .  range of T, P, and s t ra in  ra te  conditions, determines regions i n  which 

f r a c t u r e ,  d i s loca t ion  mot ion ,  k i n k  banding and r ec rys t a l l i za t ion  
predominate. For example, study of flow properties of the c m o n  
crustal mineral group cl inopyroxenes improves understanding of crustal 
rock response t o  tectonic forces i n  rift zones. We use nwnerical 
model s of  non-Newtonian thermal creep seal e experimental 
observations t o  field problems. 

deformation. Water s t ress  corrosion of si1 icates is poorly understood 
b u t  i t  affects a wide range of tectonic and applied rock physics 
problems. 

We perform experiments t o  determine extent of rock cracking" due t o  
thermal stress. We employ these data i n  calculations of efficiency and 

Mechanical respopse of  rock under pressu 
2 temperatures t o  5 O O O C  becomes increasi-ngly important as mines and dr i l l  

holes reach deeper. For example, we begin study o f  sandstone response 
t o  cyclic loading under these conditions for appl ication t o  compressed 
a i r  energy storage. We fabricate large testing machines for  work on 
2- inch  diameter samples under b r i t t l e ,  d u c t i l e ,  and t r a n s i t i o n  
conditions. 

U1 timately, a geothermal resource depends on conduction of heat 
in to  near-surface .rocks. Current work confirms that  radiative heat 
transport accounts for  nearly half of the total  thermal _conductivity i n  
many earth minerals. 

Transport Properties (T. J. Shank1 and) 

We examine electrical and thermal transport properties i n  rocks 
and minerals t o  understand better behavior of nuclear waste rock media 
and emplacement of crustal and upper mantle heat sources. Concurrent 
studies of e las t ic  properties complement this work and help t o  develop 
equati ons-of- s ta te  for increased understanding of deep earth processes. 

Equation-Of-State (J. Shaner, R. McQueen) 

2 d We measure thermodynamic properties of rocks and minerals of 
geophysical interest  a t  pressures and temperatures similar t o  those 

We study compl icated chemo-mechanical effects of water 

. I  

lifetime of 'the the LASL h o t  dry rock system.' . I  

2. 

i 

3. 

existing throughout the earth. We determine isotherms i n  s t a t i c  h i g h  
pressure x-ray ce l l s  t o  more than 100 kbar. We also generate 
simultaneous h i g h  pressures and temperatures using shock waves; peak 
s ta tes  simulate earth core conditions. Experiments yield Hugoniot 
pressure-density curves. In t e rp re t a t ions  of  the Hugoniots y ie ld  
improved understanding of deep earth cmposi t ions.  

We also measure shock wave velocities i n  rocks pt h i g h  pressure 
and temperature. These measurements complement longi tudina l  and shear 
wave velocities determined seismically, and they a1 so place constraints 
on deep earth compositions. 
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. Newton, F. uth, 3. Stewart) ' ' 

very of geo log i c  sou es of energy and . 
s hazards from natural and. induced earthquakes. 

anent network o f  approximately 20 s ta t ions  records background 
i t y  throughout northern New Mexico a t  a agnitude threshold near ML = 

1. Continuous r,ecording of these s t a t i o n s  p rov ides  e p i c e n t e r  maps; 
earthquake focal  depths, magnitudes, and mechanisms; -and v e l o c i t y  and 
Poisson' s r a t i o  information f o r  regional earth structure. 

graphs augment network s tat ions f o r  determining seismic 
r i sk .  We use these data t o  determine magnitude vs. f r e  uency o f  occurrence, 

t o  ground motipns, and may provide information f o r  earthquake pr  

We use seismic monitor i  i d e n t i f y  earthquakes induced by DOE 
programs. Observations o f  bac seismici ty contr ibute t o  understanding 
o f  t h e  r e g i o n a l  t e c t o n i c  framework aga ins t  which t h e  cause o f  each 
earthquake may be judged. Addit ional evidence o f  casualty comes from 
spectral analyses and from time co r re la t i on  w i th  Suspect a c t i v i t i e s '  such as 
i n j e c t i o n  o r  withdrawal o f  f l u i d s  i n  the LASL hot d ry  rock geothermal 

um reserve. 

Y " to  i n fe r  
models o f  earth structure,  focusing i n  areas o f  geothermal and mineral 
resources. We employ data from portable seismic stat ions and from numerical 
ca lcu la t ions  t o  create c rus t  and upper mantle models o f  rock v e l o c i t i e s  and 
dens i t ies  i n  two dimensions. The models provide estimates o f  i n  s i t u  
temperature and pressure conditions ,. an 

ations, programs which are 
l omen t ,  he1 p del h e a t e  s t ruc tu ra l  features and 
ontiguous physiographic. provinces i n  northern New 

Mexico require a broad -spectrum o f  geophysica1.t i n te rp re ta t i on  t o  reduce 
ambiguity o f  observations. 

Portable sei 

l i k e l i h o o d  o f  damaging ground accelerations, s t ructura 't v i b r a t i o n  response 

f s t ruc tu ra l  evol u t i o n  

d Surface Wave 

Portable seismic arrays and deep w e l l  geophone packages are essent ia l  
i n s t r u m e n t a t i o n  f o r  s tudy ing  s p e c i a l  problem areas. Data acqu i red  
demonstrate s i g n i f i c a n c e  o f  a f te rshocks  o f  n u c l e a r  weapon t e s t s  and 
earthquakes, and o f  acoustic emissions i n  the  hot d ry  rock geothermal 
reservoir.  

A1 though most 'techniques employed were proven e l  sewhere, we pioneer 
appl i c a t i o n  t o  geothermal resource explorat ion and developnent. 

, 

F. Geochemistry 

1. Experimental Geochemistry (R. Vidale, R. Charles) 

We r e a c t  rocks  w i t h  i n i t i a l l y  pure  water, sodium c h l o r i d e  
solut ions, o r  sodium carbonate solut ions i n  closed react ion vessels and 
i n  c i r c u l a t i n g '  systems. We use closed systems t o  determine the  f i n a l  

I 



equi l  ibr ium assemblage o f  rock and so lut ion whereas c i r c u l a t i o n  systems 
a t tempt  t o  model in te rmed ia te ,  t r a n s i e n t ,  m ine ra l  assemblages 
coexist ing w i th  solut ion. One c i r c u l a t i o n  system now operating can 
model e f f e c t  o f  an increment o f  cool water enter ing a rock f rac tu re  and 
proceeding up a temperature gradient, f o r  example, along a natural  o r  
man-made fracture. These experiments provide mass transport  and 
rock-water in te rac t ion  data needed t o  model chemical and physical 
behavior through time o f  a hot rock geothermal reservoir .  

2. Thermochemistry o f  Mineral s (C. Hol 1 ey) 

We determine enthalpies and entropies o f  formation o f  minerals 
( S y n t h e t i c  Minera l  Standards) f o r  use i n  c a l c u l a t i o n s  o f  
mu1 ti-component e q u i l i b r i a  i n  geothermal systems. 

We determine e n t h a l p i e s  o f  fo rma t ion  by measuring heats  o f  
so lu t ion o f  minerals,.and t h e i r  component oxides. We do t h i s  i n  a 
molten oxide solvent i n  a calorimeter. With a u x i l i a r y  data, we 
c a l c u l a t e  e n t h a l p i e s  of  format ion.  En t rop ies  o f  f o rma t ion  a r e  
calculated from measured values o f  mineral heat capacities. 

Synthet ic Minerals (C. C. Herrick) 

We prepare synthet ic mineral s f o r  equation-of-state research, 
thermodynamic property determinations, sing1 e c rys ta l  experiments , and 
surface transport  and nuclear waste migrat ion investigations. 

Geochemical Calculat ions (C. C. Herrick) 

We use computer modeling when the number o f  experimental var iables 
i s  too great f o r  ind iv idual  measurements, experimental condi t ions l i e  
i n  inaccessible depths (pressures), and t o  r e f i n e  and extend current 
theory. We expand the  data base o f  an ex i s t i ng  mass t rans fer  code 
(PATHCALC) f o r  nuclear waste appl icat ions,  # i n t e r p r e t  the sku1 1 melt ing 
process using a complex equi l ibr ium code (SOLGASMIX) , and pred ic t  
mater ia l  i n t e g r i t y  using a f i n i t e  element code (TSAAS). 

3. 

4. 
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ona, earth 's  bow shock and magnetopause prov 
unique plasma i n  whE y spacecraf t  approaches -a t r u l y  nonperturbi ng 
diagnostic probe.' The wind is  also the medium through which disturbances 
propagate and, .thereb les nearLearth- environment - to"so1ar' variations; 

o f  this project is t o  analyze and 'interpret existing satellite data t o  
(1) nature dnd long-term ef fec ts -of '  

) processes that '  determine heavy 
ind,  (3)' evolution and saturation 

I ion beam and anisotropy-driven 
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of t h i s  prog apply physica 
study I o f  spec1 hermodynami cs  

important t o  development o f  hydrothermal resources 
qui1 i b r i a  and c rys ta l  growth data f o r  P-T-X condi t ions simulat ing 

i o n  o f  magma systems i n  the upper crust  o f  the earth. Aqueous 
ion iza t ion  o f  er, ion iza t ion  and 

1 i ca te  equi 1 i b r i  arbonate ion iza t ion  
n concentrated es. Methods most 

commonly used a r  sopiest ic,  and phase equil ibr ium. In  
addit ion, we w i  e.g. , gabbros basalts, granites, 
and rhyol  i tes) u l k  compositions i n  the system 
S i  O2 -A1 203 -MgO -FeO -CaO-Na20 -K20-02-H20. n model systems 
small concentrations o f  components o f  -special  ' i 
t h e i r  spec i f i c  ef fects.  A va r ie t y  o f  analy t ica l  techniques i s  used t o  i d e n t i f y  
and character i  ze experimental prodb Routine phase i d e n t i f i c a t i o n  w i l l  be 
made w i th  standard petrographic a ay d i f f rac t i on '  techniques. Chemical 
character izat ion o f  elec 
techniques . 

Carbonic Ac id Ion i za t i on  Equi l ibr ium (R . S. Patterson, R. E. 
Mesmer) 

Carbon d i o k i d e  i s  present  under Considerable ressu re  i n  many 
hydrothermal br ines and i t s  ion iza t ion  react ions are l i k e l y  pH control1 ing. 
The flowing potentiometric c e l l  has been, reacci-vated t o  study the, f i r s t  
ion iza t ion  e q u i l i b r i a ' o f  carbonic acid a t  temperatures from 50"' 
i n  NaCl solut ions o f  i on i c  strength - 0.2, 0.5, 1.0, 3.0, and 5.0 
a n a l y s i s  o f  t h e  C02-HC0 con ten t  o f  s o l u t i o n s  caused cons ide rab le  
d i f f i cu l t y .  I n  1.0 m NaC? the logar i thm o f  the equi l ibr ium quot ient  has 
values -5.900, -5.912, -6.111, -6.390, -6.709, and -6.986 a t  50", lOO" ,  
150", ZOO", 250", and 295°C respectively. E f fec t  o f  s a l t  i s  t o  s h i f t  
equ i l  ib r iwn toward greater ion iza t ion  w i th  increasing s a l t  concentration, 
e.g., a t  150°C l o g  Q = -6.111 i n  1 m NaCl and log  Q =,-5.919 i n  5 m NaC1. 
We a1 so determined pressure coe f f i c i en t  o f  ion iza t ion  equi l ibr ium under a l l  
condi t ions o f  s a l t  concentration and temperature except a t  300°C. Work i s  
now i n  progress on the  second ion iza t ion  equil ibr ium. These data on 
ion iza t ion  react ions w i l l  make possible accurate ca lcu la t ion  o f  pH o f  
natural  br ines and ca lcu la t ion  o f  s o l u b i l i t y  o f  CaC03 and other phases i n  
such brines. 



B. Thermodynamics o f  Geothermal Brines (H. F. Holmes and R. E. Mesmer) 

Using the i sop ies t i c  method ( i n  a BES pro ject  "Aqueous Chemistry and 
Thermodynamics a t  Elevated Temperatures and Pressures"), we determined 
in fomat io r r  needed t o  calculate a c t i v i t i e s  o f  a l l  major components i n  
geothermal b r i n e s  i n  t h e  S a l  t o n  Sea f i e l d  (NaC1, KC.1 and CaC12) . 
Measurements extended t o  200°C and can be extrapolated t o  25OOC o r  30OOC. 
We now have values for y"NaC1, Y O K C 1  and y°CaC12 i n  pure s a l t  solut ions and 

i n t e r a c t i o n  coe f f i c i en ts  e K-Ca a t  temperature from the value a t  25OC. Now 
a c t i v i t y  c o e f f i c i e n t s  o f  these. components can be c a l c u l a t e d  w i t h  an 
uncertainty o f  a few percent. 

C. (M. T. Naney) 

Laboratory apparatus was assembled t o  perform 1 atm high temperature 
experiments t o  14OOOC. I n i t i a l  1 atm experiments' t o  determine the l i qu idus  
temperature o f  s i x  i r on -  and magnesium-free synthet ic rock compositions (two 
r h y o l i t i c ,  f ou r  basal t ic )  were performed. The l i qu idus  phase f o r  both 
g r a n i t i c  compositions i s  plagioclase, and o l i v i n e  i s  t he  l i qu idus  phase f o r  

ngineering spec i f i ca t ions  have been w r i t t e n  f o r  
sel and gas i n t e n s i f i e  system. This apparatus 

Pa and temperatures t o  
140OOC simultaneously,. 

D. K ine t ics  of S i l i c a  Deposition from Brines (E. G. Bohl 

columns packed w i th  several 
forms of . s i l i c a  ( c r y s t a l l i n e  a quartz, po l yc rys ta l l i ne  a quartz, and porous 
Vycor). Also, s l l i c a  deposit ion on Tho microspheres and t i tan ium powder 

temperature, 
and s a l i n i t y .  Residence t i m e  was varied by adjustments o ow r a t e  and 
column length. S i l i c a  contents o f  input  and e f f l u e n t  u t ions were 

We observed: ( 1 )  e s s e n t i a l l y  i d e n t i c a l  d e p o s i t i o n  behav io r  was 
observed once the substr was thoroughly coated with amorphous s i l i c a  and 
the BET surface area o f  e coated p a r t i c l e s  was taken i n t o  account; (2) 
reac t ion  r a t e  i s  not d i f f u s i o n  l i m i t e d  i n  columns; (3) ca deposits f o r  a 
so lu t i on  containing only monomeric S i  (OH)4; (4) depos on a l l  surfaces 

d P. Ber l i nsk i )  

Supersaturated brines were passe 

was studied under control  l e d  condit ions o + supersaturation, p 

molybdate method. 

examined was supersaturation 
concentration, ere determined. 

I 
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Scope o f  Work 

The Magma Energy Research P r o j e c t  assesses s c i e n t i f i c  f e a s i b i l i t y  o f  
ext ract ing energy d i r e c t l y  from bur ied magma sources. This resource has 
potent ia l  t o  provide high qua1,ity thermal energy o r  gaseous fuels. The pro ject  
i s  d iv ided i n t o  four ’  major research tasks: 

A. 
B. Magma Source Tapping, 

‘C. Magma Characterization and r i a l  Compatability, and 
D. Energy Extract ion 

De f in i t i on  and characteriz f magma chambers also pro information . 
on heat sources f o r  geothermal s and may provide i n s i g h t  
mineral ~resources. Consequently, background from magma energy 
prel iminary studies on d r i l l i n g  and magma-hydrothermal geoscience f o r  t he  
Continental D r i l l i n g  Program. 

A. Magma Source Location and D e f i n i t i o t i  

Kilauea I k i  Lava Lake where a def ied body of molten rock exists. 

Magma Source Location and Def in i t ian,  

A ser ies o f  geophysical sensing experiments were performed i n  1976 on 

The 1976 experiments were: 

(1) Dipole-Dipole Electromagnetic Induct ion Experiments (Frischknect, 
Zablocki), I 

(2) Very Low Frequency Radio Wave Methods (Zablocki , Anderson), 

(3) Galvanic Four-Electrode R e s i s t i v i t y  Soundings (Zablocki 6. Smith) , 
(4) Audio-Frequency Magnetotel l u r i c  P r o f i l  ing and Sounding (Bostick, S. 

(5) Passive Monitoring o f  Seismic Noise (Aki, Chouet, Colp), 

4 Smith, Boehl), 

(6) Teleseismic Measurements (Aki , Chouet) , 
(7)  Small-scale Seismic Refraction Experiments using A r t i f i c i a l  Charges 

(Aki , Chouet) 

Analyses o f  these exper iments showed t h a t  pass ive  se ismic  and VLF 
electranagnetic measurements agreed w i t h i n  25-50 m i n  d e f i n i t i o n  o f  the edge o f  
the molten lens. Geophysics measurements d i d  not define v e r t i c a l  extent o f  t he  

32 



i 
However, a combination o f  ‘ r esu l t s  from seismic, magnetotel lur ic i :  

I gnet i c measurements h ined with d r i l l i n g  data and 
1 model o f  ~ the v e r t i c a l  lake 
I 

o be t te r  i n t e r p r e t  resu l t s  o f  geophysical measurements cries of s i x  
holes was d r i l l e d  i n  the lava lake during’December 1978 through January 1979. 

The crust  consists o f  an uppe f two-phase convection with a 
shar temperature d iscont inu i ty  a t  t he  bottom o f  the two-phase zone. i 

I Dept o f  t h i s  d i scon t inu i t y  can vary by 2 m depending on r a i n f a l l  and 
1 t ime o f  day, Upper crust  permea ty  measured a t  0.3 Darcy agrees 
I w i th  t h a t  obtained i n  heat t rans fe  

1 

1 b Prel iminary r e s u l t s  from d r i l l i n g  and periments are: 

1. 

R 
I 

one had a curvature 
sol i d i  f i c a t i  on f ront  , 

onduction solution. Recent temperature p r o f i l e s  show the predicted 
versed suggest ing t h a t  s o l  i d i f i c a t j o n  i s  almost 

Analyses o f  da ta  have j u s t  s t a r t e d  bu t  i n f o r m a t i o n  on hydrothermal  
c i rcu la t ion ,  mechanism o f  freezing o f  molten rock bodies, and character izat ion 
of magma bodies by heat f l o w  measurements 

8. 

measurements o f  
s t r e n g t h  o f  igneous rocks  t o  10 t h e  Center f o r  
Tectonophysics a t  Texas A&M University. Strengths o f  granodior i te and 
andesite samples decrease as t ature increases , but  b r i t t l e  f racture 
occurs even a t  h igh temperature e rock w i l l  be d r i l l a b l e  
w i th  conventional methods up t o  t h a t  the borehole may o r  
may not remain open depending on the bution. Spal l ing a t  2-3 

s dev o the lava lake 
e evaluated during n ts  a t  Kilauea I k i .  The concepts included: a 

enetrometer t o  push thrugh s o f t  rock i n t o  l i q u i d ,  j e t  core and j e t  drag 
[ i t s  t h a t  use high v e l o c i t y  j e t s  o f  water  t o  freeze a foam s t ruc ture  ahead 

700-1000°C i s  



of the cu t t i ng  surface and an insulated d r i l l - s t r i ng -d rag  b i t  concept t h a t  
would operate a t  the temperature of the  formation. Prototype designs were 
evaluated i n  laboratory tes t i ng  but were not f u l l y  evaluated, a t  the lava 
lake since a low v iscos i ty  melt  was -not encountered. However, both the  j e t  
b i t s  successful ly d r i l l e d  through 4 m of l i q u i d  s t r ingers  and p l a s t i c  rock 
where conventional d r i l l i n g  had. failed. Extensive torque, load and speed 
data were obtained t o  a id  i n  the design o f  new d r i l l i n g  concepts. 

c. 
The i n t e r n a l l y  heated 4 kbar, pressure Magma Simulation F a c i l i t y  i s  

completed. Studies i n i t i a t e d  t o  measure chemical and physical propert ies of 
molten rock containing dissolved , vo la t i l es  and t o .  study compat ib i l i t y  o f  
metals w i th  simulated volat i le-containing. magma. The f a c l ' l i t y  can maintain 
large volume samples (~1750 cm ) a t  uniform temperatures t o  1500°C and 
pressures t o  4 kbar. A v a r i e t y '  o f  e l e c t r i c a l  sensors are present f o r  
property evaluation. I n i t i a l  experiments underway include measurements o f  
v iscos i ty  and e l e c t r i c a l  conduct iv i ty  o f  simulated magmas. 

A comprehensive thermodynamic -study o f  volcanic gas c o l l e c t i o n  data has 
been completed. This study provides a data base o f  100 corrected volcanic 
gas analyses f o r  samples co l lected i n  close associat ion w i th  act ive,  lava a t  
temperatures i n  excess o f  950°C. Thermodynamic modeling studies are also 
underway f o r  C-0-H-S-C1-N magmatic gases a t  pressures and temperatures up t o  
5 kbar and 1400°C. Results apply i n  simulat ing magmatic environments f o r  
mater ia l  s development research. This thermodynamic base and methodology has 
been used t o  show the organohalogens noted i n  the  1977 Kilauea erupt ion came 
from decomposing p lant  matter and were not evolved from the magma source. 
The c a l c u l a t i o n s '  a1 so i d e n t i f y  c o n d i t i o n s  conducive t o  genera t i on  of 
abiogenic methane, a possible new fue l  resource. 

3 

Compat ib i l i ty  o f  some pure metals w i t h  molten basa l t i c  lava (Kilauea - 
1971) was determined a t  1150°C. A cover gas was used t o  simulate oxygen and. 
su l fu r  fugac i t ies  calculated t o  ex i s t  i n  actual lavas. Exposures were made 
for  96 hours dur ing which extensive react ion was observed f o r  Fe, M i ,  W, Pd, 
Rh, Ti, Zr, Nb, and V; moderate react ion was observed f o r  Cr, CO, and Ta; 
and v i r t u a l l y  no react ion was noted f o r  Mo, Re, and Pt .  Metals undergoing 
extensive corrosion reacted t o  form su l f ides  (Fe, N i ,  Pd, Rh), oxides ( W  , 
oxides and sul f ides (Nb, V )  o r  oxides, su l f ides  and s i l i c a t e s  (Ti ,  Z r  1 . 
react ion mechani sms are being determined and compared t o  p red ic t ions  based 
on thermodynamic s t a b i l i t y  diagrams. Future work w i l l  concern b inary a l l oys  
and comnerci a1 superal l  oys . 

D. Energy Ext ract ion 
8 

I ,  
t 

o methods of energy ext ract ion.  being considered include generation o f  
o r  subsequent conversion t o  e l e c t r i c i t y  and generation o f  gaseous 

Prev ious l a b o r a t o r y  ex n t s  i n  b a s a l t  a t  145O0C-165O0C under 
During 

the 1977 erupt ion o f  Kilauea, heat t rans fer  measurements. made i n  a 1090°C 

fuels (Hp, CH4, CO, etc.) by d s i t i o n  of water-biomass systems. ' 

isothermal condit ions gave heat ,ext ract ion rates o f  180-300 Kw/m 2 . 
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2 eddy of the lava r i v e r  gave heat t ransfer ratespdecreasing from 200 Kw/m t o  
an asymptotic value i n  the range o f  5-10 Kw/m . Measurements made i n  the  
conduction region o f  the lava lake through a cased hole gave heat ex t rac t ion  
rates o f  10-20 Kw/m2. The unexpected high values are bel ieved due i n  p a r t  
t o  water c i r c u l a t i o n  on the outside o f  the w e l l  casing, thereby suggesting 
energy ex t rac t ion  from the conduction zone abQve a magma body may be 
feasible. 

A long tube heat exchanger, 0.010 m dia. x 12 m long. was assembled and 
used t o  evaluate the thermal and hydrodynamics i n  a system w i th  s i g n i f i c a n t  
hydrostat ic head va r ia t i on  as might be experienced i n  ex t rac t ing  energy from 
magna sources. Operation w i th  stable condit ions was obtained a t  hydrostat ic 
pressure var ia t ions  up t o  190 kPa, water f l o w  rates o f  0.06 t o  0.6 ll/s and 
heat f l ux  rates from 0 t o  50 kW/m2. Results ind icate t h a t  a closea loop 
exchanger concept i s  a techn ica l l y  feas ib le  method o f  energy ex t rac t ion  from 
high energy densi ty f i e lds .  

Thermodynamic ca lcu la t ions  o f  the generation o f  gases from water and 
c e l l u l o s i c  mater ia l  i n  contact w i th  basa l t i c  magma bodies ind icate gases a t  ' 

600°C and 100 MPa would contain 140% CH4, 1-2% H and about 0.1% CO. 
Hydrogen generation i s  enhanced by higher temperaturis and water reduction 
by the ferrous mater ia ls i n  the mel t .  

T 
E. Continental D r i l l l n g  Program 

The Continental D r i l l  i ng  Program ,requires completion o f  diagnostic 
wel ls t h a t  penetrate through hydrothermal regions i n t o  magma f o r  s c i e n t i f i f  
studies on sources and heating syste of geothermal resources. A worksho 
o f  geoscientists , geoinstrumentation per ts  and d r i l l i n g  engineers was he d 
t o  define potent ia l  d r i l l i n g  envi ents and t o  assess state-of-the-art 
d r i l l i n g  and i n s t r u m e n t a t i o n  technology as i t  a p p l i e s  t o  c o n t i n e n t a l  
d r i l l  ing. 

Studies i n  conjunction w i th  the  Magma Energy Research Program, other 
BES-sponsored geoscience workshops and other geothermal programs a t  Sandi a 

develop a p l a n  f o r  deep d r i l l i n g ,  i n s t r u m e n t a t i o n  and 

! 

agma-hydrothermal region. 

3. L. Colp, Report o f  the Workshop .on Magma/t(ydrothermal 
tat ion,  SAND78-1365C (July 1978) . 

\ 
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Contractor: UNIVERSITY OF ALASKA 

Geophysical I n s t i t u t e  
Fairbanks, A1 aska 99 

Contract: 

- A  Study o f  the Ma 
Magnetosphere and 

Person i n  Charge: Syun-Ichi Akasofu 

F i e l d  A fmih i la t ion  Process i n  t 

I 

I 

I 

, 

I dynamo. I n  order t o  match an increased input power generated by the dynamo, the 
magnetosphere tends t o  sho r t - c i r cu i t  a s i g n i f i c a n t  pa r t  o f  the generated current 
from the current sheet i n  the magnetotail t o  the ionosphere where the Joule 
d i ss ipa t i on  can take 

i ga t i ng  basic plasma processes which are responsible 
f o r  sho r t - c i r cu i t i ng  the  magnetotail current t o  the  ionosphere by a numerical 
computational method. We are a1 so attempting t o  understand solar f l a r e s  i n  
terms o f  the power generation i n  the photospheric l eve l ,  the r e s u l t i n g  formation 
of a current sheet i n  the lower a, sho r t - c i r cu i t i ng  the current t o  

cal  problems i n  the A r c t i c  
gineers o f  the Alye Pipel ine Company i n  
e l e c t r i c  current i e trans-ATaska o i l  

t i n g  where induced current leaves the  and i n  estimating 
n t  o f  corrosion. Amount o nduced current i s  t y p i c a l l y  o f  the 
hundred amperes ity. During an 
r r e n t  exceeds one thousan 

s also e l e c t r i c  

We are current1 

1 

~ 

1 

, 

r esu l t ,  serious f luc tua t ions  r k ing  c lose ly  w i t h  
the loca l  powerline company and i n  examining 
performance o f  a transforme induced i n  power 
transmission 1 ine. 



Contractor: c 

Contract: EY-76-S-06-2229 006 

I. 

- 
S A !  

I ) .  ..- ' . ' i  Scope o f ,  Work ~. 

The Aleutian-Alaska arc system i s  the result of convergence o f  .two 
1 ithospheric plates, where the Pacific plate subducts beneath the Americ-an 

I t  i s  thelonly such system in he United tstates, as are i t s  associated 
such as deep sea ,trench, .sh low thrust. zone with hf.gh* potential for 



Contractor: ASPEN INSTITUTE FOR HUMANISTIC-STUDIES ' . 
Food, Climate, and the World's Future fl 

1919 Fourteenth Street 
Boulder, Colorado 80302 

Contract : ER-78-S-02 -4634. A000 

Ti t le :  Mechanisms for iable Solar Activity on ' the 

Person i n  Charge: Walter Orr Roberts and Roger H. 01bon 

Scope of Work 

Our task i s  t o  discover the most feasible physical mechanisms by which 
variable solar activity affects earth's weather and climate. Our first task 1s 
t o  describe the. m t a i l  that  an 

s and us t o  . 
i ze of low-pressure troughs 

integrated over the northern hemi sphere as one meteorological parameter, we 
found t h a t  various solar signals give different responses. If the solar signal 
i s  such as tosincrease electromagnetic radiation received by Earth, e.g. a solar 
f la re ,  cyclonic activity increases. However, f lares  are characteristically 
followed by geomagnetic storms, w i t h i n  a few days, and the geomagnetic storm is 
'associated w i t h  a sharp decrease i n  cyclonic activity. Thus when a large 
f la r ing '  region on the 'sun approaches the central .meridian of the' sun,  earth 's  
cyclonic activity increases: but  shortly a f te r  when the -region passes by the 
central meridian and magnetic storms occur, cyclonic activity declined to a 
minimum. . *  



Contractor: BROWN UNiVERSITY 
Geophysical Laboratory 
Department o f  Geological Sciences 
Providence, Rhode Is land 02912 

Contract : DE -ACO2- 79ER10401 

T i t l e :  , , A p p l i c a t i o n  of a t u r a l  E lect romagnet ic  F i e l d  Methods 
(Magnetotell u r i c  eomagnetic Variat ions) t o  Exploring for  
Energy Resources: Devel oprnent o f  a Broad-Band Data 
Acqui s i t  i on/Processi ng Faci 1 i ty  

Person i n  Charge: John F. Hermance 

Scope o f  Work 

Geophysics i s  play central  r o l e  i n  meeting the l lenge o f  the 
emerging energy c r i s i  0th i n -  t he  explorat ion for  new ources and i n  
re-eval uat ion o f  a1 r e  discovered resources. Among g s i ca l  methods 
avai lable, increased use i s  being made o f  natural  electro-magnetic methods, such 
as magnetotel lur ics and geomagnetic var iat ions,  which i n  p r i nc ip le  have pos i t i ve  
advantages i n  - del ineat ing sub-surface s t ruc tu ra l  features associated with 
d i s t r i b u t i o n  o f  potent ia l  energy resources ( o i l ,  gas, geothermal, uranium) along 

We are assembling a magnetote1,luric f i e l d  system f o r  the purpose o f  
improving precis ion w i th  which one can estimate electromagnetic parameters of 
the earth. Moreover, we plan on performing on-site computer processing o f  the 
raw data using a smal l  mini-computer. The system i s  designed on the  basis of 
achieving (a) higher data qual i ty ,  (b) wider frequency band coverage (lo4 sec 
t o  IO3 Hz), (c) on-si te data processing, (d) computer generated graphical 
d isplays o f  data parameter on maps o f  the survey area whi le  the f i e l d  system i s  
on-site, (e) minimal turn-around t ime from making t h e  measurement t o  f i n a l  data 
analysis. We are encouraging other research groups t o  consider using our 
f a c i l i t y  as .part o f  t h e i r  own on-going .research programs. 

l ua t i ng  possible s s for  deep containment of nuclear waste. 
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Contractor: UNIVERSITY OF CALIFORNIA 
'Berkeley, Cal i a  94720 ' 

Contract: DE-AS03-76F00034 

T i t l e :  Isotop ic  Studies on Rare Gases i n  
Natural Nucleosynthesis 

r r e s t r i a l  Samples and I n  

Person i n  Charge: 3. H. Reynolds ' 

Scope o f  Work 

This laboratory conducts research i n  ra re '  gas mass spectrometry where the 
broad ob jec t ive  i s  t o  read the natural  record which isotopes o f  the r a r e  gases 
comprise as t race  const i tuents o f  natural gases, rocks, and meteorites. A new 
program i s  t o  design, construct, and operate apparatus *which w i l l  analyze 
elemental and i so top ic  omposition of r a r e  gases from f l u i d  sources i n  the 
f i e l d ,  a t  o r  near the Long-range s c i e n t i f i c  goals are t o  search 
f o r  addi t ional  manifestations of 'pr imord ia l  gases and t o  see how they r e l a t e  t o  
convection patterns w i t h i n  the earth. Rare gases from steam wel ls and other 
geothermal energy sources w i l l  also be xamined w i th  p a r t i c u l a r  i n te res t  i n  
assaying proport ions o f  recycled atmosp c gas'versus radiogenic gas. While 
instrumentation f o r  f i e l d  studies on f l u i d s  i s  being fabricated, we are working 
w i t h  volcanic xenol i ths and megacrysts and suboceanic volcanic basal ts t o  
determine what information the rare gases can provide about %hei r  genetic 
re1 a t  ionshi ps and about t h e  out-gassi ng sequence o f  . magmas. We have a1 so 
observed in te res t i ng  isotopic  and elemental patterns i n  these volcanic samples, 
and are t r y i n g  t o  determine from these patterns the  primordial and radiogenic 
ra re  gas components ant1 e. 

We a l s o  s tudy  c inhomogeneit as we obser 
carbonaceous chondrites. It i s  l i k e l y  t h a t  they o r ig ina te  because o f  incdmplete 
isotopic  mixing o f  f rac t i ons  w i  ' d i f f e r e n t  h i s  o f  nucleosynthesis. 

There i s  c u r r e n t l y  emphasis i n  our work on .the carbonaceous, acid-resistant 
residues i n  chondr i t i c  meteorites which, although they represent' less than one 
percent by weight o f  the stones, ca r ry  v i r t u a l l y  a l l  planetary gases trapped i n  
these objects. Very markedly anomalous i so top ic  patterns f o r  argon, krypton, 
and xenon are observable i n  these residues a f t e r  t he  bu lk  o f  t he  gases has been 
released by se lec t ive  chemical treatments. I n  co l labora t ion  w i th  cosmochemists 
a t  NASA's Ames Laboratory we t ry t o  locate trapping s i t e s  f o r  these gases,in 
f ine-.grained res idues  by va r ious  means--chemical t rea tments ,  c o l l o i d a l  
techniques, and densi ty separations: 

p l i n g  s i te.  



Contractor: UNIVERSITY OF CALIFORNIA 
I n s t i t u t e  o f  Geophysics and P1 anetary Physics 
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Contract: EY -76-S-03-0034 224 

T i t l e :  

Persons i n  Charge: Orson L. Anderson and Nick Warren 

Relat ionship o f  Rock Physics t o  Geothermal ‘Energy Technology 

I 

Scope o f  Work 

I n  general, ef fects o f  pressure on rock microstructure and in te rac t ion  o f  
acoustic waves w i  t h rock microstructure are extremely n t  i n  several, 
shallow c rus ta l  problems o f  geophysical s ign i f icance (e u i d  t ransport  
propert ies i n  geothermal area, earthquake predic t ion)  . s p e c i f i c a l l y  , 
del ineat ion of the s t a t i s t i c a l  in ter re la t ionships o f  rock i e s  w i l l  he1 
develop a useable geophysical understanding - o f  t he  mechanisms involved i n  SUC 
problems. Toward t h i s  end, we are pursuing four separate, but  re la ted  l i n e s  o f  
invest igat ion:  

A 

1. C o r r e l a t i o n  o f  e l a s t i c  modul i - p ressu re  behav io r  

2. S t a t i s t i c a l  parameterization o f  observed rock microstructure f o r  use as 

3. 

4. 

petrography. 

a model i ng parameter. 

Inversion o f  e l a s t i c  moduli data i n t o  crack spectra. 

Relat ion o f  measured permeabil i ty t o  both observed and calculated rock 
microstructure. 

Prel  iminary resu l t s  o f  these studies ind ica te  t h a t  several phenomenological 
c o r r e l a t i o n s  e x i s t  and cont inued work i s  deve lop ing  a g r e a t e r  p h y s i c a l  
understanding o f  them. From th is ,  laws f o r  s t a t i s t i c a l l y  averaging e f fec ts  o f  
f i n i t e  densi t ies o f  rea l  rock microstructure on bulk  rock ’p roper t ies  can be 
established. 
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I .  Contractor: UNIVERSITY OF CALIFORNIA 
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T i t l e :  

Person i n  Charge: G. C. Kennedy 

Scope o f  Work 

frequently used Decker 
i s  obtained. The zero 

8 + .1 f o r  sodium and 
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Contractor: COLUMBIA UNIVERSITY 
Lamont-Doherty Geol og i  
Palisades, New York 10964 

Contract : EY -76-S-02-3134 B 

T i t l e :  

Persons i n  Charge: J. Davies, K. Jacob, L. Sykes 

A Comprehensive Study o f  the Seismotectonics o f  the Eastern 
Aleutian A r c  and Associated Volcanic Systems 

4 .  

s ive  study o f ' t h e  se i  t e r n   leut ti an arc 
rov id ing a s o l i d  data base and a de ta i led  understanding o f  t he  
'processes i n  an ac t ive  arc and i t s  associated volcanic systems. 

The :emphasis i s  on !using information contained i n  se ismic i ty  and seismic waves 
t o  (1) del ineate major modes and structures associated w i th  subduction o f  the 
Pac i f i c  p la te  beneath the  arc; (2) understand associated'deformation w i th in  the  
arc-trench gap; and (3)  monitor magmati nd erupt ive a c t i v i t y  o f  several 
volcanoes along the arc w i t h  regard t o  as ng their.  po ten t ia l  f o r  geothermal 
energy. - For these purposes we operate a telemetered seismic array i n  the 
Shumagin Islands segment of the  eastern Aleut ian arc (15 stat ions),  a dense 
array on Pavlof Volcano (12 stat ions),  a small array (3 s tat ions)  near Dutch 
Harbor which a1 so monitors two, volcanoes' (Makushin and Akutan), and a s ing le  
s ta t i on  on St. Paul, i n  t h e - P r i b i l o f  Islands. Results from companion ,studies 
using mean-sea-level measurements, geodetic leve l ing,  and geologic surveys o f  
ra ised terraces and beaches are used together w i th  co l lec ted  seismic informat ion 
(i .e.* f a u l t  plane solut ions, stress drop determinations) t o  obta in  a de ta i led  
p i c tu re  o f  s ta te  and v a r i a b i l i t y  o f  s t ra ins  and stresses across the arc. Latest  
resu l t s  suggest t h a t  the  arc segment near the  Shumagin Islands i s  i n  a s ta te  of 
h igh compressive stress, p a r t i c u l a r l y  near the down-dip end (40 km depth) o f  the 
major t h rus t  zone which usual ly  ruptures dur ing la rge  (M >7) earthquakes. This 
h igh stress appears t o  be transmit ted t o  the  volcanic arc, and may be 
responsible f o r  the ra ther  high leve l  o f  erupt ive a c t i v i t y  o f  volcanoes w i t h i n  
t h i s  arc segment. %<Seismic data also have d i r e c t  appl icat ion to ,  i den t i f y i ng  
shallow tectonic  structures i n  fore-arc and back-arc basins which may be 
impor tan t  f o r  se ismic eng ineer ing  purposes i n  connect ion  w i t h  pet ro leum 
explorat ion i n  the  coastal region o f  the Alaska Peninsula and the  adjacent 
cont inental  she1 f . 
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Contractor: COLUMBIA UNIVERSITY 
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Pal i sades, $New York 10964 

Contract: EY-76-S-02-4054 

Title: 

Persons in Charge: C. Scholz, T. Engelder 

Fluid Transport Properties of Rock Fractures a t  High Pressure 
and Temperature 

rmeabil i t y  of jointed Barre g r  t e ,  Cheshire quartzite and fused s i l i ca  
was measured a t  pressures u 3 kilobars. Jointed samples were spl i t  cy1 iners 
w i t h  surfaces prepared t rious roughnesses by gr inding  w i t h  120-grit, 
310-grit, or 600-grit po l i sh ing  compounds. A profile meter shows that surfaces 
prepared w i t h  the same grit vary between the rougher granite and smoother fused 
si1 ica. Joint  permeability and j o i n t  perture change w i t h  pressure and are 
sensitive t o  in i t ia l  surface roughness. The granite j o i n t  i s  more permeable 
than the fused s i l i ca  j o i n t .  For close joints (aperture <3O m) the parallel 
plate model for ermeability ( k  = d2) breaks down. Once a joint  is  
subject t o  pressu excess of 1 kbar,  pore pressures h i g h  enough t o  lower 
the effective pr less t h a n  0.5 kbar are necessary t o  open the j o i n t  

a simple function of difference ’ between confining 



Contractor: MASSACHUSETTS INSTITUTE OF TECHNOLOGY 
Department o f  Earth and Planetary Sciences 
Cambridge, Massachusetts 02139 

Contract: EY -76-S-02-2534 

T i t l e :  

Person i n  Charge: K e i i t i  Aki 

Scope o f  Work 

We are devel oping and applying several seismic methods f o r  determining 
s t ructure o f  geothermal energy source regions, such as magma reservoirs and 
conduits i n  a volcano o r  a hydrofractured crack o f  a hot dry rock geothermal 

em.. We are tak ing a dual approach based on ac t ive  and passive experiments. 

I n  t h e ' a c t i v e  experiment, we use an a r t i f i c i a l  source such as a bur ied 
explosion and study seismic ve loc i ty ,  attenuation and sca t te r ing  under d i f f e r e n t  
conditionsblof l i q u i d  pressure i n  the system. Theoretical work i s  done on 
scattering, r e f l e c t i o n  and, attenuation o f  seismic waves by a f i n i t e  crack 

d withA viscous f l u id .  Results are used i n  i n te rp re t i ng  seismic data 
nedlat .the Kilauea I k i  Volcano, Hawaii and a t  the Fenton H i l l  Hot Dry Rock 

Geothermal Site, 'Los Alamos, New Mexico, f o r  def in ing locat ion,  shape, and, s ize  
o f  f l u i d - f i l l e d  cracks. A t  Kilauea I k i ,  we found a th inner  and more viscous 
magma lens than previously thought. A t  the  Fenton H i l l ,  we found evidence 
suggesting tha t  the  crack may be a complex system o f  mu l t i p le  cracks. 

I n  the passive experiment, we use seismic s ignals generated from the 
geothermal energy source r e g i o n  t o  determine p h y s i c a l  parameters o f  t h e  
geothermal system. Theoretical work includes seismic motion due t o  magma 
transport  through cracks and synthet ic seismograms f o r  a t e n s i l e  crack source i n  
a layered half-space. These resu l t s  were used t o  i n te rp re t  volcanic tremor data 
from Kilauea.Volcano and seismic events from Kilauea I k i  and Fenton H i l l .  We 

-found,  for^ example, t h a t  -source parameters o f  Eki events agree w i th  the  
explanation that they represent a process o f  columnar j o i n t  formation. 

A new method f o r  determining frequency dependence o f  seismic at tenuat ion has 
been developed. The method applies t o  an area w i t h  some microearthquake 
a c t i v i t y ,  and i s  based on combined use o f  d i r e c t  body waves and coda waves. 
This method i s  being interfaced t o  our microprocessor system connected t o  a 
network o f  d i g i t a l  event recorders. 

Sei smol ogy of Crack Formation and Natural Geothermal Systems 
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* Contractor : MASSACHUSETTS INSTITUTE OF TECHNOLOGY - 
* Department of Earth and Planetary Sciences 

Cambridge, Massachusetts 02139 

Contract : ER-78-S-02-4972 

Title:  

Person i n  Charge: Gene Simmons 

Scope of Work 

Many physical propert ies  of rocks (such a s  hydraulic permeability, 
compressibility, electrical  conductivity, and velocities of sound waves) are 
controlled largely by cracks present. we developed methods w i t h  which t o  
characterize microcracks i n  rocks. We use the scanning electron microscope and 
petrographic microscope t o  determine morphology, spa t i a l  and temporal 
relationship$, and degree of sealing. .Energy dispersive systems and the 
el ectron microprobe are used t o  determine elemental . composi t ion o f  host grains , 
cr,ack seal ing minerals, and small grains  dispersed ,along sealed cracks. 
Differential strain analysis (DSA) yields information about open microcracks - 
orientation of se t s  of cracks, distribution of l inear and volumetric crack , 

porosity w i t h  pect t o  closure pressure of individual cracks. 

We are examining microcracks i n  suites of rock 

nd i n  the eastern gas s 

ram two geothermal areas, 
Cos0 and Raft River. We are also collecting samples for study of microcracks i n  
coal gasification projec 

I t 



Contractor: STANFORD UNIVERSITY 
Stanford, Ca l i fo rn ia  '94305 

Contract: EY-76-S-03-0326-045 

T i t l e :  Porosi ty w i th  F1 uids: r i g i n  and Ef fec ts  on Physical 

Person i n  Charge: A. Nur 

Propert ies o f  Crustal 

Scope o f  Work 

A. 

Compressional and shear wave ve loc i t i es  were measured i n  wa te r - f i l l ed  
Berea sandstone as a funct ion 'of pore pressure, w i th  a constan 
pressure o f  300 bars. Measurements were made a t  145°C and 198°C 

~ compressional vel oc i  ty  i ncreased m vapor saturated ( low PO 
l i q u i d  sa tu ra ted  ( h i g h  pore p r  u re )  c o n d i t i o n s ,  whereas shear wave 
ve loc i t y  decreased. For compressional waves there was a ve loc i t y  minimum 
and increased at tenuat ion near the  1 iquid-vapor t rans i t ion .  Results a t  
198°C show decreases o f  both compressional and shear ve loc i t i es  and a small 
ve loc i t y  minimum for compressional wi thout marked attenuation. A t  both 
temperatures, V /V and Poisson's r a t i o s  i reased from steam t o  water 

water i n  pore space near the phase t r a n s i t i o n  and may be appl icable t o  - s i t u  geothermal f i e l d  evaluation. 

B. Microcracking and healing i n  the  Earth 's Crust 

saturated P S  

\ Results are compatible w i th  mechanical e f fec ts  o f  mixing steam a 

I n  a study o f  the cathodoluminescence (CL) o f  quartz i n  grani tes and 
pegmatites we discovered tha t  quartz luminesces blue. Many b lue luminescing 
quartz grains have red luminescing structures w i th in  them. These red 
s t r u c t u r e s  a re  o f F n  i n  l i n e a r ,  e longated domains, which a r e  
ind is t inguishable under the microscope w i th  e i t h e r  ordinary o r  polar ized 
1 ight .  

We i n te rp re t  domains o f  red CL quartz as lower temperature f i l l i n g  o f  
microfractures and open subgrain boundaries i n  deformed higher temperature 
blue CL grains. The combination o f  secondary f l u i d  inclusions, formed a t  
depth 8-10 km, and red luminescing quartz domains suggests a contipuous 
process o f  cracking and healing i n  the crust. Thus cracking- and healing may 
be much more abundant and common i n  crusta l  rocks than previously thought. 
This conclusion has important bearing on the evolut ion o f  quartz and 
feldspars, i n  the  crust  p a r t i c u l a r l y  f o r  problems re la ted  t o  pore pressure 
and transport  such as metamorphism, rock physical propert ies and deep seated 
geothermal energy potent ia l  . 

7 
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Title: 

Person i n  Charge: J. J. Papike 

Scope o f  Work 

nvest i g a t i  on conce l i t y  o f  major, minor, and t r  el ement s 
t a c t  metamorphism onate  -rock. Large . con t r a s t s  i n  chemical 

g r a n i t i c  pl uton-1 imestone c o n t a c t  
arn formation. addi t ion,  rare 

onzoni t e  body 
n .western Utah.. The 

a1 1 d e p o s i t i o n a l  
environments of a carbonate platform edge and o u t e r  shelf o f  Cambrian age. . ,This  
is  t h u s  an ideal  a rea  t o  study metamorphic changes i n  carbonate rocks. Outcrop 
i s  exce l len t  the s t r a t ig raphy  var ied  and already mapped, and the petrology of 
p a r t  of  the unmetamorphosed sec t ion  has recently been studied i n  d e t a i l .  
Topographic re1 ief o f  over 1000 meters permits comparative studies o f  effects of 
hea t  t r a n s f e r  and movements of  so lu t ions  both para l led  t o  and perpendicular t o  
bedd i ng . 

Results of this study may have an appl ica t ion  toward r ad ioac t ive  waste 
disposal  and the degree t o  which r ad ioac t ive  nuclides may be expected t o  migrate  
during geologica l ly  s i g n i f i c a n t  per iods of  time. 
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Scope of Work 

fracture stress under simulated conditions a t  depth where thermally *activated 
processes are expected to  play a major- role. , We will determine experimentally 
the boundary i n  P-T-E-u space. between elast ic-br i t t le  and transient-semibrittle 
behavior for selected isotropic and anisotropic :crystalline ro 
both hydrous and anhydrous environments. We focus on (1) transi 
1 am and macroscopic fracture c r i t e r i a  which .include effects 
activated processes; and (2) physical nature o f ,  fractures , t o  t h  
i n  the semibrit regime and comparison naturally deformed . . _ .  
roc 1: 

The primary goal of our research i s  t o  de 
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survive under all conditions. 
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Components o f  natural gas are reactive in the deep subsurface may 
natural gas i n  reservoirs of vaq 

cal and experimental, 
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Scope of Work 

Ocean Sediments 
3 ,  

Approximately 70 cu t t ings  s s of fine-grained shale from t w o  Gulf  Coast 
s t ra t igraphic  tests, South Pad land and Mustang Island, were analyzed by 
thermal  d i s t i l  l a t i o n - p y r o l y s i s  gas chromatography supplemented w i t h  mass 
spectranetry. The object ive was t o  determine changes i n  concentration o f  
ind iv idual  hydrocarbon classes over a depth range -from about 3000 t o  16,000 
feet. I n  both wells, the threshold o f  intensive hydrocarbon generation, as 
determined by thermal d i s t i l l a t i o n ,  appears t o  s t a r t  a t  around 10,000 feet.  
Generation peaks a t  about 14,000 feet. D i s t r i b  n of n-paraffins i n  the  
C7-C14 range w i th  depth sh i f t ed  from peaking a t  n- t 10,200 feet t o  peaking 
of n-Cll a t  15,700 feet. Also, d i s t r i b u t i o n  o f  n-paraf f ins broadened w i t h  
depth. Shi f t ing o f  the peak y i e l d  i s  due t o  a combination o f  l a t e r  generation 

o f  higher molecular weight hydrocarbons (C9-C14) plus migrat ion o f  1 i g h t e r  
hydrocarbons ( C7-C8) from source rock. Aromatic hydrocarbons, benzene through 
xylenes (c6 through c8) followed the same trend wi th  c6 peaking around 11,500 
feet and c8 around 13,500 feet. These data ind icate t h a t  migrat ion and 
generation are simultaneous and are causing a natural  separation o f  hydrocarbons 
of dif ferent molecular weights. These r e s u l t s  are from thermal d i s t i l l a t i o n  o f  
free hydrocarbons i n  the  rock matrix. Hydrocarbons complexed t o  kerogen also 
w i  11 be studied by pyro lys i  s-GCMS. 
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Scope o f  Work 

Experiments show t h a t  a zone o f  d i l a t a t i o n  forms around an opening mode 
crack advancing through rock. The extent of the zone o f  d i l a t a t i o n  determines 
the amount o f  rock debris produced by the advancing crack .and .the amount o f  new 
surface area present 4n the rock a f t e r  passage' o f  the crack. The r e l a t i o n  
between rock m ostructure, crack-induced d i l a t a t i o n  and f rac tu re  toughness i s  
being examined t h  stable, crack growth experiments i n  the laboratory. Some 
experiments w i  be done i n  the presence o f  water so tha t  stress-corrosion 

d i l a t e d  material adjacent t o  the crack path t o  so lut ion w i l l  be determined. It 
i s  intended t o ' r e l a t e  these cha rac te r i s t i cs  :of ,crack growth i n  rock t o  the 
micrbstrbcture--the s ize and-d i s t r i bu t i on -o f  mineral, phases and .the d i s t r i b u t i o n  
o f  microcracks i n  the rock--and t o  compare. them -with the observed s t ruc tu re  Of 
j o i n t s  i n  the f ie ld.  The r e s u l t s *  should prove. useful 4n evaluating the f rac tu re  
charac ter is t i cs  o f  a rock formation from i t s  .structure as determined -from core 
o r .  other samples, as w e l l  as .contr ibut ing t o  understanding o f  the basic 
mechanics o f  opening mode crack growth i n  rock. 

Experimental Study .of ,Opening Mode ,Crack Growth i n  Rock 
, -  - .  1 - . ,  * 
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I e f f e c t s  t h a t  may occur i n  the  eaqth w i l l  .be ,detected. . The s u s c e p t i b i l i t y ' o f  I 
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